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The number of patients with allergic and inflammatory disorders has been increasing during the past
several decades. Accumulating evidence has refined our understanding of the relationship between
allergic diseases and the gut microbiome. In addition, the gut microbiome is now known to produce both
useful and harmful metabolites from dietary materials. These metabolites and bacterial components help
to regulate host immune responses and potentially affect the development of allergic diseases. Here, we
describe recent findings regarding the immunologic crosstalk between commensal bacteria and dietary
components in the regulation of host immunity and the influence of this relationship on the develop-
ment of allergic diseases.
Copyright © 2017, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The mammalian intestine is home to trillions of commensal
bacteria, representing more than 1000 species.1 Due to difficulties
in the culture of many commensal bacteria, culture-based analysis
fails to provide complete and accurate information regarding the
composition of the intestinal microbiota. However, recent advances
in high-throughput DNA sequencing of the bacterial 16S ribosomal
RNA amplicon enable the direct identification of commensal bac-
teria without culturing, revealing that altered composition and,
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consequently, decreased diversity (known as dysbiosis) of the in-
testinal microflora are linked to the development of inflammatory
and allergic diseases.2 For example, patients with food allergies in
the United States have low species diversity, reduced Clostridiales,
and increased Bacteroidales in the gut commensal bacteria.3 In
another study, an elevated Enterobacteriaceae:Bacteroidaceae ratio
in early infancy was associated with subsequent food
sensitization.4

In addition, some intestinal bacteria supply beneficial metabo-
lites derived from the host's diet, which contribute to the devel-
opment and regulation of the host immune system through their
effects on differentiation, proliferation, migration, and effector
functions.5 In this review, we describe recent findings regarding
how commensal bacteria and their metabolites regulate host im-
mune responses and their possible involvement in the develop-
ment and control of allergic diseases.
vier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Long-chain fatty acids and allergic diseases

Long-chain fatty acids (LCFAs) are major nutrients, not only
acting as energy sources but also in the regulation of immune re-
sponses. In general, LCFAs are derived from dietary components
and metabolized into lipid metabolites after absorption into the
body. Among LCFAs, the u3 and u6 FAs are essential FAs that
mammals cannot produce. It has long been known thatu3 FAs have
anti-allergic and anti-inflammatory properties.6 Indeed, we previ-
ously reported that allergic diarrhea was ameliorated through the
consumption of u3-enriched linseed oil.7 An additional analysis
using lipidomics technology allowed us to identify 17,18-epoxy-
eicosatetraenoic acid as an anti-allergic lipid metabolite derived
from eicosapentaenoic acid.7

Although 17,18-epoxy-eicosatetraenoic acid likely is generated
in the colon through the action of cytochrome P450,6 several lines
of evidence indicate that commensal bacteria participate in LCFA
metabolism. Indeed, germ-free animals exhibit alterations in lipid
metabolites, some of which are derived from u3-FA.8e13 For
example, colonic levels of the u3 FA metabolites 14-hydroxy do-
cosahexaenoic acid, 17-hydroxy docosahexaenoic acid, resolvin D1,
and protectin D1 are greater in germ-free mice than conventional
mice.13 In addition, resolvin D1 down-regulates the gene expres-
sion of interleukin (IL) 1b during pathogenic infection,13 and IL-1b
exacerbates allergic disorders such as atopic eczema, asthma, and
contact dermatitis.14 Together, these findings imply that microbe-
dependent suppression of resolvin D1 production may be associ-
ated with allergic inflammation.

We also found that u6 FA-derived lipid metabolites are gener-
ated by commensal bacteria, especially lactic acid bacteria.15 For
example, Lactobacillus plantarum generates conjugated linoleic
acids, oxo FAs, and hydroxy FAs from u6 FAs (Table 1). Consistent
with the fact that Lactobacillus spp. are predominant in the prox-
imal small intestine,16,17 hydroxy FAs such as 10-hydroxy-cis-12-
octadecenoic acid and 10-hydroxy-cis-9-octadecenoic acid are
abundant in the small intestine of specific pathogen-free mice but
Table 1
Immunomodulable metabolites derived from commensal microorganisms.

Category Metabolite Rela

LCFA 10-hydroxy-cis-12-octadecenoic acid Lact
12,13-dihydroxy-9Z-octadecenoic acid Can

(pos
Unknown Bact
Unknown Ente
Conjugated linoleic acids VSL

Glycolipid Glycosphingolipids Sph
Glycodiacylglycerols Sph

and
Diacylglycerol-containing glycolipids Stre
Tetra-mannosylated form of phosphatidylinositol Myc
Cholesteryl-a-glucoside Heli

SCFA Acetate Bifid

Butyrate Clos
Iva
thet

Propionate Bact
Pha
succ
and
and

Vitamin Reduced 6-hydroxymethyl-8-d-ribityllumazine
7-hydroxy-6-methyl-8-d-ribityllumazine
6,7-dimethyl-8-D-ribityllumazine (vitamin B2 metabolites)

Salm

6-formyl pterin (vitamin B9 metabolite) Unk
Amino acid D-tryptophan Lact

Lact
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are decreased in the small intestine of germ-free mice. A subse-
quent study revealed that the administration of synthetic 10-
hydroxy-cis-12-octadecenoic acid ameliorated experimental coli-
tis by enhancing tight junctions via G protein-coupled receptor
(GPR) 40 on epithelial cells (Table 1, Fig. 1).18 Because intestinal
epithelial barrier function is important for control of food allergy,19

it is plausible that Lactobacillus-derived 10-hydroxy-cis-12-
octadecenoic acid might protect against the development of food
allergy by maintaining intestinal epithelial barrier function.

