
“Dis-moi ce que tu manges, je te dirai ce que tu es” (tell 
me what you eat and I will tell you what you are), con-
cluded gastronome Jean Anthelme Brillat-Savarin in the 
nineteenth century. Our diet is known to be a risk factor 
for disorders ranging from cardiovascular and metabolic 
disease to cancer. Evidence for the influence of dietary 
choices on the development of immune disorders is 
continually emerging. Such disorders include diabetes 
and inflammatory bowel disorders, but also multiple 
sclerosis, degenerative disorders such as dementia, and 
asthma. A marked increase in the incidence of chronic 
inflammatory disorders (such as asthma) seems to follow 
a geographical pattern of industrialization and improved 
living conditions and to be inconsistent with an under
lying genetic cause1. Despite the identification of multiple 
susceptibility genes for chronic inflammatory disorders, 
each individual gene of interest contributes only a mod-
est proportion of disease heritability. By contrast, dietary 
habits are consistently found in epidemiological studies 
to be a risk factor for these same diseases. These find-
ings may represent an underlying evolutionary genetic 
cause whereby our genes have not been able to adapt to 
quickly changing dietary habits (BOX 1). Alterations in our 
exposure to, and colonization by, a large variety of micro-
organisms, especially during early life, are an additional 
confounding risk factor. The contributions that micro-
organisms make to the health of their hosts (which often 
involve diet-sourced metabolites) are beyond the scope 
of this Review, but are discussed elsewhere2.

Epidemiological studies particularly associate 
inflammatory disorders with a so‑called ‘Western diet’, 
which is characterized by high levels of processed red 
meat, sugars, fat and refined grains, and a lower content 

of vegetables, fruits and fish. This diet is chosen by 
many individuals in developed countries, and increas-
ingly so elsewhere, and correlates with the dramatic 
increase in the incidence of chronic inflammatory dis-
orders (such as diabetes, multiple sclerosis and asthma) 
over the past six decades3,4. Shared molecular pathways 
between nutrient- and pathogen-sensing systems could 
stand at the intersection of metabolic and inflammatory 
responses, thereby providing a possible mechanistic 
link between diet and disease5. The interface between 
dietary components and the gastrointestinal tract is 
multifaceted and involves at least intestinal epithelial 
cells (IECs), the microbiota and heterogeneous popula-
tions of immune cells. Research on the impact of dietary 
compounds on IEC function and the permeability of 
the intestinal epithelial barrier is currently focused on 
mucins, short-chain fatty acids and related metabolites, 
as well as some of their G protein-coupled receptors6,7. 
Furthermore, the interplay between diet and the micro-
biota is highly complex, with numerous connections, 
and is under intense investigation.

Nuclear receptors are targets of numerous naturally 
occurring and man-made compounds, such as hor-
mones, lipids and vitamins. Many of these ligand-
activated transcription factors are involved in immune 
cell development and function8. The activity of nuclear 
receptors is highly cell-type and context specific, despite 
their ability to regulate a large number of genes and 
their widespread expression pattern. This suggests that 
nuclear receptors connect the cellular transcriptional 
machinery with (external) environmental cues, such 
as the diet. Indeed, they have been found to interact 
with dietary substances, thereby directly bridging diet 
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Nuclear receptors
A class of proteins found within 
cells that are responsible for 
sensing external cues (such as 
hormones) and that work with 
other proteins to regulate the 
expression of specific genes, 
thereby controlling the 
development, homeostasis and 
metabolism of the organism.
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Abstract | The function of the gastrointestinal tract relies on a monolayer of epithelial cells, 
which are essential for the uptake of nutrients. The fragile lining requires protection against 
insults by a diverse array of antigens. This is accomplished by the mucosa-associated 
lymphoid tissues of the gastrointestinal tract, which constitute a highly organized immune 
organ. In this Review, we discuss several recent findings that provide a compelling link 
between dietary compounds and the organization and maintenance of immune tissues  
and lymphocytes in the intestine. We highlight some of the molecular players involved,  
in particular ligand-activated nuclear receptors in lymphoid cells.
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ILCs
Lymphoid cells derived from 
the common lymphoid 
progenitor that lack expression 
of an antigen receptor. ILCs 
have important roles in innate 
immune responses to 
infectious microorganisms and 
in lymphoid tissue formation.

with immunity. This Review focuses on recently identi-
fied molecular pathways that provide new insights into 
direct interactions between dietary compounds and the 
physiology of lymphoid cells in the immune system.

Lymphoid cells at the intestinal mucosa
An increasing amount of data has emerged showing 
direct effects of dietary components — such as vitamins, 
phytochemicals and fatty acids — on the maintenance of 
long-term health. Key to understanding the contribution 
of these compounds to health are two important insights. 

The first is the increased knowledge of the role of ligand-
activated nuclear receptors and G protein-coupled recep-
tors in immune cells. The second is the discovery of new 
populations of immune cells, such as innate lymphoid 
cells (ILCs), and the improved understanding of T helper 
(TH) cell subsets, including regulatory T (TReg) cells,  
T follicular helper (TFH) cells and TH17 cells.

The immunological challenge of how to discriminate 
self from non-self is particularly complex at epithelial 
barrier sites, such as the intestine. At these sites, large 
amounts of antigens — which include harmless food anti-
gens, antigens derived from resident microorganisms and 
pathogens, and toxins produced by such pathogens — are 
encountered over a lifetime. Immune cells in the intestine 
are positioned to contribute both to protecting the fragile 
monolayer that lines the gut and to regulating the access of 
luminal antigens to the intestinal tissues, thereby balanc-
ing levels of tolerance and inflammation (BOX 2). Failure to 
correctly discriminate harmless antigens from potentially 
harmful ones can result in chronic inflammation.

T cells. TH cells have a prominent role in orchestrating 
protective responses, while promoting tolerance against 
innocuous antigens. To fulfil their specific requirements, 
TH cells differentiate into functional lineages, with each 
having a specialized role in immune responses (BOX 3). 
The differentiation of TH cell lineages is thought to pre-
dominantly, but not exclusively, be defined by cytokines 
present in the microenvironment9. However, the rigid 
distinction between the TH cell lineages has been blurred 
in recent years.

TReg cell populations mainly originate in the thymus, 
and these cells are termed naturally occurring TReg cells. 
However, TReg cell populations can also arise from pre-
cursor cells in the periphery, and in this case they are 
termed induced TReg cells. These induced TReg cells accu-
mulate throughout life and are found at mucosal surfaces 
of the intestine10. TH17 cells are a subset of TH cells that 
are also enriched at mucosal sites. The generation and 

Box 1 | An evolutionary perspective of dietary change

Our genome changes at a molecular level by approximately 0.5% every million years107. We, Hominini, developed more 
than 5–6 million years ago, during which time dietary requirements have gradually changed and led to an increase in the 
intake of animal products that are high in energy and fat. Adaptation to dietary patterns as a result of the ecological niche 
occupied, genetic specialization and cultural conventions contributed to a diet that was high in vitamins, phytochemicals, 
fruit and vegetables, and lean meat and fish (which contain high levels of protein and unsaturated fat). This diet 
supported the expansion and development of the species, and increased brain size. Indeed, our ability to absorb, store 
and process dietary components has been an important evolutionary selection criterion, providing certain individuals 
with increased survival chances in times of need.

