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Abstract: Cell survival, proliferation and function are energy-demanding processes, fuelled by
different metabolic pathways. Immune cells like any other cells will adapt their energy production
to their function with specific metabolic pathways characteristic of resting, inflammatory or anti-
inflammatory cells. This concept of immunometabolism is revolutionising the field of immunology,
opening the gates for novel therapeutic approaches aimed at altering immune responses through
immune metabolic manipulations. The first part of this review will give an extensive overview on
the metabolic pathways used by immune cells. Diet is a major source of energy, providing substrates
to fuel these different metabolic pathways. Protein, lipid and carbohydrate composition as well as
food additives can thus shape the immune response particularly in the gut, the first immune point
of contact with food antigens and gastrointestinal tract pathogens. How diet composition might
affect gut immunometabolism and its impact on diseases will also be discussed. Finally, the food
ingested by the host is also a source of energy for the micro-organisms inhabiting the gut lumen
particularly in the colon. The by-products released through the processing of specific nutrients by
gut bacteria also influence immune cell activity and differentiation. How bacterial metabolites
influence gut immunometabolism will be covered in the third part of this review. This notion of
immunometabolism and immune function is recent and a deeper understanding of how lifestyle
might influence gut immunometabolism is key to prevent or treat diseases.
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1. Introduction

Animal diets are comprised of a complex mixture of macro- and micro-nutrients,
which provide a vital source of energy or act as catalytic cofactors necessary to maintain
cellular function. Carbohydrate, protein and fat are described as macronutrients as they
are required in large quantities (grams) while micronutrients - vitamins and minerals -
are needed in low amounts (micro- to milli-grams). The current recommendation of
macronutrients for humans is 20-35% of total energy intake from fat, 45-65% from
carbohydrate and 15-25% from protein [1]. Apart from their importance as an energy
source for cells, macronutrients are also the staple for the production of macromolecules
such as proteins, cholesterol and nucleic acids. Macronutrients are not homogenous, with
food containing different types of carbohydrates, lipids and proteins. Carbohydrates are
classified as simple or complex depending on their digestibility: simple carbohydrates are
quickly digested into monosaccharides by host enzymes whereas complex carbohydrates
(containing three or more sugars bonded together in a complex structure) take longer to
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be digested. Dietary fibre and resistant starch are examples of complex carbohydrates that
can only be digested with the assistance of the host’s gut bacteria. Lipids are comprised
of medium- and long-chain fatty acids depending on their carbon length and can be
further classified as saturated, mono- or poly-unsaturated depending on the presence of
zero, one or multiple double bonds. Proteins are the source of amino acids and are
classified as essential, which can only originate from dietary sources, or non-essential
which can be produced by the organism. Vitamins are key micronutrients and are
classified as either fat-soluble (vitamins A, D, E and K), which can be stored in the liver,
or water-soluble (vitamins B and C), which excess are excreted in the feces and urine and
therefore must be replenished continuously. Along with minerals such as magnesium,
zinc and iron, vitamins serve as cofactors for enzymes involved in metabolism of
macronutrients, such as those involved in glycolysis and fatty acid oxidation [2]. Vitamins
can also be directly metabolized to produce immunomodulatory products.

Like any other cells, the development and function of immune cells rely on the type
and amount of food consumed. Both over- and under-nutrition, including micronutrient
deficiency, are linked to poor immune outcomes. Undernutrition is linked to greater
morbidity and mortality from infections [3], while obesity is linked to increased infection
rate, and is associated with immune disorders such as allergies and autoimmunity [4].
While specific defects to the immune system under different nutritional context are yet to
be fully defined, it highlights that the nutritional status of the host has a broad impact on
immune function [3].

Immune cells can sense nutrients via numerous mechanisms. This can involve
intracellular nutrient sensors, such as the mechanistic target of rapamycin (mTOR), and
aryl hydrocarbon receptor (AhR) that binds ligands derived from cruciferous vegetables,
or metabolite-sensing G protein-coupled receptor (GPCR) that binds to a variety of host-
and microbial-derived metabolites [5]. For example, short-chain fatty acids produced
under high fibre feeding condition can bind to specific GPCR expressed on immune cell
to alter their phenotype. These metabolites might also directly fuel specific metabolic
pathways to affect immune cell activity.

While the energy demanding aspect of the immune response is recognized, it is only
recently that the impact of metabolic activity on immune cell function has been
appreciated. The type of energetic substrates available to an immune cell will activate
specific metabolic pathways, which can dictate whether it becomes pro- or anti-
inflammatory. Thus, both the type and amount of food consumed have the potential to
affect immunometabolism, and there is potential for diet to be used as a tool to fine tune
the immune response. In this review, we will give an overview on how different sources
of dietary components (including food additives) can affect immune cell metabolism
(immunometabolism) to drive their differentiation and function, with particular focus on
how macro- and micro-nutrient affect gut immunity.

2. Immunometabolism and Impact on Immune Cell Differentiation and Function

Immune cells have different energy requirements depending on their activation state.
Naive T cells and resting regulatory T cells (Treg) are maintained in a quiescent state and
require low cellular metabolic and biosynthetic activity to maintain their survival [6]. In
contrast, activated T cells must be metabolically active to meet the energetic demands
required for their proliferation and effector functions. The switch from a quiescent to a
metabolically active state is associated with the upregulation of nutrient transporters that
will in turn activate specific intracellular metabolic pathways to produce adenosine
triphosphate (ATP) as an energy source. Of note, high affinity T cells have enhanced
nutrient uptake and sustained metabolic activity, and thus outcompete T cells with low-
affinity T-cell receptor for nutrient access. This highlight nutrients as another dimension
of the immune response [7].

The type of nutrients used for ATP production also differs between cells, with
glucose and glutamine preferred by activated B and T lymphocytes while activated
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natural killer cells utilise only glucose [8,9]. Preferential utilisation of specific metabolic
pathways can determine the differentiation of immune cells towards a pro- or anti-
inflammatory phenotype. Glycolysis is typically the “pro-inflammatory immuno-
metabolic pathway” characteristic of T helper (Th)-1, Th17 cells, pro-inflammatory
macrophages (M1) and activated dendritic cells (DC), while fatty acid oxidation and
oxidative phosphorylation are typically the “anti-inflammatory immune-metabolic
pathways” fuelling Treg and anti-inflammatory macrophages (M2) [9]. The major
intracellular metabolic pathways include glycolysis, the pentose phosphate pathway
(PPP), beta-oxidation, tricarboxylic acid cycle, amino acid metabolism, mevalonate
pathway, ketogenesis and fatty acid metabolism. Their impact on immune cell
differentiation and function is detailed below, and schematic diagrams depicting these
pathways have been published elsewhere [10,11].

2.1. Glycolysis Mediates Proinflammatory Effects

Glycolysis is the major metabolic pathway for the conversion of simple
carbohydrates into energy. It is an ubiquitous pathway present in all cell types, including
erythrocytes. While the main substrate for glycolysis is glucose, fructose and galactose
may also enter this pathway through alternative routes. Glycolysis results in the
generation of pyruvate, ATP and reduced nicotinamide adenine dinucleotide (NADH)
from glucose. Pyruvate can be subsequently converted into acetyl-CoA in the
mitochondria to fuel the tricarboxylic acid cycle (TCA) cycle. The TCA cycle provides a
source of mitochondrial NADH and flavin adenine dinucleotide (FADH?2) required for
oxidative phosphorylation (OXPHOS), an oxygen-dependent pathway that ultimately
yields 36 ATP from 1 molecule of glucose. Despite this energetic efficiency, it has been
observed that proinflammatory immune cells preferentially undergo glycolysis for ATP
production even in the presence of oxygen (a process known as aerobic glycolysis). In
such cases, pyruvate is mostly redirected to produce lactate in the cytoplasm, resulting in
the oxidation of NADH to nicotinamide adenine dinucleotide (NAD*) to further sustain
glycolysis as the major metabolic machinery for generating ATP. Excess lactate is mostly
secreted or can be retained for conversion back into pyruvate [12]. Aerobic glycolysis may
be observed when energy is urgently needed as the rate of ATP production from
glycolysis is much faster than oxidative phosphorylation [13]. Glycolysis is also required
to drive the PPP, which produces intermediates required for the synthesis of fatty acids,
cytokines, and nucleotides for cell proliferation. Glycolysis is also relied on by immune
cells at sites of inflammation, which are generally hypoxic and where OXPHOS is
inhibited [14]. The significance of this was highlighted in a recent study where the
knockdown of the glycolytic enzyme glucose phosphate isomerase 1 specifically depleted
pathogenic Th17 and not homeostatic Th17 [15]. This was linked to the inability of
pathogenic Th17 cells to compensate with the PPP to maintain glycolytic flux under
hypoxic conditions [15].

Despite the apparent association of aerobic glycolysis to pro-inflammatory immune
phenotypes, lactate appears to have anti-inflammatory effects. Lactate has been shown to
dampen the activity of innate immune cells such as monocytes and macrophages, by
decreasing NLR family pyrin domain containing 3 (NLRP3) inflammasome activation and
subsequent interleukin-1{ (IL-1f3) production via activation of lactate receptor G protein-
coupled receptor (GPR)-81 [16]. Lactate also inhibits pro-inflammatory cytokine
production in macrophages by directly inhibiting glycolysis [17]. Lactate has been shown
to affect adaptive immunity by skewing the pro-inflammatory Th1/Th17 and anti-
inflammatory Treg cell balance towards Treg development with the absence of GPR81
aggravating colitis development in mice [18]. However, on the downside of this anti-
inflammatory effect, lactate produced by cancerous cells blocks the anti-tumour response
of tumour infiltrating cytolytic CD8* T cells [19].

The requirement for rapid mobilization and immediate response of immune cells to
threats such as infectious agents may explain the link between glycolysis and
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inflammation. The associated production of lactate might be a preserved strategy to
control a potentially damaging inflammatory response.

2.2. Pro-inflammatory Effects of the Pentose Phosphate Pathway

The PPP is an alternative pathway that runs in parallel to glycolysis. It involves the
utilization of glycolysis intermediate glucose-6-phosphate (G6P) by the enzyme glucose-
6-phosphate dehydrogenase (G6PD), generating the major source of cytosolic NADPH
required for fatty acid synthesis, as well as for the reduction of glutathione which plays
anti-oxidative roles. The PPP also generates precursors necessary for the production of
nucleotide, of a-amino acids, such as histidine and serine, required for cellular
proliferation and cytokine production. Alternatively, PPP intermediates can feed back
into glycolysis, which is a feature of homeostatic but not pathogenic Th17 cells [15]. PPP
is enhanced in lipopolysaccharide (LPS)-stimulated macrophages leading to the
production of reactive oxygen species (ROS) through the oxidation of NADPH, and
blockade of G6PD was shown to decrease LPS-induced tumor necrosis factor (TNF) and
IL-6 production [20]. Accordingly, the inhibition of PPP under hypercholesterolemic
conditions decrease the inflammatory profile of macrophages [21]. Similarly, PPP is
necessary for neutrophil microbicidal activity through increased ROS production and
G6PD was necessary for neutrophil extracellular trap formation [22]. Overall, the PPP
appears to be a key metabolic pathway that supports the pro-inflammatory activity of
effector immune cells.

2.3. Gluconeogenesis Drives the Effector Function of Immune Cells by Supporting
Glycogenolysis

Unlike glycolysis, gluconeogenesis is a metabolic pathway that results in the
generation of glucose. The major substrates for gluconeogenesis are lactate, glycerol
(derived from triglyceride) and glucogenic amino acids. Within immune cells,
gluconeogenesis is used to drive glycogenesis, a process by which intracellular glycogen
stores are generated. Glutamine-mediated gluconeogenesis and glycogenesis was shown
to be important for neutrophil effector function as well as for their survival during an
immune response, by providing a source of glucose from glycogen through
glycogenolysis [23]. Upregulation of both gluconeogenesis and glycogenolysis is also a
feature of CD8* memory T cells where glycogen was shown to be important for their
formation and maintenance with glucose being converted into G6P fuelling the PPP [24].
Glycogenolysis also supports DC survival, maturation, and effector function and G6P
derived from glycogen metabolism performed different intracellular functions to G6P
derived from glucose [25]. In macrophages, glycogenolysis was also used to drive the PPP
to support inflammatory macrophage survival as well as maintaining the inflammatory
phenotype of macrophages through uridine diphosphate glucose-P2Y purinoceptor 14
signalling [26]. Thus, gluconeogenesis appears to drive proinflammatory immune effector
function.

2.4. Anti-inflammatory Effects of Fatty Acid Metabolism by Beta Oxidation

The other major pathway for ATP generation is through the oxidation of fatty acids
via beta-oxidation. Cytosolic medium- and long-chain fatty acids are first converted into
acyl-CoA molecules by long-chain fatty acyl-CoA synthetase and subsequently shuttled
into the mitochondria by the enzymes carnitine palmitoyltransferase (CPT), carnitine
translocase and CPT-2. The acyl-CoA chain then undergoes repeated cycles of oxidation
(2 carbon length at a time), yielding 2 molecules of acetyl-CoA at each cycle. The oxidation
of very-long-chain fatty acids predominantly occurs in cytosolic peroxisomes to generate
shorter-chained acyl-CoA that can be subsequently shuttled to the mitochondrial to be
further oxidised.
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Beta-oxidation is typically associated with an anti-inflammatory immune phenotype
and is a metabolic pathway predominant in Treg and M2 macrophages [27].
Pharmacological inhibition of this pathway using the CPT-1 inhibitor etomoxir impaired
the differentiation of both Tregs and M2 macrophages yet the specific deletion of Cptla in
T cells did not alter its potential to differentiate into Tregs and of Cpt2 did not impair M2
macrophage differentiation [28]. Fatty acid oxidation is also crucial to generate CD8*
memory T cell, but not effector T cell following infection or vaccination, through TNF
receptor-associated factor 6 receptor-dependent mechanisms [29]. As before, specific
deletion of Cptla in T cells did not alter its potential to differentiate into memory T cells
[30]. Thus, the reliance on beta-oxidation by macrophages and T cells do not appear to
drive their differentiation but likely support their maintenance or functionality. A defect
in beta-oxidation also results in the accumulation of acyl-L-carnitine, which promotes IL-
17 cytokine production and thus differentiation of T cells towards Th17 cells [31].

However, the association of beta-oxidation to anti-inflammatory phenotypes is not
an obligate rule. Under glucose-limited conditions, neutrophil effector function can be
rescued by fatty acid oxidation [32], and the inhibition of mitochondrial lipid transporter
FABP5 enhanced Treg suppressive capability by promoting IL-10 production [33].
Furthermore, highly proliferative germinal centre B cells preferentially generate energy
from fatty acids oxidation over glycolysis [34]. This is surprising as such conditions result
in a hypoxic microenvironment that should limit the capacity for beta-oxidation and
OXPHOS. Overall, fatty acid oxidation is mostly associated with anti-inflammatory effects
but can promote pro-inflammatory cells under specific conditions.

2.5. Pro-inflammatory Effects of Fatty Acid Synthesis and Lipogenesis

Fatty acid synthesis occurs in the cytoplasm via the action of fatty acid synthase,
which synthesize palmitic acid from citrate-derived Acetyl-CoA. A key regulatory step is
the irreversible conversion of acetyl-CoA to malonyl-CoA by Acetyl-CoA carboxylase.
Fatty acid synthesis also requires cytosol NADPH generated from the PPP. This pathway
is typically linked to a pro-inflammatory immune phenotype, possibly due to its
association with glycolysis and the PPP. Blockade of fatty acid synthesis in T cell through
the specific deletion Acetyl-CoA carboxylase blocked the differentiation of Th17 cells
while promoting Treg differentiation [35]. De novo synthesis of oleic acid by B cells was
essential for maintaining B cell fitness by supporting OXPHOS and mTOR activity [36].
De novo lipogenesis has been reported in LPS-stimulated B cells, which was shown to
support their proliferation and production of antibodies [37]. Finally, fatty acid synthesis
also drives innate cell towards a pro-inflammatory phenotype, by promoting M1
macrophage differentiation as well as by promoting neutrophil survival during
inflammation [38].

2.6. The Tricarboxylic Acid Cycle (TCA) and Its Intermediates Have either Pro- or Anti-
inflammatory Effects

Considered as the central metabolic hub, the TCA cycle (or the citric acid cycle)
bridges all major metabolic pathways within the cell. The main function of the TCA cycle
is to generate ATP, which involves the oxidation of acetyl-CoA to drive oxidative
phosphorylation in the mitochondria. The first step of the TCA cycle involves the
generation of citrate from Acetyl-CoA and oxaloacetate. Citrate is subsequently
isomerized to iso-citrate by the enzyme aconitase, producing cis-aconitate as an
intermediate. Isocitrate is then oxidized to a-ketoglutarate which is then subsequently
oxidized to form succinyl-CoA. Succinyl-CoA is hydrolysed to generate succinate, and
further successive enzymatic reactions result in the generation of fumarate, malate and
the eventual regeneration of oxaloacetate. NADH and FADH: produced by the TCA cycle
can be oxidized within the electron transport chain (ETC) to generate an electrochemical
H* gradient to drive ATP production via the action of ATP synthase. Other than driving
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ATP production, TCA cycle intermediates can be used for the synthesis of amino acids,
fatty acids, nucleotides, and other macromolecules.

The conversion of citrate to cis-aconitate and subsequently into itaconate has been
shown to have anti-inflammatory effects in macrophages by inhibiting succinate
dehydrogenase (SDH), which in turn downregulated the expression of NO synthase, IL-
1B, IL-18, and hypoxia-inducible factor 1-alpha (HIF-1a) [39,40]. On the contrary,
succinate dehydrogenase activity supports proinflammatory macrophage by increasing
ROS production [41]. The TCA cycle has two potential breakpoints, at the level of
isocitrate dehydrogenase and at the level of succinate, which has been reported in M1
macrophages. Decreased isocitrate dehydrogenase activity leads to the accumulation of
citrate that is redirected into itaconate and fatty acid synthesis and the accumulation of
malate due to the inefficient conversion of succinate promoted nitric oxide (NO)
production by enhancing the arginosuccinate shunt [42]. TCA cycle intermediates and
enzymes can thus affect immune cell inflammatory profile and these effects are either
through epigenetic changes, post-translational modification or activation of specific G-
protein coupled receptors.

2.6.1. Immunomodulation through Epigenetic Changes

The accumulation of succinate (and fumarate) has been shown to alter immune cell
histone methylation state by directly inhibiting DNA methylases, resulting in DNA
hypermethylation [43]. Altered DNA methylation affects gene expression and can alter
the differentiation of numerous immune cell subsets, as well as their function including
phagocytosis, cytokine production and their effector response [44]. Succinate and
fumarate levels are higher in p-glucan trained monocytes and macrophages, which is
associated with epigenetic changes [45]. Succinate can also stabilise HIF-1a by inhibiting
prolyl hydroxylases to support glycolysis and production of pro-inflammatory IL-1§3,
which is inhibited by the glucose analog 2-deoxy-D-glucose [46].

2.6.2. Immunomodulation through Post-translational Changes

Citrate can be transported to the cytoplasm and converted into acetyl-CoA by the
enzyme ATP—citrate lyase. Acetyl-CoA can be used as a substrate for lysine-acetylation of
cytoplasmic proteins to regulate their enzymatic activity [47]. For example, post-
translational acetylation of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
enhances its activity in CD8* T cells to promote glycolysis and favouring their
differentiation towards memory cells [48], while post-translational acetylation of acetyl-
CoA synthetase and long-chain acyl dehydrogenase inhibits their activity [49]. Depending
on the protein targeted, post-translational acetylation can have pro- or anti-inflammatory
effects. The post-translational acetylation of p53 in macrophages promotes pro-
inflammatory M1 macrophage polarization [50], while the acetylation of microtubule
supports their production of anti-inflammatory cytokine IL-10 [51]. Post-translational
acetylation of prostacyclin synthase also promotes Treg differentiation [52]. Acetyl-CoA
is also a substrate for nuclear histone protein acetylation mediated by histone
acetyltransferases. Histone acetylation mediates epigenetic remodelling by enhancing
transcriptional activation and gene expression, and is a key mechanism in the regulation
of immune cell differentiation, cytokine production and survival [53,54].

2.6.3. Immunomodulation through G Protein-Coupled Receptor Signalling

Other than modulating immune cell activity via intracellular effects, TCA
intermediates can also have extracellular effects through their binding to G-protein
coupled receptors. To date, two GPCR has been identified to bind TCA intermediates,
GPR91 and GPR99, which binds to succinate and a-ketoglutarate respectively. GPRI1 is
highly expressed on macrophages and DC [55] while GPR99 is not expressed by immune
cells [5]. The impact of GPR91 on immune cell activation seems context dependent.
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Absence of GPRI1 in macrophages exacerbates their inflammatory profile under diet-
induced obesity conditions [56] while another study reported that its absence reduced
macrophage activation and IL-1{3 production to reduce rheumatoid arthritis severity [57].
Activation of GPR91 has also been shown to promote anti-inflammatory M2 macrophage
differentiation [56], which is aligned with the fact that succinate in drinking water
enhanced type 2 immunity and anti-helminth response via activation of GPR91 by tuft
cells [58]. GPRI1 also regulates dendritic cell activity increasing their migration potential,
pro-inflammatory cytokine production as well as their antigen presentation capacity to
increase antigen-specific T cell response [55]. Thus, GPR91 does not have a clear pro-
or anti-inflammatory effect, but the activation of GPR91 might be a strategy to
counterbalance the effects of intracellular succinate.