Regarding the relationship among lipids, the gut microbiome,
and allergy in humans, a recent cohort study demonstrated that
variations in the composition of the gut microbiota during the
neonatal stage were differentially related to the relative risk of
developing atopy and asthma in childhood.20 16S rRNA sequencing
analysis revealed that neonates with decreased relative abundance
of various bacterial species (e.g., Bifidobacterium, Akkermansia, and
Faecalibacterium) and increased relative abundance of particular
fungi (Candida and Rhodotorula) were at high risk for the devel-
opment of allergy (Table 1). Intriguingly, whereas anti-
inflammatory lipid metabolites including docosapentaenoate and
dihomo-g-linolenate were increased in the low-risk group,20 pro-
inflammatory metabolites such as 12,13-dihydroxy-9Z-octadece-
noic acid, stigma- and sitosterols, and 8-hydoxyoctanoate were
enriched in high-risk subjects.20 These metabolites increased the
induction of IL-4�producing T helper type 2 (Th2) cells and
reduced regulatory T (Treg) cell counts, thus creating an environ-
ment highly conducive to allergic disease (Fig. 1).

Lipid-mediated anti-allergic properties involve several mecha-
nisms, including signal transduction, transcription, and gene
expression via receptors (e.g., GPR40, GPR120, and the peroxisome
proliferator-activated receptor [PPAR] family). GPR40 and GPR120
are well known as LCFA receptors.21 As mentioned earlier, 10-
hydroxy-cis-12-octadecenoic acid is recognized by GPR40 and
consequently suppresses TNFR2 gene expression and nuclear factor
kB (NF-kB) via the MEK-ERK pathway.18 In addition, docosahexae-
noic acid, an u3 FA, ameliorates inflammation by binding GPR40
ted microorganism Function Reference

obacillus plantarum GPR40 ligand 15,18
dida and Rhodotorula
sibly)

Unknown 20

eroides thetaiotaomicron PPARg ligand 26
rococcus fecalis 29
#3 (probiotic mixture) 30
ingomonas spp. CD1d-dependent antigen to

iNKT cells
32

ingomonas spp., Ehrlicha,
Borrelia burgdorferi
ptococcus pneumoniae
obacterium bovis
cobacter pylori
obacterium spp. Acetylation of Foxp3 promoter

likely through HDAC9
inhibition

50,57

tridium clusters XIVa and
and Bacteroides
aiotaomicron

Histone H3 acetylation in the
Foxp3 locus

49,55

eroidetes,
scolarctobacterium
inatutens, Veillonella spp.,
Clostridium clusters XIVa
Iva

GPR41 and GPR43 ligand 48,51,56

onella typhimurium MR1-dependent antigen to
MAIT cells

70

nown
obacillus rhamnosus GG and
obacillus casei W56

Unknown 92
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Fig. 1. Bacterial metabolites in the gut regulate immune responses for the allergic diseases. Bacterial metabolites regulate versatile biologic and immunologic functions related to
allergic diseases. Epithelial barrier function is enhanced by 10-hydroxy-cis-12-octadecenoic acid, a linoleic acid-derived metabolite, and SCFAs such acetate and butylate,
fermentation products by some bacteria. In addition, SCFAs (e.g., acetate, butyrate, and propionate) as well as D-type tryptophan have a potential to enhance the induction of Treg
cells. Vitamin B9 plays a key role in the maintenance of Treg cells and its metabolite prevents the activation of MAIT cells by competing with vitamin B2 metabolite, MAIT cell
activating ligand, in their binding to MR1. PPAR ligands such as LCFAs decrease the inflammatory cytokines such as IL-8 and induce the production of anti-inflammatory cytokines
such as IL-10.
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and GPR120 on macrophages, thus preventing the activation of the
NLRP3 inflammasome.22 Given that activation of the NLRP3
inflammasome on macrophages contributes to asthma exacerba-
tion,23 it may offer a promising approach for the regulation of other
allergic diseases.

LCFAs have been proposed to modulate immune reactions via
PPAR family receptors, which generally are negative regulators for
allergic diseases.24,25 As an example of the crosstalk between
commensal bacteria and the PPAR family, Bacteroides thetaiotao-
micron promoted PPAR-g�dependent export of NF-kB from the
nucleus and consequently decreased NF-kBedependent IL-8 pro-
duction (Table 1, Fig. 1),26 thus perhaps curbing the IL-8�mediated
infiltration of granulocytes in bronchial allergy.27,28 Moreover,
treatment with Enterococcus fecalis led to the activation of PPAR-g1
in human intestinal epithelial cells and increased the production of
IL-10 (Table 1, Fig. 1),29 potentially suppressing allergic inflamma-
tion. Another study showed that probiotic bacteria in the intestine
produce conjugated linoleic acids that target PPAR-g in macro-
phages to suppress the inflammatory response (Table 1).30

In addition, lipids directly act as antigens to activate immune
cells, especially invariant natural killer T (iNKT) cells. iNKT cells
recognize glycolipid antigens presented on the MHC class I-related
molecule CD1d.31 Glycolipid antigens include a-galactosylceramide
(derived from a sample of marine sponge) andmicrobial glycolipids
(e.g., glycosphingolipids from Sphingomonas spp. bacteria; glyco-
diacylglycerols from Sphingomonas spp., Ehrlicha, and Borrelia
burgdorferi; diacylglycerol-containing glycolipids from Streptoco
Please cite this article in press as: Hirata S-i, Kunisawa J, Gut microbiome
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ccus pneumoniae; a tetra-mannosylated form of phosphatidylino-
sitol from Mycobacterium bovis; and cholesteryl-a-glucoside from
Helicobacter pylori) (Table 1).32 Compared with conventional mice,
germ-free mice have fewer iNKT cells in the spleen, liver, and
thymus, suggesting that commensal bacteria are involved in the
induction of iNKT cells by producing their antigen.33 Some studies
show that iNKT cells act as key pathogenic T cells and exacerbate
allergic airway diseases by promoting the production of IL-4 and IL-
13 (Th2 cytokines),34e37 whereas others suggest that iNKT cells
suppress IgE production and induce the production of IL-10 from B
cells and Treg cells (Table 1).38 Together, these findings indicate that
the type of lipid or timing of lipid exposure may determine the
immunologic phenotype of iNKT cells, which have the potential to
control allergic inflammation.