The agricultural revolution, approximately 10,000 years ago, and the industrial revolution, 200 years ago, led to dramatic 
changes in our environment, lifestyle and diet108. The post-agricultural diet is particularly rich in carbohydrates, especially 
grains. Although these changes have been hugely beneficial for the expansion of our species, the adaptation of our 
genome does not seem to be synchronized with these changes, as suggested by the high prevalence of gluten intolerance 
in modern humans. The post-industrial diet of the developed world is even higher in carbohydrates (in particular in 
processed, refined grains) and saturated fats, and is dominated by food that has been processed, modified, stored and 
transported great distances with subsequent losses in vitamins, minerals and phytochemicals. These changes have 
resulted in a disconnection between our environment and our genome, which has not evolved at a sufficient rate or had 
the opportunity to adapt, as most ‘symptoms’ of the Western diet occur after the reproductive age. They manifest as a 
reduction in the quality of life, with an increased incidence of chronic disorders, such as cancer, type 2 diabetes and 
cardiovascular disease. All of these conditions share elements of low-grade inflammation, and they could be largely 
prevented by changes in lifestyle and diet109.

Box 2 | The landscape of the intestinal immune system

The intestine can be viewed as an integrated network of mutualistic interactions 
between diverse cell populations, the microbiota and microbial products. A monolayer 
of polarized intestinal epithelial cells (IECs) lines the intestine and is composed of 
enterocytes, glycoprotein-secreting goblet cells, hormone-producing enteroendocrine 
cells, and Paneth cells, which produce antimicrobial factors. The combined actions of 
these cells establish an epithelial monolayer that is covered in glycoproteins, IgA and 
microbicidal peptides that protect the integrity of the tissue. Symbiotic microorganisms 
of the gut microbiota offer additional protection, by preventing the multiplication of 
other microorganisms and their attachment to IECs, as well as by modulating the 
responses of IECs and immune cells110. The epithelial cell barrier not only separates the 
luminal contents of the intestine from host tissues, but also facilitates controlled 
exchange of nutrients and antigens. Specialized routes of transport — for example, 
through enterocytes, microfold (M) cells, goblet cells and trans-epithelial dendritic cells 
— allow for the uptake and processing of luminal products in the underlying tissue111,112.

The intestinal immune cells are organized in distinct lymphoid structures (such as 
Peyers’s patches, colonic patches, cryptopatches, isolated lymphoid follicles and 
mesenteric lymph nodes), are present as scattered cells underneath the IECs or are 
located in the outer layer of connective tissues (known as the lamina propria). The 
development of organized lymphoid structures is supported by innate lymphoid cells 
(ILCs) — specifically, by lymphoid tissue inducer (LTi) cells in the fetus and by LTi-like cells 
in adults113. In addition, an ILC population of natural killer (NK)‑like cells (NKp46+ ILC22 
cells in mice; CD56+NKp44+ cells in humans) can be found, which, like LTi cells, can 
secrete interleukin-22 (IL‑22) and possibly IL‑17 (REF. 62). Two populations of CD4+ T cells 
are enriched in the lamina propria: T helper 17 (T

H
17) cells and regulatory T cells114,115, 

reflecting the delicate balance between immunity and tolerance. Their activity and 
numbers are controlled by various subpopulations of dendritic cells and macrophages.
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maintenance of TH17 and induced TReg cells in the intestine 
has an important role in the equilibrium between immu-
nity and tolerance. The differentiation of both subsets 
critically depends on the activity of transforming growth 
factor‑β (TGFβ)11–13. Stimulation of naive T cells increases 
the expression of the TReg cell transcriptional regulator 
forkhead box P3 (FOXP3), which suppresses retinoic 
acid receptor-related orphan receptor‑γt (RORγt) and 
RORα14,15, important regulators of TH17 cells16. The pres-
ence of additional inflammatory signals suppresses FOXP3 
expression, resulting in the development of TH17 cells13. 
TReg cells can inhibit pro-inflammatory events in many 
cell types, whereas TH17 cells recruit additional immune 
cell types, including highly pro-inflammatory granulo
cytes, thereby enhancing the inflammatory response. 
However, the view that TReg cells solely maintain immune 
tolerance and that the only role of TH17 cells is in inflam-
mation is a considerable oversimplification17,18. Indeed, 
it has been reported that TReg cells can be converted into 
pathogenic T cells19, whereas TH17 cells can acquire tolero
genic characteristics17 and neutralizing interleukin-17  
(IL‑17) aggravates chemically induced colitis20.

Innate lymphoid cells. ILCs are a recently identified 
group of lymphocytes that have an important role at 
the mucosae21 (BOX 4). Although they are present in low 
numbers, they are essential for generating lymphoid 
structures and orchestrating immune responses22 owing 
to their capacity to produce large amounts of immune 
mediators. In adult mice, two subsets of ILCs are pre-
dominantly found in the gastrointestinal tract: lymphoid 
tissue inducer-like (LTi-like) cells and IL‑22‑producing 
ILC22 cells118,119. IL‑22 is an important immune mediator 
in the gastrointestinal tract, as it regulates the expression 
of microbicidal factors, such as regenerating islet-derived 
protein 3 (REG3) family members, and has a role in 
wound healing and tissue regeneration23. ILCs express 
particularly high levels of the nuclear receptors RORγt, 
RORα and aryl hydrocarbon receptor (AHR)16,24,25.

Fruits, vegetables and nuclear receptors
Vitamins and nuclear receptors. Many chemicals present 
in plants, especially those that are responsible for their 
organoleptic properties, are beneficial for our health. 
Such chemicals include β‑carotene in carrots, resvera-
trol in the skins of red grapes and in other fruits, and 
the antioxidant catechin in green tea. Many of these 
compounds cannot be generated by humans, and their 
main source is our diet. Some, such as vitamins, have 
long been known to make a vital biological contribution 
to health. In particular, metabolites of vitamins A and D 
have taken centre stage in influencing immunological 
health26,27. Others, however, are likely to be beneficial but 
have not as yet been shown to be essential to health and 
are referred to as phytochemicals.

Vitamin A is an essential fat-soluble compound 
that is required for many biological processes. It is 
obtained from plants in the form of carotenoids (such 
as β‑carotene) and as retinol from animal material, and 
it can be converted into several bioactive metabolites, 
including retinal and retinoic acid (FIG. 1a). The conver-
sion of carotenes into retinal requires enzymatic oxi-
dation, and the retinal subsequently can be reversibly 
reduced to retinol and taken up by cells. This retinol 
can then be converted into retinoic acid through a 
two-step process. Oxidation to retinal by members of 
the alcohol dehydrogenase (ADH) family or retinol 
dehydrogenase (RDH) family is the first step in this 
process. The second step is controlled by members 
of the retinal dehydrogenase (RALDH) family, also 
known as the aldehyde dehydrogenase (ALDH) family, 
and results in all-trans-retinoic acid and 9‑cis-retinoic 
acid. Retinoic acids are small, lipophilic, rapidly dif-
fusing molecules that can be generated by epithelial 
cells and intestinal dendritic cells (DCs). They have a 
crucial role in immune tolerance against food antigens 
through the recruitment or induction of TReg cells28–30. 
Although there are many forms of ADH and RALDH, 
intestinal DCs express some isoforms (namely ADH1 

Box 3 | The biology of T helper cell subsets

T helper (T
H
) cell subsets are defined by a selective expression pattern of effector molecules (cytokines and chemokines), 

cell-surface molecules and transcriptional regulators.
T

H
1 cells are associated with expression of the transcription factor T‑bet and are mainly involved in responses against 

intracellular pathogens, as well as in autoimmunity and immunopathology. They produce interferon‑γ (IFNγ), which, 
together with interleukin‑12 (IL‑12), is instrumental for their differentiation.