2.7. Amino Acid Metabolism and the GABA Pathway Mediates both Pro- and Anti-
Inflammatory Effects

Amino acids are both produced and utilized in the TCA cycle. They are vital for
immune cell maintenance, proliferation and cytokine production and mediate these
effects by increasing ATP production, modulating protein activity through post-
translational changes, controlling redox balance or by affecting gene expression through
epigenetic changes. De novo synthesis of certain amino acids is driven by the TCA
intermediates alpha-ketoglutarate (glutamate for the synthesis of glutamine, proline and
arginine) and oxaloacetate (asparagine and aspartate).

Several amino acids including arginine, glutamine, serine, tryptophan, as well as the
branched-chain amino acids leucine, isoleucine and valine have specific impact on
immune cells [59]. For example, tryptophan is predominantly metabolised via the
kynurenine pathway by indoleamine 2,3-dioxygenase (IDO) as the first step. The resulting
end-products are ligands for the nuclear receptor aryl hydrocarbon receptor (AhR), which
directly polarizes naive T cells into anti-inflammatory regulatory T cells [60,61]. In
contrast, the inhibition of IDO in Treg skew their phenotype towards a pro-inflammatory
Th17-like phenotype [62]. The expression of IDO can directly induce the development of
gut anti-inflammatory Tregs, or directly by promoting the activity of tolerogenic mucosal
CD103* dendritic cells [63].

Arginine is another key amino acid and can play either anti- or pro-inflammatory
roles depending on its metabolic fate. It can be catalysed by inducible nitric oxide synthase
to generate citrulline and nitric oxide, which mediates ROS production in M1l
macrophages. Alternatively, arginine can be catalysed by arginase to generate ornithine
and urea, a feature of M2 macrophages. Ornithine is a precursor for putrescine and L-
proline, required for cell proliferation and collagen synthesis contributing to wound
healing. Arginine is also a nutrient signal that can indirectly promote mTOR signalling by
binding to Castorl and decreased mTOR activity is reported in T cells under arginine-
depleted conditions [64]. It can induce immune cell metabolic switch towards OXPHOS
to enhance activated T cell survival and cytolytic activity [65].

Glutamine is the most abundant amino acid and can fuel the TCA cycle by its
conversion to a-ketoglutarate via glutaminolysis. Intermediates of glutaminolysis can
differentially regulate immune phenotype, with uridine diphosphate N-
acetylglucosamine promoting M2 macrophage polarization while succinate promotes M1
macrophage polarization [66]. Adaptive immune cells also rely on glutaminolysis to
promote germinal center B cell activation, T cell activation, cytokine production [67] and
survival by up-regulating glutathione and Bcl-2 [68]. Glutaminolysis also promotes Th17
differentiation but not the differentiation of Thl, Th2 and Treg [69]. Conversion of
glutamine into a-ketoglutarate led to chromatin remodelling that inhibits Thl
differentiation [70]. Glutamine can also be redirected into the gamma aminobutyric acid
(GABA) pathway, which shunts the TCA cycle by redirecting glutamine-derived
glutamate towards the synthesis of GABA instead of a-ketoglutarate. GABA can be
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further metabolised into succinic acid for re-entry into the TCA cycle. While GABA is well
known for its role in the nervous system, immune cells also express high levels of GABA
receptor including monocytes, macrophages, microglial, dendritic cells, T and B cells [71].
GABAergic signalling is typically associated with anti-inflammatory phenotypes
reducing T cell proliferation through their decrease of IL-2 production, reduced monocyte,
macrophage and DC chemotaxis, phagocytosis and/or cytokine production [71]. On the
other hand, sufficient GABA levels are required for the phagocytic and antimicrobial
response of macrophages to mycobacterial infection [72].

Other amino acids may also contribute to immune function. Serine is critical to
maintain T effector function by supporting de novo purine biosynthesis and [73] but also
the suppressive activity of Treg by controlling their redox balance through its conversion
to glutathione [74]. Absence of glutathione synthase in Treg impairs their function and
triggers spontaneous lethal auto-inflammatory disorder. The branched-chain amino acids
(BCAA) are catabolised by the enzyme branched-chain amino acid aminotransferase to
yield alpha-keto amino acids, a reaction which requires alpha-ketoglutarate, and are
further metabolised in the mitochondria by branched-chain alpha-keto acid
dehydrogenase. Leucine yields acetoacetate, a ketone body, which can be converted to
acetyl-CoA for the acetylation of p300 to activate mTOR [75]. Isoleucine and valine
metabolism both yield the TCA intermediate succinyl-CoA.

2.8. Mevalonate and Cholesterol Synthesis Pathway Promote Anti-Inflammatory Effects

The mevalonate pathway is the major pathway for synthesis of cholesterol and
isoprenoid lipids including farnesyl diphosphate (FPP) and geranylgeranyl diphosphate
(GGPP). This pathway has anti-inflammatory effects but also contribute to the immune
response by activating Y& T cells. Deletion of melanovate kinase has been shown to trigger
systemic inflammation by reducing Treg activity [76] as well as the inhibition of HMG-
CoA reductase by statins increased Treg in humans [77]. Similarly, the mevalonate
pathway was shown to be important for IL-10 production by human Th1 cells [78]. During
bacterial infections, APC such as monocytes and DCs upregulate HMG-CoA reductase
leading to accumulation of mevalonate metabolites. These metabolites promote human
gamma delta T cells (Y6 T cells) effector functions, particularly Vy9-V§2 T cells [79]. On
the opposite, tumour cells were shown to downregulate HMG-CoA reductase as a
mechanism to limit the anti-tumour response of y§ T cells [80]. The mevalonate pathway
end-product, cholesterol, is not only the major component of the cellular membrane but
can also regulate immune function with its accumulation in macrophages having
proinflammatory effects.

Like TCA intermediates, intermediates of the melanovate pathway can also modulate
immune cell activation profile through post-translational changes via protein prenylation
and geranylgeranylation. Geranylgeranylation has been shown to control toll like
receptors (TLR) activation with the absence of protein geranylgeranylation leading to
increased TLR and inflammasome activation [76]. Similarly, protein prenylation was
shown to limit hyper-production of proinflammatory cytokines as well as constitutive
activation of pyrin inflammasome in macrophages [76]. The anti-inflammatory effects of
protein prenylation extend to other cell subsets such as B cells by inducing their
production anti-inflammatory IL-10 thus promoting anti-inflammatory regulatory B cell
differentiation [81].

2.9. The Ketogenic Pathway Mediates Anti-Inflammatory Effects

Periods of low glucose availability associated with fasting or caloric restriction, high
physical activity, or the consumption of a ketogenic diet, activates ketogenesis in the liver,
leading to the production of ketone bodies as a source of energy for the body. [3-
hydroxybutyrate is the major ketone body produced during ketogenesis and mediates
anti-inflammatory effects by blocking nuclear factor kappa B (NF-kB) activation and the
assembly and activation of the NLRP3 inflammasome in monocytes and macrophages
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[82,83]. Administration of (-hydroxybutyrate into mice decreased the severity of
inflammasome related inflammatory disease in vivo [83]. Ketone bodies can also elicit
immunomodulatory functions by activating metabolite-sensing receptors GPR43 and
GPR109 or by inhibiting histone deacetylase activity. Further, ketone bodies may
potentially be involved in the metabolic rewiring of immune cells, by inhibiting glycolysis
and promoting oxidation pathways. However, while it has been shown that ketone bodies
can have immunomodulatory functions, there are currently no reports of ketogenesis
occurring in immune cells at this stage.

3. Overview of the Gut immune System

The average adult human is colonised by approximately 3.8x10"3 bacteria that mostly
reside in the gastrointestinal tract, particularly in the colon [84]. The gut immune system
has co-evolved to tolerate food antigens as well as these microorganisms, and to
concurrently mount an effective immune response towards pathogens. Depending on
their localization in the gut, immune cell development and function will be predominantly
regulated by dietary components or by the gut microbiota. For example, inducible Treg
and macrophages in the small intestine are mostly regulated by dietary components,
while in the colon, these subsets are regulated by changes in the gut microbiota linked to
diet composition [85]. Both innate and adaptive immune cells are present in the intestine
as summarised in the Table 1 and extensively described elsewhere [86]. To limit the
interaction with the gut microbiota and to control bacterial expansion, the host has
developed both physical and chemical strategies. The first line of defence is ensured by
the epithelium, considered as part of the innate immune system. Gut epithelial cells
involved in host defence include enterocytes, Paneth cells and goblet cells, and also
Microfold cells, which are present only in the small intestine. Enterocytes ensure a
physical barrier through their expression of tight junction proteins, limiting the
translocation of bacteria and their endotoxins. Tight junction proteins include occludin,
claudin and zonula occludens that form the core of the tight junction structure, while
claudin regulates the paracellular integrity. Goblet cells produce mucus that also act as a
physical barrier while Paneth cells produce anti-microbial peptides to regulate intestinal
bacterial load. Disruption to the equilibrium between gut bacteria and the host, observed
in germ-free mice deficient in bacteria or in antibiotic-triggered dysbiosis, have major
consequences on the gut immune system (Table 1). This equilibrium is bi-directional with
inflammatory diseases also affecting the gut microbiota as described elsewhere [87,88].
Finally, like for immune cells in other compartment, the metabolic activity of gut immune
cells has to be adapted to their energy demand (summarized in Table 1). While the field
of immunometabolism is expanding, there are still a lot of unknown around the metabolic
profile of gut immune cells as most studies have used splenic or bone marrow-derived
cells as models due to the technical limitations.
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Table 1. Cells of the gut immune system, their main anatomical location in the gut, their function and their regulation by diet and the gut microbiota.

Cell type/ markers Anat(i):l:;aelglz:ahon Functions Metabolic profile Dietary Impact Microbial Impact Reference
Antibiotic impact Gern‘l-'f ree
conditions
High fibre diet increases
plasma cells
Lamina propria Immunoglobulin Intestinal naive B cell 1 IgA after weaning | in SI, colon and
B cell ! ilizes TCA-OXPH Peyer’ hes;
cells Peyer’s patches,  production (IgA, IgG, IgM) utilizes TCA-O 05 . eye.r s.p at.c s | IgA and IgG [89,90]
X 1 Germinal centre B cell similar in ..
mesenteric lymph - . production in SI
. . . IgA+plasma cell utilizes development after ~ mesenteric lymph
node Host-microbiota mutualism . .
glycolysis-TCA-OXPHOS weaning node
1 IgA* plasma cell after
weaning
. . Little is known about the
Intestinal inflammation
. . . development and
Lamina propria,  suppression through IL-10 .
- . . metabolism of Breg cells
Regulatory B cell mesenteric lymph production and repression but thev can increase [91]
node of IL-1 and STAT3-related Y e .
. glycolysis during
inflammatory cascades -
activation
Th2-bias responses and | in Peyer’s patch,
Th1: anti-viral and - Glycolysis is dominant  lack of Thl responses  and SI; similar or
Lamina propria, bacterial responses during activation of Th before weaning | in mesenteric L inSI, and
Peyer’s patches cells lymph node; | mesenteric lymph
CD4+ T cell mesyenterli)c lvm ,h Th2: anti-parasite responses TCR repertoire is memory CD4+ T node; | or si}r’n 1121 . [92-94]
ymp TCA cycle/OXPHOS is polyclonal before cell in SI, colon !
node . . . . . . . in colon
Th17: anti-fungi and anti- dominant for long-lived ~ weaning but become  and mesenteric
bacterial responses and naive CD4* T cells restricted/oligoclonal after ~ lymph node
weaning
. | in mesenteric
I 1
Naive: FAO and l lTn(i ;?;i::ign' lymph node and
Lamina propria, OXPHOS - . . . similar in SI
Pever's patches Cytotoxicit 1 in intestine recruitment mesenteric lymph | IENy
CD8* T cell Y P ¢ Y Y . . after weaning (mostly node and Peyer’s L [95,96]
mesenteric lymph Mucosal defence Activated: Glycolysis and production in SI,
CD8af* TCRY) patch
OXPHOS . colon and
Similar IFNy

node

mesenteric lymph

duction in SI
production in node
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Promoted by dietary
CD4* CD8aa* T cell SI epithelium Tolerance to dietary ? tryptophan & indole LinSI LinSI [97]
antigens derivatives
1 in SI after weaning
| in colon; | or
similar in SI, | in colon and
Peyer’s patch; Peyer’s patch;
inconsistent in similar in
. . Intestinal inflammation D mesenteric lymph mesenteric lymph
]l;znz:}: p:?f;;:’ suppression through IL-10 High fibre promotes Treg node node; | in RORyt
Regulatory T cell yersp ¢ and TGFp production FAQO, TCA, OXPHOS . | in RORyt Treg Treg in colon, SI [98-100]
mesenteric lymph R 1 in colon and SI after . .
Tolerance to dietary . (peripheral and mesenteric
node weanin
. g . .
antigens induced Treg) in lymph node; | or
colon while similar Helios*
Helios* thymic and GATA3* Treg
ones mostly in colon
similar
Intestinal inflammation
suppression through IL10
anq TGI,:[S prod.uchon Similar or 1 in SI;
Epithelial repair and L IL-17
protection through KGF-1 ~ IFNy-producing yd T ..
. . . . production in SI; |
Lamina propria, and IL-17 production cells: glycolysis L . .
, . . . Similar IL-17 antimicrobials
Peyer’s patches, Host-microbiota mutualism L L
YO T cell - . production in SI, production in SI
mesenteric lymph maintenance through . . [101-106]
. .. . . . . | antimicrobials
node, Intestinal antimicrobials production  IL-17 producing yo T roduction in SI Minor impact on
epithelium scavenger receptor 2 cells: TCA OXPHOS proda . pA .
. gut intraepithelial
(SCART-2) positive ydT Ivmphocyte
cells produce IL-17 in the ympocy
. population
colon of mice to control
antimicrobial epithelial
responses
Defence against microbial
pathogen . Similar in
NK T cell Lamina propria, Host-microbiota mutualism | Cc;(fln (ESEZIEZ;:IIECEIEKT mesenteric lymph +in colon [107-110]
Intestinal epithelium  Th1 and Th2 cytokines &Y yactivation node and Peyer’s
production patch; 1 in colon
1L-17 and IL-22 production
. Cytotoxicity, IL-22 Resting NK cells: | in SI after weaning I , RORYytres-
NK cell GALT, mesenteric production to modulate OXPHOS | NK cell activity after Stmilar in Peyer’s intNK1.7high [97,111,112]

lymph node,

epithelial survival and
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similar, but
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intestinal epithelium, remodelling, IFN-y Activated NK cells: mesenteric lymph RORythishNK1.1int
lamina propria production glycolysis node | in lamina
propria
L IL-22
production
| or similar in
mesenteric lymph
node
Antigen sampling and | type ITEN
GALT, mesenteric pr.esen.tmg o Tolerogenic DC: 4 proc?ucjtlorT
lvmph node Gut tropism imprinting OXPHOS 1in SI, colonand | or similar in
Dendritic cell . y P o Regulatory and effector T mesenteric lymph colon [113-116]
intestinal epithelium, / K X K
lamina propria cell induction Immunogenic DC: node 1 inSI
prop Food/oral/microbiota glycolysis CXsCR1*DC | in
tolerance SI
CD103*DC | in
mesenteric lymph
node
Intestinal inflammation N,H pro—mflamr.natory: .
suppression through IL10 highly glycolytic, fatty Yolk sac/fetal liver- | in SI, and colon,
GALT, mesenteric PP . & acid synthesis, reduced ~ derived Macrophage o L
lymph node, production TCA cycle would be diluted after similar in Peyer's
Macrophage . y P o Host-microbiota mutualism R R patches, and | in colon [117-119]
intestinal epithelium, . weaning by accumulation .
. . Apoptotic or damaged cell .. . . . mesenteric lymph
lamina propria M2 anti-inflammatory:  of circulating Ly6Chigh
cleavage node
FAO, OXPHOS, monocytes
Treg vs Th17 balance .
decreased glycolysis
Antimicrobials production, )
host-microbiota mutualism, Immature, ¢ Kit+
immune cell activation and, neutrophils: OXPHOS
Neutrophil . [31,120]
recruitment, .
L Mature neutrophils:
mucosal/epithelial .
. glycolysis
repairing
Type 1 innate lymphoid cells Resting ILC1: ? JILC3 and ILC1
. : ] : 7 .
gIL((::1 1): ;FNY ar;d TNFa Active ILC1: ? ILC3: LTi cells developed 1r11LPCEBy<'3r i pach, lT
prc(;nlisrl(i?;;z:eﬁgg Sr' in fetus would be diluted ileurlrrll Piryr:?sa Similar ILC1 in ST;
Innate lymphoid cell  Intestinal epithelium, pathogen responses resting ILC2s: OXPHOS b.y post-birth develoP LT1— patch; | GM-CSF* T.ILCZ in SI; [111,121-125]
mucosal surface . . like ILC3 after weaning in . similar or 1 ILC3
Type 2 innate lymphoid cells or FAO intestinal lamina propria ILC3 in colon inSI
(ILC2):IL5and IL13  Active ILCs: glycolysis PIOPI& 11 1 and ILC2
production, anti-helminth and high rates of expression
responses, tissue repairing OXPHOS become ILC3-like
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Type 3 innate lymphoid cells
(ILC3):1L17 and IL22  Resting ILC3: ? suggested
production, intestinal glycolysis- still largely

lymphoid organ unclear
development, host-
microbiota mutualism and Active ILC3:
host defence FAOQO and synthesis but
unclear
Weaning effect in pigs Similar in colon
mrepsngobletcetl LT
Goblet cell S, colon epithelium Mucus secretion OXPHOS s necessary Vfor number and promotes ! fucus secretion o nilar in colon [126-130]
goblet cell differentiation L in colon upon
mucus secretion in ileum R
Metronidazole
and alter goblet cell
e treatment
distribution in colon
. . . 1in SI .
Paneth cell Ant1m1cr.0b1al peptld(.es and . . Distorted crypts 1 in SI
SI (crypt)+++, colont+  cytokines production Highly glycolytic and fewer | Reg3y [131]

Stem cell niche support expression in SI

granules in cells

1 in SI and colon upon

Chemosensation, IL.-25 fasting and refeeding

Tuft cell production to promote

Intestinal epithelium ILC2 expansion. anti ? 1 after weaning Similar in colon [58,132,133]
P ’ 1 in SI after succinate
parasitic responses .
feeding

(Antigen) Transportation
through trans-cellular

GALT, Peyer's patch, endocytosis Similar in Peyer’s
Microfold cell mesenteric lymph . yrosis, ? Y [134]
cytokines/costimulatory patch
node, . .
signal (IL1) secretion
Antigen uptake

1 =Increased, | = Decreased ? = Unknown. Abbreviations: SI small-intestine, STAT3 Signal transducer and activator of transcription 3, Th1 T helper 1, Th2 T helper 2, Th17 T helper 17, TCR
T cell receptor, FAO fatty acid oxidation, IFNYy interferon-gamma, TGFp transforming growth factor beta, RORyt Retinoic acid-related orphan receptor gamma t, IL-17 interleukin-17, IL-22 interleukin-22, NKT

natural killer T cell, GALT gut-associated lymphoid tissue, NK natural killer cell, DC dendritic cell, ILC1 group 1 innate lymphoid cells, ILC2 group 2 innate lymphoid cells, ILC3 group 3 innate lymphoid cells,
LTi lymphoid tissue inducer, IL-25 interleukin-25
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4. Nutrient Sensing and Gut Immunometabolism
4.1. Dietary Protein and Gut Immunity

The spatiotemporal impact of proteins, as well as their qualitative and quantitative
aspects, affect both the maturation and function of the gut immune system. The exposure
to dietary proteins at weaning is necessary for small intestine immune development with
mice fed on protein-deficient diet exhibiting underdeveloped gut-associated lymphoid
tissues, lower number of intraepithelial lymphocytes, reduction of Peyer’s patches and
decreased secretory immunoglobulin A (IgA) levels [135]. It is interesting to note that
fasting drastically decreased Peyer’s patches B cells and antigen-specific IgA response.
This was linked to the redirection of gut B cells back into the bone marrow that migrated
to the gut under feeding conditions [136]. Whether dietary protein affects the mobilisation
of bone marrow B cells to the gut is unknown. Proteins are also the major source of
antigens necessary for the development of immune tolerance towards food particularly
by inducing Treg in the small intestine at weaning [85]. While the gut microbiota induces
Treg in the colon [137], the effect of dietary protein is specific to the small intestine. The
mechanism behind this observation is not fully elucidated but a protein-deficient diet with
defined amino acids does not induce Tregs in the small intestine [85], suggesting the
generation of antigen-specific Treg rather than a metabolic effect involving mTOR
activation. The route of entry of protein is also critical with parenteral nutrition but not
enteral nutrition decreasing the proportion of small intestine IL-10 producing
macrophages [138] and intraepithelial lymphocytes [139]. Like small intestine inducible
Treg, diet-derived protein maintained the IL-10 producing macrophage population
independently of monocyte recruitment and of the gut microbiota. Rapamycin treatment
mimicked these effects suggesting that the activation of mTOR by dietary amino acids is
necessary to maintain IL-10 production in macrophages [138]. Specific deletion of Raptor
in dendritic cells confirmed the key role of mTOR for IL-10 production with decreased
production in these deficient colonic dendritic cells [140]. In this model,
CD11c*CD11b*F4/80* dendritic cells produced less IL-10 and mice were more susceptible
to colitis. However, multiple pathways might regulate gut immune-derived IL-10 as in
vitro stimulation of macrophages with the amino acid leucine, a potent mTOR activator,
could not fully rescue the production of IL-10 [138]. Glutamine metabolism might be
another important mechanism as parenteral nutrition supplemented with glutamine
could rescue IL-10 production of intraepithelial lymphocytes and restore epithelial
integrity [139]. The fact that glutamine utilisation through glutaminolysis skew
macrophage polarization towards M2 [141] suggests that glutamine metabolism might be
important to maintain small intestine IL-10 producing macrophages and potentially IL-10
production from other subsets.