Immune regulation by short-chain fatty acids

Short-chain fatty acids (SCFAs) are 1e6 carbons in length. The
major SCFAs in the gut include acetate, propionate, and buty-
rate.39,40 Because SCFAs are produced through the fermentation of
polysaccharides, such as cellulose,41e43 germ-free mice exhibit
remarkably decreased amounts of SCFAs and increased amounts of
indigestible oligosaccharide.10,44e47 In addition, the intake of di-
etary fiber was shown to change the composition of the intestinal
flora, in particular by decreasing Firmicutes and simultaneously
increasing Bacteroidetes at the phylum level and by increasing
Bifidobacteriaceae at the family level. Organisms belonging to
, metabolome, and allergic diseases, Allergology International (2017),
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Bacteroidetes and Bifidobacteriaceae preferentially metabolized
the fiber, thereby increasing the concentration of SCFAs.48 There-
fore, commensal bacteria metabolize fiber to generate SCFAs, and
fiber reciprocally affects the composition of commensal bacteria in
the gut.

Accumulating evidence indicates that SCFAs have several anti-
allergic properties. Regarding the underlying mechanisms, SCFAs
(particularly propionate) educate dendritic cells to achieve high
phagocytic capacity and an ability not to promote the effector
function of Th2 cells,48 which is dependent on GPR41 but not
GPR43 (Table 1, Fig. 1). In addition, SCFAs enhance the induction
and function of Treg cells (Fig. 1).49e51 Among SCFAs, butyrate
induced the differentiation of Treg cells in vitro and in vivo with
concurrent enhancement of histone H3 acetylation in the Foxp3
locus (Table 1).49 Acetate increased the acetylation of the Foxp3
promoter also, likely through HDAC9 inhibition (Table 1).50 Propi-
onate increases the number of Treg cells mediated through GPR43
on the cells (Table 1).51 As mentioned above, intestinal epithelial
barrier is also important for prevention of the food allergy.19 Mi-
crobial butyrate and acetate enhance the epithelial barrier function
via induction of physiological hypoxia in the intestinal epithelial
cells (Fig. 1).52,53 Therefore, SCFAs have beneficial effects such as
Treg cells induction and enhancement of the barrier function for
allergic diseases.

Among commensal bacteria in the colon, Clostridia produce
SCFAs and indeed induce colonic Treg cells, leading to the sup-
pression of inflammatory49 and allergic54 responses (Table 1, Fig. 1).
Clostridia, especially Clostridium clusters XIVa and IVa, are known
to produce butyrate from pyruvate via butyryl CoA:acetate CoA
transferase and from acetate (Table 1, Fig. 1).55 Propionate is pri-
marily produced by Bacteroidetes and some Firmicutes (e.g.,
Phascolarctobacterium succinatutens, Veillonella spp.), mainly via the
succinate metabolic pathway (Table 1, Fig. 1).56 Acetate is generated
by many genera of intestinal organisms, including Bifidobacterium
spp (Table 1, Fig. 1).57 Collectively, commensal bacteria have the
ability to produce different SCFAs via fermentation in the gut and
thus to exert diverse anti-allergic properties.

Vitamins

There are 13 essential vitamins for humans: the hydrophobic
vitaminsdA, D, E and Kdand the hydrophilic vitaminsdthe B
family (B1, B2, B3, B5, B6, B7, B9, and B12) and C. Like mammals,
bacteria utilize vitamins for their biologic functions. However, un-
like mammals, some bacteria have the capacity to synthesize
essential vitamins, especially B-familymembers and K, and thus are
an important additional source of vitamins.58,59 Many groups
(including ours) have reported immunologic functions of
vitamins.60e67 For example, Treg cells express high levels of folate
(vitamin B9) receptor 4, and vitamin B9 is essential for their
maintenance (Fig. 1).66 Indeed, a deficiency of vitamin B9 leads to
the development of intestinal inflammation.68 Because the levels of
vitamin B9 produced differ among commensal bacteria,69 the
amount of dietary vitamin B9 necessary to maintain Treg cells may
be totally dependent on this amount.

In addition to their functions as essential nutrients, some vita-
mins act as ligands for immune cells, and their presentation as li-
gands is mediated by monomorphic MHC class I-related protein
(also known as MR1).70 Intriguingly, MR1 presents metabolites
generated in the microbial riboflavin (vitamin B2) biosynthetic
pathways to mucosa-associated invariant T (MAIT) cells (Table 1), a
population of T cells that produces IL-17 and IFN-g.70e74 Of note,
MR1 also binds to a microbial vitamin B9 metabolite, 6-formyl
pterin, but it does not activate MAIT cells (Table 1, Fig. 1).70 In
addition to their role in the immunosurveillance system,70 MAIT
Please cite this article in press as: Hirata S-i, Kunisawa J, Gut microbiome
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cells are likely involved in the allergic and inflammatory diseases.75

Therefore, it is plausible that the balance between commensal
bacteria and dietary conditions determines the production of mi-
crobial vitamin metabolites and subsequent regulation of immune
responses and allergic conditions.

