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Abstract

Nutrient content and nutrient timing are considered key regulators of hu-
man health and a variety of diseases and involve complex interactions with
the mucosal immune system. In particular, the innate immune system is
emerging as an important signaling hub that modulates the response to nu-
tritional signals, in part via signaling through the gut microbiota. In this
review we elucidate emerging evidence that interactions between innate im-
munity and diet affect human metabolic health and disease, including car-
diometabolic disorders, allergic diseases, autoimmune disorders, infections,
and cancers. Furthermore, we discuss the potential modulatory effects of the
gut microbiota on interactions between the immune system and nutrition in
health and disease, namely how it relays nutritional signals to the innate im-
mune system under specific physiological contexts. Finally, we identify key
open questions and challenges to comprehensively understanding the in-
tersection between nutrition and innate immunity and how potential nutri-
tional, immune, andmicrobial therapeuticsmay be developed into promising
future avenues of precision treatment.
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1. INTRODUCTION

Nutrition has a profound impact on human health, as the content, nature, and timing of con-
sumption of specific nutrients are linked to metabolic and immune health and the development
of major human diseases, including metabolic syndrome, autoimmunity, and cancer. The inflam-
matory mechanisms that compose innate immunity are strongly influenced by nutrition, and this
interaction, when perturbed, can profoundly affect disease development. In this review, we discuss
how the immune system, nutrition, and other signaling hubs such as the microbiota interact at the
molecular level to orchestrate metabolic and immune homeostasis, and how altered nutrition–
immune system interactions contribute to disease development and progression (Figure 1). We
furthermore discuss the many unknowns and challenges in this developing field and highlight
how research related to nutrition-based approaches may be harnessed in the future as a modality
to impact immunity and immune system–related human disorders.

2. IMMUNITY AND METABOLIC DISEASE

Metabolic disorders resulting from malnutrition, or from excesses, deficiencies, or imbalances in
food or specific nutrients, have been continuously rising in global prevalence and have reached
epidemic proportions. It is estimated that over 1.9 billion adults are overweight or obese, whereas
462 million are underweight (216). These aberrations give rise to a variety of non-communicable
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The interplay between nutrition, the microbiome, and innate immunity regulates many multifactorial
diseases, including autoimmune disorders, cancers, allergic disease, and obesity. Abbreviations: IBD,
inflammatory bowel disease; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis.

diseases and constitute the major cause of morbidity and mortality worldwide. Importantly, both
innate immunity and metabolism are crucial for survival and have developed interdependently
throughout evolution. A large body of research conducted over the last decade has illuminated
that nutrients act on the host innate immune system to promote or inhibit inflammation, thereby
controlling energy homeostasis and orchestrating metabolic health and disease. The intersection
between diet and innate immunity occurs at the intestinal mucosal barrier, locally secreted host
factors, gut-resident immune and nonimmune cells, and extraintestinal metabolically active tis-
sues, among other levels, which is covered in Section 2.1.3. Additionally, a previously unappreci-
ated mediator of this immune-metabolic cross talk is the gut microbiota, the composite of trillions
of microorganisms occupying the gastrointestinal tract that have the capacity to increase or de-
crease energy extraction from nutrients or alter metabolic signaling and inflammation. Of note,
dietary macro- andmicronutrients alter leukocyte structure (121) and function (28), and their acti-
vation exerts metabolic switches at the cellular level (termed immunometabolism); however, these
topics are beyond the scope of this article and are comprehensively reviewed elsewhere (103, 175).

2.1. Metabolic Syndrome

Metabolic syndrome (also termed cardiometabolic disease) comprises a group of closely related
disorders including obesity, glucose intolerance culminating in adult-onset diabetes mellitus, hy-
percholesterolemia, nonalcoholic fatty liver disease (NAFLD), and hypertension. These disorders
often co-occur, are considered risk factors of each other, and associate with similar sets of genetic
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and environmental risk factors. Collectively, metabolic syndrome is increasingly recognized to
involve aberrant immune processes, which contribute to its development and to the emergence
of its devastating cardiovascular, neurodegenerative, and neoplastic consequences. According to
the thrifty gene theory, the perpetuation of genes associated with obesity and insulin resistance
conferred a survival advantage in prehistoric times, when energy storage and fat accumulation
were essential during periods of prolonged starvation. Many of these genes are expressed by im-
mune cells and are related to inflammation, as increased blood glucose levels provide energy to
the immune system to overcome infections andmajor stressors (100). For instance, IkappaB kinase
beta (IKK-β), a key mediator of inflammatory responses through the activation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), is also a driver of insulin resistance (1).
In modern times, however, a chronic, low-grade inflammation derived from diets commonly con-
sumed by industrialized societies (termed metabolic inflammation) is inadequate and often results
in the development of or contribution to metabolic syndrome or its disease components. Such
Western diets are typically characterized by an intake of high-fat and high-sugar products, a high
proportion of processed food, and a low amount of fiber and their impact on innate immunity and
metabolism is discussed in Sections 2.3 and 3–5 (Figure 2).

2.1.1. Monosaccharides. Elevated levels of glucose in blood (hyperglycemia) trigger nonen-
zymatic glycation of proteins and lipids, creating advanced glycated end products (AGEs). These
compounds activate the pattern recognition receptor RAGE (receptor for advanced glycated end
product), which activates NF-κB and stress kinases and induces production of reactive oxygen
species (ROS). The latter stimulates the NACHT, LRR, and PYD domains-containing protein 3
(NLRP3) inflammasome to produce interleukin 1 beta (IL-1β) and downstream proinflammatory
cytokines (38). Moreover, hyperglycemia induced by various mechanisms prompted a breach
of the intestinal barrier by disrupting the integrity of tight and adherens junctions and by
transcriptional reprogramming of intestinal epithelial cells (181).

Fructose feeding also increased duodenal permeability in mice, which in turn promoted
translocation of intestinal bacterial components, leading to higher expression levels of several
Toll-like receptors (TLRs), induction of proinflammatory pathways, and increased numbers of
macrophages in the liver (203).

2.1.2. Fatty acids. The effect of fatty acids on the innate immune system varies on the
basis of their molecular structure. Saturated fatty acids (SFAs), commonly found in animal fat
products such as whole-milk dairy products and fatty meats, elicit inflammation and insulin
resistance, in line with their high abundance in the lipid A moiety of lipopolysaccharide (LPS).
Conversely, unsaturated fatty acids, found in olive and vegetable oils, nuts, and avocados, possess
anti-inflammatory properties, which are metabolically beneficial (102).

Elevated levels of fatty acids induce inflammation and reduce insulin sensitivity in rodents (69,
145). The proposed mechanisms linking fatty acids to activation of the innate immune system
are manifold. SFAs activate proinflammatory responses in macrophages via TLR2, TLR4, and c-
jun-N-terminal kinase ( JNK) signaling pathways (132, 161). Hence, mice deficient in TLR4 were
protected against high-fat-diet (HFD)-mediated insulin resistance (159, 165). Likewise, mice har-
boring a macrophage-specific JNK deletion and fed a HFD exhibited enhanced insulin sensitivity,
reduced tissue infiltration by macrophages, and suppressed M1 proinflammatory macrophage po-
larization (66). Although not fully elucidated, evidence points to an indirect mechanism by which
SFAs activate TLR4 (98, 161), including binding of SFAs to a TLR coreceptor (164), activating
TLR4 by regulating receptor dimerization (215), or stimulating the release of noninfectious in-
flammatory signals sensed by TLRs (144, 147). Another pathway linking SFAs and TLR receptor
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Macronutrients and their effects on macrophages. Monosaccharides and fatty acids can directly act on
macrophages and modulate two main pathways, the TLR4/MyD88/NF-κB signaling pathway and the
NLRP3 inflammasome, thus leading to metabolic inflammation and insulin resistance. Fructose and AGEs
increase intracellular iNOS, which in turn activates the NLRP3 inflammasome, triggering IL-1β secretion.
Glucose also induces NF-κB, which promotes production of proinflammatory cytokines. SFAs indirectly
activate TLR4 and the NLRP3 inflammasome to promote inflammation and are metabolized into ceramide,
which potentiates the aforementioned proinflammatory effects. UFAs oppose these actions by inhibiting the
NLRP3 inflammasome and the NF-κB pathway, thus exerting an anti-inflammatory effect and ameliorating
metabolic inflammation. Abbreviations: AGE, advanced glycated end product; AMPK, adenosine
monophosphate-activated protein kinase; GPCR120, G-protein-coupled receptor 120; IL, interleukin;
iNOS, induced nitric oxide synthase; iROS, induced reactive oxygen species; MyD88, myeloid
differentiation primary response 88; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells;
NLRP3, NACHT, LRR, and PYD domains-containing protein 3; RAGE, receptor for advanced glycated
end product; SFA, saturated fatty acid; TAK1, transforming growth factor beta-activated kinase 1; TLR4,
Toll-like receptor 4; UFA, unsaturated fatty acid.

activation was observed when TLR4-dependent priming induced cellular metabolic alterations
that were required for SFA-induced inflammation, such as induction of ceramide biosynthesis
(69, 98). Inhibition of ceramide production attenuated insulin resistance in various metabolically
active tissues in mice (69, 193). Additionally, SFAs may promote proinflammatory cytokine release
and insulin resistance by driving NLRP3 inflammasome activation (211), which may be partially
mediated by increased intracellular ceramide levels (197). As such, NLRP3-deficient mice were
protected against HFD-induced obesity (176). Conversely, NLRP1 activation was shown to be
metabolically beneficial, as mice deficient in NLRP1 exhibited exacerbated obesity and features
of metabolic syndrome (126). Furthermore, a recent study suggested that a Western diet char-
acterized by a high fat content could trigger epigenetic reprogramming in myeloid cells, which
enhanced immune responses to TLRs and did not reverse after switching back to normal chow
feeding, indicating that fatty acids can induce innate immune memory (25).
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Contrary to SFAs, unsaturated fatty acids attenuate inflammation. Replacing SFAs with
monounsaturated fatty acids in HFD-fed mice improved insulin sensitivity by inhibiting
NLRP3 inflammasome activation (53). Omega-3 polyunsaturated fatty acids (PUFAs) decrease
macrophage chemotaxis and shift macrophages toward an anti-inflammatory polarization state
by stimulating G-protein-coupled receptor 120 (GPCR120), which subsequently results in the
inactivation of transforming growth factor beta-activated kinase 1 (TAK1) and inhibition of
downstream IKK-β/NF-κB and the JNK/activator protein 1 (AP1) signaling pathways (138).
Additionally, omega-3 fatty acids inhibited NLRP3 inflammasome activation and attenuated
HFD-induced insulin resistance, liver steatosis, and adipocyte hypertrophy (222), and their
metabolites, protectins and resolvins, exhibited anti-inflammatory actions in vitro (6). As such,
mice fed a HFD supplemented with omega-3 fatty acids showed decreased inflammation, im-
proved insulin sensitivity, and improved glucose tolerance (138). Similarly, humans consuming
omega-3 fatty acids exhibited an improvement in some inflammatory and metabolic markers (172,
186). Of note, because the amounts of omega-3 fatty acids required to exert anti-inflammatory
properties may be exceedingly high, an alternative approach would be the use of GPCR120
agonists, which are metabolically effective in mice (139).

2.1.3. End-organ involvement. Consumption of a HFD drives structural and functional al-
terations to innate immune cells and their mediators in various metabolic organs (Figure 3). Al-
though most studies depict diet-induced changes in concert with obesity and are therefore unable
to reliably distinguish dietary effects from those associated with adiposity, some studies have suc-
cessfully isolated the HFD as the sole contributor to innate immune modulation. For instance,
low-grade endotoxemia is triggered shortly after a high-fat meal is consumed and does not re-
quire obesity as a prerequisite (46).