T
H
2 cells participate in responses against large pathogens such as helminths and are implicated in allergic responses. 

They depend on the transcription factor GATA3 and are identified by the expression of IL‑4, IL‑5, IL‑6 and IL‑13. IL‑4 is the 
main factor responsible for the development of T

H
2 cells.

Regulatory T (T
Reg

) cells — which require expression of forkhead box P3 (FOXP3) for their maintenance and function — 
are crucial for restraining other immune cell responses, but may reduce antitumour responses and weaken the efficacy  
of vaccinations. Most T

Reg
 cells develop as a distinct lineage in the thymus, but under particular conditions involving  

the presence of transforming growth factor‑β (TGFβ) — such as those existing at mucosal sites, near tumours or during 
infections — T

Reg
 cells can arise from T

H
 cell precursors in the periphery.

T
H
17 cells are responsible for responses against extracellular pathogens, but they are also implicated in the initiation  

of autoimmune disorders and contribute to immunopathology116. Their differentiation generally requires both TGFβ  
and IL‑6 (REF. 13), and is further supported by other factors. T

H
17 cells are identified by the expression of retinoic acid 

receptor-related orphan receptor‑γt (RORγt) and, to a lesser extent, the closely related nuclear receptor RORα16,25;  
they also express high levels of the aryl hydrocarbon receptor (AHR)24.

T follicular helper (T
FH

) cells provide support for the generation of high-affinity antibodies. They are located in germinal 
centres, directly providing support to B cells, and use the transcription factor B cell lymphoma 6 (BCL‑6) for their function117.
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PPARs
A group of nuclear receptor 
proteins involved in altering 
lipid and glucose metabolism. 
Their ligands include free fatty 
acids and eicosanoids.

LXRs
A group of nuclear receptor 
proteins important in 
regulating cholesterol, fatty 
acid and glucose homeostasis. 
A ligand is oxysterol.

FXR
A member of the nuclear 
receptor family of transcription 
factors, with a role in 
maintaining bile acid, 
cholesterol and glucose 
homeostasis. Bile acids are 
natural ligands.

Lamina propria
Connective tissue beneath the 
intestinal epithelium containing 
various myeloid and lymphoid 
cells.

and ADH4) constitutively and others according to 
their location in the intestine (that is, Peyer’s patch 
DCs express RALDH1 and mesenteric lymph node DCs 
express RALDH2)31.

Metabolites of vitamin  A direct transcriptional 
responses by binding to retinoic acid receptors (RARs) 
and retinoid X receptors (RXRs). The RARs are a nuclear 
receptor family comprising three isotypes, and more 
isoforms are generated through alternative gene expres-
sion and splicing at each receptor gene. All-trans-retinoic 
acid binds to RARs that are heterodimerized with RXRs, 
and these complexes subsequently bind to specific DNA 
sequences32. All-trans-retinoic acid can isomerize to 9‑cis-
retinoic acid, which is the physiological ligand for RXR 
homodimers27. RARs rarely form homodimers, whereas 
RXRs can either homodimerize or pair with other 
lipid-sensing nuclear receptors, such as the vitamin D  
receptor (VDR), peroxisome proliferator-activated recep-
tors (PPARs), liver X receptors (LXRs), pregnane X receptor 
(PXR) and farnesoid X receptor (FXR).

Like vitamin A, vitamin D can be obtained from our 
diet. Alternatively, vitamin D3 can be derived from the 
isomerization of pre-vitamin D3, which is generated 
through photochemical synthesis from pro-vitamin D3 
(also known as 7‑dehydrocholesterol) when the skin is 
exposed to ultraviolet B radiation. The physiologically 
active vitamin D3 metabolite 1,25‑dihydroxyvitamin D3 
(1,25(OH)2D3; also known as calcitriol) can be subse-
quently produced in the liver or kidneys, or by cells of the 
immune system33 (FIG. 2a). The metabolism of vitamin D3 
into biologically active 1,25(OH)2D3 primarily takes place 
in the liver and kidneys. Although the required enzymes 
to generate 1,25(OH)2D3 are found in macrophages and 
DCs33, it is unclear whether they are sufficient to generate 
physiological quantities. 1,25(OH)2D3 binds to the VDR, 

which, like RARs, forms a heterodimer with an RXR fol-
lowing activation. Importantly, the primary site of uptake 
of both vitamin A and vitamin D is mucosal sites, in par-
ticular the gastrointestinal tract, and many of the nuclear 
receptors (such as RORs, RARs, RXRs, LXRs and PPARs) 
that bind to these vitamins are expressed by immune cells 
present in the mucosa, in particular TReg cells, TH17 cells 
and ILCs.

Vitamin A at the intestinal mucosa. Metabolites of vita-
min A function as small signalling molecules and make 
important contributions to immune homeostasis. The 
metabolites have a role in the differentiation and func-
tion of B and T cell subsets and influence their homing 
properties (FIG. 1b).

Early reports linked vitamin A to the inhibition of TH1 
cell responses and therefore — under the then prevail-
ing dichotomous model of TH cell differentiation — to 
enhanced TH2 cell activity. More recently, this oversim-
plification of the roles of vitamin A in TH cell-mediated 
immunity has been readdressed in the context of induced 
TReg and TH17 cells28,30,34. TGFβ, which is crucial for the 
differentiation of both subsets, increases RAR expres-
sion35. The potency of TGFβ for the generation of induced 
TReg cells is enhanced by the presence of retinoic acid32,36,37. 
In line with a potential role of vitamin A in balancing 
TH17 and induced TReg cells in the gastrointestinal tract, 
exogenous and CD103+ DC‑derived retinoic acid has 
been shown to inhibit the induction of TH17 cells in vivo, 
and administration of an RAR antagonist decreases the 
number of TReg cells in the lamina propria28,30,34. In addition, 
retinoic acid enhances the expression of the microRNA 
miR‑10a38. In induced TReg cells, miR‑10a inhibits the 
expression of B cell lymphoma 6 (BCL‑6), which is an 
important factor in TFH cell differentiation. Retinoic acid 
thereby constrains the conversion of induced TReg cells 
into TFH cells35 (FIG. 1b).

However, this does not imply that dietary vita-
min A supplementation alone would be sufficient to 
prevent or cure intestinal inflammatory disorders39. 
Mediators such as growth factors normally function in a  
concentration-dependent manner and within an envi-
ronmental context. This possibly reflects the interplay 
between different nuclear receptors and their binding 
partners, resulting in a variety of outcomes35. In an 
inflammatory microenvironment, or in the presence 
of particular microbial components, low vitamin A 
concentrations contribute to TH1‑type and TH17‑type 
immune responses35. Indeed, vitamin A deficiency 
decreases the TH17 cell response during infections40. 
Retinoic acid induces miR‑10a expression in TH17 
cells, which, as in induced TReg cells, suppresses BCL‑6 
expression. Although BCL‑6 is known to inhibit TH17 
cell development41, miR‑10a also induces the expres-
sion of T-bet (which is associated with TH1‑type 
immune responses) in the presence of retinoic acid35. 
This suggests that the function of the TH17 cells, and 
possibly their conversion to TH1‑like cells42, is also 
directly influenced by retinoic acid concentrations. The 
effects of retinoic acid on transcriptional events (both 
direct effects through RAR and RXR, and indirect 

