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SUMMARY

Emerging evidence suggests that the impact of dietary intake on human health and disease is 

linked to both the immune system and the microbiota. Yet, we lack an integrated mechanistic 

model for how these three complex systems relate, limiting our ability to understand and treat 

chronic and infectious disease. Here, we review recent findings at the interface of microbiology, 

immunology, and nutrition, with an emphasis on experimentally tractable models and hypothesis-

driven mechanistic work. We outline emerging mechanistic concepts and generalizable approaches 

to bridge the gap between microbial ecology and molecular mechanism. These set the stage for a 

new era of precision human nutrition informed by a deep and comprehensive knowledge of the 

diverse cell types in and on the human body.
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Alexander and Turnbaugh (XXX-YYY) review the current understanding of the mechanisms 

linking diet, the microbiome and immunity. In this context the authors propose general 

mechanistic concepts defining these interactions and outline important gaps in knowledge at the 

intersection of immunology and microbiota research.
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INTRODUCTION

Dietary recommendations are in a constant state of flux. This is exemplified by the renewed 

debate on the negative health effects, or lack thereof, of red meat (Johnston et al., 2019). 

Searching for “anti-inflammatory diet” online yields a wealth of websites, books, and 

newspaper articles prompting us to eat less sugary processed foods and more vegetables, 

nuts, and fish. But what is it exactly in these foods that is pro- or anti- inflammatory? What 

components of diet alter immune function? How confident are scientists about the long-term 

health consequences of a diet? While these are all longstanding questions, they remain 

largely unaddressed due to gaps in our understanding of the complex inter-relationships 

between immunity, the trillions of microorganisms that colonize the human body (the human 

microbiota), and the pathogenesis and treatment of disease.

The pairwise interactions between dietary factors, the microbiota, and immunity have been 

extensively characterized. Host-associated microbes alter immunity through multiple 

mechanisms, discussed in-depth elsewhere (Blander et al., 2017; Honda and Littman, 2016; 

Skelly et al., 2019). Bacteria and fungi induce specific immune responses that can be either 

proor anti-inflammatory depending on the context. A seminal example of a member of the 

gut microbiota inducing a proinflammatory response is the induction of murine T helper 17 

(Th17) cells (CD4+IL-17A+) by the adherence of segmented filamentous bacteria (SFB) to 

intestinal epithelial cells (Atarashi et al., 2015; Ivanov et al., 2009), leading to worsened 

disease in mouse models of autoimmunity (Bradley et al., 2017; Lee et al., 2011; Teng et al., 

2016). In contrast, an example of a member of the gut microbiota inducing an anti-

inflammatory response is the production of a zwitterionic peptide (polysaccharide A, PSA) 

by Bacteroides fragilis that induces regulatory T cells (CD4+Foxp3+), thereby rescuing 

mouse models of colitis (Round and Mazmanian, 2010). The role of diet in shaping the 

structure and function of the human microbiota has also been discussed extensively 

(Carmody and Turnbaugh, 2014; Kolodziejczyk et al., 2019). In both mice (Carmody et al., 

2015) and humans (David et al., 2014), dietary perturbations can alter the gut microbiota 

within days, in some cases leading to changes to the gut microbiota that are transmissible 

across generations (Sonnenburg et al., 2016). Finally, the connection between diet and 

immune function is also well-established (Chandra, 1996). For example, vitamins A and D 

affect lymphocyte activation and proliferation, T helper cell differentiation, T cell migration, 

and isotype switching (Mora et al., 2008). Together, these studies provide strong support for 

the hypothesis that host phenotypes are driven in part by the net effects of the interactions 

between diet, the microbiome (defined herein as the aggregate genetic material and 

metabolic activity of the microbiota), and immunity. However, until recently, there have not 

been many studies investigating the mechanistic interplay between diet, microbiota, and 

immunity or the downstream consequences of these tripartite interactions for health and 

disease.

A major challenge to understanding the immunological consequences of diet is that the 

complexity of human diets makes it difficult to determine molecular mechanisms. Whole 

foods contain assorted macro- and micro-nutrients, among a vast “dark matter” of non-

nutritive components and chemicals produced during food preparation (Carmody et al., 

2019; Johnson et al., 2019; Wolf et al., 2019). We propose that the lack of an integrated 
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mechanistic framework to understand the phenotypic consequences of diet, the microbiome, 

and immunity is a major reason for the underlying inconsistencies and controversial nature 

of dietary recommendations. More research is required to elucidate how individual food 

components (e.g., vitamins, antioxidants, and plant polysaccharides) impact immune-

microbiome interactions at a cellular and molecular level. These data will help elucidate the 

origins of variable immune responses to dietary interventions (Zeevi et al., 2015) and their 

sensitivity to differences in host genotype, gut microbial community structure, and microbial 

metabolites (Poole et al., 2019).