2.1.3.1. Adipose tissue. Macrophages play a major role in diet-induced inflammation of adipose
tissue. HFD-induced obesity in mice was associated with recruitment of macrophages to adipose
tissue and triggered a phenotypic switch to M1 macrophage polarization, thereby upregulating
proinflammatory genes, such as those encoding for tumor necrosis factor alpha (TNF-α) and in-
duced nitric oxide synthase (iNOS), and resulting in insulin resistance (71, 109, 151, 209, 220).
Similar structural changes in human subcutaneous adipose tissue were also documented (209).The
accumulation of macrophages in adipose tissue under a HFD was suggested to involve chemoat-
tractants, such as chemokine ligand 2 (CCL2), as mice lacking CCL2 or its receptor chemokine
receptor 2 (CCR2) showed reduced recruitment of macrophages to epididymal white adipose tis-
sue (110), although other studies failed to replicate this finding (75, 84). Other chemoattractants
suggested to mediate insulin resistance in mice with HFD-induced obesity include leukotriene B4
(106), galectin-3 (105), and semaphorin 3E (166). Similarly, the expression of netrin-1, a chemoat-
tractant expressed by adipose tissue of human andmice with obesity,was inducible inmacrophages
in vitro by the SFA palmitate (154).

Innate lymphoid cells (ILCs) are classified into three major groups (types 1–3) on the basis of
their expressed transcription factors, cell surface markers, and cytokine repertoire. ILC1 popula-
tions in mouse adipose tissue increase shortly after initiation of HFD, even before weight gain (9).
These cells, in turn, produce interferon gamma (IFN-γ) to drive proinflammatory macrophage
polarization, thereby leading to insulin resistance (143). However, once obesity has developed,
prolonged HFD feeding (12 weeks to 8 months) is associated with decreased proportions of ILC1
populations. Likewise, humans with obesity display a lower frequency of ILC1 in their omental
adipose tissue (9). However, ILC2s in white adipose tissue decreased in frequency in humans
with obesity and in mice consuming a HFD.Maintenance of ILC2s in adipose tissue in mice was
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Western diet– and obesity-induced alterations to innate immunity in target organs. Diets rich in saturated
fat and sugar drive histological changes in various organs, including metabolic organs such as adipose tissue,
liver, and muscle, but also in structures in the central nervous system. These changes include recruitment of
circulating bone marrow–derived innate immune cells and polarization of resident immune cells to their
activated state, resulting in a composite proinflammatory phenotype. Abbreviations: IFN-γ, interferon
gamma; IL, interleukin; ILC, innate lymphoid cell; iNOS, induced nitric oxide synthase; NK, natural killer;
RHM, recruited hepatic macrophage; TNF-α, tumor necrosis factor alpha.

dependent on interleukin 33 (IL-33), and this axis promoted adipocyte beiging by the production
of methionine-enkephalin peptides (13). Of note, the impact of ILC2s on metabolism varies
according to their anatomical location, as ILC2s in the small intestine promote obesity (160).

Natural killer (NK) cells also increase in abundance in adipose tissue of humans with obesity
(141) and HFD-fed mice (212), a process that depends on IL-6 and signal transducer and activator
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of transcription 3 (Stat3) signaling (183). NK cells produce IFN-γ and TNF-α, which promote
macrophage inflammation, and indeed their deletion in HFD-fed mice led to decreased accumu-
lation of proinflammatory macrophages in epididymal adipose tissue and normalization of glucose
in insulin tolerance (101, 142).

Other innate immune cell populations that infiltrate adipose tissue and are associated with
metabolic disorders include mast cells, which characterize HFD-fed mice (107) and humans
with obesity or type 2 diabetes mellitus (T2DM) (37, 107). Neutrophils accumulate in the intra-
abdominal adipose tissue in mice early in the course of HFD feeding and precede the appearance
of macrophages in the tissue (45). Conversely, adipose tissue eosinophils sustain alternatively acti-
vated M2 macrophages in an IL-4/IL-13-mediated pathway, and mice lacking eosinophils de-
velop increased body fat, impaired glucose tolerance, and insulin resistance when fed a HFD
(217).

Invariant natural killer T (NKT) cells are also negatively correlated with the degree of obe-
sity in humans and mice (76, 112). They are prone to decrease in adipose tissue in response to
HFD feeding and increase when HFD feeding is halted (111), although other observations show
contradicting evidence (218).

2.1.3.2. Liver. A high-fat, high-sugar Western diet induces a unique inflammatory signa-
ture during NAFLD progression, as recently shown by single-cell RNA sequencing (95). This
inflammatory program involves intricate interactions between immune and nonimmune cells,
leading to nonalcoholic steatohepatitis (NASH) and stellate cell–mediated fibrosis (reviewed in
210). Specifically, HFD-induced obesity in mice drives polarization of Kupffer cells, specialized
macrophages located in the liver, without increasing their numbers (204), and accumulation of
bone marrow–derived circulating monocytes to the liver, termed recruited hepatic macrophages
(RHMs). These cells secrete proinflammatory mediators, such as the cytokines TNF-α and IL-6,
and contribute to the development of NAFLD (123, 137). The transition fromNAFLD toNASH
in mice fed a high-fat, high-cholesterol diet was dependent on TLR4 activation in Kupffer cells
(223).

Neutrophils infiltrate the liver in HFD-fed mice and secrete neutrophil elastase, which ex-
erts paracrine proinflammatory effects, including macrophage polarization and a TLR4-mediated
proinflammatory gene expression profile that contributes to hepatic and adipose insulin resistance
(178).

2.1.3.3. Muscle. HFD-fed mice as well as humans with obesity or glucose intolerance exhibit
macrophage accumulation in skeletal muscle comparedwith their lean counterparts (52, 198).This
process was proven to be CCL2 dependent in mice (52, 148) and resulted in the production of
proinflammatory cytokines, such as TNF-α and IL-1β, subsequently leading to impaired insulin
signaling and glucose metabolism in muscle (148).

2.1.3.4. Pancreas. In vitro studies showed that stimulation of beta islets by glucose led to beta
cell apoptosis via upregulation of the Fas receptor (114). Additionally, glucose and palmitate trig-
gered cytokine and chemokine release from these cells, which also occurred in vivo in HFD-fed
mice (43, 74). The response of beta islets to palmitate was dependent on the TLR4/myeloid dif-
ferentiation primary response 88 (MyD88) pathway and resulted in IL-1β production and sub-
sequent NF-κB activation (42, 74). Of note, acute metabolic stress, such as streptozocin-induced
hyperglycemia, increased IL-33 production by mesenchymal cells within beta islets, which in turn
activated islet ILC2s to secrete IL-13 and granulocyte-macrophage colony-stimulating factor and
stimulated macrophage and dendritic cells (DCs) to produce retinoic acid, and ultimately resulted
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in insulin secretion. This entire axis was suppressed in the presence of obesity, which hinders in-
sulin production, and might explain glucose intolerance in obese states (30). Secreted cytokines,
namely IL-8, prompted macrophage and neutrophil migration to the islets. Indeed, humans with
T2DM showed increased numbers of pancreatic islet-associated macrophages, an observation
replicated in HFD-fed mice (43).

2.1.3.5. Arterial vasculature. Mice bearing a genetic mutation rendering them suscepti-
ble to atherosclerosis and that were MyD88 deficient were protected from the development
of atherosclerotic plaques compared with MyD88-sufficient mice when fed a high-fat, high-
cholesterol diet. MyD88, an adaptor protein downstream of the cluster of differentiation 14
(CD14)/TLR4 recognition complex, was pivotal for macrophage recruitment to the arterial wall
and expression of chemokines (8).

2.1.3.6. Central nervous system. Hypothalamic inflammation, as well as inflammation in other
brain structures, has a central role in the pathogenesis of obesity (64). In vitro studies showed that
SFAs could activate microglia, the resident immune cells of the central nervous system (CNS),
and prompt proinflammatory cytokine secretion (195). This process controls hyperphagia, weight
gain, and leptin resistance and depends on the TLR4/MyD88/NF-κB signaling pathway, remi-
niscent of macrophage activation by SFAs in adipose tissue (see Section 2.1.2) (86, 194, 208).
Additionally, SFAs exerted proinflammatory effects on astrocytes, which were inhibited in a dose-
dependent manner by a polyunsaturated omega-3 fatty acid (65), although this result differed from
that in another study (195). In vivo experiments with short-term HFD feeding led to neuroin-
flammation in rodents, manifesting in reactive gliosis and neuron injury markers, even before the
onset of obesity (182). Substitution of the fatty acid component of the diet with unsaturated fatty
acids in mice attenuated hypothalamic inflammation and improved systemic glucose homeostasis
(26).

2.2. Caloric Restriction and Starvation

At the other end of the metabolic disease spectrum, conditions associated with caloric restriction
or deficiencies in dietary intake and their metabolic aftermath also involve innate immune mod-
ulation. During starvation, the immune response is downregulated, preserving energy supplies
for essential organ functions to allow the organism to survive. Of the many types of malnutri-
tion, environmental enteropathy is a cryptic disorder that affects children living in areas of poor
sanitation and hygiene and is characterized by chronic intestinal inflammation not fully remedia-
ble by nutrition. A recently developed mouse model for environmental enteropathy showed that
both diet and the microbiota were required for the disorder to develop. Mice fed a malnourished
diet supplemented with a mixture of the order Bacteroidales and Escherichia coli showed impaired
intestinal barrier function and microbiota encroachment in vivo, and increased secretion of IL-6
andmonocyte chemoattractant protein 1 (MCP-1) in cultured jejunal sections ex vivo.These mal-
nourished mice were more prone to exacerbated infection with Salmonella typhimurium compared
with control mice (14). Additionally, starvation resulted in downregulation of the brush border
enzyme intestinal alkaline phosphatase, which led to a breach of the gut barrier. Enteral feeding,
specifically with butyrate, maintained this enzyme’s activity (60).

The innate immune system can be altered in the case of specific micronutrient deficiencies; for
instance, vitamin A deprivation results in immune reprogramming, which includes a reduction
in the frequency of ILC3s and their derived cytokines, predisposition to bacterial infections, and
expansion of ILC2s in the small intestinal lamina propria (173). Protein malnutrition impaired
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granuloma formation and the expression of iNOS, IFN-γ, and TNF-α in lungs of mice infected
withMycobacterium tuberculosis, which led to their accelerated demise (22).

As opposed to uncontrolled calorie restriction, which often results in devastating organ
dysfunction stemming from micronutrient and macronutrient deficiencies, controlled calorie
restriction promotes longevity in a variety of organisms. In Caenorhabditis elegans this process
was mediated by modulating p38 mitogen-activated protein kinase signaling, a conserved innate
immunity pathway (219). In mice, calorie restriction triggered compositional and functional mi-
crobiota alterations, manifesting as decreased LPS content. This resulted in increased infiltration
of eosinophils into adipose tissue, type 2 cytokine signaling, and M2 macrophage polarization,
thereby leading to white adipose tissue browning and subsequently to lower weight gain and
improved glucose homeostasis, which was transferable by fecal microbiota transplantation (48,
49). Of note, mice with TLR4 deficiency were resistant to these favorable metabolic alterations
(48). Additionally, calorie restriction led to a reduction in expression of NLRP3-associated
transcripts in visceral and subcutaneous adipose tissues and in the subcutaneous adipose tissue
in humans undergoing a yearlong intensive lifestyle intervention (197). Likewise, starvation
increases production of beta-hydroxybutyrate. This ketone body suppressed the activation of
the NLRP3 inflammasome and reduced the generation of proinflammatory cytokine in human
monocytes in vitro. In vivo, mice harboring gain-of-function mutations rendering the NLRP3
inflammasome constitutively active and thereby mimicking NLRP3 inflammasome–mediated
diseases showed attenuated inflammasome activation and proinflammatory cytokine production
when fed a ketogenic diet (225). Likewise, ketogenic diet and beta-hydroxybutyrate conferred
neuroprotection in a GPCR109A-dependent mechanism in a mouse model for stroke, possibly
by modulating the function of monocytes and macrophages infiltrating the ischemic brain (152).