Bacterial amino acids

Humans must obtain 20 amino acids as essential nutrients,
some of which (alanine, aspartate, cysteine, glutamate, glutamic
acid, glycine, and tryptophan) are metabolized by commensal
bacteria.10,76e82 In addition, all amino acids except glycine have two
isoforms, the L- and D-amino acids, which are enantiomers. In
general, L-amino acids are incorporated into protein in mammalian
cells, whereas some bacteria can produce and use D-amino acids as
bacterial cell wall components.83 Indeed, a recent study indicated
that cecal quantities of some D-amino acids (including D-alanine, D-
asparagine, D-glutamic acid, and D-prorine) are greater in specific
pathogen-free mice compared with germ-free mice.84

Several lines of evidence have indicated the potential influence
of amino acids on the development, homeostasis, and function of
immune cells. For instance, melatonin is a metabolite of L-trypto-
phan that can prevent the production of inflammatory cyto-
kines.85,86 Dietary glutamine has the ability to reduce the
expression of P-selectin glycoprotein ligand-1, leukocyte function-
associated antigen-1, and C-C chemokine receptor type 9 on T
cells in the blood and mesenteric lymph node of mice.87 The intake
of dietary histidine or glycine led to the inhibition of inflammatory
cytokine production from macrophages in vitro or colonic tissue of
rodent colitis models.88,89 Glutamine reportedly is a nutrient
necessary to induce IL-10-producing intraepithelial lymphocytes in
the small intestine90; glutamate also has a potential to promote
immune tolerance in gut-associated lymphoid tissue.91 Although
few data are available regarding how D-type (or bacterial) amino
acids regulate allergic inflammation, dietary intake of D-tryptophan
from probiotic bacteria (such as Lactobacillus rhamnosus GG,
Lactobacillus casei W56) reportedly concomitantly induced
increased Treg cell counts and decreased Th2 responses in the gut
and lung, consequently cooperatively ameliorating allergic airway
inflammation and hyperresponsiveness (Table 1, Fig. 1).92 There-
fore, D-type amino acids derived from commensal bacteria in the
gut might offer a means to regulate host allergic reactions.

Conclusion

Commensal bacteria in the gut produce several beneficial me-
tabolites that regulate allergic responses; this effect is mediated at
least in part by the induction of Treg cells, suppression of the Th2-
type phenotype, up-regulation of IL-10 expression, and mainte-
nance of the gut barrier function. In contrast, intestinal commensal
bacteria also are involved in the production of pro-inflammatory
metabolites. The balance between these functions might be
determined by both external factors (e.g., diet) and internal factors
(e.g., host genetics). Therefore, future research should focus on
clarifying the versatile and complex system established in the gut,
where a triangular network among diet, commensal bacteria, and
host exists.

Acknowledgements

This work was supported by grants from the Japan Agency for
Medical Research and Development (16817372, 16768433,
16727634 and 17933231); the Ministry of Health, Labour and
Welfare, Japan (15654110); the Science and Technology Research
Promotion Program for Agriculture, Forestry, Fisheries and Food
, metabolome, and allergic diseases, Allergology International (2017),



S.-i. Hirata, J. Kunisawa / Allergology International xxx (2017) 1e6 5
Industry; the Ministry of Education, Culture, Sports, Science and
Technology of Japan (grant numbers 26293111, 16H01373,
23229004, 17918005 and 15K18950); the Astellas Foundation for
Research on Metabolic Disorders; the Terumo Foundation for Life
Sciences and Arts; the Suzuken Memorial Foundation; and the
Nipponham Foundation for the Future of Food.
Conflict of interest
The authors have no conflict of interest to declare.
References

1. Human Microbiome Project Consortium. Structure, function and diversity of
the healthy human microbiome. Nature 2012;486:207e14.

2. Hill DA, Artis D. Intestinal bacteria and the regulation of immune cell ho-
meostasis. Annu Rev Immunol 2010;28:623e67.

3. Hua X, Goedert JJ, Pu A, Yu G, Shi J. Allergy associations with the adult fecal
microbiota: analysis of the American gut project. EBioMedicine 2016;3:172e9.

4. Azad MB, Konya T, Guttman DS, Field CJ, Sears MR, HayGlass KT, et al. Infant gut
microbiota and food sensitization: associations in the first year of life. Clin Exp
Allergy J Br Soc Allergy Clin Immunol 2015;45:632e43.

5. Brestoff JR, Artis D. Commensal bacteria at the interface of host metabolism and
the immune system. Nat Immunol 2013;14:676e84.

6. Miyata J, Arita M. Role of omega-3 fatty acids and their metabolites in asthma
and allergic diseases. Allergol Int 2015;64:27e34.

7. Kunisawa J, Arita M, Hayasaka T, Harada T, Iwamoto R, Nagasawa R, et al. Di-
etary u3 fatty acid exerts anti-allergic effect through the conversion to 17,18-
epoxyeicosatetraenoic acid in the gut. Sci Rep 2015;5:9750.

8. Semova I, Carten JD, Stombaugh J, Mackey LC, Knight R, Farber SA, et al.
Microbiota regulate intestinal absorption and metabolism of fatty acids in the
zebrafish. Cell Host Microbe 2012;12:277e88.

9. B€ackhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al. The gut
microbiota as an environmental factor that regulates fat storage. Proc Natl Acad
Sci U S A 2004;101:15718e23.

10. Claus SP, Tsang TM, Wang Y, Cloarec O, Skordi E, Martin F-P, et al. Systemic
multicompartmental effects of the gut microbiome on mouse metabolic phe-
notypes. Mol Syst Biol 2008;4:219.