Here we review recent findings that dissect these diet-microbiome-immune interactions at a 

mechanistic level, with a focus on immunological consequences. We classify these 

interactions into 6 general types of mechanisms. While we have binned studies into these 

themes, the themes and studies we highlight are by no means exhaustive and as future 

studies continue to shed light on these tripartite interactions, these classifications could and 

should be added to and refined. Our goal is to highlight how transitioning from observational 

studies in human cohorts to experimentally tractable models and controlled human 

interventions - while still considering the higher-level interactions between cell types and 

environmental factors -helps elucidate mechanisms of how the microbiota and dietary 

alterations impact immunity.

Getting in shape: diet-derived microbial metabolites sculpt immunity via host receptors

Perhaps the most well-studied mechanism through which diet and the microbiome conspire 

to alter host immunity is the recognition of diet-derived microbial metabolites by host 

signaling pathways (Figure 1). This includes the activation of G protein-coupled receptors 

(GPCRs) in both immune and non-immune cells by short-chain fatty acids (SCFAs) which 

are produced during the bacterial fermentation of oligo- and poly-saccharides, and bacterial 

amino acid metabolites. The microbially produced SCFAs propionate, acetate, and butyrate 

increase colonic CD4+Foxp3+ regulatory T cell (Treg) activity due to activation of the 

GPCR FFAR2 (GPCR43), protecting mice from colitis (Smith et al., 2013b). Activation of 

FFAR2 with an agonist, acetate, or to a lesser extent propionate, promotes type 3 innate 

lymphoid cell (ILC3) expansion. Propionate also increases interleukin 22 (IL-22)+ ILC3s, 

which are important for intestinal barrier maintenance (Chun et al., 2019). Mice with an 

Rorc-cre-mediated conditional deletion of Ffar2 (Ffar2ΔRorc) developed more severe colitis 

in the dextran sodium sulfate (DSS) mouse model of colitis compared to floxed controls. 

However, FFAR2 may not be the only pathway involved. While Ffar2ΔRorc mice have 

decreased IL-22+ ILC3 cells, they are not fully ablated. Treatment of Ffar2ΔRorc mice with 

acetate or propionate could help to determine the Ffar2-independent effects of SCFAs on 

ILC3s. Treatment of ILC3 cells with GPCR inhibitors (pertussis toxin and YM-254890) 

ablated IL-22 induction by the synthetic FFAR2 agonist but did not have as large an impact 

on propionate-mediated IL-22 induction. This suggests that IL-22 induction by the synthetic 

agonist is more dependent on GPCR signaling than propionate. Thus, different agonists for 

the same receptor can have disparate downstream effects on immunity which could be due to 

the differing affinities for the GPCR or the engagement of additional signaling pathways.
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Another recent example of diet-dependent immunomodulatory microbial metabolites 

signaling via host receptors is microbial metabolism of fatty acids. The fatty acid linoleic 

acid can be metabolized by epoxide hydrolases encoded by the host, bacteria, and fungi into 

12,13-diHOME (Levan et al., 2019). 12,13-diHOME is enriched in neonates at risk of 

childhood atopy and asthma corresponding to an enrichment of bacterial epoxide hydrolases 

including NP_814872 (Enterococcus faecalis), YP_003971091 (Bifidobacterium bifidum), 

and YP_003971333 (B. bifidum). Expression of these epoxide hydrolases in E. coli was 

sufficient to convert 12,13-EpOME to 12,13-diHOME. When mice challenged with 

cockroach antigen were treated with 12,13-diHOME they had increased pulmonary T cells, 

neutrophils, monocytes, and proinflammatory cytokines and decreased Treg cells, all 

hallmarks of allergic airway inflammation. In vitro administration of 12,13-diHOME to 

human dendritic cells decreased IL-10 secretion and activated PPARγ. PPARγ is a lipid-

activated nuclear receptor that regulates inflammatory responses and the gut microbiota 

(Byndloss et al., 2017; Khare et al., 2015). However, although 12,13-diHOME is sufficient 

to induce PPARγ this does not rule other targets that could contribute to the mechanism of 

action of 12,13-diHOME. Additional studies are also warranted to determine the importance 

of variations in linoleic acid consumption and the primary microbial species, genes, and 

enzymes involved in its metabolism.