2.3. Role of the Microbiota

The gut microbiota encounters nutrients consumed by the host and closely interacts with innate
immune cells through a thin mucosal layer, thus acting as an important hub in the host–diet cross
talk. Interactions between the microbiota and nutrients are bidirectional, as bacteria differen-
tially break down food into metabolites on the basis of their genetic repertoire and environmental
stimuli, and dietary habits exert evolutionary forces on the microbiota and thereby shape their
composition. Likewise, the microbiota and its surface structures and secreted factors drive in-
flammatory or tolerogenic signaling in host immune cells to regulate gut microbial ecology, and
the same immune responses may also modulate host metabolism. Hence, many innate immune
sensors, such as TLRs and inflammasomes, and their downstream responses, which are princi-
pally directed against invading microorganisms and pathogen-associated molecular patterns, play
a considerable role in metabolic inflammation, and genetic polymorphisms in these sensors may
predispose to altered risk for metabolic disorders (81). The contribution of the microbiota as a
mediator in the diet–host cross talk is most strikingly demonstrated in antibiotic-treated or germ-
free animals, which are protected against Western diet–induced obesity and metabolic disorders
(4, 18). Herein, we present basic principles of the diet–microbiota–innate immunity interactions
and highlight prominent examples of this tripartite relationship.

The assembly of gut microbiota is substantially affected by the dietary choices and metabolic
state of the host (187). A microbiota consortium obtained from a host with obesity possesses a
greater capacity to harvest energy from diet, compared with a consortium obtained from a lean
host, and this trait was transmissible between hosts by fecal microbiota transplantation (191). Ad-
ditional mechanisms by which the microbiota can induce obesity and metabolic derangements are
metabolic signaling and inflammation. Hence, a diet that shifts the microbiota conformation to
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increase its LPS content would generate low-grade chronic inflammation (metabolic endo-
toxemia), promoting insulin resistance. Indeed, treating HFD-fed mice with broad-spectrum
antibiotics reduced TLR4 activation, ameliorated insulin signaling, and inhibited macrophage
infiltration into the liver and adipose tissue (19). Correspondingly, specific pathogen-free mice
fed SFA-rich lard exhibited increased adipose tissue inflammation and reduced insulin sensitivity,
whereas germ-free andmice deficient in theTLR adaptormoleculeMyD88 fed the same diet were
protected from this perturbed metabolic phenotype (16). Additionally, HFD-fed mice showed in-
creased levels of circulating activators of nucleotide binding oligomerization domain–containing 1
(NOD1), a sensor for bacterial peptidoglycan. Deletion of NOD1 in hematopoietic cells reduced
macrophage proinflammatory polarization in adipose tissue and abrogated insulin resistance (23).
Similarly, mice bearing genetic deletions of other pattern recognition receptors, such as TLR5
(201) and NLRP12 (190), exhibited gut microbiota alterations resulting in exacerbated features
of metabolic syndrome upon HFD feeding. Other genetic deletions, such as NLRP3 (176), were
protective against HFD-induced metabolic aberrations. These altered metabolic phenotypes
could be transferred to wild-type mice by cohousing or fecal microbiota transplantation.

The intestinal mucosal barrier is the interface where most interactions between the host and
the gut microbiota take place. An intricate reciprocal network of signals between the host and its
resident commensals ensures that the inflammatory tone is adequate to inhibit systemic invasion
by microorganisms but tolerant enough to avoid an overwhelming inflammatory response, which
is detrimental to the host. This balance is achieved by sampling of microbial antigens by the in-
nate immune system, leading to secretion of mucus, antimicrobial proteins, and immunoglobulin
A. A breach of the intestinal barrier, which occurs in HFD consumption, may lead to translo-
cation of bacteria or bacteria-derived compounds, resulting in metabolic endotoxemia (185). An
example of host–microbiota interactions affected by dietary or microbiota-derived nutrients is ac-
tivation of the NLRP6 inflammasome by taurine and its suppression by histamine and spermine,
which controls antimicrobial peptide secretion and predisposes to dysbiosis and inflammation
(104).

The microbiota metabolizes nutrients consumed by the host into a plethora of bioactive
compounds, some of which modulate pivotal signaling pathways in the gut and metabolic organs
and govern host metabolic homeostasis. Fermentable fiber is metabolized by the microbiota
into short-chain fatty acids (SCFAs), which activate GPCRs, inhibit histone deacetylases, and
serve as energy substrates (115). SCFAs affect host metabolism in various mechanisms, including
regulating energy expenditure and mitochondrial function (57) and stimulating hormonal cues
that affect food-seeking behavior (21). Importantly, fiber-derived SCFAs promoted mucus pro-
duction and secretion and thereby enhanced intestinal barrier integrity and decreased intestinal
permeability and endotoxemia, which prevented excessive weight gain, attenuated low-grade
inflammation, and improved glucose metabolism (88). Furthermore, SCFAs sustained a healthy
microbial growth, which stimulated IL-22 production possibly by ILC3s, thus promoting
enterocyte proliferation and antimicrobial gene expression and preventing microbiota encroach-
ment,which in turn protects againstHFD-inducedmetabolic syndrome (234). SCFA receptors are
present on immune cells, and GPCR43 activation by SCFAs in adipose tissue M2 macrophages,
but not M1macrophages, induced local TNF-α expression, which might be required for adequate
remodeling of adipose tissue and its beneficial metabolic function (128). Further investigation is
required to elucidate the full potential of SCFAs as direct mediators in metabolic inflammation.
Furthermore, carnitine, a nutrient abundant in red meat, is metabolized by the gut microbiota
into trimethylamine and then into trimethylamine N-oxide (TMAO) in the liver. TMAO, in
turn, upregulates multiple macrophage scavenger receptors and promotes atherosclerosis (87,
207). The microbiota-derived tryptophan metabolites tryptamine and indole-3-acetate attenuate
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proinflammatory responses in macrophages and hepatocytes (96). Finally, not only nutrients but
also food additives can modulate innate immunity through the microbiota, as dietary emulsifiers
altered the microbiome composition to promote metabolic endotoxemia, adiposity, and glucose
intolerance in mice (24).

In conclusion, studying the numerous interactions between nutrients, the gut microbiota, and
the host immune systemmay be challenging and hard to fathom; however, pinpointing the circuits
that are amenable tomanipulation can pave the way toward exploring novel therapeutic modalities
to combat metabolic syndrome. Achieving these insights in the field of microbiota research will
require the development of new technologies and the collaboration of a multidisciplinary team
consisting of microbiologists, data analysts, algorithm programmers, and medical personnel.

2.4. Other Clinical Implications

Combating metabolic inflammation with anti-inflammatory agents has been proven effective in
vivo. As such, salicylates alleviated hyperglycemia, hyperinsulinemia, and dyslipidemia in geneti-
cally obese rodents by improving insulin signaling (226); treatment with a neutralizing anti-mouse
Notch ligand Delta-like 4 antibody ameliorated the development of atherosclerosis, insulin resis-
tance, and fat accumulation in mice consuming a high-fat, high-cholesterol diet (56); and treat-
ment with a monoclonal antibody against IL-1β reduced cardiovascular events in humans (155).
Future research should include dietary interventions to achieve similar anti-inflammatory effects
to boost host metabolism.An alternative approach would be to target the gut microbiota, either by
administering prebiotics or probiotics or by transplanting fecal microbiota from a healthy donor,
to exert an immunomodulatory effect on the host; however, translating recent discoveries regard-
ing the cross talk between diet, innate immunity, and the microbiota to clinical practice still merits
further study. In Sections 3, 4, and 6 we highlight examples of diet–innate immunity interactions
affecting the pathogenesis of several key multifactorial diseases.

3. ALLERGIC DISEASE

There is increasing evidence that nutrition can influence the development of different allergic
diseases, including food allergy, eczema, and asthma (130). Although many molecular mechanisms
remain to be uncovered, there are indications that environmental factors, including nutrition of
the pregnant mother as well as that of human infants, profoundly impact allergy development and
exacerbate allergic inflammation. In the following two sections we discuss what is known about
the intersection between nutrition, innate immunity, and allergic disease for asthma and food
allergy.

3.1. Asthma

Asthma is a complex inflammatory disease of the airways characterized by chronic inflammation,
mucus overproduction, and smooth muscle remodeling, which leads to bronchoconstriction and
consequently reduced lung function. It has been significantly increasing in prevalence in the de-
veloped world over the last decades, and even in developing countries the number of people af-
fected has recently increased (41).A factor likely contributing to this phenomenon is the increasing
adoption of the Western lifestyle, which includes a Western diet. Concurrent with the increase
in the prevalence of asthma, there was also an increase in the proportion of obese individuals
(131). In the United States there is indeed a significant association between the development of
obesity and asthma in both adults and children (55). Furthermore, although there is a significant
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association with atopy in adults, this not the case in children (55), suggesting that asthma patho-
genesis in children is driven less by a classical T helper 2 cell–driven inflammatory response than
by a different inflammatory profile such as Th17-driven neutrophilic asthma. How the molec-
ular mechanisms in asthma development differ between adults and children and how nutrition
affects disease development differently in relation to age remain to be investigated. There is also
evidence that childhood asthma in turn can promote development of obesity later in life (127), al-
though the role of nutrition in this context is unclear. A key factor driving both obesity and asthma
in this context is the Western diet. Indeed, there are significant associations between the con-
sumption of high-fructose corn syrup soft drinks and asthma development (31). In mice an obeso-
genic diet directly regulated the levels of many lung metabolites, including free fatty acids, com-
plex lipids, and amino acids (168). Conversely, there is molecular evidence that a high-fiber diet
leads to increased levels of SCFAs such as acetate or propionate, which in turn limit allergic in-
flammation of airway tissue (117, 189). Mechanistically, propionate induced the development of
more tolerogenic lung DCs by binding to GPCR41 (189), exemplifying the direct modulation
of innate immunity by dietary components. Furthermore, SCFAs directly reduced the capacity of
DCs to transport and present antigen to T cells (17) and promoted the generation of regula-
tory T cells (Tregs) (2), thereby dampening aberrant airway inflammation. Exposure to SCFAs
in utero protected against asthma development (184). Conversely, children from obese mothers
are more likely to develop asthma later in life (150). Taken together, these findings highlight the
importance of nutrition for establishing tolerance in the airways before birth and in early develop-
ment. Apart from SCFAs, other dietary components are emerging as potential drivers of asthma
development, but identification of the underlying molecular mechanisms is still largely lacking.
Both arginine- and vitamin-E-derived metabolites protected against airway hyperresponsiveness
in mice (27, 149), but not much is currently known about potential effects of other vitamins or
amino acids, warranting more research in this area.

3.2. Food Allergy

Another prime example in which nutrition modulates innate immunity in the context of allergic
disease is food allergy. Aberrant responses to food-derived antigens have significantly increased
over recent decades in Western countries (44), and changes in diet are thought to be a major con-
tributing factor. At the molecular level mucosal type 1 conventional DCs promote oral tolerance
to peanut allergen by responding to vitamin A derived from a high-fiber diet (179). In addition
to vitamin A–derived retinoic acid, a high-fiber diet can protect against food allergy development
by promoting SCFA-producing members of the microbiota, which in turn promote intestinal ep-
ithelial barrier integrity (179). Whereas a high-fiber diet prevents development of food allergy,
a HFD promotes intestinal inflammation in a microbiota-dependent manner (73). This was en-
hanced with increased permeability of the intestinal barrier, suggesting that a HFD promotes a
microbiota composition that breaks down the intestinal barrier, thereby promoting translocation
of food-derived antigens and subsequent induction of a potent immune response.