Box 4 | Innate lymphoid cells and tissue organization

Innate lymphoid cells (ILCs) are a recently identified group of lymphoid cells derived 
from the common lymphoid progenitor that have a more innate character than classical 
lymphocytes. They lack expression of an antigen receptor, but make an important 
contribution to immune homeostasis21. ILCs develop in the absence of recombined 
antigen receptors and clonal selection, but depend on the lymphoid cell growth factors 
interleukin‑7 (IL‑7) and thymic stromal lymphopoietin (TSLP)118. At least three main 
groups are recognized, and these originate from distinct fetal liver-derived precursors. 
The first group depends on the nuclear receptor retinoic acid receptor-related orphan 
receptor‑γt (RORγt) for its development. This group includes lymphoid tissue inducer 
(LTi) cells (also known as ILC17 cells) and cells expressing natural killer (NK) cell markers 
(such as NKp46) that are referred to as ILC22 cells119. The second group (commonly 
referred to as type 2 ILCs or ILC2 cells) comprises cells that do not express RORγt but 
depend on RORα for their development120. A third group, termed ILC1 cells, produces 
the T helper 1 (T

H
1)-type cytokine interferon-γ (IFNγ) and includes NK cells.

The specific roles of the various ILC subsets are currently under investigation. 
However, ILCs with LTi cell functions are essential for the prenatal development of 
secondary lymphoid organs, such as the lymph nodes and Peyer’s patches121, but not  
the spleen or nasopharynx-associated lymphoid tissue. In adult mice, RORγt+ ILCs 
localize mainly to the intestinal lamina propria119,122, where they are required for the 
development of lymphoid structures such as cryptopatches and isolated lymphoid 
follicles. Isolated lymphoid follicles are required for T cell-independent immunoglobulin 
class switching to IgA in the intestine. ILC22 cells are important for intestinal immune 
homeostasis and the production of antimicrobial peptides, whereas ILC2 cells have 
characteristics in common with T

H
2 cells.
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effects through FOXP3, T‑bet and BCL‑6) indicate 
that retinoic acid can modulate T cell sensitivity to 
the microenvironment through the regulation of cell-
surface receptors and signalling components. Indeed, 
retinoic acid might inhibit the sensitivity of induced 
TReg and TH17 cells to IL‑6 and IL‑23, respectively, by 
limiting the re‑expression of IL‑6 receptor subunit-α 
(IL‑6Rα) by induced TReg cells and the RORγt-induced 
expression of IL‑23R by TH17 cells43. This would pre-
vent possible TH17 cell development at the very early 
stages of induced TReg cell generation and directly affect 
the biology of TH17 cells.

Importantly, retinoic acid affects the trafficking 
of lymphocytes to the intestinal mucosae, which may 
largely explain its role in immune homeostasis (FIG. 1b). 
It achieves this — possibly together with TGFβ — by 
inducing the expression of the gut-homing receptors 
α4β7 integrin and CC‑chemokine receptor 9 (CCR9) 
on CD4+ T cells31,36,44,45, CD8+ T cells46 and B cells47. 
Vitamin A deficiency decreases the number of α4β7 
integrin-expressing T cells in the secondary lym-
phoid organs, and the cells lacking expression of α4β7 
integrin fail to home to the intestine31. The effects of 
retinoic acid may explain the tissue tropism observed 

Figure 1 | The molecular and cellular mechanisms of action of vitamin A.  a | The enzymes of the retinoid 
dehydrogenase family (namely, alcohol dehydrogenase (ADH), the short-chain dehydrogenases/reductases (SDRs) and 
the retinal dehydrogenases (RALDHs)) metabolize dietary vitamin A and β‑carotene in CD103+ dendritic cells (DCs)  
and epithelial cells into the active compound, retinoic acid, which is present as two isomers: all-trans-retinoic acid (ATRA) 
and 9‑cis-retinoic acid (9‑cis‑RA). Retinoic acid functions by binding to retinoid X receptor (RXR)–retinoic acid receptor 
(RAR) heterodimers (which are receptors for both ATRA and 9‑cis‑RA) or to RXR–RXR homodimers (which are receptors  
for 9‑cis‑RA), which then bind to retinoic acid response elements (RAREs) in the cell nucleus. b | Data obtained from in vitro 
experimentation indicates that retinoic acid induces the expression of gut-homing receptors and exerts direct and 
indirect immunomodulatory effects on T cell differentiation as indicated. The precise role of retinoic acid in vivo remains 
to be determined. In induced regulatory T (iT

Reg
) cells and T helper 17 (T

H
17) cells, retinoic acid induces the expression  

of microRNA‑10a, thereby inhibiting the conversion of these cells to T follicular helper (T
FH

) cells and T
H
1‑like cells.  

In B cells, retinoic acid contributes to the differentiation of gut-homing IgA-secreting plasma cells. α4β7, α4β7 integrin; 
AHR, aryl hydrocarbon receptor; BCL‑6, B cell lymphoma 6; CCR9, CC‑chemokine receptor 9; FOXP3, forkhead box P3;  
IL, interleukin; RORγt, retinoic acid receptor-related orphan receptor‑γt; TGFβ, transforming growth factor‑β.
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when induced TReg cells are generated in vitro with 
TGFβ and retinoic acid, which induces the expres-
sion of both CCR9 and α4β7 integrin36. Whether 
vitamin A influences the balance of TH cells in the 
intestine should be viewed in the context of its ability 
to increase the homing of T cells with specificity for 
antigens in the gut, TReg cells and TH17 cells40, without 
affecting the steady-state levels of TH cells. Future work 
will need to carefully dissect the effects of retinoic acid 
on T cell migration versus its direct effects on TH cell 
differentiation.

Antigen-experienced B  cells that express α4β7   
integrin are equally abundant in the lymph nodes of  
vitamin A‑deficient mice and control mice. However, 
the normally broad repertoire of IgA antibodies that 
these B cells produce is reduced in the Peyer’s patches of  
vitamin A‑deficient mice47, which is in line with the 
requirement for RARα in IgA-secreting memory B cells48. 
Retinoic acid produced by intestinal DCs synergizes 
with DC‑derived IL‑6 and IL‑5 to promote the secre-
tion of IgA (FIG. 1b). Consequently, vitamin A‑deficient 
mice lack IgA-secreting cells in the small intestine47. In 
addition, vitamin A suppresses immunoglobulin class 
switching to isotypes that are able to induce strong 
immune activation associated with immune pathology 
and allergy (such as IgG1 and IgE)49, possibly by inhibit-
ing TFH cell differentiation35. Vitamin A thus enables the 
discriminate homing and development of less aggres-
sive immune cells, thereby limiting the potential for 

immunopathology at the delicate epithelial sites. These 
findings suggest that appropriate vitamin A levels are 
crucial for a balanced T cell response to infection and 
after vaccinations, and for the maintenance of tolerance 
to innocuous antigens29,40.