Microbial metabolism of tryptophan into aryl hydrocarbon receptor (AHR) ligands 

represents another example of diet-derived metabolites that signal via host receptors 

resulting in altered immune responses. Lactobacillus species metabolize tryptophan into 

indole metabolites such as indole-3-acetic acid (IAA), which act as AHR ligands and 

promote IL-22 production (Zelante et al., 2013). In a DSS model of colitis, intestinal 

inflammation was decreased when mice were inoculated with Lactobacillus species capable 

of metabolizing tryptophan into AHR ligands (L. murinus CNMC I-5020, L. taiwanensis 
CNCM I-5019, and L. reuteri CNMC I-5022) (Lamas et al., 2016). The role of AHR 

signaling in this protection was supported by findings that treatment of these mice with an 

AHR antagonist abrogated these effects. This example reveals that dietary amino acids such 

as tryptophan can be metabolized by Lactobacillus species, which signal via AHR resulting 

in immunomodulation. However, not all species of Lactobacillus promote AHR activity to 

the same extent; for example, L. murinus and L. taiwanensis induce AHR activity in vitro to 

a greater extent than L. reuteri. More research is needed to identify the factors that contribute 

to the differential AHR activation of Lactobacillus species or strains and their downstream 

consequences for intestinal inflammation and colitis severity. More broadly, it will be 

important to determine which other members of the gut microbiota produce AHR ligands 

and the relative contribution of dietary versus endogenous tryptophan in their biosynthesis.

They are what we eat: diet-dependent microbes feedback on immunity

The functional consequences of shifts in microbial communities are difficult to study, 

especially in humans, due to our lack of methods for precisely manipulating the human 

microbiome (Lam et al., 2019). One common approach is “microbiome transplantation 

experiments” where complex microbial communities are directly transferred between 

animals. An advantage of this approach is that it enables researchers to test hypotheses about 

the downstream effects of changes in the microbiome for immunity (Figure 2); however, its 
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limitations have been the subject of debate (Walter et al., 2020). Here, we highlight studies 

that used this approach to test diet-microbiome-immune interactions. In our opinion, these 

studies represent a critical step towards reducing these complex systems to mechanisms and 

are complementary to the more reductionist models discussed in the prior section.

Multiple studies support the hypothesis that diet-induced shifts in the gut microbiome alter 

immune-related disease models (Figure 1c–d). For example, transplantation of the gut 

microbiota from intermittently fasted mice ameliorated the symptoms of experimental 

autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis (Cignarella et 

al., 2018). Fecal transplants from mice fed a fasting mimicking diet led to reduced colitis 

severity in DSS treated mice (Rangan et al., 2019) (Figure 2a). While these studies provide 

support for a causal role of diet-induced shifts in the gut microbiota to protection from 

immune-driven disease models, the specific microbes and molecular mechanisms can be 

difficult to disentangle. Importantly, these findings do not imply that the microbiome is the 

only factor responsible for these complex phenotypes as there is a clear precedent for 

microbiome independent effects of diet on immune cells. For example, caloric restriction 

decreases circulating monocytes (Jordan et al., 2019) and fasting reduces B cells in Peyer’s 

Patches in both germ-free (GF) and specific pathogen free (SPF) mice (Nagai et al., 2019).

The contribution of microbiome signals versus the independent effects of diet on immunity 

is a central question. Recently, the relative impacts of these factors on intestinal Treg cell 

levels was investigated. GF mice have similar frequencies and numbers of small intestinal 

lamina propria Treg cells to SPF mice, suggesting a microbiome-independent accumulation 

of these cells (Kim et al., 2016; Weiss et al., 2012). When GF mice were sired from mice fed 

an antigen-free diet (AFD) and were raised on this diet, the levels of Treg cells 

(CD4+FoxP3+) in the small intestine significantly dropped compared to SPF and GF mice 

(Kim et al., 2016). This decrease in Treg cells was accompanied by an increased 

susceptibility to intestinal allergy in an ovalbumin (OVA) mouse model, where OVA-specific 

naïve OT-II CD4+ T cells were transferred into AFD mice challenged with OVA. These 

findings suggest that Treg cell induction in the small intestine is dependent on dietary 

antigens. To further understand the relative contributions of microbiota versus dietary 

antigen induction of Treg cells it would be important to test the effect of the AFD on SPF 

mice, although this diet could additionally alter the composition of the microbiota which 

could feedback on immunity. This caveat could be partially addressed with a microbiota 

transplant from SPF mice fed an AFD versus a control diet to GF mice to assess the effect of 

the alteration in microbiome composition on intestinal Treg cells.