4. AUTOIMMUNE/AUTOINFLAMMATORY DISEASE

The rise in autoimmune diseases in recent decades has been attributed to changes in lifestyle, in-
cluding consumption of a Western diet (118). Disentangling the underlying interactions between
nutrition and innate immunity and how they promote autoimmunity has thus received much
attention in research. In the sections below we discuss the current knowledge on the interplay
between diet and several key autoimmune diseases.
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4.1. Psoriasis

There is increasing evidence that diet profoundly impacts the immune mechanisms underlying
psoriasis, and diseases associated with obesity such as NAFLD can exacerbate psoriasis symptoms
(199). Mechanistically, a HFD promoted production of chemokines CCL16 and CCL20 in ker-
atinocytes, which in turn leads to the accumulation of dermal IL-17A-producing γδ T cells (129).
IL-17A is a key cytokine in the pathogenesis of psoriatic inflammation (97). Although the dietary
factors that exacerbate skin inflammation in obese individuals have not been definitively identified,
there is evidence that free fatty acids could directly contribute to Th17-driven immune responses
in skin (174). Indeed, omega-6 PUFAs, a class of lipid-derived mediators, have been implicated to
promote accumulation of Th17 cells in skin (192), whereas for omega-3 PUFAs the opposite effect
has been suggested (70). Although the role of such lipid mediators in psoriasis is being increasingly
uncovered, how these molecules relate to nutrition is still largely unexplored.

4.2. Multiple Sclerosis

There is strong epidemiological evidence that multiple sclerosis (MS) is associated with a diet
high in saturated animal fat, and conversely, high levels of PUFAs were protective against MS
(40). How such specific dietary components influence CNS inflammation is still being unraveled,
but emerging evidence indicates that diet can directly modulate disease pathogenesis in animal
models of MS (39). A HFD exacerbated MS in mice by promoting IL-6- and CCL2-dependent
infiltration of immune cells in the CNS (77). In addition to dietary lipids, high levels of glucose
promoted CNS autoimmunity by driving Th17 differentiation (229). Along similar lines, sodium
chloride directly supported Th17 polarization and subsequent Th17-dependent autoimmunity in
mice (85); conversely, retinoic acid led to beneficial induction of Tregs (62).Whereas the effect of
diet on T cells as the drivers of CNS inflammation is being increasingly investigated, the effects
of dietary components on the innate immune response in this context remain largely unexplored.
This is of particular importance, as induction of demyelination by T cells is critically dependent
on innate immune cells such as DCs (80).

4.3. Systemic Lupus Erythematosus

Epidemiologically, lupus is strongly associated with metabolic syndrome (33); thus, how diet reg-
ulates innate immunity in autoimmune inflammation in this disease has recently developed as
an important area of research. In general, diet modulates development of lupus in mice prone
to autoimmunity (202). More specifically, in mouse models of lupus a HFD exacerbated disease
in a TLR-7-dependent manner, leading to higher levels of anti-DNA autoantibodies, increased
IgG/IgM glomerular deposition, and increased kidney histopathology (68). This was associated
with increased levels of TNF and TLR7 expression in DCs (68), also a key factor in the pathogen-
esis of lupus in humans (79). Whereas a HFD promotes lupus development, a diet rich in starch
prevents systemic translocation of specific commensal bacteria and thus inhibits development of
autoimmune inflammation (228). This finding suggests that the permeability of the intestinal bar-
rier is generally important for lupus pathogenesis. How the commensal microbiota mediates sus-
ceptibility to disease in response to other diets remains to be addressed, but the microbiota is
likely to play a key role in the connection between lupus and metabolic syndrome. Furthermore,
in support of the general concept that salt intake can promote autoimmunity, there is evidence
that sodium chloride directly promotes Th17 responses in lupus patients while conversely sup-
pressing Tregs (163). Although the underlying molecular mechanisms remain unclear, one can
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speculate that salt intake could profoundly impact innate immunity in this context, which would
then exacerbate the adaptive immune response.

4.4. Celiac Disease

The role of nutrition in modulating celiac disease, in addition to the presence of gluten itself, has
only recently begun to be addressed, but there is now increasing evidence that dietary components
in addition to gluten itself can influence development of gluten-induced inflammation.A key event
in the development of celiac disease is the breakdown of intestinal tolerance to gluten. A recent
study points toward reovirus as a potential trigger of this breach, as intestinal infection can pre-
vent induction of peripheral Tregs, which in turn promote tolerance to gluten (10). This process
is dependent on type I IFN secretion (10), but how the innate immune system regulates periph-
eral Treg induction and how antiviral immunity changes this interaction in this context remain
to be investigated. It is clear, however, that secretion of IL-27 by a population of macrophages in
the spleen is key to inducing IL-10-producing Tregs, which in turn promote tolerance to gluten
(196). IL-10 is essential to prevent accumulation of cytotoxic innate CD4+ T cells, which in-
duce substantial epithelial damage in the intestine (29). This process likely impairs integrity of
the epithelial barrier, which further exacerbates chronic inflammation by allowing translocation
of commensal bacteria. This process contributes to a permanent change in the intestinal epithe-
lial lymphocyte compartment, with an expansion of a gluten-sensitive γδ T cell subset that further
promotes intestinal inflammation (119). How nutrition affects these molecular immune mecha-
nisms remains to be elucidated, but it is likely that dietary effects on intestinal barrier integrity
will be key modulators of disease.

4.5. Inflammatory Bowel Disease

Although the precise etiology of inflammatory bowel disease (IBD) is still unknown, it is increas-
ingly clear that, apart from some genetic host traits, environmental factors, in particular the mi-
crobiota, are key triggers of chronic intestinal inflammation, driving the disease (214). Because
nutrition profoundly impacts the composition and function of the microbiome as well as the im-
mune system, the connection between diet and IBD is of great research interest. Epidemiological
evidence indicates that PUFAs, omega-6 fatty acids, and meat promote IBD, whereas eating fiber,
fruits, and vegetables is protective (72). Mice fed a HFD exhibited exacerbated disease, and this
was associated with an increase in NKT cells and a decrease in colonic regulatory T cells (113)
as well as Th17 cells (58). A likely key factor in this process, apart from HFD-induced changes
in the microbiota, is direct hyperglycemia-induced impairment of the gut barrier. High levels
of glucose impair intestinal barrier integrity and promote translocation of components of the
microbiota (181), likely promoting colitis. This is potentially worsened by the impaired barrier-
protecting Th17/22 response (58). Furthermore, recent evidence indicates that, in addition to
adaptive components of the immune response, innate immunity is significantly altered by a HFD,
which in turn influences susceptibility to colitis. These HFD-diet-induced changes to the intesti-
nal microbiota include effects on ILC3s (3) and macrophages (82), all of which contribute to a
dysregulated intestinal barrier immunity. Apart from high levels of fat and glucose, food rich in
animal but not plant protein was detrimental for susceptibility to IBD in mouse models of disease
(92).Mechanistically, this effect was strictly dependent on diet-induced changes of the microbiota
and required the presence of monocyte-derived colonic macrophages but not the adaptive im-
mune system (92). This finding highlights the importance of the innate immune compartment
in regulating the host–microbiome interaction at mucosal surfaces and the response to diet in
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particular. At the epidemiological level a high-fiber diet is thought to be beneficial in an IBD
context, but experimental evidence indicates that in fact fermentable fibers can either exacerbate
or ameliorate the disease in an NLRP3 inflammasome–dependent manner, depending on the type
of fiber (170).A diet rich in the fiber inulin induced high levels of butyrate,which in turn promoted
IL-1β-driven inflammation. These results highlight the complexity of immunomodulation by di-
etary components and underline the necessity to evaluate each one in a context-dependentmanner.

5. INFECTION

The interaction between diet and susceptibility to infection has recently emerged as an important
research topic, as nutrition modulates immunity to pathogens both in the local intestinal envi-
ronment and systemically at other mucosal surfaces. A key aspect of resistance to pathogens that
is controlled by nutrition is barrier integrity. Obese individuals are more susceptible to intesti-
nal infection (also termed the leaky gut), and our laboratory recently showed that this is not due
to metabolic derangements or diet-induced changes in the microbiota but rather to high levels
of glucose (181). Hyperglycemia directly impairs intestinal barrier integrity and thus promotes
systemic dissemination of pathogens and more severe disease (181). Glucose availability seems
to regulate bacterial and viral infections differently; it is detrimental during bacterial sepsis but
beneficial during severe influenza virus–mediated pneumonia (205). This suggests that diets sig-
nificantly affecting glucose levels will also profoundly affect susceptibility to infection. In addition
to glucose-mediated barrier defects, a HFD appears to lead to alterations in the intestinal ep-
ithelial cell compartment with an increase in goblet cells (99). Together, these effects translate to
increased susceptibility to infection with bacterial pathogens including Listeria monocytogenes (99),
Citrobacter rodentium (181), and Salmonella typhimurium (153). Apart from intestinal infection, a
HFD has detrimental effects in a variety of other infectious disease contexts, including bacterial
footpad infection with Staphylococcus aureus (50), infection with Lyme-disease-inducing Borrelia
burgdorferi (233), and infection with influenza virus (91). HFD-induced obesity was associated
with impaired systemic innate and adaptive immune responses against the pathogen, including
reduced neutrophil-mediated bacterial clearance, reduced macrophage cytokine production, and
reduced levels of class-switched antibodies (50, 91, 233).

Although the underlying molecular mechanisms are still largely unclear, an additional poten-
tial explanation for HFD-mediated effects is that diets high in fat are also often very low in fiber.
Indeed, low-fiber diets are highly associated with disseminated bacterial infection, as members of
the microbiota start degrading the intestinal mucus barrier to replace fiber as a food source (35).
Apart from their direct effects on intestinal barrier integrity, high-fiber diets directly promote
beneficial host immune responses against viral infection, particularly against influenza virus (188).
Mechanistically, fiber-derived fatty acids limit neutrophil-mediated lung immunopathology while
promoting antiviral CD8+ T cell responses (188). Diet-derived fatty acids were also important
for ILC2-mediated protection from helminth infection (213). Helminth infection itself protected
mice from diet-induced obesity, which was associated with changes in the gut microbiota (167),
suggesting that parasite-induced and fatty-acid-dependent type-2 immune responses can over-
come some of the systemic effects of obesogenic diets.

In addition to major dietary components, micronutrients have profound effects on innate
immunity and susceptibility to infection. Levels of sodium chloride can directly promote resis-
tance to viral infection by promoting type I interferon production of innate immune cells (230).
Manganese, another salt component, can promote bacterial endocarditis by directly facilitating
bacterial evasion of reactive oxygen-mediated killing of immune cells (78). A key host signaling
module that regulates the innate immune response to diet is the aryl-hydrocarbon receptor

204 Nobs • Zmora • Elinav



(AHR). AHR ligands directly regulate resistance to enteric infection by promoting ILC3 and
Th17 responses (162) as well as promoting intestinal barrier integrity (120).

6. CANCER

It is now well established that diet profoundly affects the risk of developing cancer and that differ-
ences in diet partially explain differences in the prevalence of specific cancer types across different
geographical regions (12). This effect is particularly strong for colon cancer, for which genetically
similar populations can have strongly differing rates of cancer, with cancer biomarkers dependent
on the amount of fat and fiber consumed (140). In addition, aberrant inflammation is seen as a key
driving force of carcinogenesis (67); thus, investigating the underlying molecular mechanisms of
the interactions between diet, innate immunity, and cancer development is strongly warranted. In
following three sections we exemplify the dietary influences impacting colorectal cancer, liver can-
cer, and leukemia and the inflammatory responses associated with their pathogenesis. An increas-
ing number of additional dietary influences on the relationship between nutrition and immune
responses in cancer have been suggested but are beyond the scope of this review.