Vitamin D. Like vitamin A, vitamin D has been shown 
to alter B and TH cell responses (FIG. 2b), similarly inhib-
iting TH1 cell activity and enhancing TH2 cell activity. 
An increase in TReg cell numbers has also been reported 
after exposure to 1,25(OH)2D3 (REF. 50), which was 
recently directly linked with the binding of VDR–RXR 
to an enhancer in the FOXP3 gene44. It has been sug-
gested that vitamin D directly imposes a delay in T cell 
receptor (TCR)-mediated signalling to diminish the 
risk of immunopathology51, a potentially important 
fail-safe mechanism in an antigen-rich environment 
such as the intestine. 1,25(OH)2D3 can also indirectly 
influence TH cell differentiation by suppressing DC 
maturation and secretion of IL‑12 (REF. 52), IL‑6 and 
IL‑23 (REF. 53) (FIG. 2b), and this may favour the differ-
entiation or clonal expansion of induced TReg cells53,54. 
In addition, a more direct effect on TH17 cell differ-
entiation and migration has been proposed55, whereby 
1,25(OH)2D3 suppresses the generation of TH17 cells 
and negatively regulates their expression of the homing  
receptor CCR6. CCR6 and its ligand CC-chemokine 
ligand  20 (CCL20) have a role in controlling the  
migration of TH17 cells into the tissues56,57.

Figure 2 | The molecular and cellular mechanisms of action of vitamin D.  a | Vitamin D can be obtained from  
the diet. In addition, vitamin D3 can be photochemically synthesized from pro-vitamin D3 (7‑dehydrocholesterol)  
in the skin. Vitamin D3 is hydroxylated to 25‑hydroxyvitamin D3 (25(OH)D3) and subsequently in the kidney to 
1,25‑dihydroxyvitamin D3 (1,25(OH)

2
D3), which physiologically is the most active metabolite. Cells of the immune 

system can also enzymatically process 25(OH)D3 to 1,25(OH)
2
D3, which binds to vitamin D receptor (VDR)–retinoid X 

receptor (RXR) heterodimers. The receptor heterodimer then binds to the vitamin D response element (VDRE) in  
the nucleus. b | 1,25(OH)

2
D3 exerts its effects on several immune cell types, including dendritic cells (DCs), B cells  

and T cells. 1,25(OH)
2
D3 decreases the maturation of DCs and their production of pro-inflammatory cytokines, and 

directly and indirectly influences T helper (T
H
) cell differentiation as indicated. In B cells and antibody-secreting cells, 

1,25(OH)
2
D3 inhibits proliferation, plasma cell differentiation and immunoglobulin production. IL, interleukin;  

T
Reg

, regulatory T; UV, ultraviolet.
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IELs
A T cell population found 
within the epithelial layer of 
mammalian mucosal linings. 
This population consists of 
specialized subsets of cells, 
such as particular γδ T cell 
subsets and αβ CD8αα+ T cells.

Cytochrome P450 enzymes
A superfamily of diverse 
enzymes involved in drug 
metabolism and bioactivation, 
accounting for a very large 
number of different metabolic 
reactions, including those  
for lipids, hormones and 
xenobiotics (such as drugs  
and chemicals).

γδ T cells
A small subset of T cells that 
express a distinct T cell 
receptor on their surface 
consisting of a particular 
γ‑chain, which correlates with 
their presence in particular 
tissues, coupled to a δ‑chain.

Both RARs and VDR can form heterodimers with 
RXRs. If RXRs are a limiting factor, then retinoic acid 
and 1,25(OH)2D3 will antagonize each other’s functions 
by competing for the same nuclear receptor partner27. 
Vitamin D deficiency results in decreased numbers of 
the T cells that line the epithelial monolayer, which are 
known as CD8αα+ intraepithelial lymphocytes (IELs). 
This is due to a cell-intrinsic defect that causes a reduc-
tion in the proliferative capacity of CD8αα+ IELs in the 
absence of vitamin D58. Interestingly, the development of 
CD8αα+ IELs also crucially depends on TGFβ59. This may 
indicate a potential synergistic effect between TGFβ and 
vitamin D, as seen with vitamin A. This is likely to involve 
interplay between various nuclear receptors, such as 
RXRs, RORγt, RORα and AHR, which are expressed dif-
ferentially by CD8αα+ IELs, TCRγδ+ IELs, TH17 cells and 
TReg cells. Vitamins A and D thus have the ability to alter 
lymphocyte activation and homing, thereby contributing 
to intestinal immune homeostasis, which is characterized 
by a state of tolerance towards most antigens.

AHR and the phytochemical I3C. The AHR has been 
recently shown to be highly expressed by TH17 cells 
and to be present at increased levels in TReg cells24,60. 
Furthermore, AHR expression was found in ILC sub-
sets61–63 and in IELs64 (FIG. 3a). This highly conserved 
basic helix–loop–helix (bHLH) transcription fac-
tor belongs to the PER–ARNT–SIM (PAS) domain- 
containing superfamily of sensory proteins and is 
primarily known to mediate responsiveness to envi-
ronmental pollutants. Targets of transcriptional gene 
regulation by AHR include metabolizing enzymes, 
notably cytochrome P450 enzymes of the CYP1 family. 
Similarly to RARs and RORs, AHR is responsive to lipo-
philic ligands, which are rapidly metabolized by CYP1 
enzymes. The physiological role of AHR is currently 
poorly understood. Oxidation and chemical condensa-
tion of diet-obtained tryptophan or some of its meta-
bolic derivatives can generate high-affinity AHR ligands, 
such as 6‑formylindolo[3,2‑b]carbazole (FICZ), which 
initiate the AHR transcriptional programme and are 
ideal substrates for the CYP1 enzymes65.

Most of the ligands responsible for AHR activity in 
the intestine are obtained from plants of the Brassica 
genus, which includes the cruciferous vegetables, such 
as green cabbages and broccoli. These vegetables are 
rich in glucobrassicin, a chemical that is synthesized 
from glucose and tryptophan. The phytochemical 
indole-3‑carbinol (I3C), which is derived from the 
indolic glucosinolate glucobrassicin, is formed as part 
of the plant defence response. In rodents and humans, 
oral intake of I3C, but not intraperitoneal administra-
tion of I3C, increases the activity of AHR-regulated 
enzymes such as CYP1A1 in the gastrointestinal tract. 
In an analogous manner to the conversion of trypto-
phan into FICZ, the formation of AHR ligands from I3C 
requires oxidation and acid-catalysed chemical conden-
sation. This occurs in the stomach, owing to its highly 
active metabolizing environment and low pH (the level 
of acidity is determined by gastrin that has been acti-
vated by peptidyl α-amidating monooxygenase, which 

requires dietary vitamin C as a cofactor). These reac-
tions generate the AHR ligands 3,3ʹ‑diindolylmethane 
(DIM) and indolo[3,2‑b]carbazole (ICZ)66 (FIG. 3a). 
In addition to I3C, other naturally occurring com-
pounds derived from fruit and vegetables might be 
AHR ligands, such as the flavonoid quercetin, which is 
found in apples, and possibly resveratrol, which is found 
in red wine. This makes AHR an important sensor of 
environmental cues, as it is able to initiate transcrip-
tional regulation in response to environmental (dietary) 
factors. Indeed, mice fed a synthetic purified diet that 
is free of vegetable material, but supplemented with all 
essential nutrients, have substantially altered intestinal 
immunity and architecture61,64. Specifically, the absence 
of vegetable material results in decreased numbers of 
IELs and RORγt+ ILCs in the intestine compared with 
the numbers in mice fed a standard diet or the synthetic 
diet supplemented with I3C61,64. In line with a crucial 
role for AHR in the postnatal development of LTi-like 
cells, the organogenesis of cryptopatches and isolated 
lymphoid follicles, which depends on LTi-like cells, is 
absent in AHR-deficient mice and those fed a diet that 
is devoid of vegetables61. The reduction or absence of 
cryptopatches and isolated lymphoid follicles also sug-
gests that fewer IgA-producing B cells can be recruited 
to keep harmful microorganisms at bay, which could 
contribute to disease67.