11. Martin F-PJ, Sprenger N, Yap IKS, Wang Y, Bibiloni R, Rochat F, et al. Pan-
organismal gut microbiome-host metabolic crosstalk. J Proteome Res 2009;8:
2090e105.

12. Claus SP, Ellero SL, Berger B, Krause L, Bruttin A, Molina J, et al. Colonization-
induced host-gut microbial metabolic interaction. MBio 2011;2:e00271e10.

13. Chiang N, Fredman G, B€ackhed F, Oh SF, Vickery T, Schmidt BA, et al. Infection
regulates pro-resolving mediators that lower antibiotic requirements. Nature
2012;484:524e8.

14. Krause K, Metz M, Makris M, Zuberbier T, Maurer M. The role of interleukin-1
in allergy-related disorders. Curr Opin Allergy Clin Immunol 2012;12:477e84.

15. Kishino S, Takeuchi M, Park S-B, Hirata A, Kitamura N, Kunisawa J, et al.
Polyunsaturated fatty acid saturation by gut lactic acid bacteria affecting host
lipid composition. Proc Natl Acad Sci U S A 2013;110:17808e13.

16. Goto Y, Obata T, Kunisawa J, Sato S, Ivanov II, Lamichhane A, et al. Innate
lymphoid cells regulate intestinal epithelial cell glycosylation. Science
2014;345:1254009.

17. Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial
microbiota. Nat Rev Microbiol 2016;14:20e32.

18. Miyamoto J, Mizukure T, Park S-B, Kishino S, Kimura I, Hirano K, et al. A gut
microbial metabolite of linoleic acid, 10-hydroxy-cis-12-octadecenoic acid,
ameliorates intestinal epithelial barrier impairment partially via GPR40-MEK-
ERK pathway. J Biol Chem 2015;290:2902e18.

19. Yu LC-H. Intestinal epithelial barrier dysfunction in food hypersensitivity.
J Allergy 2011;2012:e596081.

20. Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, et al. Neonatal
gut microbiota associates with childhood multisensitized atopy and T cell
differentiation. Nat Med 2016;22:1187e91.

21. Julia V, Macia L, Dombrowicz D. The impact of diet on asthma and allergic
diseases. Nat Rev Immunol 2015;15:308e22.

22. Yan Y, Jiang W, Spinetti T, Tardivel A, Castillo R, Bourquin C, et al. Omega-3
fatty acids prevent inflammation and metabolic disorder through inhibition of
NLRP3 inflammasome activation. Immunity 2013;38:1154e63.

23. De Nardo D, De Nardo CM, Latz E. New insights into mechanisms controlling
the NLRP3 inflammasome and its role in lung disease. Am J Pathol 2014;184:
42e54.

24. Fukui N, Honda K, Ito E, Ishikawa K. Peroxisome proliferator-activated receptor
g negatively regulates allergic rhinitis in mice. Allergol Int 2009;58:247e53.

25. Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome proliferator-
activated receptor-g is a negative regulator of macrophage activation. Nature
1998;391:79e82.

26. Kelly D, Campbell JI, King TP, Grant G, Jansson EA, Coutts AGP, et al. Commensal
anaerobic gut bacteria attenuate inflammation by regulating nuclear-
cytoplasmic shuttling of PPAR-g and RelA. Nat Immunol 2004;5:104e12.
Please cite this article in press as: Hirata S-i, Kunisawa J, Gut microbiome
http://dx.doi.org/10.1016/j.alit.2017.06.008
27. Park HS, Jung KS, Hwang SC, Nahm DH, Yim HE. Neutrophil infiltration and
release of IL-8 in airway mucosa from subjects with grain dust-induced
occupational asthma. Clin Exp Allergy 1998;28:724e30.

28. Gosset P, Tillie-Leblond I, Malaquin F, Durieu J, Wallaert B, Tonnel AB. Inter-
leukin-8 secretion in patients with allergic rhinitis after an allergen challenge:
interleukin-8 is not the main chemotactic factor present in nasal lavages. Clin
Exp Allergy 1997;27:379e88.

29. Are A, Aronsson L,Wang S, Greicius G, Lee YK, Gustafsson J-Å, et al. Enterococcus
faecalis from newborn babies regulate endogenous PPARg activity and IL-10
levels in colonic epithelial cells. Proc Natl Acad Sci U S A 2008;105:1943e8.

30. Bassaganya-Riera J, Viladomiu M, Pedragosa M, De Simone C, Carbo A,
Shaykhutdinov R, et al. Probiotic bacteria produce conjugated linoleic acid
locally in the gut that targets macrophage PPAR g to suppress colitis. PLoS One
2012;7:e31238.

31. Rossjohn J, Pellicci DG, Patel O, Gapin L, Godfrey DI. Recognition of CD1d-
restricted antigens by natural killer T cells. Nat Rev Immunol 2012;12:845e57.

32. O'Keeffe J, Podbielska M, Hogan EL. Invariant natural killer T cells and their
ligands: focus on multiple sclerosis. Immunology 2015;145:468e75.

33. Wei B, Wingender G, Fujiwara D, Chen DY, McPherson M, Brewer S, et al.
Commensal microbiota and CD8þ T cells shape the formation of invariant NKT
cells. J Immunol 2010;184:1218e26.

34. Meyer EH, DeKruyff RH, Umetsu DT. iNKT cells in allergic disease. Curr Top
Microbiol Immunol 2007;314:269e91.

35. Matangkasombut P, Pichavant M, Dekruyff RH, Umetsu DT. Natural killer T cells
and the regulation of asthma. Mucosal Immunol 2009;2:383e92.

36. Eguchi T, Kumagai K, Kobayashi H, Shigematsu H, Kitaura K, Suzuki S, et al.
Accumulation of invariant NKT cells into inflamed skin in a novel murine
model of nickel allergy. Cell Immunol 2013;284:163e71.