6.1. Colorectal Cancer

The rate of colorectal cancer is significantly associated with the consumption of red and processed
meats (231), and the underlyingmolecularmechanisms have thus come under increased scrutiny in
recent years. In mice there is strong evidence that this link likely depends on innate immunity, as a
cancer-protective diet low in protein was found to depend on the presence of antigen-presenting
cells and a subsequent antitumor CD8+ T cell response (158). Although the precise molecular
details remain unclear, the authors could show that the T cell–DC interaction is critical for the
protective effect (158). In addition, a low-protein diet stimulated IFN-γ production by the tu-
mor cells themselves, which further promoted immunosurveillance and thus cancer prevention
(158). This concept of innate immune surveillance is emerging as a key element in preventing car-
cinogenesis. In intestinal stem cells responsiveness to IL-22 is essential for maintaining genomic
integrity and inducing apoptosis (63). Production of IL-22 by ILC3s is strongly regulated by AHR
ligands, and diets low in these metabolites thus predispose to colon carcinoma development in the
context of genotoxic stress (63). This process also likely depends on the capacity of the microbiota
to produce AHR ligands, and more work is necessary to delineate host–microbiome interactions
in the maintenance of intestinal stem cell integrity.

Another dietary ingredient of meat products recently linked to the development of colorectal
cancer is conjugated linoleic acid (CLA). CLA enhanced carcinogenesis in the colon by promot-
ing an immunosuppressive environment dependent on transforming growth factor beta (TGF-
β)-producing macrophages and T cells (122). TGF-β production depended on a macrophage-
intrinsic role of peroxisome proliferator-activated receptor gamma (PPAR-γ), a key transcription
factor regulating lipid metabolism (134). Thus, PPAR-γ acts as a signaling hub that integrates
input signals from multiple dietary ligands to coordinate a comprehensive immunosuppressive
response. Another key nutrient that controls colorectal cancer development in humans is folate
consumption (83). In general, folate consumption correlates with reduced risk of carcinogene-
sis, but high levels of folate can lead to more aggressive tumor development in established neo-
plasms (83). This effect is likely due to an induction of immunosuppressive responses mediated
by Tregs (221). Innate immunity likely plays a key role here by promoting or inhibiting antitu-
mor T cell immunity in response to folate consumption; more research is necessary to unravel the
mechanisms.
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6.2. Liver Cancer

Obesity increases the risk for hepatocellular carcinoma (HCC) in humans (116), and these findings
could be mirrored in mice in which a HFD promoted liver cancer development (146). Mechanis-
tically, this process depended on secretion of IL-6 and TNF (146), as well as granulocyte colony
stimulating factor, which induces recruitment of myeloid-derived suppressor cells (177) and thus
generates the immunosuppressive environment necessary for tumor development. Conversely, a
diet high in the soluble fiber inulin was beneficial for metabolic syndrome but still promoted
HCC (169). Inulin-containing diet induced profound liver inflammation by promoting hepato-
cyte death and subsequent accumulation of neutrophils (169). This in turn promoted HCC in a
TLR-4- andNLRC4-independent manner (169). Although the underlying innate immune mech-
anisms regulated by inulin remain unclear, this process depended strictly on fermenting bacteria,
which produce SCFAs and thereby promote HCC (169).

6.3. Leukemia

Although the role of nutrition in the development of leukemias is still largely unclear, all-trans
retinoic acid (ATRA) has been a key therapy for promyelocytic leukemia for several decades (32).
Mechanistically, it induces differentiation of leukemia cells and thus inhibits further proliferation
of cancerous cells (32). ATRA also inhibits inflammation in a mouse model of atherosclerosis, sug-
gesting that it directly regulates innate immunity (232). Indeed, there is accumulating evidence
that, in addition to acting on tumor cells, ATRA induces recruitment of NK cells (171), regulates
ILCs (15), and controls macrophage function (200). Furthermore, there is evidence that CD8+ T
cell–mediated killing is also regulated by ATRA (224), which is likely due in part to enhanced anti-
cancer innate immunity. ATRA therefore serves as a prime example of a vitamin-derived metabo-
lite that is of high therapeutic relevance due to its modulation of innate immunity.

7. FUTURE DIRECTIONS IN THE FIELD

7.1. Interdependence Between Microbiota, Diet, and Innate Immunity

Many advances have been made in recent years to gain a molecular understanding of how diet
substantially impacts disease at the epidemiological and molecular levels. In addition, other key
environmental factors influencing health and disease, such as the microbiota, have been increas-
ingly characterized, with groups of microbes or even individual species linked to specific disease
phenotypes. However, despite the increased knowledge about key host factors such as cytokines
and how they drive inflammatory disease and the more in-depth characterization of the micro-
biota, very little is known about how nutrition affects the interaction between innate immune
mediators and the microbiome. How diet affects the function of the microbial ecosystem in the
intestinal tract or on other mucosal surfaces remains largely unknown, and only very few stud-
ies have directly and mechanistically demonstrated how diet-induced change in the composition
or function of the microbiota can impact disease development. Elucidating how these processes
happen at the molecular level, including how specific dietary components directly change not
only host–microbe but also microbe–microbe dynamic interactions and how this translates to
global physiological effects such as weight gain and chronic inflammation, will be a key avenue
of future research. For example, fiber-diet-induced SCFAs are beneficial in many disease con-
texts and detrimental in others. Although much is known about the impact of SCFAs on inflam-
mation and what type of diet benefits their production by bacteria, it is not well understood to
date which bacteria under what precise circumstances start producing butyrate or other SCFAs.
Understanding how microbes respond to our diet at the individual and network levels will be an
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important area of future research. Elucidating the detailed molecular diet–bacteria–metabolite
axes and how they affect the host will be essential in gaining a better understanding of how envi-
ronment influences disease. This will pave the way for therapeutically exploiting specific dietary
components, potentially in combination with administration of microbiota configurations as dis-
cussed below.

Another key future development will have to be more rigorous experimental setups when con-
ducting and interpreting experiments that explore the intersection between diet and disease. A
HFD is often compared with a chow diet, which differs in multiple respects other than fat content.
Such comparisons can lead to wrong interpretations about the effects of specific dietary compo-
nents. Furthermore, differences in food intake or feeding rhythmicity induced by different diets
(135) need to be controlled for if conclusions are to be drawn for metabolic or immune-mediated
effects on disease, especially in animal models. In addition, because mice and humans have oppo-
site diurnal cycles, translating findings about the impact of diet on specific immune or metabolic
parameters in rodent models of disease needs to account for these differences in circadian host as
well as microbiota responses. Another way to gain a better understanding of diet–microbiota–host
interactions is to use mouse models that harbor a more human-like microbiota, such as wildling
mice (133). Immune phenotypes from wildling mice more closely resemble those from humans
(157); thus, wildling mice are a better model by which to study the impact of diet on inflam-
matory disease. Furthermore, transplantation of microbiota from human donors into germ-free
mice combined with different diets will facilitate a better understanding of how diet affects host–
microbiota interactions and how this influences disease development.

7.2. Therapeutically Exploiting the Intersection Between Innate Immunity
and Nutrition

Despite the vast knowledge that has accumulated about the cross talk between innate immunity
and metabolism, interventions based on immunomodulation to combat metabolic derangements
have not been thoroughly tested in clinical trials. Although anti-inflammatory medications, such
as salicylates, have successfully ameliorated features of metabolic syndrome in humans (54, 61),
using nutrition to achieve anti-inflammatory effects still merits more research. Studies of human
subjects usually measure features of metabolic syndrome as primary outcome, while inflammatory
markers are overlooked or sampled from the blood instead of target organs.

Even with these limitations, some dietary constituents that exerted immunomodulatory effects
on innate immune cells to alleviate metabolic inflammation in vitro and in vivo have been proven
beneficial in humans (Figure 4). Such dietary regimens included calorie restriction (5) and sup-
plementation with macronutrients, such as dietary fiber (20, 156) and unsaturated fatty acids (7,
124), and specific bioactive compounds, such as extra-virgin olive oil or nuts (47), tomato-based
foods (59), and histidine (51). However, results have not been conclusive, and other studies failed
to replicate the same favorable metabolic outcomes (11, 94, 108, 125, 136, 180). These discrepan-
cies may emerge from the high heterogeneity among humans, as opposed to animal models, and
future studies should try to better control for confounding variables, either endogenous (such as
genetic makeup and individual parameters) or exogenous (such as environmental exposures and
interaction with other dietary compounds). Another strategy to circumvent heterogeneity would
be to integrate those numerous variables in the analysis. Indeed, recent studies by our laboratory
and by other groups have demonstrated that metabolic responses to diet are highly variable and
dependent on individual features, including the gut microbiota (90, 93, 227), suggesting that diet–
microbiota–host immune system interactions can drive differential effects on host metabolism.
Harnessing advanced bioinformatics and big data analysis poses a novel way to devise personal-
ized dietary interventions, which are more likely to be effective.
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Nutrition or food-derived molecules such as metabolites can be harnessed as therapy for complex human diseases due to their potent
effects on innate immunity and the microbiome, which in turn determines the balance between health and disease. Furthermore, direct
modulation of the microbiome by FMT or with probiotics also presents itself as a promising avenue of future therapy development.
Abbreviation: FMT, fecal microbiota transplantation.

We envision that adopting the concept of precision nutrition not only will allow for better
dietary planning but will also pave the way toward devising interventions focused on altering
easily modifiable individual features, such as the microbiota, in order to amplify the effect of diet
on the host innate immune system. These interventions include prebiotics (36), probiotics (34),
fecal microbiota transplantation (89), and antibiotics (206).

In conclusion, nutrition is a simple yet compelling therapeutic means to modify the host im-
mune system and thereby improve metabolism. After various dietary compounds and their mech-
anisms in the host have been discovered, the main challenge ahead would be to translate this
knowledge to health-promoting interventions in clinical practice. Increasing scientific rigor and
utilizing advanced technologies in a multidisciplinary manner can bring a renaissance to this im-
portant aspect of human health.
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crobiota remodeling contributes to the caloric restriction-induced metabolic improvements.Cell Metab.
28:907–21.e7

49. Fabbiano S, Suárez-Zamorano N, Rigo D, Veyrat-Durebex C, Stevanovic Dokic A, et al. 2016. Caloric
restriction leads to browning of white adipose tissue through type 2 immune signaling. Cell Metab.
24:434–46

50. Farnsworth CW, Schott EM, Benvie A, Kates SL, Schwarz EM, et al. 2018. Exacerbated Staphylococcus
aureus foot infections in obese/diabetic mice are associated with impaired germinal center reactions, Ig
class switching, and humoral immunity. J. Immunol. 201:560–72

51. Feng RN,Niu YC, Sun XW, Li Q, Zhao C, et al. 2013. Histidine supplementation improves insulin re-
sistance through suppressed inflammation in obese women with the metabolic syndrome: a randomised
controlled trial.Diabetologia 56:985–94

52. Fink LN,Costford SR,Lee YS, JensenTE,Bilan PJ, et al. 2014.Pro-inflammatorymacrophages increase
in skeletal muscle of high fat-fed mice and correlate with metabolic risk markers in humans. Obesity
22:747–57

53. Finucane OM, Lyons CL, Murphy AM, Reynolds CM, Klinger R, et al. 2015. Monounsaturated fatty
acid-enriched high-fat diets impede adipose NLRP3 inflammasome-mediated IL-1β secretion and in-
sulin resistance despite obesity.Diabetes 64:2116–28

54. Fleischman A, Shoelson SE, Bernier R, Goldfine AB. 2008. Salsalate improves glycemia and inflamma-
tory parameters in obese young adults.Diabetes Care 31:289–94

55. Forno E,Han YY,Libman IM,Muzumdar RH,Celedon JC. 2018. Adiposity and asthma in a nationwide
study of children and adults in the United States. Ann. Am. Thorac. Soc. 15:322–30