Analyses of AHR-deficient mice have revealed a 
pronounced phenotype with fewer cells that normally 
express high levels of AHR, such as IELs (both TCRγδ+ 
and TCRαβ+CD8αα+ subsets) and RORγt+ ILCs (FIG. 3a). 
Accordingly, AHR activity is required for the mainte-
nance of IELs and the proliferative capacity of postnatally 
developed RORγt+ ILCs61–64. AHR is also expressed by 
other γδ T cells, TH17 cells and prenatally developed 
RORγt+ ILCs, but these cell types do not seem to rely 
on its activity for their maintenance. Although AHR 
is ubiquitously expressed, including in epithelial cells,  
tissue-specific deletion of Ahr in lymphocytes is sufficient 
to impair the maintenance of IELs and the formation  
of lymphoid clusters in the intestine61,64.

Dietary lipids
The digestion of dietary lipids gives rise to fatty acids 
(and some fatty acids can also be biosynthesized from 
molecules generated during the metabolism of dietary 
carbohydrates). Polyunsaturated fatty acids are derived 
from plant-based products and fish and serve as sub-
strates for the synthesis of biologically active com-
pounds such as steroid hormones. Saturated fatty acids 
— which owing to the absence of double bonds have a 
higher energy yield per carbon atom than unsaturated 
fatty acids — are preferentially incorporated into adi-
pose tissue stores. Fatty acids are involved in immuno
logical processes (FIG. 3b). Saturated fatty acids are 
generally thought to have a role in promoting inflam-
mation, whereas unsaturated fatty acids have both pro-
inflammatory and anti-inflammatory properties68–70. 
Omega‑3 and omega‑6 polyunsaturated fatty acids are 
precursors of prostaglandins, which are potent regula-
tors of inflammation. Omega‑3 fatty acids exert their 
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Figure 3 | The molecular and cellular mechanisms of action of AHR ligands and dietary lipids.  a | Ligands for the  
aryl hydrocarbon receptor (AHR) can be obtained from the diet. Irradiation of the amino acid tryptophan, followed by 
oxidation and condensation, generates the AHR ligand 6‑formylindolo[3,2‑b]carbazole (FICZ). Similarly, vegetable-derived 
indole-3‑carbinol (I3C), under the acidic conditions of the stomach, can form the high-affinity AHR ligands indolo[3,2‑b]
carbazole (ICZ) and 3,3ʹ‑diindolylmethane (DIM). Following ligand binding, AHR translocates to the nucleus, where it forms  
a heterodimer with AHR nuclear translocator (ARNT) and possibly with alternative partners. AHR–ARNT binds to xenobiotic 
response elements (XREs), thereby inducing AHR-dependent gene expression, which contributes to the maintenance of 
intraepithelial lymphocytes (IELs), the proliferation of RORγt+ innate lymphoid cells (ILCs), the production of interleukin‑22 
(IL‑22) and microbicidal mediators, epithelial growth and increased T helper 17 (T

H
17) cell activity. b | Triglycerides, which are 

contained in oils and fats, give rise to free fatty acids after their breakdown by pancreatic lipases. Saturated fatty acids activate 
peroxisome proliferator-activated receptors (PPARs) in dendritic cells and T cells, either promoting or inhibiting inflammation. 
G protein-coupled receptor 84 (GPR84), Toll like receptor 2 (TLR2) and TLR4 — which bind to medium- and long-chain fatty 
acids — are expressed by monocytes and macrophages and induce the secretion of pro-inflammatory cytokines. The expression 
of TLR2 and TLR4 and the production of pro-inflammatory cytokines can be counteracted by omega‑3 polyunsaturated fatty 
acids, which are sensed by GPR120‑expressing CD11c+ macrophages. Omega‑3 and omega‑6 polyunsaturated fatty acids serve 
as substrates for the synthesis of biologically active eicosanoid compounds. In innate immune cells, oxysterols and bile acids 
(which are metabolites of cholesterol) bind to liver X receptors (LXRs) and the farnesoid X receptor (FXR), respectively, to 
inhibit pro-inflammatory cytokine production. Bile acids also contribute to the breakdown of triglycerides by emulsifying  
the fats. The PPARs, LXRs and FXR form active transcription factors via heterodimerization with retinoid X receptors (RXRs). 
RORγt, retinoic acid receptor-related orphan receptor‑γt; T

Reg
, regulatory T.
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anti-inflammatory effects by replacing omega‑6 fatty 
acids in metabolic pathways, and this results in the pro-
duction of lower levels of pro-inflammatory mediators 
and higher levels of mediators with anti-inflammatory 
properties. Increasing the omega‑3/omega‑6 balance 
can be achieved through the increased consumption of 
fish products and reduced intake of vegetable oil.

Dietary fats are dissolved in micelles by bile salts in 
the upper part of the gastrointestinal tract and subse-
quently taken up by enterocytes. Omega‑3 fatty acids 
can then interact directly with immune cells. They 
bind to GPR120 (G protein-coupled receptor 120; also 
known as omega‑3 fatty acid receptor 1)71, which is 
expressed by inflammatory CD11c+ macrophages72. By 
activating GPR120, omega‑3 fatty acids mediate potent 
anti-inflammatory effects, through the inhibition of 
both Toll-like receptor (TLR)- and cytokine-mediated 
signalling pathways, and thereby indirectly influence 
the lymphocyte compartments. Omega‑6 fatty acids, 
like long-chain fatty acids, activate GPR40 (also known 
as free fatty acid receptor 1)73, which is expressed by 
I cells (cells secreting peptide hormones that stimulate 
the release of enzymes that aid the digestion of fat and 
protein) in the mucosal epithelium of the small intes-
tine74. The expression of GPR40 by immune cells has 
not yet been reported, but oxidized omega‑6 fatty acids 
give rise to immune modulators such as prostaglandins.

Medium-chain fatty acids (6–12 carbons in length) 
bind to GPR84, which is present on leukocytes70. The 
activation of GPR84 on monocytes and macrophages 
by unsaturated medium-chain fatty acids amplifies the 
production of some pro-inflammatory mediators70. 
Fats can also directly trigger TLRs, thereby linking  
nutrient- and pathogen-sensing pathways. Indeed, 
medium-chain fatty acids and saturated long-chain 
fatty acids have been shown to activate TLR2 and TLR4 
signalling in macrophages, resulting in the secretion of 
pro-inflammatory cytokines68. This can be prevented by 
pre-treatment of the cells with omega‑3 polyunsaturated 
fatty acids. Both TReg cells and IL‑17‑producing cells  
have been reported to express TLR2 and to be influenced 
by its ligands75–79. This suggests that the balance between 
immune reactivity and tolerance can be directly affected 
by dietary lipids.

Lipids and peroxisome proliferator-activated receptors. 
Unsaturated long-chain fatty acid derivatives that are gen-
erated by the lipoxygenase pathway (such as oxidized fatty 
acids) are detected by PPARs, which are important regula-
tors of cell differentiation, development and metabolism 
(FIG. 3b). PPARs are another group of ligand-activated 
nuclear receptors that function as transcription factors 
and regulate the expression of various genes. PPARs 
exert their effects on gene transcription by dimerizing 
with RXRs80,81. PPARs are widely expressed by various 
haematopoietic cells, including DCs and lymphocytes82. 
It is therefore likely that these cells are influenced by oxi-
dized fatty acids. Indeed, the activation of PPARδ (also 
known as PPARβ) can enhance both TH1 and TH17 cell  
responses through increased production of myeloid  
cell-derived cytokines and T cell-intrinsic effects83.