The amount and type of proteins can also affect gut homeostasis. Diet containing
animal-derived protein [142] or a high protein content in diet (53%) have been shown to
aggravate DSS induced colitis while moderately high protein content (30%) accelerated
gut healing after DSS challenge compare to a low protein diet (15%) [143]. These
mechanisms seem to involve changes to gut microbiota composition rather than a direct
effect on the immune system.

4.2. Dietary Lipids and Gut Immunity

Dietary medium- and long-chain fatty acids have been shown to boost Th1 and Th17
differentiation in the small intestine, aggravating the development of experimental
autoimmune encephalomyelitis [144]. This effect involves the direct activation of mitogen-
activated protein kinase (MAPK) pathways by fatty acids, independent of GPCR or
nuclear receptor activation [144]. While this study focused on the medium-chain fatty acid
lauric acid, how other fatty acids, particularly unsaturated versus saturated fatty acids,
might affect gut immunity remains unknown. The gene that most dramatically decreased
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in the presence of lauric acid was c-Maf [144], which is highly expressed in retinoic acid-
related orphan receptor gamma t (RORyt)* Treg in the small intestine, colon and Peyer’s
patches. Deletion of c-Mafin Treg decreased their expression of IL-10 while increased their
production of IL-17 and interferon gamma (IFN-y) [145]. Absence of c-Maf was also
correlated with gene enrichment of the phosphoinositide 3-kinases (PI3K)/ Protein kinase
B (AKT)/mTOR pathway as well as of the glycolytic protein MYC targets, suggesting that
lauric acid might bias the Treg:Th17 balance towards Th17 in the small intestine by
promoting glycolysis secondary to c-Maf downregulation. Long-chain fatty acids can also
modulate intestinal B cell activity with increased small intestine and fecal IgA levels in
mice fed on isocaloric diet enriched in palmitic acid under basal and oral antigen challenge
conditions [146]. Palmitic acid promoted plasma cell IgA production through its
intracellular conversion into sphingolipid, independently of TLR4 activation. Innate
immune cells are also affected by dietary fat as activation of peroxisome proliferator-
activated receptor gamma (PPARY) by conjugated linoleic acid protected mice from DSS
induced colitis [147] and the deletion of PPARy in macrophages aggravated dextran
sulfate sodium (DSS)-induced colitis [148]. Activation of PPARYy in macrophages
modulate their basal respiration and elicit anti-inflammatory effects by promoting M2
polarisation via increased glutamine metabolism [149]. Whether PPARY activation by
dietary fat could maintain macrophage anti-inflammatory phenotype in the gut is
unknown.

While a hypercaloric high-fat diet is typically associated with a pro-inflammatory
immune phenotype, it is not associated with increased immunity against infections.
Animals fed on a high-fat diet had impaired response to salmonella [150] and Listeria
monocytogenes [151]. One potential explanation is that hypercaloric high-fat diet induced
hypercholesterolemia, which has been shown to inhibit the PPP, reduce LPS-induced pro-
inflammatory cytokine production in macrophages [21], and thus their capacity to get
activated during infection.

4.3. Dietary Carbohydrates and Gut Immunity

Like proteins and lipids, carbohydrates also affect gut immunity. Supplementation
of drinking water with glucose exacerbated the development of autoimmune colitis in
model of CD4*CD25-CD45RB! T cell transfer into Rag1- mice associated with increased
colonic Th17 cells [152]. The mechanism identified was that high glucose condition
increased ROS generation, which in the presence of IL-6 and TGF-b promoted Th17
differentiation. Interestingly, the presence of glucose did not affect T cell metabolism as T
cells isolated from mice treated with glucose had similar oxygen consumption rate and
glycolytic profile as T cells from control mice. It is important to note that the metabolic
profile of intestinal T cells has not been investigated, thus the impact of high glucose
exposure on their metabolic profile cannot be excluded. Also, whether ROS activation in
the gut might increase Th17 differentiation is unknown. In line with this, short-term intake
of a diet enriched in simple carbohydrate was associated with increased colonic
neutrophil infiltration, enhanced levels of IL-6, IL-13 and TNF and elevated gut
permeability [153].

The beneficial anti-inflammatory effects of a ketogenic diet may thus be explained by
its low-carbohydrate content; however, it is hard to differentiate whether its immune
effects are due to the high intake of fat, the low intake of carbohydrate, or both. This diet
promotes Treg while decreases Th17 although these effects were attributed to changes
within the gut microbiota [154] and a direct impact on immune cells has to be confirmed.

4.4. Dietary AhR Ligands and AhR Activation

Aryl hydrocarbon receptors (AhR) are nuclear receptors that upregulate the
expression of xenobiotic-metabolising enzymes like the cytochrome P450, family 1,
subfamily A, polypeptide 1 (CYP1A1) enzyme when activated. A wide range of ligands
exists for this receptor, such as indole-3-carbinol (I3C) and indole-3-acetonitrile (I3AC)
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from the digestion of cruciferous vegetables, or ligands derived from bacterial metabolism
of tryptophan, covered in the next section.

AhR is expressed by colonocytes, CD4* T cells, gd T cells, antigen-presenting cells
and innate lymphoid cells. Activation of AhR promotes the expression of IL-22 and IL-17
by v8 T cells and ILC3 but also the expression of IL-10 and IL-21 by Type 1 forkhead box
P3 (FoxP3) Treg cells [155]. Interestingly the effect of AhR activation can be ligand-
specific, with 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) promoting Treg, while 6-
formylindolo[3,2-b]carbazole (FICZ) promoting Th17 differentiation. While AhR mostly
mediates its effect by altering gene expression, its activation with the natural agonist
norisoboldine has been shown to promote colonic Treg by inhibiting glycolysis under
hypoxic conditions [156]. This effect was linked to the decreased expression of glucose
transporter-1 (GLUT1) and the enzyme hexokinase 2 in CD4* T cells, which favoured their
differentiation to Treg [157]. Whether different AhR ligands differentially affect immune
cell metabolic activity remains to be determined. Finally, how diet composition might
interfere with the immune impact of AhR ligands is unknown. A recent study has shown
that the AhR ligand TCDD reduced tumor growth in mice fed on an Omega-3 fatty acid-
enriched diet while an Omega-6 fatty acid-enriched diet aggravated tumor growth [158].
While this study focused on the direct impact of AhR on tumor cells, the differential effect
of AhR ligands on the Treg/Th17 balance depending on the dietary context cannot be
excluded.

4.5. Vitamins

In the gut, naive B cells located in the Peyer’s patches and IgA producing plasma cells
present in the lamina propria have different energetic needs. Naive B cells rely on the TCA
cycle activity exclusively while IgA producing plasma cells rely on glycolysis coupled
with the TCA cycle. This feature was specific to intestinal IgA* B cells as splenic plasma
cell did not show increased glycolytic activity under basal condition. Dietary vitamin B1
is an essential cofactor required for the TCA cycle enzymes pyruvate dehydrogenase and
a-ketoglutarate dehydrogenase. Indeed, depletion of dietary vitamin B1 had dramatic
consequences on gut lymphoid structures, evident by the reduction of Peyer’s patches
number, by the size of B cell follicles and lower number of naive B cells, while IgA* plasma
cells were not affected. This reduced number of naive B cells was linked to a defect in B
cell lymphopoiesis, which was reversible once Vitamin B1 was reintroduced in the diet.
The highest dependency on Vitamin Bl in naive cells was also associated with their
highest expression of the thiamine transporter 1 compare to IgA* plasma cells [89].

Vitamins also affect other immune subsets particularly Treg with dietary vitamin A,
D, B9 (folic acid) and B3 (niacin) promoting colonic Treg development. Folic acid had been
shown to have a direct impact on colonic Treg maintenance with its absence impairing
colonic Treg exclusively and exacerbating the susceptibility of mice to TNBS-induced
colitis. This effect of folic acid involved the binding of folic acid on the folic receptor 4
expressed by Treg which modulated Bcl2 expression and thus controlled Treg apoptosis
[159].

Vitamin D and Vitamin A also induce gut Treg by acting on tolerogenic DC. Gut
tolerogenic CD103* DCs induce Treg in the mesenteric lymph node and Peyer’s patches
by converting vitamin A-derived retinol into retinoic acid through the activity of the
enzyme retinaldehyde dehydrogenase (RALDH). Retinoic acid also supports the
generation of IgA-producing plasma cells as well as induce the gut-homing receptors C-
C chemokine receptor type 9 (CCR9) and a4f37. Retinoic acid regulates gene expression,
such as FoxP3 characteristic of Treg, through its interaction with the nuclear receptors
retinoic acid receptor (RAR) and retinoic X receptor (RXR) that specifically binds retinoic
acid responsive element [160]. FoxP3 has been shown to regulate Treg metabolic activity
by inducing mitochondrial genes, which increased electron transport chain protein
capacity as well as mitochondrial respiration [161]. These findings were on splenic
inducible Treg and have to be confirmed on gut inducible Treg.
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Vitamin D is also important for gut Treg as a diet deficient in vitamin D decreased
the proportion of inducible RORyt* colonic Treg in mice [162]. It has been shown that the
active form of Vitamin D3, 1,25-dihydrovitamin D3, could promote the conversion of
human monocytes into tolerogenic dendritic by maintaining aerobic glycolysis via
activation of PI3K/AKT/mTOR pathway [113]. Whether these metabolic changes apply to
CD103 tolerogenic DC in the gut remains elusive. 1,25-dihydrovitamin D3 can also
directly promote Treg differentiation through the induction of FoxP3 gene expression. The
induction of gut-inducible Treg was also shown to be mediated by changes to the gut
microbiota, associated with the decreased abundance of gut bacteria species that produces
short-chain fatty acids [162], important Treg inducer as developed in the next section.

4.6. Impact of Food Additive on Gut Immunity and Immunometabolism

Food additives encompass a range of substances which alter the colour, flavour,
texture and increase the shelf life of food. In recent years, additives have become
ubiquitous in processed foods and are categorised as GRAS (generally regarded as safe).
However, studies into the effects of chronic exposure to food additives have been mostly
neglected until recently. Mounting evidence suggests that additives have a profound
impact on the immune system and contribute to chronic diseases such as obesity [163],
metabolic syndrome [164], type 2 diabetes [165] and inflammatory bowel disease (IBD)
[164]. While mechanisms behind these effects are still under investigation, it is becoming
increasingly clear that these are in part due to metabolic programming of immune cells.
The number of food additives approved by the U.S Food and Drug administration is
currently more than 3000 and includes things as citrate and salt, which can be broadly
classified into “natural”, as well as food colourants such as titanium dioxide, which fall
under the “artificial” category. While such labels may influence the consumer, this
classification has little to no value in predicting outcomes on immune health, with both
natural and artificial additive having varied effects on gut homeostasis (Table 2).

For instance, citrate, a naturally occurring metabolite involved in carbohydrate and
lipid metabolism is widely used as a food additive. Exogenous citrate enters cells via the
citrate transporter and is rapidly metabolised into acetyl-CoA in the cytoplasm [166]. In
both DC and macrophages, cytosolic citrate is a substrate for protein acetylation, histone
acetylation and fatty acid synthesis. Citrate can also be metabolised into pyruvate,
through reactions that in turn yield NADPH, increasing NO as well as ROS production.
While NO inhibits OXPHOS, ROS stabilises HIF-1a and shift macrophage metabolism
towards glycolysis and thus potentially towards M1 [167]. Citrate accumulation in
macrophages is thus associated with increased inflammatory response also observed
when citrate was added to LPS treatment in THP-1 monocytes [168]. Mice fed on citrate
in combination with a high sucrose diet had higher levels of IL-1b, TNF-a and IL-6 in the
adipose tissue than mice fed high sucrose alone [166] suggesting an impact of citrate on
M1 differentiation in vivo. However, whether citrate affects gut macrophage activation as
well as gut inflammation is unknown.

Salt similarly has vast impacts on immune function. While sodium chloride is used
as a preservative and flavour enhancer in a wide range of food products, high intake of
salt is harmful to health, exacerbating risks of numerous diseases particularly
cardiovascular diseases. High salt diet has been shown to spontaneously trigger colonic
inflammation linked to higher levels of colonic IL-23, of recruitment of neutrophils [169]
as well as of activated T cells, macrophages and DCs [170]. Excess salt consumption has
been shown to promote a pro-inflammatory phenotype by increasing Th17 and M1
macrophages while reducing Treg and M2 macrophages, leading to exacerbated
autoimmune disease, inflammatory bowel disease and impaired wound healing [171-
174].

Salt induced inhibition of M2 macrophages was associated with decreased maximal
respiratory capacity, decreased glycolysis and mTOR activation while promoted
glycolysis in resting macrophages [171]. Consumption of high salt diet has been shown to
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upregulate the expression of the enzyme serine/threonine kinase 1 (SGK1), which
maintains sodium homeostasis. High SGK1 expression has been observed in colon of mice
fed on high salt diet [169] as well as in Th17 and Treg [175]. SGK1 has been shown to
support glucose uptake and glycolysis at the cellular level [176]. High salt diet can also
change the balance Th17/Treg indirectly by depleting bacteria of the genus Lactobacillus
[177], which via their release of indole metabolites decreased the differentiation of Th17.

Another major food additive is titanium dioxide (TiOz) which affects gut microbiota
composition, increases colonic inflammation [178] as well as induces preneoplastic lesions
[179]. Macrophages phagocyte these nanoparticles and trap them in multivesicular
bodies. TiO:2 uptake affect macrophage mitochondrial activity by decreasing the TCA
cycle and ATP production and promote ROS production, which in turn activate their
inflammatory response [180]. Whether TiO: switches macrophage metabolic profile
towards glycolysis is unknown as well as its impact on the metabolism of other immune
cell such as CD8+ cells activated under TiO: treatment [178]. The impact of food additives
on immune cells is summarised in Table 2 and an overview of the impact of dietary
components on immunometabolism is presented in Figure 1.
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Figure 1. Impact of dietary-derived metabolites on host immunometabolism and gut immune cell function.

High-protein diet can regulate immunometabolism by providing a source of
glutamine to drive glutaminolysis and IL-10 production in M2 macrophages. Branched-
chain amino acids (BCAA) from protein also activates mechanistic target of rapamycin
(mTOR) to also promote IL-10 production in macrophages, and also in dendritic cells (not
shown). The dietary lipid acid lauric acid promotes Th1/Th17 differentiation by
downregulating c-Maf and upregulating serine/threonine-protein kinase (SGK-1),
associated with increased mTOR activation and glycolysis. Palmitic acid induces
immunoglobulin (IgA) production in B cells by promoting de novo sphingolipid synthesis
while the conjugated linoleic acid drive M2 macrophage polarization by activating
peroxisome proliferator-activated receptor gamma (PPARY) to increase glutaminolysis.
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The food additive salt also promotes Thl17 cell differentiation, potentially by also
increasing SGK-1 expression. Along with citrate and titanium dioxide (TiO2), salt
promotes pro-inflammatory M1 macrophage differentiation by enhancing glycolysis.
Micronutrients such as Vitamin D can drive the differentiation of tolerogenic dendritic
cells by promoting mTOR activation and aerobic glycolysis. Vitamin A is also metabolised
by the enzyme retinaldehyde dehydrogenase (RALDH) expressed by gut tolerogenic
dendritic cell to produce retinoic acid, which promotes regulatory T cell (Treg)
differentiation. Similarly, dietary-derived aryl hydrocarbon receptor (AhR) ligands such
as norisoboldine can directly promote Treg differentiation by inhibiting glucose
transporter-1 (GLUT1) as well as glycolysis enzyme hexokinase 2 (HK2).

Table 2. summary of common food additives and immune impacts.

Additive

Immune effects Reference

Citrate

Promoted adipose tissue inflammation (IL-6,
TNF, IL-1B) and insulin resistance when orally
administered in combination with a high sucrose [166]
diet in mice.

High levels potentiated inflammatory response

1
in LPS- stimulated THP-1 cells in vitro. (168]

Emulsifiers:
Polysorbate-80 and Carboxymethylcellulose
(CMCQ)

Both P80 and CMC promoted low grade
intestinal inflammation (increased MPO, CXCL1,
CXCL2 and TNF expression), exacerbating colitis

and carcinogenesis in an AOM/DSS mouse
model.

[181]

Heightened low grade inflammation, induced
via microbial changes, resulting in metabolic [164]
syndrome and IBD.
CMC promoted bacterial overgrowth within the
small intestine of in IL-10 deficient mice (a model
for spontaneous colitis). Did not show significant
difference in intestinal inflammation.

[182]

Emulsifiers:
Maltodextrin (MDX)

Induced upregulation of genes involved in lipid
and carbohydrate metabolism in intestinal
epithelial cells in vivo.

Induced ER stress in intestinal epithelial cells,
greater TNF and IL-1§3 expression and worse
DSS colitis. Inhibition of endoplasmic reticulum
(ER) stress in maltodextrin fed mice protected
from worsened colitis. This effect was
ameliorated with ER stress inhibition.

[183]

Sodium chloride

Activated p38/MAPK pathway during cytokine
induced Th17 cell polarisation, leading to Th17
bias. Th17 cells polarised in high NaCl
conditions produced more GM-CSF, TNF and IL-
2.

This led to more severe experimental
autoimmune encephalomyelitis (EAE) in high
salt intake mice.

[184]

Worsened pathology in the IL-10-- mouse model
of colitis. Elevated colonic expression of TNF,
IL-12p3, IL-23a, IL-1P. Mice infected with
Salmonella typhimurium had greater IL-17A, IL-
12a, IL-123, TNF, IL-23a,, IL-6 and IFNy mRNA
expression on high sodium diet.

A small human study found activation of CD14*
monocytes and expansion of “intermediate”
CD14+CD16* monocyte populations in the
peripheral blood. In vitro follow up studies
demonstrated ROS activation of CD14+
monocytes in high sodium media.

[173]

[185]
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In vitro high NaCl media supressed the induction
of AKT and mTOR signalling and increased
oxidative phosphorylation and glycolysis in
macrophages. High NaCl also dampened the

ability of M2 macrophages to supress CD4* and [171]
CD8+ effector T cell proliferation in vitro but
enhanced Nos2 expression in M1 macrophages
when stimulated with LPS.
Impaired wound healing in mice.
A high NaCl environment induced IL-13
secretion in bone marrow derived macrophages
in vitro via through NLRP3 inflammasome and
subsequent caspase-1 activation. [174]
Mice on a high NaCl diet had an enhanced IL-17
production when immunised with OVA and
LPS. This was caspase-1 specific.
High NaCl blocked the suppressive capacity of
human Tregs in vitro. Tregs in high salt fed mice
switched to an IFNy producing phenotype and
similarly lost suppressive function. Treg [186]
suppressor function was regained by blocking
IFNY or by silencing serum and glucocorticoid-
regulated kinase 1 (SGK1) in Tregs.
High salt in vivo induced IL-17 like Tregs in the
thymus and promoted the generation of

peripheral RORyt* iTregs in Th17 polarising (187]
conditions in an SGK1 dependant manner.
Mice fed a high salt diet for 1 week had impaired
neutrophil function and more severe [188]

pyelonephritis
Worsened EAE symptoms in mice with high
NaCl intake. Enhanced expression of TNF, IL-12,
IL-1B, iNOS and IL-6 in the CNS of EAE mice. [172]
Promoted pro-inflammatory M1 macrophage
activation and activation of NF-kB signalling.