56. Fukuda D, Aikawa E, Swirski FK,Novobrantseva TI, Kotelianski V, et al. 2012.Notch ligand Delta-like
4 blockade attenuates atherosclerosis and metabolic disorders. PNAS 109:E1868–77

57. Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, et al. 2009. Butyrate improves insulin sensitivity and in-
creases energy expenditure in mice.Diabetes 58:1509–17

www.annualreviews.org • Nutrition Regulates Innate Immunity 211



58. Garidou L, Pomie C, Klopp P, Waget A, Charpentier J, et al. 2015. The gut microbiota regulates in-
testinal CD4 T cells expressing RORγt and controls metabolic disease. Cell Metab. 22:100–12

59. Ghavipour M, Saedisomeolia A, Djalali M, Sotoudeh G, Eshraghyan MR, et al. 2013. Tomato juice
consumption reduces systemic inflammation in overweight and obese females. Br. J. Nutr. 109:2031–
35

60. Goldberg RF, Austen WG Jr., Zhang X, Munene G, Mostafa G, et al. 2008. Intestinal alkaline phos-
phatase is a gut mucosal defense factor maintained by enteral nutrition. PNAS 105:3551–56

61. Goldfine AB, Conlin PR,Halperin F, Koska J, Permana P, et al. 2013. A randomised trial of salsalate for
insulin resistance and cardiovascular risk factors in persons with abnormal glucose tolerance.Diabetologia
56:714–23

62. Graham KL, Werner BJ, Moyer KM, Patton AK, Krois CR, et al. 2019. DGAT1 inhibits retinol-
dependent regulatory T cell formation and mediates autoimmune encephalomyelitis. PNAS 116:3126–
35

63. Gronke K, Hernández PP, Zimmermann J, Klose CSN, Kofoed-Branzk M, et al. 2019. Interleukin-22
protects intestinal stem cells against genotoxic stress.Nature 566:249–53

64. Guillemot-Legris O, Muccioli GG. 2017. Obesity-induced neuroinflammation: beyond the hypothala-
mus. Trends Neurosci. 40:237–53

65. Gupta S,Knight AG,Gupta S,Keller JN,Bruce-Keller AJ. 2012. Saturated long-chain fatty acids activate
inflammatory signaling in astrocytes. J. Neurochem. 120:1060–71

66. HanMS, JungDY,Morel C,Lakhani SA,Kim JK, et al. 2013. JNK expression bymacrophages promotes
obesity-induced insulin resistance and inflammation. Science 339:218–22

67. Hanahan D,Weinberg RA. 2011. Hallmarks of cancer: the next generation. Cell 144:646–74
68. Hanna Kazazian N, Wang Y, Roussel-Queval A, Marcadet L, Chasson L, et al. 2019. Lupus autoim-

munity and metabolic parameters are exacerbated upon high fat diet-induced obesity due to TLR7
signaling. Front. Immunol. 10:2015

69. Holland WL, Bikman BT,Wang LP, Yuguang G, Sargent KM, et al. 2011. Lipid-induced insulin resis-
tance mediated by the proinflammatory receptor TLR4 requires saturated fatty acid-induced ceramide
biosynthesis in mice. J. Clin. Investig. 121:1858–70

70. HondaT,KabashimaK. 2019.Current understanding of the role of dietary lipids in the pathophysiology
of psoriasis. J. Dermatol. Sci. 94:314–20

71. Hotamisligil GS, Shargill NS, Spiegelman BM. 1993. Adipose expression of tumor necrosis factor-alpha:
direct role in obesity-linked insulin resistance. Science 259:87–91

72. Hou JK, Abraham B, El-Serag H. 2011. Dietary intake and risk of developing inflammatory bowel dis-
ease: a systematic review of the literature. Am. J. Gastroenterol. 106:563–73

73. Hussain M, Bonilla-Rosso G,Kwong Chung CKC, Bäriswyl L, Rodriguez MP, et al. 2019.High dietary
fat intake induces a microbiota signature that promotes food allergy. J. Allergy Clin. Immunol. 144:157–
70.e8

74. Igoillo-Esteve M, Marselli L, Cunha DA, Ladrière L, Ortis F, et al. 2010. Palmitate induces a pro-
inflammatory response in human pancreatic islets that mimics CCL2 expression by beta cells in type 2
diabetes.Diabetologia 53:1395–405

75. Inouye KE, Shi H, Howard JK, Daly CH, Lord GM, et al. 2007. Absence of CC chemokine ligand
2 does not limit obesity-associated infiltration of macrophages into adipose tissue. Diabetes 56:2242–
50

76. Ji Y, Sun S, Xu A, Bhargava P, Yang L, et al. 2012. Activation of natural killer T cells promotes M2
macrophage polarization in adipose tissue and improves systemic glucose tolerance via interleukin-4
(IL-4)/STAT6 protein signaling axis in obesity. J. Biol. Chem. 287:13561–71

77. Ji Z,Wu S, Xu Y, Qi J, Su X, Shen L. 2019. Obesity promotes EAE through IL-6 and CCL-2-mediated
T cells infiltration. Front. Immunol. 10:1881

78. Juttukonda LJ, Berends ETM, Zackular JP, Moore JL, Stier MT, et al. 2017. Dietary manganese pro-
motes staphylococcal infection of the heart. Cell Host Microbe 22:531–42.e8

79. Kawasaki A, Furukawa H, Kondo Y, Ito S, Hayashi T, et al. 2011. TLR7 single-nucleotide polymor-
phisms in the 3′ untranslated region and intron 2 independently contribute to systemic lupus erythe-
matosus in Japanese women: a case-control association study. Arthritis Res. Ther. 13:R41

212 Nobs • Zmora • Elinav



80. Keller CW, Sina C, Kotur MB, Ramelli G, Mundt S, et al. 2017. ATG-dependent phagocytosis in
dendritic cells drives myelin-specific CD4+ T cell pathogenicity during CNS inflammation. PNAS
114:E11228–37

81. Kiechl S, Lorenz E, Reindl M,Wiedermann CJ, Oberhollenzer F, et al. 2002. Toll-like receptor 4 poly-
morphisms and atherogenesis.N. Engl. J. Med. 347:185–92

82. Kim IW, Myung SJ, Do MY, Ryu YM, Kim MJ, et al. 2010. Western-style diets induce macrophage
infiltration and contribute to colitis-associated carcinogenesis. J. Gastroenterol. Hepatol. 25:1785–94

83. Kim YI. 2003. Role of folate in colon cancer development and progression. J. Nutr. 133(11 Suppl.
1):3731S–39S

84. Kirk EA, Sagawa ZK, McDonald TO, O’Brien KD, Heinecke JW. 2008. Monocyte chemoattractant
protein deficiency fails to restrain macrophage infiltration into adipose tissue.Diabetes 57:1254–61

85. KleinewietfeldM,Manzel A,Titze J,KvakanH,YosefN, et al. 2013.Sodium chloride drives autoimmune
disease by the induction of pathogenic TH17 cells.Nature 496:518–22

86. Kleinridders A, Schenten D, Konner AC, Belgardt BF, Mauer J, et al. 2009. MyD88 signaling in the
CNS is required for development of fatty acid-induced leptin resistance and diet-induced obesity. Cell
Metab. 10:249–59

87. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, et al. 2013. Intestinal microbiota metabolism of l-
carnitine, a nutrient in red meat, promotes atherosclerosis.Nat. Med. 19:576–85

88. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. 2016. From dietary fiber to host physiology:
short-chain fatty acids as key bacterial metabolites. Cell 165:1332–45

89. Kootte RS, Levin E, Salojarvi J, Smits LP, Hartstra AV, et al. 2017. Improvement of insulin sensitivity
after lean donor feces in metabolic syndrome is driven by baseline intestinal microbiota composition.
Cell Metab. 26:611–19.e6

90. Korem T, Zeevi D, Zmora N, Weissbrod O, Bar N, et al. 2017. Bread affects clinical parameters and
induces gut microbiome-associated personal glycemic responses. Cell Metab. 25:1243–53.e5

91. Kosaraju R, GuesdonW, Crouch MJ, Teague HL, Sullivan EM, et al. 2017. B cell activity is impaired in
human and mouse obesity and is responsive to an essential fatty acid upon murine influenza infection.
J. Immunol. 198:4738–52

92. Kostovcikova K, Coufal S, Galanova N, Fajstova A, Hudcovic T, et al. 2019. Diet rich in animal pro-
tein promotes pro-inflammatory macrophage response and exacerbates colitis in mice. Front. Immunol.
10:919

93. Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee YS, De Vadder F, et al. 2015. Dietary fiber-induced
improvement in glucose metabolism is associated with increased abundance of Prevotella. Cell Metab.
22:971–82

94. Kratz M, Kuzma JN, Hagman DK, van Yserloo B, Matthys CC, et al. 2013. n3 PUFAs do not affect
adipose tissue inflammation in overweight to moderately obese men and women. J. Nutr. 143:1340–
47

95. Krenkel O, Hundertmark J, Abdallah AT, Kohlhepp M, Puengel T, et al. 2020. Myeloid cells in liver
and bone marrow acquire a functionally distinct inflammatory phenotype during obesity-related steato-
hepatitis.Gut 69:551–63

96. Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, et al. 2018. Gut microbiota-derived tryptophan
metabolites modulate inflammatory response in hepatocytes and macrophages. Cell Rep. 23:1099–111

97. Kunz M, Simon JC, Saalbach A. 2019. Psoriasis: obesity and fatty acids. Front. Immunol. 10:1807
98. Lancaster GI, Langley KG, Berglund NA, Kammoun HL, Reibe S, et al. 2018. Evidence that TLR4

is not a receptor for saturated fatty acids but mediates lipid-induced inflammation by reprogramming
macrophage metabolism. Cell Metab. 27:1096–110.e5

99. Las Heras V, Clooney AG, Ryan FJ, Cabrera-Rubio R, Casey PG, et al. 2019. Short-term consumption
of a high-fat diet increases host susceptibility to Listeria monocytogenes infection.Microbiome 7:7

100. Lazar MA. 2005. How obesity causes diabetes: not a tall tale. Science 307:373–75
101. Lee BC,KimMS,PaeM,Yamamoto Y,Eberle D, et al. 2016.Adipose natural killer cells regulate adipose

tissue macrophages to promote insulin resistance in obesity. Cell Metab. 23:685–98
102. Lee JY,SohnKH,Rhee SH,HwangD.2001. Saturated fatty acids, but not unsaturated fatty acids, induce

the expression of cyclooxygenase-2 mediated through Toll-like receptor 4. J. Biol. Chem. 276:16683–89

www.annualreviews.org • Nutrition Regulates Innate Immunity 213



103. Lee YS,Wollam J, Olefsky JM. 2018. An integrated view of immunometabolism. Cell 172:22–40
104. Levy M, Thaiss CA, Zeevi D, Dohnalova L, Zilberman-Schapira G, et al. 2015. Microbiota-modulated

metabolites shape the intestinal microenvironment by regulating NLRP6 inflammasome signaling. Cell
163:1428–43

105. Li P, Liu S, Lu M, Bandyopadhyay G, Oh D, et al. 2016. Hematopoietic-derived galectin-3 causes cel-
lular and systemic insulin resistance. Cell 167:973–84.e12

106. Li P,OhDY, Bandyopadhyay G,LagakosWS,Talukdar S, et al. 2015. LTB4 promotes insulin resistance
in obese mice by acting on macrophages, hepatocytes and myocytes.Nat. Med. 21:239–47

107. Liu J, Divoux A, Sun J, Zhang J, Clement K, et al. 2009. Genetic deficiency and pharmacological stabi-
lization of mast cells reduce diet-induced obesity and diabetes in mice.Nat. Med. 15:940–45

108. López-AlarcónM, Inda-Icaza P,Márquez-MaldonadoMC,Armenta-Álvarez A,Barbosa-Cortés L, et al.
2019. A randomized control trial of the impact of LCPUFA-ω3 supplementation on body weight and
insulin resistance in pubertal children with obesity. Pediatr. Obes. 14:e12499