By contrast, PPARγ activators are reported to inhibit 
the differentiation of TH1 and TH17 cells indirectly 
through cytokine-mediated modulation of DCs84. In 
addition, at mucosal sites, epidermal fatty acid-binding 
protein (E‑FABP), a lipid chaperone, is required for 
optimal TH17 cell differentiation and may counteract the 
generation of induced TReg cells85. An absence of E‑FABP 
increases the expression of PPARγ in T cells, which sub-
sequently fail to express RORγ and RORα, resulting in 
reduced TH17 cell polarization. A PPARγ antagonist 
counteracts this, which suggests that PPARγ activation 
can directly inhibit TH17 cell development, possibly 
through negative modulation of IL‑6 responsiveness86. In 
agreement, PPARγ ligation has been shown to actively 
inhibit TH17 cell differentiation by stabilizing the bind-
ing of the co-repressor silencing mediator for retinoid 
and thyroid hormone receptors (SMRT; also known as 
NCOR2) at the RORγt gene promoter87. This suggests 
that the types and quantities of dietary lipids, and of the 
lipid metabolites generated via the lipoxygenase pathway, 
affect intestinal immune homeostasis.

The inhibition of IL‑6 responsiveness and preven-
tion of RORγt gene transcription by PPARγ may also be 
involved in the generation of a distinct population of TReg 
cells that has recently been described in the visceral adi-
pose tissues that surround the intestine. Visceral adipose 
tissue TReg cells influence the inflammatory state of adi
pose tissue88, and PPARγ is a crucial molecular orchestrator  
of their accumulation, phenotype and function89. 
Currently, there are no reports that this population of TReg 
cells is found in the intestine, but it seems likely that visceral  
adipose tissue TReg cells are influenced by dietary lipids.

Lipids and the liver X receptor. Animal-derived foods con-
tain cholesterol in addition to fatty acid-containing lipids. 
Cholesterol is an important component of the cell mem-
brane and has long been known to be necessary for cell 
growth and proliferation. Metabolites of cholesterol, such 
as oxysterols and bile acids (which are secreted into the 
upper gastrointestinal tract), activate the nuclear recep-
tors LXR and FXR, respectively90,91 (FIG. 3b). They have an 
essential role in integrating nutrient absorption and lipid 
metabolism with liver and intestinal homeostasis, but our 
knowledge of their role in lymphocyte biology is limited. 
LXR and FXR, which are expressed by multiple immune 
cell types, form functional transcription factors through 
heterodimerization with RXRs. FXR is highly expressed 
in the liver and intestine and contributes to the modula-
tion of intestinal immunity, by negatively regulating the 
expression of many pro-inflammatory mediators in innate 
immune cells92. LXR is required for the function of mac-
rophages in response to bacterial infections, but its ligands 
can inhibit the production of pro-inflammatory mediators 
such as IL‑6 (REF. 93). In addition, the activity of LXR is 
required for apoptotic cell clearance and the maintenance 
of immune tolerance by macrophages94.

LXRs can inhibit lymphocyte proliferation95 and 
decrease T cell clonal expansion by altering the cellular 
sterol content through a pathway requiring the LXR tar-
get gene ATP-binding cassette subfamily G member 1 
(Abcg1). Accordingly, the loss of LXR expression confers 
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a proliferative advantage to lymphocytes, resulting in 
enhanced homeostatic and antigen-driven responses. 
Furthermore, LXR negatively regulates TH17 cell dif-
ferentiation by preventing AHR-induced IL‑17 produc-
tion96. Thus, overexpression of LXR in naive CD4+ T cells 
inhibits differentiation to the TH17 cell lineage, whereas a 
deficiency of LXR promotes TH17 cell differentiation. The 
mechanism for this inhibition is thought to involve sterol 
regulatory element-binding protein 1 (SREBP1), which is 
encoded by a downstream target gene of LXR and directly 
competes with AHR for binding to the E‑box element in 
the Il17 promoter, which overlaps with the AHR-binding 
site. The inhibition of TH17 cell differentiation through 
LXR- and PPAR-mediated signalling provides a direct link 
between cellular cholesterol levels and cell differentiation. 
This suggests that some cholesterol metabolites, which are 
possibly generated from dietary fats, can restrain the dif-
ferentiation of T cells into TH17 cells; this is in contrast to 
the positive signals derived from other, as yet unidentified 
cholesterol metabolites that activate RORα and RORγt97.

Dietary products and disease
A balanced diet maintains intestinal mucosal homeostasis 
(FIG. 4a). A lack of vitamins, phytochemicals and unsatu-
rated fatty acids can result in an imbalance in immune 
homeostasis, leading to inflammation and pathology.  
A prime example is the failure of AHR-deficient animals 
or those on a diet devoid of vegetables to maintain IELs, 
which has consequences for both immunity and bar-
rier maintenance64 (FIG. 4b). Firstly, IELs are involved in 
stimulating epithelial cell turnover in the small intestine, 
thereby maintaining the intestinal villi and providing pro-
tection against mechanical or microorganism-induced 
damage64,98. Secondly, IELs are essential mediators of host– 
microorganism homeostasis. They can directly lyse target 
cells through the expression of granzymes and perforin64, 
and can secrete antimicrobial factors, such as REG3γ, in 
response to microorganisms that penetrate the intestinal 
epithelium99. In addition, AHR is directly involved in the 
production of IL‑22 by RORγt+ ILCs and TH17 cells24,62. 
Indeed, AHR ligands such as FICZ and DIM enhance the 
secretion of IL‑22, which favours intestinal homeostasis, for 
example by increasing the expression of REG3γ in response 
to bacterial infections62,63. Lastly, these same dietary AHR 
ligands could influence the balance between TH17 cells and 
TReg cells, and the activation status of and IL‑22 production 
by TH17 cells14,24,60. The role of AHR might also extend to 
other TH cell subsets. TH17 cells can convert to a TH1‑like 
status, resembling bona fide TH1 cells but maintaining 
some characteristics of their TH17 cell ancestry, includ-
ing the expression of AHR42. Together, these data provide 
molecular insight into how a diet that is low in fruit and 
vegetables can contribute to inflammatory disorders100, and 
how a high vegetable intake could have a protective effect101.

The involvement of dietary compounds in inflamma-
tory disease pathogenesis is not limited to inflammation 
in the intestine (FIG. 4c). RORs, PPARs and AHR have also 
been implicated in the regulation of various metabolic 
pathways and energy homeostasis, with potential roles 
in several disorders, including autoimmune diseases, 
asthma, cancer and obesity. Vitamins A and D, AHR 

ligands and lipids that activate PPARγ and LXRs have 
all been shown to be involved in models of autoimmun-
ity. For example, low levels of 1,25(OH)2D3 are found in 
patients with autoimmune disorders102, but it remains 
unknown how this affects the activity and specificity of 
other nuclear receptors that interact with VDR, such as 
RXRs and their binding partners. Direct or indirect effects 
of dietary metabolites on TReg cells and TH17 cells may 
form a molecular basis for the protective effects observed 
in models of autoimmunity43,55,87,96. In addition, recent 
results highlight that several nuclear receptors — at least 
RORα, RORγt and AHR — are involved in the develop-
ment and function of ILCs. Nuclear receptor activation 
contributes to lymphoid organization in the intestine, 
such as the formation of cryptopatches and isolated lym-
phoid follicles. Failure to generate these tertiary lymphoid 
tissues can aggravate and prolong disease as a result of the 
failure to bring together different cellular components of 
the immune response, such as DCs, B cells and TReg cells, 
which dysregulates their activity103.