37. Akbari O, Stock P, Meyer E, Kronenberg M, Sidobre S, Nakayama T, et al.
Essential role of NKT cells producing IL-4 and IL-13 in the development of
allergen-induced airway hyperreactivity. Nat Med 2003;9:582e8.

38. Ishii Y, Nozawa R, Takamoto-Matsui Y, Teng A, Katagiri-Matsumura H,
Nishikawa H, et al. a-galactosylceramide-driven immunotherapy for allergy.
Front Biosci 2008;13:6214e28.

39. Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid production.
Proc Nutr Soc 2003;62:67e72.

40. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short chain
fatty acids in human large intestine, portal, hepatic and venous blood. Gut
1987;28:1221e7.

41. Miller TL, Wolin MJ. Fermentations by saccharolytic intestinal bacteria. Am J
Clin Nutr 1979;32:164e72.

42. Cummings JH. Fermentation in the human large intestine: evidence and im-
plications for health. Lancet Lond Engl 1983;1:1206e9.

43. Cummings JH, Macfarlane GT. The control and consequences of bacterial
fermentation in the human colon. J Appl Bacteriol 1991;70:443e59.

44. Smiricky-Tjardes MR, Flickinger EA, Grieshop CM, Bauer LL, Murphy MR,
Fahey GC. In vitro fermentation characteristics of selected oligosaccharides by
swine fecal microflora. J Anim Sci 2003;81:2505e14.

45. Høverstad T, Midtvedt T. Short-chain fatty acids in germfree mice and rats.
J Nutr 1986;116:1772e6.

46. Donohoe DR, Garge N, Zhang X, Sun W, O'Connell TM, Bunger MK, et al. The
microbiome and butyrate regulate energy metabolism and autophagy in the
mammalian colon. Cell Metab 2011;13:517e26.

47. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of
inflammatory responses by gut microbiota and chemoattractant receptor
GPR43. Nature 2009;461:1282e6.

48. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru C,
et al. Gut microbiota metabolism of dietary fiber influences allergic airway
disease and hematopoiesis. Nat Med 2014;20:159e66.

49. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe-derived butyrate induces the differentiation of colonic
regulatory T cells. Nature 2013;504:446e50.

50. Thorburn AN, McKenzie CI, Shen S, Stanley D, Macia L, Mason LJ, et al. Evidence
that asthma is a developmental origin disease influenced by maternal diet and
bacterial metabolites. Nat Commun 2015;6:7320.

51. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M, et al.
The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell
homeostasis. Science 2013;341:569e73.

52. Hsieh C-Y, Osaka T, Moriyama E, Date Y, Kikuchi J, Tsuneda S. Strengthening of
the intestinal epithelial tight junction by Bifidobacterium bifidum. Physiol Rep
2015;3:e12327.

53. Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC, Bayless AJ, et al. Crosstalk
between microbiota-derived short-chain fatty acids and intestinal epithelial
HIF augments tissue barrier function. Cell Host Microbe 2015;17:662e71.

54. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al. In-
duction of colonic regulatory T cells by indigenous Clostridium Species. Science
2011;331:337e41.

55. Pryde SE, Duncan SH, Hold GL, Stewart CS, Flint HJ. The microbiology of
butyrate formation in the human colon. FEMS Microbiol Lett 2002;217:133e9.

56. Reichardt N, Duncan SH, Young P, Belenguer A, McWilliam Leitch C, Scott KP,
et al. Phylogenetic distribution of three pathways for propionate production
within the human gut microbiota. ISME J 2014;8:1323e35.

57. Miller TL, Wolin MJ. Pathways of acetate, propionate, and butyrate forma-
tion by the human fecal microbial flora. Appl Environ Microbiol 1996;62:
1589e92.
, metabolome, and allergic diseases, Allergology International (2017),

http://refhub.elsevier.com/S1323-8930(17)30086-2/sref1
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref1
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref1
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref2
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref2
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref2
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref3
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref3
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref3
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref4
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref4
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref4
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref4
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref5
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref5
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref5
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref6
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref6
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref6
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref7
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref7
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref7
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref8
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref8
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref8
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref8
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref9
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref9
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref9
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref9
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref9
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref10
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref10
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref10
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref11
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref11
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref11
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref11
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref12
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref12
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref12
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref12
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref13
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref13
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref13
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref13
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref13
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref14
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref14
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref14
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref15
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref15
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref15
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref15
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref16
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref16
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref16
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref17
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref17
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref17
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref18
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref18
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref18
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref18
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref18
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref19
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref19
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref19
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref20
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref20
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref20
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref20
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref21
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref21
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref21
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref22
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref22
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref22
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref22
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref23
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref23
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref23
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref23
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref24
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref24
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref24
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref25
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref25
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref25
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref25
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref26
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref26
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref26
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref26
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref27
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref27
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref27
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref27
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref28
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref28
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref28
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref28
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref28
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref29
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref29
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref29
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref29
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref30
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref30
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref30
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref30
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref30
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref31
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref31
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref31
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref32
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref32
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref32
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref33
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref33
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref33
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref33
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref33
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref34
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref34
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref34
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref35
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref35
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref35
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref36
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref36
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref36
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref36
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref37
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref37
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref37
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref37
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref38
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref38
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref38
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref38
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref39
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref39
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref39
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref40
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref40
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref40
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref40
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref41
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref41
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref41
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref42
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref42
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref42
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref43
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref43
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref43
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref44
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref44
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref44
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref44
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref45
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref45
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref45
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref45
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref46
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref46
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref46
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref46
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref47
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref47
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref47
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref47
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref48
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref48
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref48
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref48
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref49
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref49
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref49
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref49
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref50
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref50
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref50
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref51
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref51
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref51
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref51
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref52
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref52
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref52
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref52
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref53
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref53
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref53
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref53
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref54
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref54
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref54
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref54
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref55
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref55
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref55
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref56
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref56
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref56
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref56
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref57
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref57
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref57
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref57