109. Lumeng CN, Bodzin JL, Saltiel AR. 2007. Obesity induces a phenotypic switch in adipose tissue
macrophage polarization. J. Clin. Investig. 117:175–84

110. Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. 2007. Increased inflammatory properties of adipose
tissue macrophages recruited during diet-induced obesity.Diabetes 56:16–23

111. Lynch L, Nowak M, Varghese B, Clark J, Hogan AE, et al. 2012. Adipose tissue invariant NKT cells
protect against diet-induced obesity and metabolic disorder through regulatory cytokine production.
Immunity 37:574–87

112. Lynch L, O’Shea D,Winter DC, Geoghegan J, Doherty DG, O’Farrelly C. 2009. Invariant NKT cells
and CD1d+ cells amass in human omentum and are depleted in patients with cancer and obesity. Eur. J.
Immunol. 39:1893–901

113. Ma X,TorbensonM,Hamad AR, Soloski MJ, Li Z. 2008.High-fat diet modulates non-CD1d-restricted
natural killer T cells and regulatory T cells in mouse colon and exacerbates experimental colitis. Clin.
Exp. Immunol. 151:130–38

114. Maedler K, Fontana A, Ris F, Sergeev P, Toso C, et al. 2002. FLIP switches Fas-mediated glucose sig-
naling in human pancreatic β cells from apoptosis to cell replication. PNAS 99:8236–41

115. Makki K, Deehan EC,Walter J, Backhed F. 2018. The impact of dietary fiber on gut microbiota in host
health and disease. Cell Host Microbe 23:705–15

116. Marengo A,Rosso C, Bugianesi E. 2016. Liver cancer: connections with obesity, fatty liver, and cirrhosis.
Annu. Rev. Med. 67:103–17

117. Maslowski KM, Vieira AT,Ng A, Kranich J, Sierro F, et al. 2009. Regulation of inflammatory responses
by gut microbiota and chemoattractant receptor GPR43.Nature 461:1282–86

118. Matveeva O, Bogie JFJ,Hendriks JJA, Linker RA,Haghikia A,KleinewietfeldM. 2018.Western lifestyle
and immunopathology of multiple sclerosis. Ann. N. Y. Acad. Sci. 1417:71–86

119. Mayassi T, Ladell K, Gudjonson H, McLaren JE, Shaw DG, et al. 2019. Chronic inflammation perma-
nently reshapes tissue-resident immunity in celiac disease. Cell 176:967–81.e19

120. Metidji A,Omenetti S, Crotta S, Li Y,Nye E, et al. 2018. The environmental sensor AHR protects from
inflammatory damage by maintaining intestinal stem cell homeostasis and barrier integrity. Immunity
49:353–62.e5

121. Miras C, Mantzos J, Samara V. 1964. In vitro incorporation of acetate-1-14C into the leucocyte lipids
following a high protein or fatty meal.Nature 202:801–3

122. Moreira TG, Horta LS, Gomes-Santos AC, Oliveira RP, Queiroz N, et al. 2019. CLA-supplemented
diet accelerates experimental colorectal cancer by inducing TGF-β-producing macrophages and T cells.
Mucosal Immunol. 12:188–99

123. Morinaga H,Mayoral R,Heinrichsdorff J, Osborn O, Franck N, et al. 2015. Characterization of distinct
subpopulations of hepatic macrophages in HFD/obese mice.Diabetes 64:1120–30

124. Mozaffarian D, Micha R, Wallace S. 2010. Effects on coronary heart disease of increasing polyunsatu-
rated fat in place of saturated fat: a systematic review and meta-analysis of randomized controlled trials.
PLOS Med. 7:e1000252

125. Munro IA, Garg ML. 2012. Dietary supplementation with n-3 PUFA does not promote weight loss
when combined with a very-low-energy diet. Br. J. Nutr. 108:1466–74

214 Nobs • Zmora • Elinav



126. Murphy AJ, Kraakman MJ, Kammoun HL, Dragoljevic D, Lee MK, et al. 2016. IL-18 production from
the NLRP1 inflammasome prevents obesity and metabolic syndrome. Cell Metab. 23:155–64

127. NagyMR,McGlumphyKC,DoppR,Lewis TC,HassonRE.2020.Association between asthma, obesity,
and health behaviors in African American youth. J. Asthma 57:410–20

128. Nakajima A, Nakatani A, Hasegawa S, Irie J, Ozawa K, et al. 2017. The short chain fatty acid receptor
GPR43 regulates inflammatory signals in adipose tissueM2-typemacrophages.PLOSONE 12:e0179696

129. Nakamizo S, Honda T, Adachi A, Nagatake T, Kunisawa J, et al. 2017. High fat diet exacerbates murine
psoriatic dermatitis by increasing the number of IL-17-producing γδ T cells. Sci. Rep. 7:14076

130. Neerven R, Savelkoul H. 2017. Nutrition and allergic diseases.Nutrients 9:E762
131. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, et al. 2014. Global, regional, and national

prevalence of overweight and obesity in children and adults during 1980–2013: a systematic analysis for
the Global Burden of Disease Study 2013. Lancet 384:766–81

132. Nguyen MT, Favelyukis S, Nguyen AK, Reichart D, Scott PA, et al. 2007. A subpopulation of
macrophages infiltrates hypertrophic adipose tissue and is activated by free fatty acids via Toll-like re-
ceptors 2 and 4 and JNK-dependent pathways. J. Biol. Chem. 282:35279–92

133. Nobs SP, Elinav E. 2019.Walk on the wildling side. Science 365:444–45
134. Nobs SP, Kopf M. 2018. PPAR-γ in innate and adaptive lung immunity. J. Leukoc. Biol. 104:737–41
135. Nobs SP, Tuganbaev T, Elinav E. 2019. Microbiome diurnal rhythmicity and its impact on host physi-

ology and disease risk. EMBO Rep. 20:e47129
136. Nowotny B, Zahiragic L, Bierwagen A, Kabisch S, Groener JB, et al. 2015. Low-energy diets differing

in fibre, red meat and coffee intake equally improve insulin sensitivity in type 2 diabetes: a randomised
feasibility trial.Diabetologia 58:255–64

137. Obstfeld AE, Sugaru E, Thearle M, Francisco AM, Gayet C, et al. 2010. C-C chemokine receptor 2
(CCR2) regulates the hepatic recruitment of myeloid cells that promote obesity-induced hepatic steato-
sis.Diabetes 59:916–25

138. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, et al. 2010. GPR120 is an omega-3 fatty acid
receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cell 142:687–98

139. Oh DY, Walenta E, Akiyama TE, Lagakos WS, Lackey D, et al. 2014. A Gpr120-selective agonist im-
proves insulin resistance and chronic inflammation in obese mice.Nat. Med. 20:942–47

140. O’Keefe SJ, Li JV,Lahti L,Ou J,Carbonero F, et al. 2015. Fat, fibre and cancer risk in African Americans
and rural Africans.Nat. Commun. 6:6342

141. O’Rourke RW,Metcalf MD,White AE, Madala A, Winters BR, et al. 2009. Depot-specific differences
in inflammatory mediators and a role for NK cells and IFN-γ in inflammation in human adipose tissue.
Int. J. Obes. 33:978–90

142. O’Rourke RW, Meyer KA, Neeley CK, Gaston GD, Sekhri P, et al. 2014. Systemic NK cell ablation
attenuates intra-abdominal adipose tissue macrophage infiltration in murine obesity. Obesity 22:2109–
14

143. O’Sullivan TE, Rapp M, Fan X,Weizman OE, Bhardwaj P, et al. 2016. Adipose-resident group 1 innate
lymphoid cells promote obesity-associated insulin resistance. Immunity 45:428–41

144. Pal D, Dasgupta S, Kundu R, Maitra S, Das G, et al. 2012. Fetuin-A acts as an endogenous ligand of
TLR4 to promote lipid-induced insulin resistance.Nat. Med. 18:1279–85

145. Park E, Wong V, Guan X, Oprescu AI, Giacca A. 2007. Salicylate prevents hepatic insulin resistance
caused by short-term elevation of free fatty acids in vivo. J. Endocrinol. 195:323–31

146. Park EJ, Lee JH, Yu GY, He G, Ali SR, et al. 2010. Dietary and genetic obesity promote liver inflam-
mation and tumorigenesis by enhancing IL-6 and TNF expression. Cell 140:197–208

147. Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, et al. 2004. Involvement of Toll-like
receptors 2 and 4 in cellular activation by high mobility group box 1 protein. J. Biol. Chem. 279:7370–
77

148. Patsouris D, Cao JJ, Vial G, Bravard A, Lefai E, et al. 2014. Insulin resistance is associated with MCP1-
mediated macrophage accumulation in skeletal muscle in mice and humans. PLOS ONE 9:e110653

149. Pein H, Ville A, Pace S, Temml V, Garscha U, et al. 2018. Endogenous metabolites of vitamin E limit
inflammation by targeting 5-lipoxygenase.Nat. Commun. 9:3834

www.annualreviews.org • Nutrition Regulates Innate Immunity 215



150. Polinski KJ, Liu J, Boghossian NS, McLain AC. 2017. Maternal obesity, gestational weight gain, and
asthma in offspring. Prev. Chronic Dis. 14:E109

151. Prieur X, Mok CY, Velagapudi VR, Núñez V, Fuentes L, et al. 2011. Differential lipid partitioning
between adipocytes and tissuemacrophagesmodulatesmacrophage lipotoxicity andM2/M1polarization
in obese mice.Diabetes 60:797–809

152. RahmanM,Muhammad S, KhanMA,Chen H, Ridder DA, et al. 2014. The β-hydroxybutyrate receptor
HCA2 activates a neuroprotective subset of macrophages.Nat. Commun. 5:3944

153. Ramírez-Orozco RE, Franco Robles E, Pérez Vázquez V, Ramírez Emiliano J, Hernández Luna MA,
López Briones S. 2018. Diet-induced obese mice exhibit altered immune responses to early Salmonella
typhimurium oral infection. J. Microbiol. 56:673–82

154. Ramkhelawon B,Hennessy EJ,Menager M, Ray TD, Sheedy FJ, et al. 2014.Netrin-1 promotes adipose
tissue macrophage retention and insulin resistance in obesity.Nat. Med. 20:377–84

155. Ridker PM, Everett BM,Thuren T,MacFadyen JG, ChangWH, et al. 2017. Antiinflammatory therapy
with canakinumab for atherosclerotic disease.N. Engl. J. Med. 377:1119–31

156. Roager HM, Vogt JK, Kristensen M, Hansen LBS, Ibrugger S, et al. 2019. Whole grain-rich diet re-
duces body weight and systemic low-grade inflammation without inducing major changes of the gut
microbiome: a randomised cross-over trial.Gut 68:83–93

157. Rosshart SP, Herz J, Vassallo BG, Hunter A, Wall MK, et al. 2019. Laboratory mice born to wild mice
have natural microbiota and model human immune responses. Science 365:eaaw4361

158. Rubio-Patino C, Bossowski JP, De Donatis GM, Mondragon L, Villa E, et al. 2018. Low-protein diet
induces IRE1α-dependent anticancer immunosurveillance. Cell Metab. 27:828–42.e7

159. Saberi M,Woods NB, de Luca C, Schenk S, Lu JC, et al. 2009. Hematopoietic cell-specific deletion of
Toll-like receptor 4 ameliorates hepatic and adipose tissue insulin resistance in high-fat-fed mice. Cell
Metab. 10:419–29

160. Sasaki T, Moro K, Kubota T, Kubota N, Kato T, et al. 2019. Innate lymphoid cells in the induction of
obesity. Cell Rep. 28:202–17.e7