Glucose intolerance via actions on microbiome. [189]

Promoted a pro-inflammatory environment in
the liver as measured by TNF and iNOS
transcription. Also altered microbiome [190]
composition and microbial metabolic profile to
one which is associated with inflammation.

Sucralose

Promoted macrophages to produce TNF and IL-
10 ex-vivo in the presence of LPS.
Increased macrophage and CD8* T cells in the
colon of orally exposed mice.

[191]

[178]

Long term exposure led to spontaneous
preneoplastic development in the small intestine
Titanium dioxide (E171) of rats. Also resulted in increased IL-17 and IFNy
production when cells from Peyer’s patches were [179]
restimulated in vitro and increased IL-10, TNF-a,
IL8, IL-6, IL-1p and IFNY in colonic mucosa or
orally exposed mice.

Chronic exposure worsened DSS- induced
psoriasis via activation of NLRP3 inflammasome
Abbreviations: MPO Myeloperoxidase, CXCL1 chemokine (C-X-C motif) ligand 1, CXCL2 chemokine (C-X-C motif) ligand
2, iNOS inducible nitric oxide synthase,.

[192]

5. Dietary-Induced Bacterial Metabolites and Gut Immunometabolism
5.1. Microbial Metabolism of Complex Carbohydrate Produces Short-Chain Fatty Acid with
Anti-Inflammatory Properties

Complex carbohydrates or microbiota-accessible carbohydrates are found in dietary
fibre and resistant starch, and are a major source of energy for colonic bacteria [137]. Gut



Nutrients 2021, 13, 823

21 of 36

bacteria can extract energy from complex carbohydrates through the process of
fermentation, releasing short-chain fatty acids (SCFA) as by-products [54]. They also have
prebiotic properties by favouring the growth of beneficial bacteria that can utilise these
substrates.

SCFA are volatile fatty acids containing six or less carbon with acetate (C2),
propionate (C3) and butyrate (C4) among the most abundant metabolites produced by the
gut microbiota. SCFA modulate immune cell differentiation or activity either through
epigenetic changes by inhibiting histone deacetylase (HDAC) activity, or through the
activation of specific GPCR expressed on immune cells such as GPR41, GPR43 and
GPR109 [54]. SCFA may also influence host intracellular metabolism, by serving as
substrates for ketone bodies (butyrate) or acetyl-CoA/citrate (acetate) productions, or for
post-translational acetylation of metabolic enzymes such as GAPDH (acetate) to activate
glycolysis [193]. While the activation of GAPDH by acetylation was observed when
acetate was acutely released from the liver during infection, this phenomenon has not
been reported with gut-derived acetate.

The first cells in contact with SCFA are enterocytes, and butyrate is the primary
source of energy for colonocytes. Butyrate undergoes beta-oxidation that in turn raises
ATP levels via oxidative phosphorylation. This process inhibits autophagia that is
significantly increased in germ-free mice devoid of luminal butyrate [194]. The utilization
of oxygen during OXPHOS is critical to maintain an anaerobic gut environment as
depletion of butyrate-producing bacteria by antibiotic treatment increased the diffusion
of oxygen in the gut lumen favouring the growth of facultative anaerobe pathobionts
[195]. Thus, a high fibre diet could directly promote a healthy gut microbiota by selecting
for bacteria with the enzymes necessary for its fermentation, and indirectly by reducing
oxygen levels in the gut through the metabolism of butyrate. We have also shown that
SCFA maintained gut epithelial homeostasis through NLRP3 inflammasome activation
via GPR43 and GPR109a activation [196]. Whether this effect is associated with changes
in enterocyte metabolic profile such as beta oxidation and OXPHOS is unknown.

Innate lymphoid cells (ILC) are innate immune cells with lymphoid features that
resembles T lymphocytes. ILC3 are important mediators of intestinal homeostasis through
their production of IL-22 which maintains epithelial homeostasis [197] and to limit
inflammation [198]. The highest abundance of ILCs is in the intestinal lamina propria
where they are key communicators between the host and the gut microbiota. ILC
expresses all major SCFA receptors and are thus sensitive to regulation by dietary intake
of fibre. The activation of GPCR has dual effects on ILC development with GPR43
activation directly promoting ILC3 proliferation [199] while GPR109a activation
decreasing ILC3 proportion in the colon [200] and in terminal ileal Peyer’s patches [201].
SCFA activation of GPCR also regulate cytokine production from ILCs and T cells with
butyrate activation of GPR41 increasing their production of IL-22. This effect was also due
to butyrate-mediated HDAC inhibition as well as the upregulation and activation of both
AhR and HIF-1a [202]. This change in HIF-1a is likely due to butyrate mediated mTOR
activation in these cells. HIF-1a is known to promote glycolysis, however whether the
secretion of IL-22 in ILC and CD4* T cells is linked to a shift towards glycolysis has not
been tested. On the opposite, butyrate has been shown to inhibit glycolysis in gut
macrophages [203] suggesting finely tuned immune-metabolic activation by SCFA.

SCFA also regulate the activity of intestinal macrophages and DC. Butyrate-mediated
HDAC inhibition drove the differentiation of intestinal macrophage from blood derived
monocytes and enhanced their antimicrobial activity independently of GPCR signalling
[203]. Contrary to its effect in ILC3, butyrate decreased mTOR activity and inhibited
glycolysis, which was compensated by higher mitochondrial energy metabolism. This
enhanced macrophage antimicrobial activity was confirmed by oral administration of
butyrate limiting the systemic dissemination of Salmonella and C. rodentium during oral
infection. The effect of butyrate on macrophages was through an imprinting effect as
exposure to butyrate during their differentiation rather than during infection was
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necessary for their enhanced microbicidal activity [203]. Butyrate also plays dual roles on
macrophage, and could favour colonic M2 macrophage differentiation in mice treated
with antibiotics and receiving water supplemented with butyrate [204]. While this study
shows that butyrate increases OXPHOS and lipid metabolism in vitro, this was shown in
bone marrow-derived macrophages and thus whether butyrate has these effects in colonic
macrophages is unknown.

On the other hand, both acetate and butyrate impacted on gut DC by enhancing the
tolerogenic function of mucosal CD103* DC by enhancing RALDH enzyme activity [205].

This effect was through GPR43 and GPR109 signalling and results in increased
antigen-specific Treg with elevated expression of the gut homing receptor CCR9. As a
result, high fibre feeding improved oral tolerance and decreased the severity of food
allergy [205]. The role of mTOR in the induction of CD103* DC was recently shown in the
lung with the decreased proportion of CD103* DCs in mice with specific deletion of mTOR
in DC, leading to exacerbated allergic reaction [206]. Whether SCFA also affect CD103* DC
homeostasis via mTOR modulation or more broadly via changes in their metabolic
activity remains unknown.

SCFA also affect the metabolic profile of intestinal B cells, through their conversion
into acetyl-CoA fuelling the TCA cycle coupled with increased OXPHOS as well as fatty
acid synthesis [207]. This raise of energy production might explain the activation of mTOR
in these cells, which promotes glycolysis to provide the energy necessary for plasma cell
differentiation and their production of IgA and immunoglobulin G (IgG) [208].

On the contrary, inhibition of HDAC by the SCFA butyrate and propionate was
reported in splenic B cells to impair class-switch DNA recombination, reducing the
expression of Aicda and Prdm1, as well as their differentiation to plasma cell. As a result,
SCFA treatment reduced serum levels of antigen-specific and total IgG and IgA and
protected mice from lupus, an autoantibody mediated disease [207]. This result suggests
that SCFA differentially regulate antibody production under homeostatic versus
pathogenic condition and through different mechanisms.

SCFA also significantly impact the T cell compartment in the gut. mTOR activation
by SCFA (acetate and propionate) in CD4* T cells contribute to the development of both
Treg, Thl and Th17 cells depending on the cytokine environment. This impact of SCFA
on mTOR activation has been confirmed with the SCFA pentanoate, which on the opposite
inhibited Th17 development [209]. SCFA induced Thl, Treg and Th17 through HDAC
inhibition and was important to maintain gut homeostasis as acetate treatment protected
mice from colitis induced by C. rodentium or by anti-CD3 stimulation [210]. While this
study shows that neither GPR41 nor GPR43 are behind the effects of SCFA on T cell
differentiation, another study has shown that SCFA, particularly propionate, induced
colonic Treg in a GPR41 dependent manner [211].

SCFA also promote memory CD8+ T cell with acetate increasing glycolysis through
the acetylation of GAPDH [193] and butyrate favouring glutaminolysis and fatty acid
oxidation in a GPR43 and GPR41 dependent manner [212]. However, these studies were
focused on splenic CD8* T cells and thus the effect of SCFA on gut memory CD8* T cells
remain unknown. However, if validated the effect of SCFA on gut CD8* memory T cells
would more likely be through fatty acid oxidation and glutaminolysis rather than
glycolysis, which was observed only when acetate was acutely released from the liver
during infection [193].

Other metabolites such as succinate are produced as intermediates from the
metabolism of complex carbohydrates [213]. High-fiber diet has been shown to elevate
microbial succinate production [214] and is used by the intestinal epithelium as a substrate
for gluconeogenesis. Increased intestinal gluconeogenesis via succinate was shown to
improve glucose homeostasis [215] and may account for the beneficial effects of dietary
fiber. On the other hand, increased intestinal concentration of succinate is reported in
patients with inflammatory bowel disease [216], which is consistent with the pro-
inflammatory role of succinate on macrophages [167]. While the impact of succinate on
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macrophage metabolism has extensively been studied, whether microbiota-derived
succinate can have the same impact on immune cells is unknown.

5.2. Microbial Metabolism of Amino Acid Produces Metabolites with Immunomodulatory
Properties

Aromatic amino acids can be metabolised by the gut microbiota to produce various
tryptophan-, phenylalanine- and tyrosine-derived immunomodulatory metabolites such
as indole-3-pyruvic acid, indole-3-acetic acid (IAA) and indole-3-propionic acid, reviewed
extensively elsewhere [217]. Many of these metabolites are produced exclusively by the
gut microbiota and can be detected in the periphery blood in humans [218].

Tryptophan-derived metabolites such as indolelactic acid (ILA) and indoleacetic acid
(IAA) regulate gut homeostasis by promoting IL-22 production via AhR activation.
Maternal intake of a high fat diet was shown to alter offspring immunity by increasing IL-
17-producing ILC3 in the gut, which increased susceptibility to gut injury following
exposure to LPS and platelet-activating factor [219]. The specific mechanism is likely
through the expansion of Firmicutes within the gut microbiota, specifically by increasing
Lactobacilli capable of utilising tryptophan to produce AhR ligands to induce ILC3 [219].
Similarly, ILA produced by the metabolism of dietary tryptophan by Lactobacillus reuteri
induces the differentiation of gut intraepithelial CD4*CD8aa* T cells via AhR activation
[220]. Tryptophan-derived metabolites, such as kynurenic acid, are ligands for the GPCR
GPR35. GPR35 is expressed by inflammatory CX3CR1* macrophages in a microbiota-
dependent manner and is upregulated during colonic inflammation [221]. Its activation
by lysophosphatidic acid was shown to improve inflammation in a mouse model of colitis
[221]. Butyrate has been reported to decrease IDO1 expression in epithelial cells [222],
redirecting tryptophan metabolism towards the serotonin pathway that produces the AhR
ligand 5-Hydroindole-3-acetic acid, which raised splenic regulatory B cells [223]. Whether
colonic regulatory B cells or their metabolic profile are regulated by butyrate in this
manner remain unknown. In host, a low amount of tryptophan in diet is preferentially
converted into kynurenine by the enzyme IDO1. High tryptophan diet decreased gut
permeability and decreased the inflammation in a model of gluten immunopathology in
mice [224]. On the opposite, patients with celiac diseases had lower tryptophan and AhR
agonists in stool while kynurenine metabolites were increased compare to healthy
participants [224]. These observations highlight that the metabolism of tryptophan by
both the host and the microbiota is important for gut homeostasis.

5.3. Impact of Secondary Bile Acids on Gut Immune Profile and Immuno-Metabolism

Bile acids are synthesized in the liver from cholesterol and assist in the absorption
and digestion of lipids and fat-soluble vitamins [225]. Hepatocytes produce the primary
bile acids, cholic acid and chenodeoxycholic acid, which are excreted in the small intestine,
reabsorbed and recycled via the enterohepatic circulation. Less than 5% escape
reabsorption to reach the colon where they are modified by the colonic bacteria into
secondary bile acids [225]. Bile acids can interact with host cells either via GPCRs such as
the G protein-coupled bile acid receptor GPBAR1 also known as TGR5 or via the nuclear
receptors farnesoid X receptor (FXR) and vitamin D receptor. Extensive review on bile
acid receptors have been reported elsewhere [226]. TGR5 is highly expressed by the
intestinal epithelium, as well as in immune cells, particularly monocytes and
macrophages [227]. In the gut, TGR5 activation promotes the regeneration of the intestinal
epithelium by increasing intestinal stem cells activity [228]. This was shown to be
important for the maintenance and recovery of the intestinal barrier during colitis. TGR5
activation reduced TNF production in in vitro differentiated macrophages resembling
human intestinal lamina propria CD14* macrophages that mediate the pathology of
Crohn's disease [227]. Deletion of TGR5 reduced macrophage chemotaxis and
inflammatory response to LPS in mice fed on high fat diet via impaired AKT-mTORC1
activation [229], but it is not known whether this impact on mTOR affects their metabolic
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profile. Activation of FXR also has anti-inflammatory effects, associated with decreased
macrophage activation and preserved epithelial integrity in mouse models of colitis [230].
The impact of conjugated bile acids also extends to the adaptive immune system with the
activation of vitamin D receptor by a mixture of 3-oxo lithocholic acid (LCA), LCA and
deoxycholic acids promoting the differentiation of colonic naive T cells towards RORyt*
inducible Treg [231]. This effect required microbial modification of bile acids with mice
fed on a minimal diet having less colonic RORyt" inducible Treg [231]. IsoalloLCA is
another secondary bile acid shown to promote Treg differentiation by increasing
mitochondrial respiration and ROS production, which led to upregulation of the FoxP3
gene [232]. Interestingly, IsoalloLCA also inhibited IL-17 expression in Th17 cells [232].
Whether the inhibition of IL-17 was linked to changes in T cell metabolism has not been

described. An overview of the impact of bacterial-derived metabolites
immunometabolism is presented in Figure 2.
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Figure 2. Impact of bacterial-derived metabolites on host immunometabolism and gut immune cell function. Butyrate can
be oxidised by colonocytes to generate energy via oxidative phosphorylation (OXPHQOS), or to promote metabolic rewiring
of immune cells such as M2 macrophages and CD8* memory T cells towards fatty acid oxidation and OXPHOS. Butyrate
also inhibits histone deacetylase (HDAC), and upregulate aryl hydrocarbon (AhR) receptor and hypoxia-inducible factor
1-alpha (HIF-1a) expression to promote glycolysis in innate immune cells to drive their production of IL-22. Acetate and
propionate induces Th1/Th17 differentiation by activating the mechanistic target of rapamycin (mTOR), while acetate and
butyrate promote regulatory T cell (Treg) differentiation by enhancing retinaldehyde dehydrogenase (RALDH) enzyme
activity in tolerogenic dendritic cells to produce retinoic acid. Retinoic acid also induce the gut homing receptor C-C
chemokine receptor type 9 (CCR9) in Treg. Acetate also enhances memory CD8* T cell effector function by enhancing
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) enzyme activity to drive glycolysis. Butyrate, acetate and
propionate can promote plasma B cell differentiation and antibody production by activating OXPHOS and fatty acid
synthesis, and to promote immunoglobulin A (IgA) and immunoglobulin G (IgG) production. In the gut, succinate act as
a substrate for gluconeogenesis in epithelial cells, and may also potentially serve as a pro-inflammatory molecule (not
shown). Secondary bile acids, such as 3-oxo lithocholic acid, can directly induce the differentiation RORyt Treg in the
colon while AhR ligands can decrease gut permeability, as well as drive the differentiation of CD4*CD8aa" T cells.
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6. Conclusion

The intestinal immune system must adapt to a broad range of challenges to maintain
homeostasis and health. It must maintain tolerance towards food antigens as well as gut
microbiota-derived products while mounting an effective immune response towards
pathogens. The induction of Treg by gut bacteria and food antigens forms part of this
tolerance strategy, which not only maintains gut homeostasis but also decreases
susceptibility to inflammatory diseases that can develop distally such as in the central
nervous system [144]. The intestinal immune system is therefore critical for overall health
and requires energy to fuel its processes, which includes cell division, differentiation and
effector activity. As emphasized throughout this review, the status and phenotype of an
immune cell is linked to different metabolic pathways depending on its specific energetic
and anabolic requirements, which may be regulated by substrate availability. Both dietary
components and bacterial metabolites are substrates that can activate different metabolic
pathways to influence the differentiation and activity of gut immune cells affecting gut
homeostasis and overall health.

However, we can only speculate on how these substrates influence gut
immunometabolism as most studies focus on peripheral rather than intestinal cells.
Studies specific to gut immune cell metabolism are limited due to the technical challenges
associated with the isolation of sufficient number of cells and with the in vitro culture
conditions far from the native gut environment. New flow cytometry tools such as
SCENITH [233] could bridge this gap to revolutionise the field of immunometabolism and
more broadly of medicine. Indeed, the fact that specific food components or bacterial
metabolites could favour specific metabolic pathway to drive the activation status of
immune cells activation status has great therapeutic potential. This could lead to
personalised nutritional strategies to rewire gut immunometabolism to prevent or treat
diseases. Similarly, probiotic and postbiotic interventions could be used for this purpose.
One further consideration is that the efficacy of specific intervention can be influenced by
the individual’s nutritional context and their gut microbiota composition. The geometric
framework for nutrition [234] is one statistical tool that can be used to unravel this
complexity. Finally, a better understanding on why particular diets are detrimental could
lead to stricter regulation, particularly in the area of food additives, which is highly
prevalent in processed food with potential detrimental impact on health.

Author Contributions: ].T and L.M wrote, reviewed and edited the manuscript. R.V.B and G.V.P
contributed to the writing and D. N contributed to the writing and generated the figure for the
manuscript. All authors have read and agreed to the published version of the manuscript.

Acknowledgments: Figures were created using Servier Medical Art templates, which are licensed
under a Creative Commons Attribution 3.0 Unported License; https://smart.servier.com. L.M and
J.T are a’Becket fellows. D.N. is a recipient of the Australian Government Research Training
Program Scholarship (International).

Funding: This work was funded by the Australian Research Council grant DP210102943 and
160100627, the National Health and Medical Research Council grant 1147980 as well as the MS
research Australia incubator grant.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Venn, B.J. Macronutrients and Human Health for the 21st Century. Nutrients 2020, 12, 2363, doi:10.3390/nu12082363.
2. Huskisson, E.; Maggini, S.; Ruf, M. The Role of Vitamins and Minerals in Energy Metabolism and Well-Being. J. Int. Med.
Res. 2007, 35, 277-289, d0i:10.1177/147323000703500301.



Nutrients 2021, 13, 823 26 of 36

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bourke, C.D.; Berkley, J.A.; Prendergast, A.J. Inmune Dysfunction as a Cause and Consequence of Malnutrition. Trends
Immunol. 2016, 37, 386-398, doi:10.1016/;.it.2016.04.003.

Manzel, A.; Muller, D.N.; Hafler, D.A.; Erdman, S.E.; Linker, R.A.; Kleinewietfeld, M. Role of “Western Diet” in
Inflammatory Autoimmune Diseases. Curr. Allergy Asthma Rep. 2014, 14, 404, d0i:10.1007/s11882-013-0404-6.

Tan, ] K.; McKenzie, C.; Marifo, E.; Macia, L.; Mackay, C.R. Metabolite-Sensing G Protein-Coupled Receptors—Facilitators
of Diet-Related Immune Regulation. Annu. Rev. Immunol. 2017, 35, 371-402, doi:10.1146/annurev-immunol-051116-052235.
Chapman, N.M.; Boothby, M.R.; Chi, H. Metabolic Coordination of T Cell Quiescence and Activation. Nat. Rev. Immunol.
2020, 20, 55-70, doi:10.1038/s41577-019-0203-y.

Wensveen, F.M.; van Gisbergen, K.P.J.M.; Eldering, E. The Fourth Dimension in Immunological Space: How the Struggle
for Nutrients Selects High-Affinity Lymphocytes. Immunol. Rev. 2012, 249, 84-103, d0i:10.1111/j.1600-065X.2012.01156.x.
O’Brien, K.L,; Finlay, D.K. Immunometabolism and Natural Killer Cell Responses. Nat. Rev. Immunol. 2019, 19, 282-290,
do0i:10.1038/s41577-019-0139-2.