Many of the dietary metabolites absorbed in the 
gastrointestinal tract are subsequently catabolized and 
exert their effects in tissues other than the intestine. As 
such, the dietary composition can have effects far beyond 
the gastrointestinal tract. For example, lipolysis in adipose 
tissues results in the production of fatty acids that activate 
macrophages, and this can contribute to the chronic low-
grade inflammation that is seen in disorders such as type 2 
diabetes, coronary artery disease and some cancers and 
degenerative diseases. The intestine digests and absorbs 
dietary products to supply the body with essential nutri-
ents. Changes in the microbiota will result in alterations in 
intestinal microbial metabolism and in the composition of 
the microorganism populations that occupy the epithelial 
lining, which can both affect barrier function and contrib-
ute to the dissemination of bacteria and their products to 
sterile tissues, thereby enhancing systemic inflammation.

In addition to being induced by microorganisms and 
their products, inflammatory diseases in sites distal from 
the intestine are promoted by the dissemination of pro-
inflammatory cytokines, such as tumour necrosis factor 
or IL‑23, and of migratory cells, such as TH17 cells. In 
agreement, disorders such as inflammatory bowel disease 
are frequently associated with various extra-intestinal 
immune-mediated symptoms. The decreased expres-
sion of lymphocyte gut-homing receptors in the absence 
of vitamins and the increase in CCR6 expression55 could 
further enhance the spread of chronic inflammation to 
remote body parts56. Furthermore, components of our 
microbiota will themselves be influenced by immuno-
logical events and will alter their behaviour in response 
to ongoing inflammatory cues, such as IL‑17 and meta-
bolic products, or when immunity is compromised, such 
as in the case of HIV-infected individuals. In addition, 
immune cells function not only to protect the tissues 
against pathogens and their products, but also to main-
tain tissue architecture and homeostasis. These cells 
crucially depend on stress signals for their function, and 
the presence of high levels of systemic cytokines can lead 
to their aberrant activation, resulting in a pathological 
inflammatory response104.
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Finally, for immune resolution and wound healing to 
progress, the inflammatory response must be controlled 
to allow for the re‑establishment of the extracellular 
matrix, cellular influx and tissue remodelling. In addi-
tion to the role of cytokines (such as IL‑22, which is partly 
regulated by AHR), arachidonic acid metabolites (such 
as eicosanoids), which are generated by the lipoxygenase 
or cyclooxygenase pathways, are crucial for tissue repair 
processes105. Importantly, eicosanoids are derived from 
dietary unsaturated essential fatty acids, some of which 
function through the activation of PPARγ106. This implies 
that, through the activation of lipid-binding nuclear 
receptors, the types and quantities of dietary fats directly 
affect immune cell activation and the ability to resolve 
ongoing inflammation, and that these fats are crucial 
mediators in immune homeostasis and wound repair.

Figure 4 | The cellular network in intestinal homeostasis 
and inflammation.  a | Intestinal immune homeostasis is 
maintained by many mechanisms. These include: the 
production of dimeric IgA by plasma cells, which limits the 
epithelial translocation of antigens; and the presence of the 
mucus layer and the constitutive production of α‑defensins 
by Paneth cells, which shield the epithelial surface from direct 
microbial exposure. Interleukin‑22 (IL‑22) secretion by 
lymphocytes, NKp46+RORγt+ innate lymphoid cells (ILCs) and 
lymphoid tissue inducer-like (LTi-like) cells (which are located 
in cryptopatches and isolated lymphoid follicles) induces the 
expression of antimicrobial peptides, such as regenerating 
islet-derived protein 3γ (REG3γ). Intraepithelial lymphocytes 
(IELs) support epithelial cell growth and have a role in 
immune surveillance. Dendritic cells (DCs) in the villi and in 
Peyer’s patches sample antigens, produce cytokines and 
have a role in recruiting B and T cells to the intestine  
through the induced expression of homing factors, such as 
CC-chemokine receptor 9 (CCR9) and α4β7 integrin. T helper 
(T

H
) cells are instrumental in orchestrating the inflammatory 

response. Regulatory T (T
Reg

) cells limit inflammation; T
H
17 

cells have both pro- and anti-inflammatory properties; and 
T

H
1 cells are directly involved in fighting pathogens. b | In the 

absence of dietary aryl hydrocarbon receptor (AHR) ligands, 
RORγt+ ILCs —  and hence cryptopatches and isolated 
lymphoid follicles — and IELs are decreased in number. The 
epithelial barrier is compromised and immunity is reduced, 
increasing the risk of bacterial dissemination into the lamina 
propria. Furthermore, the absence of IELs reduces the ability 
of the intestine to repair tissue damage and the lack of AHR- 
induced IL‑22 decreases the production of microbicidal 
factors. Microbial infection and/or tissue damage induces 
the production of pro-inflammatory cytokines by CD103+ 
DCs and macrophages, thereby promoting the 
differentiation and proliferation of T

H
1 and T

H
17 cells and 

resulting in an overt inflammatory response. c |  A diet low in 
vitamins A and D decreases the number of CD8αα+ IELs and 
decreases the production of IgA, but increases the secretion 
of pro-inflammatory cytokines by DCs and macrophages.  
In addition, both vitamins have direct and indirect roles in 
constraining T

H
 cell differentiation. Consequently, T

H
17 and 

T
H
1 cell differentiation is promoted in their absence, creating 

an inflammatory environment. This local inflammation may 
spread to remote body parts through cytokine ‘spillover’ 
and/or the active migration of gut-resident cells as a result 
of decreased expression of gut-homing receptors and 
simultaneous upregulation of CCR6 expression.
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Conclusion and perspective
An increasing number of studies are unravelling the 
molecular mechanisms that underlie the direct effects of 
dietary products on immune cells. Recent results high-
light a major role for ligand-activated nuclear receptors 
— such as RARs, RORs, RXRs and AHR — in mediating 
the effects of dietary products on immune cells. Allosteric 
interactions between the heterodimeric nuclear recep-
tors are likely to create complexes with unique properties 
that affect the balance between immune activation and 
tolerance. The mechanisms affecting the heterodimeric 
interactions of RXRs with RORs, RARs, PPARs and VDR 
remain to be elucidated, together with the kinetics of these 
interactions and their integration with other metabolic 
signalling nodes (such as those involving AHR) that affect 
tolerance and inflammation at mucosal sites. For example, 

the activation of LXRs inhibits the expression of RORγt96, 
providing another example of negative regulation of TH17 
cell differentiation through a protein–protein interaction, 
in addition to the previously established inhibitory inter-
action between FOXP3 and RORγt15. This is indicative 
of the complex network of nuclear receptors that exists 
in intestinal immune cells; the composition and activa-
tion of this network can be directly altered by dietary  
compounds, thereby influencing immune homeostasis.

The challenge that lies ahead is to identify the molec-
ular and cellular mechanisms through which particular 
dietary products have direct effects on our health. An 
in‑depth understanding of the principles and mecha-
nisms underlying the influence of food on the immune 
system will be pivotal not only for the development of 
therapeutic approaches but also for disease prevention.
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