161. Schaeffler A, Gross P, Buettner R, Bollheimer C, Buechler C, et al. 2009. Fatty acid-induced induction
of Toll-like receptor-4/nuclear factor-κB pathway in adipocytes links nutritional signalling with innate
immunity. Immunology 126:233–45

162. Schiering C, Wincent E, Metidji A, Iseppon A, Li Y, et al. 2017. Feedback control of AHR signalling
regulates intestinal immunity.Nature 542:242–45

163. Scrivo R, Massaro L, Barbati C, Vomero M, Ceccarelli F, et al. 2017. The role of dietary sodium intake
on the modulation of T helper 17 cells and regulatory T cells in patients with rheumatoid arthritis and
systemic lupus erythematosus. PLOS ONE 12:e0184449

164. SeimonTA,NadolskiMJ,LiaoX,Magallon J,NguyenM,et al. 2010.Atherogenic lipids and lipoproteins
trigger CD36-TLR2-dependent apoptosis in macrophages undergoing endoplasmic reticulum stress.
Cell Metab. 12:467–82

165. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. 2006. TLR4 links innate immunity and fatty
acid-induced insulin resistance. J. Clin. Investig. 116:3015–25

166. Shimizu I, Yoshida Y,Moriya J, Nojima A,Uemura A, et al. 2013. Semaphorin3E-induced inflammation
contributes to insulin resistance in dietary obesity. Cell Metab. 18:491–504

167. Shimokawa C, Obi S, Shibata M, Olia A, Imai T, et al. 2019. Suppression of obesity by an intestinal
helminth through interactions with intestinal microbiota. Infect. Immun. 87(6):e00042-19

168. Showalter MR, Nonnecke EB, Linderholm AL, Cajka T, Sa MR, et al. 2018. Obesogenic diets alter
metabolism in mice. PLOS ONE 13:e0190632

169. Singh V, Yeoh BS, Chassaing B, Xiao X, Saha P, et al. 2018. Dysregulated microbial fermentation of
soluble fiber induces cholestatic liver cancer. Cell 175:679–94.e22

170. Singh V, Yeoh BS,Walker RE, Xiao X, Saha P, et al. 2019.Microbiota fermentation-NLRP3 axis shapes
the impact of dietary fibres on intestinal inflammation.Gut 68:1801–12

171. Song Y, YinW,Dan Y, Sheng J, Zeng Y,He R. 2019. Chemerin partly mediates tumor-inhibitory effect
of all-trans retinoic acid via CMKLR1-dependent natural killer cell recruitment. Immunology 157:248–
56

216 Nobs • Zmora • Elinav



172. Spencer M, Finlin BS, Unal R, Zhu B, Morris AJ, et al. 2013. Omega-3 fatty acids reduce adipose tissue
macrophages in human subjects with insulin resistance.Diabetes 62:1709–17

173. Spencer SP,Wilhelm C, Yang Q,Hall JA, Bouladoux N, et al. 2014. Adaptation of innate lymphoid cells
to a micronutrient deficiency promotes type 2 barrier immunity. Science 343:432–37

174. Stelzner K,Herbert D, Popkova Y, Lorz A, Schiller J, et al. 2016. Free fatty acids sensitize dendritic cells
to amplify TH1/TH17-immune responses. Eur. J. Immunol. 46:2043–53

175. Stienstra R, Netea-Maier RT, Riksen NP, Joosten LAB, Netea MG. 2017. Specific and complex repro-
gramming of cellular metabolism in myeloid cells during innate immune responses. Cell Metab. 26:142–
56

176. Stienstra R, van Diepen JA, Tack CJ, Zaki MH, van de Veerdonk FL, et al. 2011. Inflammasome is a
central player in the induction of obesity and insulin resistance. PNAS 108:15324–29

177. SunH,YangW,TianY,ZengX,Zhou J, et al. 2018.An inflammatory-CCRK circuitry drivesmTORC1-
dependent metabolic and immunosuppressive reprogramming in obesity-associated hepatocellular car-
cinoma.Nat. Commun. 9:5214

178. Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, et al. 2012. Neutrophils mediate insulin resistance
in mice fed a high-fat diet through secreted elastase.Nat. Med. 18:1407–12

179. Tan J, McKenzie C, Vuillermin PJ, Goverse G, Vinuesa CG, et al. 2016. Dietary fiber and bacterial
SCFA enhance oral tolerance and protect against food allergy through diverse cellular pathways. Cell
Rep. 15:2809–24

180. Teng KT, Chang LF, Vethakkan SR, Nesaretnam K, Sanders TAB. 2017. Effects of exchanging car-
bohydrate or monounsaturated fat with saturated fat on inflammatory and thrombogenic responses in
subjects with abdominal obesity: a randomized controlled trial. Clin. Nutr. 36:1250–58

181. Thaiss CA, Levy M, Grosheva I, Zheng D, Soffer E, et al. 2018. Hyperglycemia drives intestinal barrier
dysfunction and risk for enteric infection. Science 359:1376–83

182. Thaler JP,Yi CX,Schur EA,Guyenet SJ,Hwang BH, et al. 2012.Obesity is associated with hypothalamic
injury in rodents and humans. J. Clin. Investig. 122:153–62

183. Theurich S,Tsaousidou E,Hanssen R,Lempradl AM,Mauer J, et al. 2017. IL-6/Stat3-dependent induc-
tion of a distinct, obesity-associatedNK cell subpopulation deteriorates energy and glucose homeostasis.
Cell Metab. 26:171–84.e6

184. Thorburn AN, McKenzie CI, Shen S, Stanley D, Macia L, et al. 2015. Evidence that asthma is a devel-
opmental origin disease influenced by maternal diet and bacterial metabolites.Nat. Commun. 6:7320

185. Tilg H, Zmora N, Adolph TE, Elinav E. 2020. The intestinal microbiota fuelling metabolic inflamma-
tion.Nat. Rev. Immunol. 20:40–54

186. Tousoulis D, Plastiras A, Siasos G,Oikonomou E, Verveniotis A, et al. 2014. Omega-3 PUFAs improved
endothelial function and arterial stiffness with a parallel antiinflammatory effect in adults with metabolic
syndrome. Atherosclerosis 232:10–16

187. Tremaroli V, Backhed F. 2012. Functional interactions between the gut microbiota and host metabolism.
Nature 489:242–49

188. Trompette A,Gollwitzer ES, Pattaroni C,Lopez-Mejia IC,Riva E, et al. 2018.Dietary fiber confers pro-
tection against flu by shaping Ly6c− patrolling monocyte hematopoiesis and CD8+ T cell metabolism.
Immunity 48:992–1005.e8

189. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, et al. 2014. Gut microbiota
metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med. 20:159–
66

190. Truax AD, Chen L, Tam JW, Cheng N, Guo H, et al. 2018. The inhibitory innate immune sensor
NLRP12 maintains a threshold against obesity by regulating gut microbiota homeostasis. Cell Host
Microbe 24:364–78.e6

191. Turnbaugh PJ, Ley RE,Mahowald MA,Magrini V,Mardis ER, Gordon JI. 2006. An obesity-associated
gut microbiome with increased capacity for energy harvest.Nature 444:1027–31

192. Ueharaguchi Y, Honda T, Kusuba N, Hanakawa S, Adachi A, et al. 2018. Thromboxane A2 facilitates
IL-17A production from Vγ4+ γδ T cells and promotes psoriatic dermatitis in mice. J. Allergy Clin.
Immunol. 142:680–83.e2

www.annualreviews.org • Nutrition Regulates Innate Immunity 217



193. Ussher JR, Koves TR, Cadete VJ, Zhang L, Jaswal JS, et al. 2010. Inhibition of de novo ceramide syn-
thesis reverses diet-induced insulin resistance and enhances whole-body oxygen consumption. Diabetes
59:2453–64

194. Valdearcos M, Douglass JD, Robblee MM, Dorfman MD, Stifler DR, et al. 2017. Microglial inflamma-
tory signaling orchestrates the hypothalamic immune response to dietary excess and mediates obesity
susceptibility. Cell Metab. 26:185–97.e3

195. Valdearcos M, Robblee MM, Benjamin DI, Nomura DK, Xu AW, Koliwad SK. 2014. Microglia dictate
the impact of saturated fat consumption on hypothalamic inflammation and neuronal function.Cell Rep.
9:2124–38

196. van Leeuwen MA, Costes LMM, van Berkel LA, Simons-Oosterhuis Y, du Pré MF, et al. 2017.
Macrophage-mediated gliadin degradation and concomitant IL-27 production drive IL-10- and IFN-γ-
secreting Tr1-like-cell differentiation in a murine model for gluten tolerance.Mucosal Immunol. 10:635–
49

197. Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K, et al. 2011. The NLRP3 inflammasome
instigates obesity-induced inflammation and insulin resistance.Nat. Med. 17:179–88

198. Varma V, Yao-Borengasser A, Rasouli N, Nolen GT, Phanavanh B, et al. 2009. Muscle inflammatory
response and insulin resistance: synergistic interaction between macrophages and fatty acids leads to
impaired insulin action. Am. J. Physiol. Endocrinol. Metab. 296:E1300–10

199. Vasseur P, Serres L, Jegou JF, PohinM,Delwail A, et al. 2016.High-fat diet-induced IL-17A exacerbates
psoriasiform dermatitis in a mouse model of steatohepatitis. Am. J. Pathol. 186:2292–301

200. Vellozo NS, Pereira-Marques ST, Cabral-Piccin MP, Filardy AA, Ribeiro-Gomes FL, et al. 2017. All-
trans retinoic acid promotes anM1- toM2-phenotype shift and inhibitsmacrophage-mediated immunity
to Leishmania major. Front. Immunol. 8:1560

201. Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, et al. 2010. Metabolic syndrome
and altered gut microbiota in mice lacking Toll-like receptor 5. Science 328:228–31

202. Vorobyev A, Gupta Y, Sezin T, Koga H, Bartsch YC, et al. 2019. Gene-diet interactions associated with
complex trait variation in an advanced intercross outbred mouse line.Nat. Commun. 10:4097

203. Wagnerberger S, Spruss A,Kanuri G,Volynets V,Stahl C, et al. 2012.Toll-like receptors 1–9 are elevated
in livers with fructose-induced hepatic steatosis. Br. J. Nutr. 107:1727–38

204. Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, Louvet A, et al. 2014. M2 Kupffer cells promote
M1 Kupffer cell apoptosis: a protective mechanism against alcoholic and nonalcoholic fatty liver disease.
Hepatology 59:130–42

205. Wang A, Huen SC, Luan HH, Yu S, Zhang C, et al. 2016. Opposing effects of fasting metabolism on
tissue tolerance in bacterial and viral inflammation. Cell 166:1512–25.e12

206. Wang N, Tian X, Chen Y, Tan HQ, Xie PJ, et al. 2017. Low dose doxycycline decreases systemic in-
flammation and improves glycemic control, lipid profiles, and islet morphology and function in Db/Db
mice. Sci. Rep. 7:14707

207. Wang Z,Klipfell E, Bennett BJ, Koeth R, Levison BS, et al. 2011.Gut flora metabolism of phosphatidyl-
choline promotes cardiovascular disease.Nature 472:57–63

208. Wang Z, Liu D,Wang F, Liu S, Zhao S, et al. 2012. Saturated fatty acids activate microglia via Toll-like
receptor 4/NF-κB signalling. Br. J. Nutr. 107:229–41

209. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW Jr. 2003. Obesity is asso-
ciated with macrophage accumulation in adipose tissue. J. Clin. Investig. 112:1796–808

210. Weiskirchen R, Tacke F. 2014. Cellular and molecular functions of hepatic stellate cells in inflammatory
responses and liver immunology.Hepatobiliary Surg. Nutr. 3:344–63

211. Wen H, Gris D, Lei Y, Jha S, Zhang L, et al. 2011. Fatty acid-induced NLRP3-ASC inflammasome
activation interferes with insulin signaling.Nat. Immunol. 12:408–15
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