O'Neill, L.AJ.; Kishton, R.J.; Rathmell, J. A Guide to Immunometabolism for Immunologists. Nat. Rev. Immunol. 2016, 16,
553-565, d0i:10.1038/nri.2016.70.

Vander Heiden, M.G,; Lunt, S.Y.; Dayton, T.L.; Fiske, B.P.; Israelsen, W.].; Mattaini, K.R.; Vokes, N.I.; Stephanopoulos, G.;
Cantley, L.C.; Metallo, C.M.; et al. Metabolic Pathway Alterations That Support Cell Proliferation. Cold Spring Harb. Symp.
Quant. Biol. 2011, 76, 325-334, doi:10.1101/sqb.2012.76.010900.

Curi, R.; de Siqueira Mendes, R.; de Campos Crispin, L.A.; Norata, G.D.; Sampaio, S5.C.; Newsholme, P. A Past and Present
Overview of Macrophage Metabolism and Functional Outcomes. Clin. Sci. 2017, 131, 1329-1342, doi:10.1042/CS20170220.
Hui, S.; Ghergurovich, ].M.; Morscher, R.J.; Jang, C.; Teng, X.; Lu, W.; Esparza, L.A.; Reya, T.; Le, Z.; Jessie Yanxiang, G.; et
al. Glucose Feeds the TCA Cycle via Circulating Lactate. Nature 2017, 551, 115-118, do0i:10.1038/nature24057.

Pfeiffer, T.; Schuster, S.; Bonhoeffer, S. Cooperation and Competition in the Evolution of ATP-Producing Pathways. Science
2001, 292, 504-507, doi:10.1126/science.1058079.

Semenza, G.L. HIF-1 Mediates Metabolic Responses to Intratumoral Hypoxia and Oncogenic Mutations. |. Clin. Investig.
2013, 123, 3664-3671, doi:10.1172/JC167230.

Wu, L,; Hollinshead, K.E.R.; Hao, Y.; Au, C.; Kroehling, L.; Ng, C; Lin, W.-Y,; Li, D.; Silva, H.M.; Shin, J.; et al. Niche-
Selective Inhibition of Pathogenic Thl7 Cells by Targeting Metabolic Redundancy. Cell 2020, 182, 641-654.e20,
doi:10.1016/j.cell.2020.06.014.

Hoque, R.; Farooq, A.; Ghani, A.; Gorelick, F.; Mehal, W.Z. Lactate Reduces Liver and Pancreatic Injury in Toll-like Receptor-
and Inflammasome-Mediated Inflammation via GPR81-Mediated Suppression of Innate Immunity. Gastroenterology 2014,
146, 1763-1774, doi:10.1053/j.gastro.2014.03.014.

Errea, A,; Cayet, D.; Marchetti, P.; Tang, C.; Kluza, J.; Offermanns, S.; Sirard, J.-C.; Rumbo, M. Lactate Inhibits the Pro-
Inflammatory Response and Metabolic Reprogramming in Murine Macrophages in a GPR81-Independent Manner. PLoS
ONE 2016, 11, e0163694, d0i:10.1371/journal.pone.0163694.

Ranganathan, P.; Shanmugam, A.; Swafford, D.; Suryawanshi, A.; Bhattacharjee, P.; Hussein, M.S.; Koni, P.A.; Prasad, P.D,;
Kurago, Z.B.; Thangaraju, M.; et al. GPR81, a Cell-Surface Receptor for Lactate, Regulates Intestinal Homeostasis and
Protects Mice from Experimental Colitis. ]. Immunol. 2018, 200, 1781-1789, d0i:10.4049/jimmunol.1700604.

Fischer, K.; Hoffmann, P.; Voelkl, S.; Meidenbauer, N.; Ammer, J.; Edinger, M.; Gottfried, E.; Schwarz, S.; Rothe, G.; Hoves,
S.; et al. Inhibitory Effect of Tumor Cell-Derived Lactic Acid on Human T Cells. Blood 2007, 109, 3812-3819,
d0i:10.1182/blood-2006-07-035972.

Tu, D.; Gao, Y.; Yang, R; Guan, T., Hong, ]J.-S; Gao, H.-M. The Pentose Phosphate Pathway Regulates Chronic
Neuroinflammation and Dopaminergic Neurodegeneration. J. Neuroinflamm. 2019, 16, 255, doi:10.1186/s12974-019-1659-1.
Baardman, J.; Verberk, 5.G.S.; Prange, K.H.M.; van Weeghel, M.; van der Velden, S.; Ryan, D.G.; Wiist, R.C.I.; Neele, A.E,;
Speijer, D.; Denis, SW.; et al. A Defective Pentose Phosphate Pathway Reduces Inflammatory Macrophage Responses
during Hypercholesterolemia. Cell Rep. 2018, 25, 2044-2052.e5, d0i:10.1016/j.celrep.2018.10.092.

Azevedo, E.P.; Rochael, N.C.; Guimaraes-Costa, A.B.; de Souza-Vieira, T.S.; Ganilho, J.; Saraiva, E.M.; Palhano, F.L.; Foguel,
D. A Metabolic Shift toward Pentose Phosphate Pathway Is Necessary for Amyloid Fibril- and Phorbol 12-Myristate 13-
Acetate-Induced Neutrophil Extracellular Trap (NET) Formation. J. Biol. Chem. 2015, 290, 22174-22183,
doi:10.1074/jbc.M115.640094.

Sadiku, P.; Willson, J.A.; Ryan, E.M.; Sammut, D.; Coelho, P.; Watts, E.R.; Grecian, R.; Young, ] M.; Bewley, M.; Arienti, S.;
et al. Neutrophils Fuel Effective Immune Responses through Gluconeogenesis and Glycogenesis. Cell Metab. 2020,
doi:10.1016/j.cmet.2020.11.016.

Ma, R, Ji, T.; Zhang, H.; Dong, W.; Chen, X.; Xu, P.; Chen, D.; Liang, X; Yin, X,; Liu, Y.; et al. A Pckl-Directed Glycogen
Metabolic Program Regulates Formation and Maintenance of Memory CD8+ T Cells. Nat. Cell Biol. 2018, 20, 21-27,
doi:10.1038/s41556-017-0002-2.

Thwe, P.; Pelgrom, L.; Cooper, R.; Beauchamp, S.; Reisz, ].A.; D’ Alessandro, A.; Everts, B.; Amiel, E. Cell-Intrinsic Glycogen
Metabolism Supports Early Glycolytic Reprogramming Required for Dendritic Cell Immune Responses. Cell Metab. 2017,
26, 558-567.e5, doi:10.1016/j.cmet.2017.08.012.

Ma, J.; Wei, K; Liy, J.; Tang, K.; Zhang, H.; Zhu, L.; Chen, J.; Li, F.; Xu, P.; Chen, J.; et al. Glycogen Metabolism Regulates
Macrophage-Mediated Acute Inflammatory Responses. Nat. Commun. 2020, 11, 1769, doi:10.1038/s41467-020-15636-8.



Nutrients 2021, 13, 823 27 of 36

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Palsson-McDermott, E.M.; O'Neill, L.A J. Targeting Immunometabolism as an Anti-Inflammatory Strategy. Cell Res. 2020,
30, 300-314, d0i:10.1038/s41422-020-0291-z.

Van den Bossche, J.; van der Windt, G.J.W. Fatty Acid Oxidation in Macrophages and T Cells: Time for Reassessment? Cell
Metab. 2018, 28, 538-540, d0i:10.1016/j.cmet.2018.09.018.

Pearce, E.L.; Walsh, M.C.; Cejas, P.J.; Harms, G.M.; Shen, H.; Wang, L.-S.; Jones, R.G.; Choi, Y. Enhancing CD8 T Cell
Memory by Modulating Fatty Acid Metabolism. Nature 2009, 460, 103-107, doi:10.1038/nature08097.

Raud, B.; Roy, D.G.; Divakaruni, A.S.; Tarasenko, T.N.; Franke, R.; Ma, E.H.; Samborska, B.; Hsieh, W.Y.; Wong, A.H.; Stiive,
P.; et al. Etomoxir Actions on Regulatory and Memory T Cells Are Independent of Cptla-Mediated Fatty Acid Oxidation.
Cell Metab. 2018, 28, 504-515.€7, d0i:10.1016/j.cmet.2018.06.002.

Nicholas, D.A.; Proctor, E.A.; Agrawal, M.; Belkina, A.C.; Van Nostrand, S.C.; Panneerseelan-Bharath, L.; Jones, A.R.; Raval,
F.; Ip, B.C,; Zhu, M.; et al. Fatty Acid Metabolites Combine with Reduced (3 Oxidation to Activate Th17 Inflammation in
Human Type 2 Diabetes. Cell Metab. 2019, 30, 447-461.e5, doi:10.1016/j.cmet.2019.07.004.

Rice, C.M.; Davies, L.C.; Subleski, J.J.; Maio, N.; Gonzalez-Cotto, M.; Andrews, C.; Patel, N.L.; Palmieri, E.M.; Weiss, ].M.;
Lee, ].-M.; et al. Tumour-Elicited Neutrophils Engage Mitochondrial Metabolism to Circumvent Nutrient Limitations and
Maintain Immune Suppression. Nat. Commun. 2018, 9, doi:10.1038/s41467-018-07505-2.

Field, C.S.; Baixauli, F.; Kyle, R.L.; Puleston, D.J.; Cameron, A.M.; Sanin, D.E.; Hippen, K.L.; Loschi, M.; Thangavelu, G,;
Corrado, M.; et al. Mitochondrial Integrity Regulated by Lipid Metabolism Is a Cell-Intrinsic Checkpoint for Treg
Suppressive Function. Cell Metab. 2020, 31, 422-437.€5, d0i:10.1016/j.cmet.2019.11.021.

Weisel, F.J.; Mullett, S.J.; Elsner, R.A.; Menk, A.V.; Trivedi, N.; Luo, W.; Wikenheiser, D.; Hawse, W.F.; Chikina, M.; Smita,
S.; et al. Germinal Center B Cells Selectively Oxidize Fatty Acids for Energy While Conducting Minimal Glycolysis. Nat.
Immunol. 2020, 21, 331-342, d0i:10.1038/s41590-020-0598-4.

Berod, L.; Friedrich, C.; Nandan, A.; Freitag, J.; Hagemann, S.; Harmrolfs, K.; Sandouk, A.; Hesse, C.; Castro, C.N.; Béhre,
H.; et al. De Novo Fatty Acid Synthesis Controls the Fate between Regulatory T and T Helper 17 Cells. Nat. Med. 2014, 20,
1327-1333, d0i:10.1038/nm.3704.

Zhou, X.; Zhu, X,; Li, C,; Li, Y.; Ye, Z.; Shapiro, V.S.; Copland, J.A.; Hitosugi, T.; Bernlohr, D.A.; Sun, ].; et al. Stearoyl-CoA
Desaturase-Mediated Monounsaturated Fatty Acid Availability Supports Humoral Immunity. Cell Rep. 2021, 34, 108601,
doi:10.1016/j.celrep.2020.108601.

Dufort, F.J.; Gumina, M.R.; Ta, N.L.; Tao, Y.; Heyse, S.A.; Scott, D.A.; Richardson, A.D.; Seyfried, T.N.; Chiles, T.C. Glucose-
Dependent de Novo Lipogenesis in B Lymphocytes: A Requirement for Atp-Citrate Lyase in Lipopolysaccharide-Induced
Differentiation. J. Biol. Chem. 2014, 289, 7011-7024, doi:10.1074/jbc.M114.551051.

Lodhi, L.].; Wei, X.; Yin, L.; Feng, C.; Adak, S.; Abou-Ezzi, G.; Hsu, F.-F.; Link, D.C.; Semenkovich, C.F. Peroxisomal Lipid
Synthesis Regulates Inflammation by Sustaining Neutrophil Membrane Phospholipid Composition and Viability. Cell
Metab. 2015, 21, 51-64, d0i:10.1016/j.cmet.2014.12.002.

Mills, E.L.; Ryan, D.G.; Prag, H.A.; Dikovskaya, D.; Menon, D.; Zaslona, Z.; Jedrychowski, M.P.; Costa, A.S.H.; Higgins, M.;
Hams, E.; et al. Itaconate Is an Anti-Inflammatory Metabolite That Activates Nrf2 via Alkylation of KEAP1. Nature 2018,
556, 113-117, d0i:10.1038/nature25986.

Bambouskova, M.; Gorvel, L.; Lampropoulou, V.; Sergushichev, A.; Loginicheva, E.; Johnson, K.; Korenfeld, D.; Mathyer,
M.E;; Kim, H.; Huang, L.-H.; et al. Electrophilic Properties of Itaconate and Derivatives Regulate the IxB(-ATF3
Inflammatory Axis. Nature 2018, 556, 501-504, doi:10.1038/s41586-018-0052-z.

Mills, E.L.; Kelly, B.; Logan, A.; Costa, A.S.H.; Varma, M.; Bryant, C.E.; Tourlomousis, P.; Dabritz, ].H.M.; Gottlieb, E.;
Latorre, I.; et al. Succinate Dehydrogenase Supports Metabolic Repurposing of Mitochondria to Drive Inflammatory
Macrophages. Cell 2016, 167, 457-470.e13, d0i:10.1016/j.cell.2016.08.064.

Jha, AK,; Huang, S.C.-C.; Sergushichev, A.; Lampropoulou, V.; Ivanova, Y.; Loginicheva, E.; Chmielewski, K.; Stewart,
K.M.; Ashall, J.; Everts, B.; et al. Network Integration of Parallel Metabolic and Transcriptional Data Reveals Metabolic
Modules That Regulate Macrophage Polarization. Immunity 2015, 42, 419-430, doi:10.1016/j.immuni.2015.02.005.

Yang, M.; Pollard, P.J. Succinate: A New Epigenetic Hacker. Cancer Cell 2013, 23, 709-711, doi:10.1016/j.ccr.2013.05.015.
Morales-Nebreda, L.; McLafferty, F.S.; Singer, B.D. DNA Methylation as a Transcriptional Regulator of the Immune System.
Transl. Res. ]. Lab. Clin. Med. 2019, 204, 1-18, d0i:10.1016/j.trs1.2018.08.001.

Arts, RJ.W,; Joosten, L.A.B.; Netea, M.G. Inmunometabolic Circuits in Trained Immunity. Semin. Immunol. 2016, 28, 425—
430, d0i:10.1016/j.smim.2016.09.002.

Tannahill, G.M.; Curtis, A.M.; Adamik, J.; Palsson-McDermott, E.M.; McGettrick, A.F.; Goel, G.; Frezza, C.; Bernard, N.J,;
Kelly, B.; Foley, N.H; et al. Succinate Is an Inflammatory Signal That Induces IL-1{ through HIF-1a. Nature 2013, 496, 238—
242, d0i:10.1038/nature11986.

Wellen, K.E.; Hatzivassiliou, G.; Sachdeva, UM.; Bui, T.V.; Cross, ].R.; Thompson, C.B. ATP-Citrate Lyase Links Cellular
Metabolism to Histone Acetylation. Science 2009, 324, 1076-1080, doi:10.1126/science.1164097.

Li, T,; Liu, M.; Feng, X.; Wang, Z.; Das, I; Xu, Y.; Zhou, X; Sun, Y.; Guan, K.-L.; Xiong, Y.; et al. Glyceraldehyde-3-Phosphate
Dehydrogenase Is Activated by Lysine 254 Acetylation in Response to Glucose Signal. |. Biol. Chem. 2014, 289, 3775-3785,
doi:10.1074/jbc.M113.531640.

Guarente, L. The Logic Linking Protein Acetylation and Metabolism. Cell Metab. 2011, 14, 151-153,
doi:10.1016/j.cmet.2011.07.007.



Nutrients 2021, 13, 823 28 of 36

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Zhou, Y.; Que, K.-T.; Zhang, Z.; Yi, Z.].; Zhao, P.X.; You, Y.; Gong, ].-P.; Liu, Z.-]. Iron Overloaded Polarizes Macrophage to
Proinflammation Phenotype through ROS/Acetyl-P53 Pathway. Cancer Med. 2018, 7, 4012-4022, d0i:10.1002/cam4.1670.
Wang, B.; Rao, Y.-H.; Inoue, M.; Hao, R.; Lai, C.-H.; Chen, D.; McDonald, S.L.; Choi, M.-C.; Wang, Q.; Shinohara, M.L.; et al.
Microtubule Acetylation Amplifies P38 Kinase Signalling and Anti-Inflammatory IL-10 Production. Nat. Commun. 2014, 5,
3479, doi:10.1038/ncomms4479.

Castillo, J.; Wu, E.; Lowe, C.; Srinivasan, S.; McCord, R.; Wagle, M.-C; Jayakar, S.; Edick, M.G.; Eastham-Anderson, J.; Liu,
B.; et al. CBP/P300 Drives the Differentiation of Regulatory T Cells through Transcriptional and Non-Transcriptional
Mechanisms. Cancer Res. 2019, 79, 3916-3927, doi:10.1158/0008-5472.CAN-18-3622.

Busslinger, M.; Tarakhovsky, A. Epigenetic Control of Immunity. Cold Spring Harb. Perspect. Biol. 2014, 6,
doi:10.1101/cshperspect.a019307.

Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The Role of Short-Chain Fatty Acids in Health
and Disease. Adv. Immunol. 2014, 121, 91-119, doi:10.1016/B978-0-12-800100-4.00003-9.

Rubic, T.; Lametschwandtner, G.; Jost, S.; Hinteregger, S.; Kund, J.; Carballido-Perrig, N.; Schwérzler, C.; Junt, T.; Voshol,
H.; Meingassner, J.G.; et al. Triggering the Succinate Receptor GPR91 on Dendritic Cells Enhances Immunity. Nat. Immunol.
2008, 9, 1261-1269, d0i:10.1038/ni.1657.

Keiran, N.; Ceperuelo-Mallafré, V.; Calvo, E.; Hernandez-Alvarez, M.I; Ejarque, M.; Nufez-Roa, C.; Horrillo, D.; Maymo-
Masip, E.; Rodriguez, M.M.; Fradera, R.; et al. SUCNR1 Controls an Anti-Inflammatory Program in Macrophages to
Regulate the Metabolic Response to Obesity. Nat. Immunol. 2019, 20, 581-592, d0i:10.1038/s41590-019-0372-7.
Littlewood-Evans, A,; Sarret, S.; Apfel, V.; Loesle, P.; Dawson, J.; Zhang, J.; Muller, A ; Tigani, B.; Kneuer, R.; Patel, S.; et al.
GPRI1 Senses Extracellular Succinate Released from Inflammatory Macrophages and Exacerbates Rheumatoid Arthritis. J.
Exp. Med. 2016, 213, 1655-1662, doi:10.1084/jem.20160061.

Lei, W.; Ren, W.; Ohmoto, M.; Urban, J.F.; Matsumoto, I.; Margolskee, R.F.; Jiang, P. Activation of Intestinal Tuft Cell-
Expressed Sucnrl Triggers Type 2 Immunity in the Mouse Small Intestine. Proc. Natl. Acad. Sci. USA 2018, 115, 5552-5557,
doi:10.1073/pnas.1720758115.

Kelly, B.; Pearce, ELL. Amino Assets: How Amino Acids Support Immunity. Cell Metab. 2020, 32, 154-175,
doi:10.1016/j.cmet.2020.06.010.

Quintana, F.J.; Basso, A.S.; Iglesias, A.H.; Korn, T.; Farez, M.F.; Bettelli, E.; Caccamo, M.; Oukka, M.; Weiner, H.L. Control
of T(Reg) and T(H)17 Cell Differentiation by the Aryl Hydrocarbon Receptor. Nature 2008, 453, 65-71,
doi:10.1038/nature06880.

Mezrich, ].D.; Fechner, ].H.; Zhang, X.; Johnson, B.P.; Burlingham, W.].; Bradfield, C.A. An Interaction between Kynurenine
and the Aryl Hydrocarbon Receptor Can Generate Regulatory T Cells. ]. Immunol. 2010, 185, 3190-3198,
doi:10.4049/jimmunol.0903670.

Sharma, M.D.; Hou, D.-Y.; Liu, Y.; Koni, P.A.; Metz, R.; Chandler, P.; Mellor, A.L.; He, Y.; Munn, D.H. Indoleamine 2,3-
Dioxygenase Controls Conversion of Foxp3+ Tregs to TH17-like Cells in Tumor-Draining Lymph Nodes. Blood 2009, 113,
6102-6111, doi:10.1182/blood-2008-12-195354.

Matteoli, G.; Mazzini, E.; Iliev, 1.D.; Mileti, E.; Fallarino, F.; Puccetti, P.; Chieppa, M.; Rescigno, M. Gut CD103+ Dendritic
Cells Express Indoleamine 2,3-Dioxygenase Which Influences T Regulatory/T Effector Cell Balance and Oral Tolerance
Induction. Gut 2010, 59, 595-604, doi:10.1136/gut.2009.185108.