S.-i. Hirata, J. Kunisawa / Allergology International xxx (2017) 1e66
58. Resta SC. Effects of probiotics and commensals on intestinal epithelial physi-
ology: implications for nutrient handling. J Physiol 2009;587:4169e74.

59. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition, the
gut microbiome and the immune system. Nature 2011;474:327e36.

60. Bhaskaram P. Micronutrient malnutrition, infection, and immunity: an over-
view. Nutr Rev 2002;60:S40e5.

61. Kunisawa J, Sugiura Y, Wake T, Nagatake T, Suzuki H, Nagasawa R, et al. Mode
of bioenergetic metabolism during B cell differentiation in the intestine de-
termines the distinct requirement for vitamin B1. Cell Rep 2015;13:122e31.

62. Cheng C-H, Chang S-J, Lee B-J, Lin K-L, Huang Y-C. Vitamin B6 supplementation
increases immune responses in critically ill patients. Eur J Clin Nutr 2006;60:
1207e13.

63. Meydani SN, Meydani M, Blumberg JB, Leka LS, Siber G, Loszewski R, et al.
Vitamin E supplementation and in vivo immune response in healthy elderly
subjects. A randomized controlled trial. JAMA 1997;277:1380e6.

64. Tamura J, Kubota K, Murakami H, Sawamura M, Matsushima T, Tamura T, et al.
Immunomodulation by vitamin B12: augmentation of CD8þ T lymphocytes
and natural killer (NK) cell activity in vitamin B12-deficient patients by
methyl-B12 treatment. Clin Exp Immunol 1999;116:28e32.

65. CantornaMT, Zhu Y, FroicuM,Wittke A. Vitamin D status, 1,25-dihydroxyvitamin
D3, and the immune system. Am J Clin Nutr 2004;80:1717Se20S.

66. Kunisawa J, Hashimoto E, Ishikawa I, Kiyono H. A pivotal role of vitamin B9 in
the maintenance of regulatory T cells in vitro and in vivo. PLoS One 2012;7:
e32094.

67. Spencer SP, Belkaid Y. Dietary and commensal derived nutrients: shaping
mucosal and systemic immunity. Curr Opin Immunol 2012;24:379e84.

68. Kinoshita M, Kayama H, Kusu T, Yamaguchi T, Kunisawa J, Kiyono H, et al.
Dietary folic acid promotes survival of Foxp3þ regulatory T cells in the colon.
J Immunol 2012;189:2869e78.

69. Magnúsd�ottir S, Ravcheev D, de Cr�ecy-Lagard V, Thiele I. Systematic genome
assessment of B-vitamin biosynthesis suggests co-operation among gut mi-
crobes. Front Genet 2015;6:148.

70. Kjer-Nielsen L, Patel O, Corbett AJ, Le Nours J, Meehan B, Liu L, et al.MR1 presents
microbial vitamin B metabolites to MAIT cells. Nature 2012;491:717e23.

71. Dusseaux M, Martin E, Serriari N, P�eguillet I, Premel V, Louis D, et al. Human
MAIT cells are xenobiotic-resistant, tissue-targeted, CD161hi IL-17-secreting T
cells. Blood 2011;117:1250e9.

72. Walker LJ, Kang Y-H, Smith MO, Tharmalingham H, Ramamurthy N,
Fleming VM, et al. Human MAIT and CD8aa cells develop from a pool of type-
17 precommitted CD8þ T cells. Blood 2012;119:422e33.

73. Le Bourhis L, Martin E, P�eguillet I, Guihot A, Froux N, Cor�e M, et al. Antimicrobial
activity of mucosal-associated invariant T cells. Nat Immunol 2010;11:701e8.

74. Le Bourhis L, Mburu YK, Lantz O. MAIT cells, surveyors of a new class of an-
tigen: development and functions. Curr Opin Immunol 2013;25:174e80.

75. Hinks TSC, Zhou X, Staples KJ, Dimitrov BD, Manta A, Petrossian T, et al. Innate
and adaptive T cells in asthmatic patients: relationship to severity and disease
mechanisms. J Allergy Clin Immunol 2015;136:323e33.

76. Smith MI, Yatsunenko T, Manary MJ, Trehan I, Mkakosya R, Cheng J, et al. Gut
microbiomes of Malawian twin pairs discordant for kwashiorkor. Science
2013;339:548e54.
Please cite this article in press as: Hirata S-i, Kunisawa J, Gut microbiome
http://dx.doi.org/10.1016/j.alit.2017.06.008
77. Trehan I, Goldbach HS, LaGrone LN, Meuli GJ, Wang RJ, Maleta KM, et al. An-
tibiotics as part of the management of severe acute malnutrition. N Engl J Med
2013;368:425e35.