Jones, R.G.; Pearce, E.J. MenTORing Immunity: MTOR Signaling in the Development and Function of Tissue-Resident
Immune Cells. Immunity 2017, 46, 730-742, doi:10.1016/j.immuni.2017.04.028.

Geiger, R.; Rieckmann, ].C.; Wolf, T.; Basso, C.; Feng, Y.; Fuhrer, T.; Kogadeeva, M.; Picotti, P.; Meissner, F.; Mann, M.; et al.
L-Arginine Modulates T Cell Metabolism and Enhances Survival and Anti-Tumor Activity. Cell 2016, 167, 829-842.e13,
doi:10.1016/j.cell.2016.09.031.

Ren, W.; Xia, Y.; Chen, S.; Wu, G.; Bazer, FW.; Zhou, B,; Tan, B.; Zhu, G.; Deng, J.; Yin, Y. Glutamine Metabolism in
Macrophages: A Novel Target for Obesity/Type 2 Diabetes. Adv. Nutr. 2019, 10, 321-330, doi:10.1093/advances/nmy084.
Carr, E.L.; Kelman, A.; Wu, G.S.; Gopaul, R.; Senkevitch, E.; Aghvanyan, A.; Turay, A.M.; Frauwirth, K.A. Glutamine Uptake
and Metabolism Are Coordinately Regulated by ERK/MAPK during T Lymphocyte Activation. J. Immunol. 2010, 185, 1037—
1044, doi:10.4049/jimmunol.0903586.

Chang, W.-K,; Yang, K.D.; Chuang, H.; Jan, ].-T.; Shaio, M.-F. Glutamine Protects Activated Human T Cells from Apoptosis
by Up-Regulating Glutathione and Bcl-2 Levels. Clin. Immunol. 2002, 104, 151-160, do0i:10.1006/clim.2002.5257.

Kono, M.; Yoshida, N.; Maeda, K.; Tsokos, G.C. Transcriptional Factor ICER Promotes Glutaminolysis and the Generation
of Th17 Cells. Proc. Natl. Acad. Sci. USA 2018, 115, 2478-2483, doi:10.1073/pnas.1714717115.

Johnson, M.O.; Wolf, M.M.; Madden, M.Z.; Andrejeva, G.; Sugiura, A.; Contreras, D.C.; Maseda, D.; Liberti, M.V.; Paz, K.;
Kishton, R.J.; et al. Distinct Regulation of Th17 and Th1 Cell Differentiation by Glutaminase-Dependent Metabolism. Cell
2018, 175, 1780-1795.€19, d0i:10.1016/j.cell.2018.10.001.

Jin, Z; Mendu, SK.; Birnir, B. GABA Is an Effective Immunomodulatory Molecule. Amino Acids 2013, 45, 87-94,
doi:10.1007/s00726-011-1193-7.

Kim, J.K,; Kim, Y.S,; Lee, H.-M,; Jin, H.S.; Neupane, C.; Kim, S.; Lee, S.-H.; Min, ].-].; Sasai, M.; Jeong, ].-H.; et al. GABAergic
Signaling Linked to Autophagy Enhances Host Protection against Intracellular Bacterial Infections. Nat. Commun. 2018, 9,
4184, doi:10.1038/s41467-018-06487-5.



Nutrients 2021, 13, 823 29 of 36

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Ma, E.H.; Bantug, G.; Griss, T.; Condotta, S.; Johnson, R.M.; Samborska, B.; Mainolfi, N.; Suri, V.; Guak, H.; Balmer, M.L.; et
al. Serine Is an Essential Metabolite for Effector T Cell Expansion. Cell Metab. 2017, 25, 345-357,
doi:10.1016/j.cmet.2016.12.011.

Kurniawan, H.; Franchina, D.G.; Guerra, L.; Bonetti, L.; -Baguet, L.S.; Grusdat, M.; Schlicker, L.; Hunewald, O.; Dostert, C.;
Merz, M.P.; et al. Glutathione Restricts Serine Metabolism to Preserve Regulatory T Cell Function. Cell Metab. 2020, 31, 920-
936.€7, d0i:10.1016/j.cmet.2020.03.004.

Son, S.M.; Park, SJ.; Lee, H,; Siddiqi, F.; Lee, ].E.; Menzies, F.M.; Rubinsztein, D.C. Leucine Signals to MTORC1 via Its
Metabolite Acetyl-Coenzyme A. Cell Metab. 2019, 29, 192-201.e7, doi:10.1016/j.cmet.2018.08.013.

Akula, M.K; Shi, M.; Jiang, Z.; Foster, C.E.; Miao, D.; Li, A.S.; Zhang, X.; Gavin, R.M.; Forde, S.D.; Germain, G.; et al. Control
of the Innate Immune Response by the Mevalonate Pathway. Nat. Immunol. 2016, 17, 922-929, d0i:10.1038/ni.3487.
Mausner-Fainberg, K.; Luboshits, G.; Mor, A.; Maysel-Auslender, S.; Rubinstein, A.; Keren, G.; George, J. The Effect of HMG-
CoA Reductase Inhibitors on Naturally Occurring CD4+CD25+ T Cells. Atherosclerosis 2008, 197, 829-839,
doi:10.1016/j.atherosclerosis.2007.07.031.

Perucha, E.; Melchiotti, R.; Bibby, J.A.; Wu, W.; Frederiksen, K.S.; Roberts, C.A.; Hall, Z.; LeFriec, G.; Robertson, K.A.;
Lavender, P.; et al. The Cholesterol Biosynthesis Pathway Regulates IL-10 Expression in Human Th1 Cells. Nat. Commun.
2019, 10, 498, doi:10.1038/s41467-019-08332-9.

Kistowska, M.; Rossy, E.; Sansano, S.; Gober, H.-].; Landmann, R.; Mori, L.; De Libero, G. Dysregulation of the Host
Mevalonate Pathway during Early Bacterial Infection Activates Human TCR Gamma Delta Cells. Eur. J. Immunol. 2008, 38,
2200-2209, doi:10.1002/eji.200838366.

Gober, H.-].; Kistowska, M.; Angman, L.; Jend, P.; Mori, L.; De Libero, G. Human T Cell Receptor I'd Cells Recognize
Endogenous Mevalonate Metabolites in Tumor Cells. J. Exp. Med. 2003, 197, 163-168, doi:10.1084/jem.20021500.

Bibby, J.A.; Purvis, H.A.; Hayday, T.; Chandra, A.; Okkenhaug, K.; Rosenzweig, S.; Aksentijevich, I.; Wood, M.; Lachmann,
H.J.; Kemper, C.; et al. Cholesterol Metabolism Drives Regulatory B Cell IL-10 through Provision of Geranylgeranyl
Pyrophosphate. Nat. Commun. 2020, 11, 3412, doi:10.1038/s41467-020-17179-4.

Goldberg, E.L.; Asher, J.L.; Molony, R.D.; Shaw, A.C.; Zeiss, C.].; Wang, C.; Morozova-Roche, L.A.; Herzog, R.I.; Iwasaki,
A.; Dixit, V.D. B-Hydroxybutyrate Deactivates Neutrophil NLRP3 Inflammasome to Relieve Gout Flares. Cell Rep. 2017, 18,
2077-2087, doi:10.1016/j.celrep.2017.02.004.

Youm, Y.-H.; Nguyen, K\Y.; Grant, R.W.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.; Planavsky, N.; Lupfer, C.;
Kanneganti, T.D.; et al. Ketone Body p-Hydroxybutyrate Blocks the NLRP3 Inflammasome-Mediated Inflammatory
Disease. Nat. Med. 2015, 21, 263-269, d0i:10.1038/nm.3804.

Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016,
14, €1002533, d0i:10.1371/journal.pbio.1002533.

Kim, K.S.; Hong, S.-W.; Han, D.; Yi, J.; Jung, ].; Yang, B.-G.; Lee, ].Y.; Lee, M.; Surh, C.D. Dietary Antigens Limit Mucosal
Immunity by Inducing Regulatory T Cells in the Small Intestine. Science 2016, 351, 858-863, doi:10.1126/science.aac5560.
Garrett, W.S.; Gordon, J.I.; Glimcher, L.H. Homeostasis and Inflammation in the Intestine. Cell 2010, 140, 859-870,
doi:10.1016/j.cell.2010.01.023.

Manor, O.; Dai, C.L.; Kornilov, S.A.; Smith, B.; Price, N.D.; Lovejoy, J.C.; Gibbons, S.M.; Magis, A.T. Health and Disease
Markers Correlate with Gut Microbiome Composition across Thousands of People. Nat. Commun. 2020, 11, 5206,
do0i:10.1038/s41467-020-18871-1.

Durack, J.; Lynch, S.V. The Gut Microbiome: Relationships with Disease and Opportunities for Therapy. J. Exp. Med. 2019,
216, 20-40, doi:10.1084/jem.20180448.

Kunisawa, ].; Sugiura, Y.; Wake, T.; Nagatake, T.; Suzuki, H.; Nagasawa, R.; Shikata, S.; Honda, K.; Hashimoto, E.; Suzuki,
Y.; etal. Mode of Bioenergetic Metabolism during B Cell Differentiation in the Intestine Determines the Distinct Requirement
for Vitamin B1. Cell Rep. 2015, 13, 122-131, d0i:10.1016/j.celrep.2015.08.063.

Harris, N.L.; Spoerri, I.; Schopfer, ].F.; Nembrini, C.; Merky, P.; Massacand, J.; Urban, J.F.; Lamarre, A.; Burki, K.; Odermatt,
B; et al. Mechanisms of Neonatal Mucosal Antibody Protection. . Immunol. 2006, 177, 6256-6262,
doi:10.4049/jimmunol.177.9.6256.

Guerra, L.; Bonetti, L.; Brenner, D. Metabolic Modulation of Immunity: A New Concept in Cancer Immunotherapy. Cell Rep.
2020, 32, 107848, d0i:10.1016/j.celrep.2020.107848.

Stark, ].M.; Tibbitt, C.A.; Coquet, .M. The Metabolic Requirements of Th2 Cell Differentiation. Front. Immunol. 2019, 10,
2318, doi:10.3389/fimmu.2019.02318.

Smith, P.M.; Garrett, W.S. The Gut Microbiota and Mucosal T Cells. Front. Microbiol. 2011, 2, 111,
d0i:10.3389/fmicb.2011.00111.

Probert, C.S.J.; Williams, A.M.; Stepankova, R.; Tlaskalova-Hogenova, H.; Phillips, A.; Bland, P.W. The Effect of Weaning
on the Clonality of Alpha Beta T-Cell Receptor T Cells in the Intestine of GF and SPF Mice. Dev. Comp. Immunol. 2007, 31,
606-617, doi:10.1016/j.dci.2006.08.008.

Konjar, é.; Veldhoen, M. Dynamic Metabolic State of Tissue Resident CD8 T Cells. Front. Immunol. 2019, 10, 1683,
d0i:10.3389/fimmu.2019.01683.

Agace, WW.; McCoy, K.D. Regionalized Development and Maintenance of the Intestinal Adaptive Immune Landscape.
Immunity 2017, 46, 532-548, d0i:10.1016/j.immuni.2017.04.004.



Nutrients 2021, 13, 823 30 of 36

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

Pérez-Cano, F.J.; Castellote, C.; Gonzalez-Castro, A.M.; Pelegri, C.; Castell, M.; Franch, A. Developmental Changes in
Intraepithelial T Lymphocytes and NK Cells in the Small Intestine of Neonatal Rats. Pediatr. Res. 2005, 58, 885-891,
doi:10.1203/01.pdr.0000182187.88505.49.

Galgani, M.; De Rosa, V.; La Cava, A.; Matarese, G. Role of Metabolism in the Immunobiology of Regulatory T Cells. J.
Immunol. 2016, 197, 2567-2575, d0i:10.4049/jimmunol.1600242.

Al Nabhani, Z.; Dulauroy, S.; Marques, R.; Cousu, C.; Al Bounny, S.; Déjardin, F.; Sparwasser, T.; Bérard, M.; Cerf-
Bensussan, N.; Eberl, G. A Weaning Reaction to Microbiota Is Required for Resistance to Immunopathologies in the Adult.
Immunity 2019, 50, 1276-1288.e5, doi:10.1016/j.immuni.2019.02.014.

Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.; Ohba, Y.; et
al. Induction of Colonic Regulatory T Cells by Indigenous Clostridium Species. Science 2011, 331, 337-341,
do0i:10.1126/science.1198469.

Cai, Y.; Xue, F.; Qin, H.; Chen, X; Liu, N.; Fleming, C.; Hu, X.; Zhang, H.; Chen, F.; Zheng, J.; et al. Differential Roles of the
MTOR-STAT3 Signaling in Dermal I'd T Cell Effector Function in Skin Inflammation. Cell Rep. 2019, 27, 3034-3048.e5,
doi:10.1016/j.celrep.2019.05.019.

Nielsen, M.M.; Witherden, D.A.; Havran, W.L. I'd T Cells in Homeostasis and Host Defence of Epithelial Barrier Tissues.
Nat. Rev. Immunol. 2017, 17, 733-745, d0i:10.1038/nri.2017.101.

Chen, Y.; Chou, K, Fuchs, E.; Havran, W.L.; Boismenu, R. Protection of the Intestinal Mucosa by Intraepithelial Gamma
Delta T Cells. Proc. Natl. Acad. Sci. USA 2002, 99, 14338-14343, doi:10.1073/pnas.212290499.

Ismail, A.S.; Severson, K.M.; Vaishnava, S.; Behrendt, C.L.; Yu, X.; Benjamin, ]J.L.; Ruhn, K.A,; Hou, B.; DeFranco, A.L.;
Yarovinsky, F.; et al. Gammadelta Intraepithelial Lymphocytes Are Essential Mediators of Host-Microbial Homeostasis at
the Intestinal Mucosal Surface. Proc. Natl. Acad. Sci. USA 2011, 108, 8743-8748, d0i:10.1073/pnas.1019574108.

Muzaki, A.R.B.M.; Soncin, I; Setiagani, Y.A.; Sheng, J.; Tetlak, P.; Karjalainen, K.; Ruedl, C. Long-Lived Innate IL-17-
Producing vy/d T Cells Modulate Antimicrobial Epithelial Host Defense in the Colon. . Immunol. 2017,
doi:10.4049/jimmunol.1701053.

Bandeira, A.; Mota-Santos, T.; Itohara, S.; Degermann, S.; Heusser, C.; Tonegawa, S.; Coutinho, A. Localization of
Gamma/Delta T Cells to the Intestinal Epithelium Is Independent of Normal Microbial Colonization. J. Exp. Med. 1990, 172,
239-244, doi:10.1084/jem.172.1.239.

Webb, T ].; Carey, G.B.; East, ].E.; Sun, W.; Bollino, D.R.; Kimball, A.S.; Brutkiewicz, R.R. Alterations in Cellular Metabolism
Modulate CD1d-Mediated NKT-Cell Responses. Pathog. Dis. 2016, 74, doi:10.1093/femspd/ftw055.

Middendorp, S.; Nieuwenhuis, E.E.S. NKT Cells in Mucosal Immunity. Mucosal Immunol. 2009, 2, 393-402,
d0i:10.1038/mi.2009.99.

Wingender, G.; Kronenberg, M. Role of NKT Cells in the Digestive System. IV. The Role of Canonical Natural Killer T Cells
in Mucosal Immunity and Inflammation. Am. ]. Physiol. Gastrointest. Liver Physiol. 2008, 294, GI1-GS8,
doi:10.1152/ajpgi.00437.2007.

Zeissig, S.; Kaser, A.; Dougan, S.K.; Nieuwenhuis, E.E.S.; Blumberg, R.S. Role of NKT Cells in the Digestive System. III. Role
of NKT Cells in Intestinal Immunity. Am. ]. Physiol. Gastrointest. Liver Physiol. 2007, 293, G1101-G1105,
doi:10.1152/ajpgi.00342.2007.

O’Sullivan, T.E.; Sun, ]J.C. Innate Lymphoid Cell Immunometabolism. ]. Mol. Biol. 2017, 429, 3577-3586,
d0i:10.1016/j.jmb.2017.08.014.

Sanos, S.L.; Bui, V.L.; Mortha, A.; Oberle, K.; Heners, C.; Johner, C.; Diefenbach, A. RORgammat and Commensal Microflora
Are Required for the Differentiation of Mucosal Interleukin 22-Producing NKp46+ Cells. Nat. Immunol. 2009, 10, 83-91,
doi:10.1038/ni.1684.

Ferreira, G.B.; Vanherwegen, A.-S.; Eelen, G.; Gutiérrez, A.C.F.; Van Lommel, L.; Marchal, K.; Verlinden, L.; Verstuyf, A.;
Nogueira, T.; Georgiadou, M.; et al. Vitamin D3 Induces Tolerance in Human Dendritic Cells by Activation of Intracellular
Metabolic Pathways. Cell Rep. 2015, 10, 711-725, d0i:10.1016/j.celrep.2015.01.013.

Giovanellj, P.; Sandoval, T.A.; Cubillos-Ruiz, ]J.R. Dendritic Cell Metabolism and Function in Tumors. Trends Immunol. 2019,
40, 699-718, d0i:10.1016/j.it.2019.06.004.

Stagg, A.J. Intestinal Dendritic Cells in Health and Gut Inflammation. Front. Immunol. 2018, 9, 2883,
d0i:10.3389/fimmu.2018.02883.

Niess, J.H.; Adler, G. Enteric Flora Expands Gut Lamina Propria CX3CR1+ Dendritic Cells Supporting Inflammatory
Immune Responses under Normal and Inflammatory Conditions. J. Immunol. 2010, 184, 2026-2037,
doi:10.4049/jimmunol.0901936.

Mills, E.L.; O'Neill, L.A. Reprogramming Mitochondrial Metabolism in Macrophages as an Anti-Inflammatory Signal. Eur.
J. Immunol. 2016, 46, 13-21, doi:10.1002/eji.201445427.

Kang, B.; Alvarado, L.J.; Kim, T.; Lehmann, M.L.; Cho, H.; He, J.; Li, P.; Kim, B.-H.; Larochelle, A.; Kelsall, B.L. Commensal
Microbiota Drive the Functional Diversification of Colon Macrophages. Mucosal Immunol. 2020, 13, 216-229,
doi:10.1038/s41385-019-0228-3.

Bain, C.C; Bravo-Blas, A.; Scott, C.L.; Perdiguero, E.G.; Geissmann, F.; Henri, S.; Malissen, B.; Osborne, L.C.; Artis, D.;
Mowat, A.M. Constant Replenishment from Circulating Monocytes Maintains the Macrophage Pool in the Intestine of Adult
Mice. Nat. Immunol. 2014, 15, 929-937, doi:10.1038/ni.2967.



Nutrients 2021, 13, 823 31 0f 36

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Kumar, S.; Dikshit, M. Metabolic Insight of Neutrophils in Health and Disease. Front. Immunol. 2019, 10, 2099,
d0i:10.3389/fimmu.2019.02099.

Joseph, A.M.; Monticelli, L.A.; Sonnenberg, G.F. Metabolic Regulation of Innate and Adaptive Lymphocyte Effector
Responses. Immunol. Rev. 2018, 286, 137-147, doi:10.1111/imr.12703.

Cong, J. Metabolism of Natural Killer Cells and Other Innate Lymphoid Cells. Front. Immunol. 2020, 11, 1989,
doi:10.3389/fimmu.2020.01989.

Cording, S.; Medvedovic, J.; Cherrier, M.; Eberl, G. Development and Regulation of RORyt(+) Innate Lymphoid Cells. FEBS
Lett. 2014, 588, 4176-4181, doi:10.1016/j.febslet.2014.03.034.

Killig, M.; Glatzer, T.; Romagnani, C. Recognition Strategies of Group 3 Innate Lymphoid Cells. Front. Immunol. 2014, 5, 142,
doi:10.3389/fimmu.2014.00142.

Walker, J.A.; Barlow, ].L.; McKenzie, A.N.J. Innate Lymphoid Cells--How Did We Miss Them? Nat. Rev. Immunol. 2013, 13,
75-87, d0i:10.1038/nri3349.

Dunsford, B.R.; Haensly, W.E.; Knabe, D.A. Effects of Diet on Acidic and Neutral Goblet Cell Populations in the Small
Intestine of Early Weaned Pigs. Am. J. Vet. Res. 1991, 52, 1743-1746.

Lan, A.; Andriamihaja, M.; Blouin, J.-M.; Liu, X.; Descatoire, V.; Desclée de Maredsous, C.; Davila, A.-M.; Walker, F.; Tomé,
D.; Blachier, F. High-Protein Diet Differently Modifies Intestinal Goblet Cell Characteristics and Mucosal Cytokine
Expression in Ileum and Colon. |. Nutr. Biochem. 2015, 26, 91-98, doi:10.1016/j.jnutbio.2014.09.007.