78. Mestdagh R, Dumas M-E, Rezzi S, Kochhar S, Holmes E, Claus SP, et al. Gut
microbiota modulate the metabolism of brown adipose tissue in mice.
J Proteome Res 2012;11:620e30.

79. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF,
Goel G, et al. Succinate is an inflammatory signal that induces IL-1b through
HIF-1a. Nature 2013;496:238e42.

80. Matsumoto M, Kibe R, Ooga T, Aiba Y, Kurihara S, Sawaki E, et al. Impact of
intestinal microbiota on intestinal luminal metabolome. Sci Rep 2012;2:233.

81. Whitt DD, Demoss RD. Effect of microflora on the free amino acid distribution
in various regions of the mouse gastrointestinal tract. Appl Microbiol 1975;30:
609e15.

82. Mardinoglu A, Shoaie S, Bergentall M, Ghaffari P, Zhang C, Larsson E, et al. The
gut microbiota modulates host amino acid and glutathione metabolism in
mice. Mol Syst Biol 2015;11:834.

83. Cava F, Lam H, de Pedro MA, Waldor MK. Emerging knowledge of regulatory
roles of d-amino acids in bacteria. Cell Mol Life Sci 2011;68:817e31.

84. Sasabe J, Miyoshi Y, Rakoff-Nahoum S, Zhang T, Mita M, Davis BM, et al.
Interplay between microbial d-amino acids and host d-amino acid oxidase
modifies murine mucosal defence and gut microbiota. Nat Microbiol 2016;1:
16125.

85. Konturek PC, Burnat G, Brzozowski T, Zopf Y, Konturek SJ. Tryptophan free diet
delays healing of chronic gastric ulcers in rat. J Physiol Pharmacol
2008;59(Suppl 2):53e65.

86. Kim CJ, Kovacs-Nolan JA, Yang C, Archbold T, Fan MZ, Mine Y. l-Tryptophan
exhibits therapeutic function in a porcine model of dextran sodium sulfate
(DSS)-induced colitis. J Nutr Biochem 2010;21:468e75.

87. Hou Y-C, Wu J-M, Wang M-Y, Wu M-H, Chen K-Y, Yeh S-L, et al. Glutamine
Supplementation attenuates expressions of adhesion molecules and chemo-
kine receptors on T cells in a murine model of acute colitis. Mediators Inflamm
2014;2014:e837107.

88. Andou A, Hisamatsu T, Okamoto S, Chinen H, Kamada N, Kobayashi T, et al.
Dietary histidine ameliorates murine colitis by inhibition of proinflammatory
cytokine production from macrophages. Gastroenterology 2009;136:
564e574.e2.

89. Tsune I, Ikejima K, Hirose M, Yoshikawa M, Enomoto N, Takei Y, et al. Dietary
glycine prevents chemical-induced experimental colitis in the rat. Gastroen-
terology 2003;125:775e85.

90. Nose K, Yang H, Sun X, Nose S, Koga H, Feng Y, et al. Glutamine prevents total
parenteral nutrition-associated changes to intraepithelial lymphocyte pheno-
type and function: a potential mechanism for the preservation of epithelial
barrier function. J Interferon Cytokine Res 2010;30:67e79.

91. Xue H, Field CJ. New role of glutamate as an immunoregulator via glutamate
receptors and transporters. Front Biosci Sch Ed 2011;3:1007e20.

92. Kepert I, Fonseca J, Müller C, Milger K, Hochwind K, Kostric M, et al. D-tryp-
tophan from probiotic bacteria influences the gut microbiome and allergic
airway disease. J Allergy Clin Immunol 2017;139:1525e35.
, metabolome, and allergic diseases, Allergology International (2017),

http://refhub.elsevier.com/S1323-8930(17)30086-2/sref58
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref58
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref58
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref59
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref59
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref59
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref60
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref60
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref60
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref61
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref61
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref61
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref61
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref62
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref62
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref62
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref62
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref63
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref63
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref63
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref63
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref64
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref65
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref65
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref65
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref66
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref66
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref66
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref67
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref67
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref67
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref68
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref68
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref68
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref68
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref68
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref69
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref69
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref69
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref69
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref69
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref70
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref70
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref70
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref71
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref71
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref71
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref71
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref71
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref72
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref72
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref72
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref72
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref72
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref73
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref73
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref73
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref73
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref73
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref74
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref74
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref74
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref75
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref75
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref75
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref75
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref76
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref76
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref76
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref76
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref77
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref77
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref77
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref77
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref78
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref78
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref78
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref78
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref79
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref79
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref79
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref79
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref80
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref80
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref81
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref81
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref81
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref81
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref82
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref82
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref82
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref83
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref83
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref83
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref84
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref84
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref84
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref84
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref85
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref85
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref85
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref85
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref86
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref86
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref86
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref86
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref87
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref87
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref87
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref87
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref87
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref88
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref88
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref88
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref88
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref88
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref89
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref89
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref89
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref89
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref90
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref90
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref90
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref90
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref90
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref91
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref91
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref91
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref92
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref92
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref92
http://refhub.elsevier.com/S1323-8930(17)30086-2/sref92

	Gut microbiome, metabolome, and allergic diseases
	Introduction
	Long-chain fatty acids and allergic diseases
	Immune regulation by short-chain fatty acids
	Vitamins
	Bacterial amino acids

	Conclusion
	Acknowledgements
	Conflict of interest

	References