Wilodarska, M.; Willing, B.; Keeney, K.M.; Menendez, A.; Bergstrom, K.S.; Gill, N.; Russell, S.L.; Vallance, B.A.; Finlay, B.B.
Antibiotic Treatment Alters the Colonic Mucus Layer and Predisposes the Host to Exacerbated Citrobacter Rodentium-
Induced Colitis. Infect. Immun. 2011, 79, 1536-1545, doi:10.1128/IAI1.01104-10.

Lee, Y.-S.; Kim, T.-Y.; Kim, Y.; Lee, S.-H.; Kim, S.; Kang, S.W.; Yang, ].-Y.; Baek, I.-].; Sung, Y.H.; Park, Y.-Y; et al. Microbiota-
Derived Lactate Accelerates Intestinal Stem-Cell-Mediated Epithelial Development. Cell Host Microbe 2018, 24, 833-846.€6,
doi:10.1016/j.chom.2018.11.002.

Becker, S.; Oelschlaeger, T.A.; Wullaert, A.; Vlantis, K.; Pasparakis, M.; Wehkamp, J.; Stange, E.F.; Gersemann, M. Bacteria
Regulate Intestinal Epithelial Cell Differentiation Factors Both in Vitro and in Vivo. PLoS ONE 2013, 8, 55620,
doi:10.1371/journal.pone.0055620.

Simmonds, N.; Furman, M.; Karanika, E.; Phillips, A.; Bates, A.W.H. Paneth Cell Metaplasia in Newly Diagnosed
Inflammatory Bowel Disease in Children. BMC Gastroenterol. 2014, 14, 93, d0i:10.1186/1471-230X-14-93.

McKinley, E.T.; Sui, Y.; Al-Kofahi, Y.; Millis, B.A.; Tyska, M.].; Roland, ].T.; Santamaria-Pang, A.; Ohland, C.L.; Jobin, C,;
Franklin, J.L.; et al. Optimized Multiplex Immunofluorescence Single-Cell Analysis Reveals Tuft Cell Heterogeneity. JCI
Insight 2017, 2, doi:10.1172/jci.insight.93487.

Schneider, C.; O’Leary, C.E.; von Moltke, J.; Liang, H.-E.; Ang, Q.Y.; Turnbaugh, P.J.; Radhakrishnan, S.; Pellizzon, M.; Ma,
A_; Locksley, RM. A Metabolite-Triggered Tuft Cell-ILC2 Circuit Drives Small Intestinal Remodeling. Cell 2018, 174, 271-
284.e14, doi:10.1016/j.cell.2018.05.014.

Kimura, S.; Yamakami-Kimura, M.; Obata, Y.; Hase, K.; Kitamura, H.; Ohno, H.; Iwanaga, T. Visualization of the Entire
Differentiation Process of Murine M Cells: Suppression of Their Maturation in Cecal Patches. Mucosal Immunol. 2015, 8, 650—
660, doi:10.1038/mi.2014.99.

da Silva Menezes, J.; de Sousa Mucida, D.; Cara, D.C.; Alvarez-Leite, ].I.; Russo, M.; Vaz, N.M.; de Faria, A.M.C. Stimulation
by Food Proteins Plays a Critical Role in the Maturation of the Immune System. Int. Immunol. 2003, 15, 447455,
doi:10.1093/intimm/dxg043.

Nagai, M.; Noguchi, R.; Takahashi, D.; Morikawa, T.; Koshida, K.; Komiyama, S.; Ishihara, N.; Yamada, T.; Kawamura, Y.I;
Muroi, K;; et al. Fasting-Refeeding Impacts Immune Cell Dynamics and Mucosal Immune Responses. Cell 2019, 178, 1072—
1087.e14, doi:10.1016/j.cell.2019.07.047.

Daien, C.I; Pinget, G.V.; Tan, ].K,; Macia, L. Detrimental Impact of Microbiota-Accessible Carbohydrate-Deprived Diet on
Gut and Immune Homeostasis: An Overview. Front. Immunol. 2017, 8, doi:10.3389/fimmu.2017.00548.

Ochi, T.; Feng, Y.; Kitamoto, S.; Nagao-Kitamoto, H.; Kuffa, P.; Atarashi, K.; Honda, K.; Teitelbaum, D.H.; Kamada, N. Diet-
Dependent, Microbiota-Independent Regulation of IL-10-Producing Lamina Propria Macrophages in the Small Intestine.
Sci. Rep. 2016, 6, 27634, doi:10.1038/srep27634.

Nose, K; Yang, H.; Sun, X,; Nose, S.; Koga, H.; Feng, Y.; Miyasaka, E.; Teitelbaum, D.H. Glutamine Prevents Total Parenteral
Nutrition-Associated Changes to Intraepithelial Lymphocyte Phenotype and Function: A Potential Mechanism for the
Preservation of Epithelial Barrier Function. . Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 2010, 30, 67-80,
doi:10.1089/jir.2009.0046.

Ohtani, M.; Hoshii, T.; Fujii, H.; Koyasu, S.; Hirao, A.; Matsuda, S. Cutting Edge: MTORC1 in Intestinal CD11c+ CD11b+
Dendritic Cells Regulates Intestinal Homeostasis by Promoting IL-10 Production. J. Immunol. 2012, 188, 4736-4740,
doi:10.4049/jimmunol.1200069.

Viola, A.; Munari, F.; Sanchez-Rodriguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses.
Front. Immunol. 2019, 10, 1462, d0i:10.3389/fimmu.2019.01462.

Kostovcikova, K.; Coufal, S.; Galanova, N.; Fajstova, A.; Hudcovic, T.; Kostovcik, M.; Prochazkova, P.; Jiraskova Zakostelska,
Z.; Cermakova, M.; Sediva, B.; et al. Diet Rich in Animal Protein Promotes Pro-Inflammatory Macrophage Response and
Exacerbates Colitis in Mice. Front. Immunol. 2019, 10, d0i:10.3389/fimmu.2019.00919.



Nutrients 2021, 13, 823 32 0of 36

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Vidal-Lletjos, S.; Andriamihaja, M.; Blais, A.; Grauso, M.; Lepage, P.; Davila, A.-M.; Viel, R.; Gaudichon, C.; Leclerc, M.;
Blachier, F.; et al. Dietary Protein Intake Level Modulates Mucosal Healing and Mucosa-Adherent Microbiota in Mouse
Model of Colitis. Nutrients 2019, 11, 514, d0i:10.3390/nu11030514.

Haghikia, A.; Jorg, S.; Duscha, A.; Berg, J.; Manzel, A.; Waschbisch, A.; Hammer, A.; Lee, D.-H.; May, C.; Wilck, N.; et al.
Dietary Fatty Acids Directly Impact Central Nervous System Autoimmunity via the Small Intestine. Immunity 2015, 43, 817—
829, d0i:10.1016/j.immuni.2015.09.007.

Neumann, C; Blume, J.; Roy, U.; Teh, P.P.; Vasanthakumar, A.; Beller, A.; Liao, Y.; Heinrich, F.; Arenzana, T.L.; Hackney,
J.A.; et al. C-Maf-Dependent Treg Cell Control of Intestinal TH17 Cells and IgA Establishes Host-Microbiota Homeostasis.
Nat. Immunol. 2019, 20, 471-481, d0i:10.1038/s41590-019-0316-2.

Kunisawa, J.; Hashimoto, E.; Inoue, A.; Nagasawa, R.; Suzuki, Y.; Ishikawa, I.; Shikata, S.; Arita, M.; Aoki, J.; Kiyono, H.
Regulation of Intestinal IgA Responses by Dietary Palmitic Acid and Its Metabolism. J. Immunol. 2014, 193, 1666-1671,
d0i:10.4049/jimmunol.1302944.

Bassaganya-Riera, J.; Reynolds, K.; Martino-Catt, S.; Cui, Y.; Hennighausen, L.; Gonzalez, F.; Rohrer, J.; Benninghoff, A.U.;
Hontecillas, R. Activation of PPAR Gamma and Delta by Conjugated Linoleic Acid Mediates Protection from Experimental
Inflammatory Bowel Disease. Gastroenterology 2004, 127, 777-791, doi:10.1053/j.gastro.2004.06.049.

Hontecillas, R.; Horne, W.T.; Climent, M.; Guri, A.J; Evans, C.; Zhang, Y.; Sobral, B.W.; Bassaganya-Riera, J.
Immunoregulatory Mechanisms of Macrophage PPAR-y in Mice with Experimental Inflammatory Bowel Disease. Mucosal
Immunol. 2011, 4, 304-313, d0i:10.1038/mi.2010.75.

Nelson, V.L.; Nguyen, H.C.B.; Garcia-Cafaveras, ].C.; Briggs, E.R.; Ho, W.Y.; DiSpirito, J.R.; Marinis, ].M.; Hill, D.A.; Lazar,
M.A.PPARY Is a Nexus Controlling Alternative Activation of Macrophages via Glutamine Metabolism. Genes Dev. 2018, 32,
1035-1044, doi:10.1101/gad.312355.118.

Ramirez-Orozco, R.E.; Franco Robles, E.; Pérez Vazquez, V.; Ramirez Emiliano, J.; Hernandez Luna, M.A.; Lépez Briones,
S. Diet-Induced Obese Mice Exhibit Altered Immune Responses to Early Salmonella Typhimurium Oral Infection. J.
Microbiol. 2018, 56, 673-682, d0i:10.1007/s12275-018-8083-6.

Heras, V.L.; Clooney, A.G.; Ryan, F.J.; Cabrera-Rubio, R.; Casey, P.G.; Hueston, C.M.; Pinheiro, J.; Rudkin, J.K.; Melgar, S.;
Cotter, P.D.; et al. Short-Term Consumption of a High-Fat Diet Increases Host Susceptibility to Listeria Monocytogenes
Infection. Microbiome 2019, 7, doi:10.1186/s40168-019-0621-x.

Zhang, D.; Jin, W.; Wu, R;; Li, ].; Park, S.-A.; Tu, E.; Zanvit, P.; Xu, J.; Liu, O,; Cain, A; et al. High Glucose Intake Exacerbates
Autoimmunity through Reactive-Oxygen-Species-Mediated TGF-f3 Cytokine Activation. Immunity 2019, 51, 671-681.e5,
d0i:10.1016/j.immuni.2019.08.001.

Fajstova, A.; Galanova, N.; Coufal, S.; Malkova, J.; Kostovcik, M.; Cermakova, M.; Pelantova, H.; Kuzma, M.; Sediva, B.;
Hudcovic, T.; et al. Diet Rich in Simple Sugars Promotes Pro-Inflammatory Response via Gut Microbiota Alteration and
TLR4 Signaling. Cells 2020, 9, 2701, doi:10.3390/cells9122701.

Ang, Q.Y.; Alexander, M.; Newman, J.C,; Tian, Y.; Cai, ].; Upadhyay, V.; Turnbaugh, J.A.; Verdin, E.; Hall, K.D.; Leibel, R.L.;
et al. Ketogenic Diets Alter the Gut Microbiome Resulting in Decreased Intestinal Th17 Cells. Cell 2020, 181, 1263-1275.e16,
doi:10.1016/j.cell.2020.04.027.

Lamas, B.; Natividad, ].M.; Sokol, H. Aryl Hydrocarbon Receptor and Intestinal Immunity. Mucosal Immunol. 2018, 11, 1024—
1038, d0i:10.1038/s41385-018-0019-2.

Lv, Q; Wang, K.; Qiao, S.; Yang, L.; Xin, Y.; Dai, Y.; Wei, Z. Norisoboldine, a Natural AhR Agonist, Promotes Treg
Differentiation and Attenuates Colitis via Targeting Glycolysis and Subsequent NAD+/SIRT1/SUV39H1/H3K9me3
Signaling Pathway. Cell Death Dis. 2018, 9, 258, doi:10.1038/s41419-018-0297-3.

Lv, Q. Shi, C; Qiao, S.; Cao, N.; Guan, C.; Dai, Y.; Wei, Z. Alpinetin Exerts Anti-Colitis Efficacy by Activating AhR,
Regulating MiR-302/DNMT-1/CREB Signals, and Therefore Promoting Treg Differentiation. Cell Death Dis. 2018, 9, 1-25,
do0i:10.1038/s41419-018-0814-4.

Huerta-Yepez, S.; Tirado-Rodriguez, A.; Montecillo-Aguado, M.R,; Yang, ]J.; Hammock, B.D.; Hankinson, O. Aryl
Hydrocarbon Receptor-Dependent Inductions of Omega-3 and Omega-6 Polyunsaturated Fatty Acid Metabolism Act
Inversely on Tumor Progression. Sci. Rep. 2020, 10, 7843, d0i:10.1038/s41598-020-64146-6.

Kinoshita, M.; Kayama, H.; Kusu, T.; Yamaguchi, T.; Kunisawa, J.; Kiyono, H.; Sakaguchi, S.; Takeda, K. Dietary Folic Acid
Promotes Survival of Foxp3+ Regulatory T Cells in the Colon. ] Immunol. 2012, 189, 2869-2878,
doi:10.4049/jimmunol.1200420.

Bono, M.R; Tejon, G.; Flores-Santibanez, F.; Fernandez, D.; Rosemblatt, M.; Sauma, D. Retinoic Acid as a Modulator of T
Cell Immunity. Nutrients 2016, 8, 349, doi:10.3390/nu8060349.

Howie, D.; Cobbold, S.P.; Adams, E.; Ten Bokum, A.; Necula, A.S.; Zhang, W.; Huang, H.; Roberts, D.J.; Thomas, B.; Hester,
S.S.; et al. Foxp3 Drives Oxidative Phosphorylation and Protection from Lipotoxicity. JCI Insight 2017, 2, e89160,
doi:10.1172/jci.insight.89160.

Cantorna, M.T,; Lin, Y.-D.; Arora, ].; Bora, S.; Tian, Y.; Nichols, R.G.; Patterson, A.D. Vitamin D Regulates the Microbiota to
Control the Numbers of RORyt/FoxP3+ Regulatory T Cells in the Colon. Front. Immunol. 2019, 10,
d0i:10.3389/fimmu.2019.01772.



Nutrients 2021, 13, 823 33 0f 36

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Lane, M.M.; Davis, J.A,; Beattie, S.; Gomez-Donoso, C.; Loughman, A.; O'Neil, A.; Jacka, F.; Berk, M.; Page, R.; Marx, W.; et
al. Ultraprocessed Food and Chronic Noncommunicable Diseases: A Systematic Review and Meta-Analysis of 43
Observational Studies. Obes. Rev. Off. ]. Int. Assoc. Study Obes. 2020, doi:10.1111/0obr.13146.

Chassaing, B.; Koren, O.; Goodrich, ].K.; Poole, A.C,; Srinivasan, S.; Ley, R.E.; Gewirtz, A.T. Dietary Emulsifiers Impact the
Mouse Gut Microbiota Promoting Colitis and Metabolic Syndrome. Nature 2015, 519, 92-96, doi:10.1038/nature14232.

de Koning, L.; Malik, V.S.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Sugar-Sweetened and Artificially Sweetened Beverage
Consumption and Risk of Type 2 Diabetes in Men. Am. |. Clin. Nutr. 2011, 93, 1321-1327, d0i:10.3945/ajcn.110.007922.
Leandro, ].G.B.; Espindola-Netto, ].M.; Vianna, M.C.F.; Gomez, L.S.; DeMaria, T.M.; Marinho-Carvalho, M.M.; Zancan, P.;
Paula Neto, H.A.; Sola-Penna, M. Exogenous Citrate Impairs Glucose Tolerance and Promotes Visceral Adipose Tissue
Inflammation in Mice. Br. ]. Nutr. 2016, 115, 967-973, d0i:10.1017/50007114516000027.

Kelly, B.; O'Neill, L.A.]J. Metabolic Reprogramming in Macrophages and Dendritic Cells in Innate Immunity. Cell Res. 2015,
25,771-784, d0i:10.1038/cr.2015.68.

Ashbrook, M.]J.; McDonough, K.L.; Pituch, J.J.; Christopherson, P.L.; Cornell, T.T.; Selewski, D.T.; Shanley, T.P.; Blatt, N.B.
Citrate Modulates Lipopolysaccharide-Induced Monocyte Inflammatory Responses. Clin. Exp. Immunol. 2015, 180, 520-530,
doi:10.1111/cei.12591.

Aguiar, S.L.F.; Miranda, M.C.G.; Guimaraes, M.A F.; Santiago, H.C.; Queiroz, C.P.; da Silva Cunha, P.; Cara, D.C.; Foureaux,
G.; Ferreira, A.].; Cardoso, V.N,; et al. High-Salt Diet Induces IL-17-Dependent Gut Inflammation and Exacerbates Colitis in
Mice. Front. Immunol. 2017, 8, 1969, doi:10.3389/fimmu.2017.01969.

Ferguson, ].E.; Aden, L.A ; Barbaro, N.R.; Van Beusecum, J.P.; Xiao, L.; Simmons, A.J.; Warden, C.; Pasic, L.; Himmel, L.E.;
Washington, M.K,; et al. High Dietary Salt-Induced Dendritic Cell Activation Underlies Microbial Dysbiosis-Associated
Hypertension. JCI Insight 2019, 5, d0i:10.1172/jci.insight.126241.

Binger, K.J.; Gebhardt, M.; Heinig, M.; Rintisch, C.; Schroeder, A.; Neuhofer, W.; Hilgers, K.; Manzel, A.; Schwartz, C,;
Kleinewietfeld, M.; et al. High Salt Reduces the Activation of IL-4— and IL-13-Stimulated Macrophages. J. Clin. Investig. 2015,
125, 4223-4238, doi:10.1172/JCI80919.

Hucke, S.; Eschborn, M.; Liebmann, M.; Herold, M.; Freise, N.; Engbers, A.; Ehling, P.; Meuth, S.G.; Roth, J.; Kuhlmann, T.;
et al. Sodium Chloride Promotes Pro-Inflammatory Macrophage Polarization Thereby Aggravating CNS Autoimmunity. J.
Autoimmun. 2016, 67, 90-101, doi:10.1016/j.jaut.2015.11.001.

Tubbs, A.L.; Liu, B.; Rogers, T.D.; Sartor, R.B.; Miao, E.A. Dietary Salt Exacerbates Experimental Colitis. J. Immunol. 2017,
199, 1051-1059, doi:10.4049/jimmunol.1700356.

Ip, W.K.E.; Medzhitov, R. Macrophages Monitor Tissue Osmolarity and Induce Inflammatory Response through NLRP3
and NLRC4 Inflammasome Activation. Nat. Commun. 2015, 6, 6931, doi:10.1038/ncomms7931.

Willebrand, R.; Kleinewietfeld, M. The Role of Salt for Immune Cell Function and Disease. Immunology 2018, 154, 346-353,
do0i:10.1111/imm.12915.

Lang, F.; Stournaras, C.; Zacharopoulou, N.; Voelk], J.; Alesutan, I. Serum- and Glucocorticoid-Inducible Kinase 1 and the
Response to Cell Stress. Cell Stress 2019, 3, 1-8, d0i:10.15698/cst2019.01.170.

Wilck, N.; Matus, M.G.; Kearney, S.M.; Olesen, S.W.; Forslund, K.; Bartolomaeus, H.; Haase, S.; Méahler, A.; Balogh, A,;
Markd, L.; et al. Salt-Responsive Gut Commensal Modulates TH17 Axis and Disease. Nature 2017, 551, 585-589,
doi:10.1038/nature24628.

Pinget, G.; Tan, J.; Janac, B.; Kaakoush, N.O.; Angelatos, A.S.; O’Sullivan, J.; Koay, Y.C.; Sierro, F.; Davis, J.; Divakarla, S.K,;
et al. Impact of the Food Additive Titanium Dioxide (E171) on Gut Microbiota-Host Interaction. Front. Nutr. 2019, 6, 57,
d0i:10.3389/fnut.2019.00057.

Bettini, S.; Boutet-Robinet, E.; Cartier, C.; Coméra, C.; Gaultier, E.; Dupuy, J.; Naud, N.; Taché, S.; Grysan, P.; Reguer, S.; et
al. Food-Grade TiO2 Impairs Intestinal and Systemic Immune Homeostasis, Initiates Preneoplastic Lesions and Promotes
Aberrant Crypt Development in the Rat Colon. Sci. Rep. 2017, 7, d0i:10.1038/srep40373.

Chen, Q.; Wang, N.; Zhu, M,; Lu, J.; Zhong, H.; Xue, X.; Guo, S.; Li, M.; Wei, X,; Tao, Y.; et al. TiO2 Nanoparticles Cause
Mitochondrial Dysfunction, Activate Inflammatory Responses, and Attenuate Phagocytosis in Macrophages: A Proteomic
and Metabolomic Insight. Redox Biol. 2018, 15, 266-276, d0i:10.1016/j.redox.2017.12.011.

Viennois, E.; Merlin, D.; Gewirtz, A.T.; Chassaing, B. Dietary Emulsifier-Induced Low-Grade Inflammation Promotes Colon
Carcinogenesis. Cancer Res. 2017, 77, 27-40, doi:10.1158/0008-5472.CAN-16-1359.

Swidsinski, A.; Ung, V.; Sydora, B.C.; Loening-Baucke, V.; Doerffel, Y.; Verstraelen, H.; Fedorak, R.N. Bacterial Overgrowth
and Inflammation of Small Intestine after Carboxymethylcellulose Ingestion in Genetically Susceptible Mice. Inflamm. Bowel
Dis. 2009, 15, 359-364, d0i:10.1002/ibd.20763.

Laudisi, F.; Di Fusco, D.; Dinallo, V.; Stolfi, C.; Di Grazia, A.; Marafini, I.; Colantoni, A.; Ortenzi, A.; Alteri, C.; Guerrieri, F.;
et al. The Food Additive Maltodextrin Promotes Endoplasmic Reticulum Stress-Driven Mucus Depletion and Exacerbates
Intestinal Inflammation. Cell. Mol. Gastroenterol. Hepatol. 2019, 7, 457-473, doi:10.1016/j.jcmgh.2018.09.002.

Kleinewietfeld, M.; Manzel, A.; Titze, J.; Kvakan, H.; Yosef, N.; Linker, R.A.; Muller, D.N.; Hafler, D.A. Sodium Chloride
Drives Autoimmune Disease by the Induction of Pathogenic TH17 Cells. Nature 2013, 496, 518-522, d0i:10.1038/nature11868.
Zhou, X.; Zhang, L.; Ji, W.-]; Yuan, F.; Guo, Z.-Z; Pang, B.; Luo, T.; Liu, X.; Zhang, W.-C,; Jiang, T.-M.; et al. Variation in
Dietary Salt Intake Induces Coordinated Dynamics of Monocyte Subsets and Monocyte-Platelet Aggregates in Humans:
Implications in End Organ Inflammation. PLoS ONE 2013, 8, e60332, doi:10.1371/journal.pone.0060332.



Nutrients 2021, 13, 823 34 of 36

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Hernandez, A.L; Kitz, A.; Wu, C,; Lowther, D.E.; Rodriguez, D.M.; Vudattu, N.; Deng, S.; Herold, K.C.; Kuchroo, V.K,;
Kleinewietfeld, M.; et al. Sodium Chloride Inhibits the Suppressive Function of FOXP3+ Regulatory T Cells. J. Clin. Investig.
2015, 125, 4212-4222, doi:10.1172/JCI81151.

Yang, Y.H.; Istomine, R.; Alvarez, F.; Al-Aubodah, T.-A.; Shi, X.Q.; Takano, T.; Thornton, A.M.; Shevach, E.M.; Zhang, ].;
Piccirillo, C.A. Salt Sensing by Serum/Glucocorticoid-Regulated Kinase 1 Promotes Th17-like Inflammatory Adaptation of
Foxp3+ Regulatory T Cells. Cell Rep. 2020, 30, 1515-1529.e4, doi:10.1016/j.celrep.2020.01.002.

Jobin, K.; Stumpf, N.E.; Schwab, S.; Eichler, M.; Neubert, P.; Rauh, M.; Adamowski, M.; Babyak, O.; Hinze, D.; Sivalingam,
S.; et al. A High-Salt Diet Compromises Antibacterial Neutrophil Responses through Hormonal Perturbation. Sci. Transl.
Med. 2020, 12, doi:10.1126/scitranslmed.aay3850.

Suez, J.; Korem, T.; Zeevi, D.; Zilberman-Schapira, G.; Thaiss, C.A.; Maza, O.; Israeli, D.; Zmora, N.; Gilad, S.; Weinberger,
A.; et al. Artificial Sweeteners Induce Glucose Intolerance by Altering the Gut Microbiota. Nature 2014, 514, 181-186,
doi:10.1038/nature13793.

Bian, X.; Chi, L.; Gao, B.; Tu, P.; Ru, H.; Lu, K. Gut Microbiome Response to Sucralose and Its Potential Role in Inducing
Liver Inflammation in Mice. Front. Physiol. 2017, 8, 487, doi:10.3389/fphys.2017.00487.

Butler, M.; Boyle, ].J.; Powell, ].].; Playford, R.]J.; Ghosh, S. Dietary Microparticles Implicated in Crohn’s Disease Can Impair
Macrophage Phagocytic Activity and Act as Adjuvants in the Presence of Bacterial Stimuli. Inflamm. Res. 2007, 56, 353-361,
d0i:10.1007/s00011-007-7068-4.

Ruiz, P.A.; Mordn, B.; Becker, HM.; Lang, S.; Atrott, K,; Spalinger, M.R.; Scharl, M.; Wojtal, K.A.; Fischbeck-Terhalle, A.;
Frey-Wagner, I; et al. Titanium Dioxide Nanoparticles Exacerbate DSS-Induced Colitis: Role of the NLRP3 Inflammasome.
Gut 2017, 66, 1216-1224, doi:10.1136/gutjnl-2015-310297.

Balmer, M.L.; Ma, E.H.; Bantug, G.R,; Gréhlert, ].; Pfister, S.; Glatter, T.; Jauch, A.; Dimeloe, S.; Slack, E.; Dehio, P.; et al.
Memory CD8(+) T Cells Require Increased Concentrations of Acetate Induced by Stress for Optimal Function. Immunity
2016, 44, 1312-1324, doi:10.1016/j.immuni.2016.03.016.

Donohoe, D.R.; Garge, N.; Zhang, X.; Sun, W.; O’Connell, T.M.; Bunger, M.K.; Bultman, S.]. The Microbiome and Butyrate
Regulate Energy Metabolism and Autophagy in the Mammalian Colon. Cell Metab. 2011, 13, 517-526,
doi:10.1016/j.cmet.2011.02.018.

Byndloss, M.X.; Olsan, E.E.; Rivera-Chavez, F.; Tiffany, C.R.; Cevallos, S.A.; Lokken, K.L.; Torres, T.P.; Byndloss, A.J.; Faber,
F.; Gao, Y.; et al. Microbiota-Activated PPAR-y Signaling Inhibits Dysbiotic Enterobacteriaceae Expansion. Science 2017, 357,
570-575, doi:10.1126/science.aam9949.

Macia, L.; Tan, J.; Vieira, A.T.; Leach, K; Stanley, D.; Luong, S.; Maruya, M.; lan McKenzie, C.; Hijikata, A.; Wong, C.; et al.
Metabolite-Sensing Receptors GPR43 and GPR109A Facilitate Dietary Fibre-Induced Gut Homeostasis through Regulation
of the Inflammasome. Nat. Commun. 2015, 6, 6734, doi:10.1038/ncomms7734.

Panda, S.K.; Colonna, M. Innate Lymphoid Cells in Mucosal Immunity. Front. Immunol. 2019, 10, 861,
d0i:10.3389/fimmu.2019.00861.

Monteleone, I.; Rizzo, A.; Sarra, M.; Sica, G.; Sileri, P.; Biancone, L.; MacDonald, T.T.; Pallone, F.; Monteleone, G. Aryl
Hydrocarbon Receptor-Induced Signals up-Regulate IL-22 Production and Inhibit Inflammation in the Gastrointestinal
Tract. Gastroenterology 2011, 141, 237-248.e1, doi:10.1053/j.gastro.2011.04.007.

Chun, E.; Lavoie, S.; Fonseca-Pereira, D.; Bae, S.; Michaud, M.; Hoveyda, H.R.; Fraser, G.L.; Gallini Comeau, C.A.; Glickman,
J.N.; Fuller, M.H.; et al. Metabolite-Sensing Receptor Ffar2 Regulates Colonic Group 3 Innate Lymphoid Cells and Gut
Immunity. Immunity 2019, 51, 871-884.e6, doi:10.1016/j.immuni.2019.09.014.

Bhatt, B.; Zeng, P.; Zhu, H.; Sivaprakasam, S.; Li, S.; Xiao, H.; Dong, L.; Shiao, P.; Kolhe, R.; Patel, N.; et al. Gpr109a Limits
Microbiota-Induced IL-23 Production To Constrain ILC3-Mediated Colonic Inflammation. J. Immunol. 2018, 200, 2905-2914,
d0i:10.4049/jimmunol.1701625.

Kim, S.-H.; Cho, B.-H.; Kiyono, H.; Jang, Y.-S. Microbiota-Derived Butyrate Suppresses Group 3 Innate Lymphoid Cells in
Terminal Ileal Peyer’s Patches. Sci. Rep. 2017, 7, d0i:10.1038/s41598-017-02729-6.

Yang, W.; Yu, T,; Huang, X,; Bilotta, A.].; Xu, L.; Lu, Y.; Sun, J.; Pan, F.; Zhou, J.; Zhang, W; et al. Intestinal Microbiota-
Derived Short-Chain Fatty Acids Regulation of Immune Cell IL-22 Production and Gut Immunity. Nat. Commun. 2020, 11,
4457, doi:10.1038/s41467-020-18262-6.

Schulthess, J.; Pandey, S.; Capitani, M.; Rue-Albrecht, K.C.; Arnold, I; Franchini, F.; Chomka, A.; Ilott, N.E.; Johnston,
D.G.W; Pires, E; et al. The Short Chain Fatty Acid Butyrate Imprints an Antimicrobial Program in Macrophages. Immunity
2019, 50, 432-445.e7, doi:10.1016/j.immuni.2018.12.018.

Scott, N.A.; Andrusaite, A.; Andersen, P.; Lawson, M.; Alcon-Giner, C.; Leclaire, C.; Caim, S.; Le Gall, G.; Shaw, T.; Connolly,
J.P.R,; et al. Antibiotics Induce Sustained Dysregulation of Intestinal T Cell Immunity by Perturbing Macrophage
Homeostasis. Sci. Transl. Med. 2018, 10, doi:10.1126/scitranslmed.aao4755.

Tan, J.; McKenzie, C.; Vuillermin, P.J.; Goverse, G.; Vinuesa, C.G.; Mebius, R.E.; Macia, L.; Mackay, C.R. Dietary Fiber and
Bacterial SCFA Enhance Oral Tolerance and Protect against Food Allergy through Diverse Cellular Pathways. Cell Rep. 2016,
15, 2809-2824, d0i:10.1016/j.celrep.2016.05.047.

Sinclair, C.; Bommakanti, G.; Gardinassi, L.; Loebbermann, J.; Johnson, M.].; Hakimpour, P.; Hagan, T.; Benitez, L.; Todor,
A.; Machiah, D.; et al. MTOR Regulates Metabolic Adaptation of APCs in the Lung and Controls the Outcome of Allergic
Inflammation. Science 2017, 357, 1014-1021, doi:10.1126/science.aaj2155.



Nutrients 2021, 13, 823 35 0f 36

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Sanchez, H.N.; Moroney, J.B.; Gan, H.; Shen, T; Im, J.L.; Li, T.; Taylor, J.R.; Zan, H.; Casali, P. B Cell-Intrinsic Epigenetic
Modulation of Antibody Responses by Dietary Fiber-Derived Short-Chain Fatty Acids. Nat. Commun. 2020, 11, 60,
do0i:10.1038/s41467-019-13603-6.

Kim, M.; Qie, Y.; Park, J.; Kim, C.H. Gut Microbial Metabolites Fuel Host Antibody Responses. Cell Host Microbe 2016, 20,
202-214, doi:10.1016/j.chom.2016.07.001.

Luu, M,; Pautz, S.; Kohl, V.; Singh, R.; Romero, R.; Lucas, S.; Hofmann, J.; Raifer, H.; Vachharajani, N.; Carrascosa, L.C.; et
al. The Short-Chain Fatty Acid Pentanoate Suppresses Autoimmunity by Modulating the Metabolic-Epigenetic Crosstalk in
Lymphocytes. Nat. Commun. 2019, 10, 760, doi:10.1038/s41467-019-08711-2.

Park, J.; Kim, M.; Kang, S.G.; Jannasch, A.H.; Cooper, B.; Patterson, J.; Kim, C.H. Short-Chain Fatty Acids Induce Both
Effector and Regulatory T Cells by Suppression of Histone Deacetylases and Regulation of the MTOR-S6K Pathway. Mucosal
Immunol. 2015, 8, 80-93, d0i:10.1038/mi.2014.44.

Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The
Microbial Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569-573,
doi:10.1126/science.1241165.

Bachem, A.; Makhlouf, C; Binger, K.J.; de Souza, D.P.; Tull, D.; Hochheiser, K.; Whitney, P.G.; Fernandez-Ruiz, D.; Déhling,
S.; Kastenmidiller, W.; et al. Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-
Activated CD8+ T Cells. Immunity 2019, 51, 285-297.e5, d0i:10.1016/j.immuni.2019.06.002.

den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.-J.; Bakker, B.M. The Role of Short-Chain Fatty Acids
in the Interplay between Diet, Gut Microbiota, and Host Energy Metabolism. |. Lipid Res. 2013, 54, 2325-2340,
doi:10.1194/j1r.R036012.

Adam, C.L.; Williams, P.A.; Dalby, M.].; Garden, K.; Thomson, L.M.; Richardson, A.].; Gratz, S.W.; Ross, A.W. Different
Types of Soluble Fermentable Dietary Fibre Decrease Food Intake, Body Weight Gain and Adiposity in Young Adult Male
Rats. Nutr. Metab. 2014, 11, 36, doi:10.1186/1743-7075-11-36.

De Vadder, F.; Kovatcheva-Datchary, P.; Zitoun, C.; Duchampt, A.; Backhed, F.; Mithieux, G. Microbiota-Produced
Succinate Improves Glucose Homeostasis via Intestinal Gluconeogenesis. Cell Metab. 2016, 24, 151-157,
doi:10.1016/j.cmet.2016.06.013.

Connors, J.; Dawe, N.; Van Limbergen, J. The Role of Succinate in the Regulation of Intestinal Inflammation. Nutrients 2018,
11, 25, d0i:10.3390/nu11010025.

Liu, Y.; Hou, Y.; Wang, G.; Zheng, X.; Hao, H. Gut Microbial Metabolites of Aromatic Amino Acids as Signals in Host-
Microbe Interplay. Trends Endocrinol. Metab. TEM 2020, 31, 818-834, doi:10.1016/j.tem.2020.02.012.

Dodd, D.; Spitzer, M.H.; Van Treuren, W.; Merrill, B.D.; Hryckowian, A.J.; Higginbottom, S.K.; Le, A.; Cowan, T.M.; Nolan,
G.P.; Fischbach, M. A ; et al. A Gut Bacterial Pathway Metabolizes Aromatic Amino Acids into Nine Circulating Metabolites.
Nature 2017, 551, 648-652, d0i:10.1038/nature24661.

Babu, S.T.; Niu, X,; Raetz, M.; Savani, R.C.; Hooper, L.V.; Mirpuri, J. Maternal High-Fat Diet Results in Microbiota-
Dependent Expansion of ILC3s in Mice Offspring. JCI Insight 2018, 3, doi:10.1172/jci.insight.99223.

Cervantes-Barragan, L.; Chai, ].N.; Tianero, M.D.; Di Luccia, B.; Ahern, P.P.; Merriman, J.; Cortez, V.S.; Caparon, M.G,;
Donia, M.S,; Gilfillan, S.; et al. Lactobacillus Reuteri Induces Gut Intraepithelial CD4+CD8ao+ T Cells. Science 2017, 357,
806-810, doi:10.1126/science.aah5825.

Kaya, B.; Donas, C.; Wuggenig, P.; Diaz, O.E.; Morales, R.A.; Melhem, H.; Swiss IBD Cohort Investigators; Hernandez, P.P.;
Kaymak, T.; Das, S.; et al. Lysophosphatidic Acid-Mediated GPR35 Signaling in CX3CR1+ Macrophages Regulates Intestinal
Homeostasis. Cell Rep. 2020, 32, 107979, doi:10.1016/j.celrep.2020.107979.

Martin-Gallausiaux, C.; Larraufie, P.; Jarry, A.; Béguet-Crespel, F.; Marinelli, L.; Ledue, F.; Reimann, F.; Blottiere, H.M.;
Lapaque, N. Butyrate Produced by Commensal Bacteria Down-Regulates Indolamine 2,3-Dioxygenase 1 (IDO-1) Expression
via a Dual Mechanism in Human Intestinal Epithelial Cells. Front. Immunol. 2018, 9, 2838, doi:10.3389/fimmu.2018.02838.
Rosser, E.C.; Piper, C.J.M.; Matei, D.E.; Blair, P.A.; Rendeiro, A.F.; Orford, M.; Alber, D.G.; Krausgruber, T.; Catalan, D.;
Klein, N.; et al. Microbiota-Derived Metabolites Suppress Arthritis by Amplifying Aryl-Hydrocarbon Receptor Activation
in Regulatory B Cells. Cell Metab. 2020, 31, 837-851.e10, doi:10.1016/j.cmet.2020.03.003.

Lamas, B.; Hernandez-Galan, L.; Galipeau, H.J.; Constante, M.; Clarizio, A.; Jury, J.; Breyner, N.M.; Caminero, A.; Rueda,
G.; Hayes, C.L.; et al. Aryl Hydrocarbon Receptor Ligand Production by the Gut Microbiota Is Decreased in Celiac Disease
Leading to Intestinal Inflammation. Sci. Transl. Med. 2020, 12, doi:10.1126/scitranslmed.aba0624.

Ridlon, J.M.; Kang, D.-J.; Hylemon, P.B. Bile Salt Biotransformations by Human Intestinal Bacteria. J. Lipid Res. 2006, 47, 241-
259, d0i:10.1194/jlr.R500013-JLR200.

Fiorucci, S.; Biagioli, M.; Zampella, A.; Distrutti, E. Bile Acids Activated Receptors Regulate Innate Immunity. Front.
Immunol. 2018, 9, 1853, d0i:10.3389/fimmu.2018.01853.

Yoneno, K.; Hisamatsu, T.; Shimamura, K.; Kamada, N.; Ichikawa, R.; Kitazume, M.T.; Mori, M.; Uo, M.; Namikawa, Y.;
Matsuoka, K.; et al. TGR5 Signalling Inhibits the Production of Pro-Inflammatory Cytokines by in Vitro Differentiated
Inflammatory and Intestinal Macrophages in Crohn’s Disease. Immunology 2013, 139, 19-29, doi:10.1111/imm.12045.
Sorrentino, G.; Perino, A.; Yildiz, E.; El Alam, G.; Bou Sleiman, M.; Gioiello, A.; Pellicciari, R.; Schoonjans, K. Bile Acids
Signal via TGR5 to Activate Intestinal Stem Cells and Epithelial Regeneration. Gastroenterology 2020, 159, 956-968.e8,
doi:10.1053/j.gastro.2020.05.067.



Nutrients 2021, 13, 823 36 of 36

229.

230.

231.

232.

233.

234.

Perino, A.; Pols, TW.H.; Nomura, M.; Stein, S.; Pellicciari, R.; Schoonjans, K. TGR5 Reduces Macrophage Migration through
MTOR-Induced C/EBPp Differential Translation. J. Clin. Investig. 2014, 124, 5424-5436, doi:10.1172/JCI76289.

Gadaleta, R.M.; van Erpecum, K.J.; Oldenburg, B.; Willemsen, E.C.L.; Renooij, W.; Murzilli, S.; Klomp, L.W.].; Siersema,
P.D.; Schipper, M.E.I; Danese, S.; et al. Farnesoid X Receptor Activation Inhibits Inflammation and Preserves the Intestinal
Barrier in Inflammatory Bowel Disease. Gut 2011, 60, 463-472, d0i:10.1136/gut.2010.212159.

Song, X.; Sun, X.; Oh, S.F.; Wu, M.; Zhang, Y.; Zheng, W.; Geva-Zatorsky, N.; Jupp, R.; Mathis, D.; Benoist, C.; et al. Microbial
Bile Acid Metabolites Modulate Gut RORy+ Regulatory T Cell Homeostasis. Nature 2020, 577, 410415, doi:10.1038/s41586-
019-1865-0.

Hang, S.; Paik, D.; Yao, L.; Kim, E.; Trinath, J.; Lu, J.; Ha, S.; Nelson, B.N.; Kelly, S.P.; Wu, L.; et al. Bile Acid Metabolites
Control TH17 and Treg Cell Differentiation. Nature 2019, 576, 143-148, doi:10.1038/s41586-019-1785-z.

Argiiello, R.J.; Combes, A.J.; Char, R.; Gigan, ].-P.; Baaziz, A.L; Bousiquot, E.; Camosseto, V.; Samad, B.; Tsui, J.; Yan, P.; et
al. SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution. Cell
Metab. 2020, 32, 1063-1075.e7, doi:10.1016/j.cmet.2020.11.007.

Simpson, S.J.; Le Couteur, D.G.; James, D.E.; George, ].; Gunton, J.E.; Solon-Biet, S.M.; Raubenheimer, D. The Geometric
Framework for Nutrition as a Tool in Precision Medicine. Nutr. Healthy Aging 2017, 4, 217-226, d0i:10.3233/NHA-170027.