Microbiome transplants have also been used to test whether alterations in the microbiota of 

undernourished children can recapitulate phenotypes associated with undernourishment, 

including immune deficiencies. Fecal transplants from twins with severe acute malnutrition 

(SAM) to GF mice resulted in decreased body weight relative to well-nourished twin 

controls (Smith et al., 2013a). The transplantation of immunoglobulin A (IgA)-coated 

microbes from undernourished children into GF mice resulted in a diet-dependent 

enteropathy phenotype (Kau et al., 2015) that was rescued by the addition of two bacterial 

species that were coated with IgA from the well-nourished co-twin. This observation that 

IgA may indicate bacteria that contribute to or prevent pathologies complicates our view of 
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IgA immune targeting; IgA may play opposing roles depending on the dietary context. IgA 

targeting can decrease the colonization of bacteria but can also increase the colonization of 

the mucosal niche. In the context of undernourished children IgA may target pathology-

inducing bacteria but in a healthy microbiota IgA may target pathology-preventing bacteria. 

More recently, two studies investigated the role of microbiota dynamics with paired 

metabolomic and proteomic analyses to characterize broad biological states of children with 

SAM transitioning to moderate acute malnutrition (MAM) (Gehrig et al., 2019; Raman et 

al., 2019). SAM children had higher protein levels of inflammatory markers such as IL-6, C-

reactive protein, TNF-ɑ and other NF-κB agonists, but when these children were 

supplemented with a specific microbiota-directed complementary food - including peanut 

flour, chickpea flour, soy flour, and banana - these inflammatory markers were reduced. 

Consumption of this diet by mice colonized with microbiota derived from a donor with post-

SAM MAM led to an increase in the size and number of submucosal lymphoid aggregates 

composed of B cells and T cells relative to GF controls. This difference between GF and 

colonized mice suggests that the dietary difference in lymphoid aggregates is dependent on 

microbial colonization, setting the stage for follow-up mechanistic studies. These studies 

also highlight the therapeutic potential of microbiota-directed nutritional interventions, 

motivating ongoing work in preclinical models and clinical studies to treat immune-related 

diseases.

An alternative to studying complex dietary shifts is to alter a single dietary component 

followed by paired analyses of the microbiota and immune responses. For example, mice fed 

a vitamin D deficient (D−) diet had lower frequencies of Treg cells (FoxP3+ and Rorγt+ 

FoxP3+) in the colon and more severe DSS colitis compared to a vitamin D containing (D+) 

diet (Cantorna et al., 2019). The microbiota transfer from D+ or D− mice to GF recipients 

phenocopied these results. B. thetaiotaomicron and the Clostridium cluster XIVa were 

decreased in D− mice corresponding to decreased Treg cells. SCFA production by these 

bacteria is implicated in Treg cell induction (Arpaia et al., 2013; Atarashi et al., 2013; 

Ohnmacht et al., 2015; Sefik et al., 2015; Smith et al., 2013b); therefore, the authors propose 

that decreased levels of these bacteria explain Treg cell decreases on a D− diet. Additional 

work is needed to test if these specific bacteria are necessary and sufficient for the 

phenotypic differences and if SCFAs are the primary mechanisms responsible for altered 

colitis severity and Treg cells. Similar microbiota transplantation studies have been 

performed to investigate the impact of emulsifiers on immune-microbiome interactions. 

Transplantation of the gut microbiotas of mice fed two commonly used emulsifiers 

(carboxymethylcellulose or polysorbate-80) recapitulated the worsened colitis severity and 

increased intestinal inflammation seen in donor mice (Chassaing et al., 2015). These 

findings suggest that multiple dietary perturbations can affect immune-microbiome 

interactions relevant to inflammatory bowel disease (IBD).

While microbiome transplants are a powerful research tool to test causal relationships 

between diet, the microbiome, and immunity, there are important caveats to consider in these 

studies. One issue is whether or not the altered microbial community structure initiated by 

diet is maintained in the recipient animals in the absence of the original selection pressure 

(Turnbaugh et al., 2009). Another challenge is the generalizability of these results given the 

logistical limitations of expanding the number of independent donor samples tested (Walter 
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et al., 2020). A useful control is to include heat-killed samples to determine if the resulting 

phenotype requires viable cells or could instead be mediated by an immunomodulatory 

metabolite or protein. It can be incredibly difficult to elucidate the mechanisms through 

which diet shapes complex microbial communities let alone the numerous potential 

mechanisms through which an altered microbiome could shape immunity. More work is 

needed to explore systematic approaches to identify the active components of microbial 

communities, analogous to the activity-guided fractionation methods that are routinely used 

in natural products discovery.

The role of a dietary factor in shifting the microbiome and the associated functional 

consequences can be studied with the lack or supplementation of the factor. For example, 

mice fed a fiber-free diet have reduced colonic mucus layer thickness (Desai et al., 2016; 

Earle et al., 2015). The lack of complex dietary fibers results in the expansion of mucus 

degrading bacteria including Akkermansia muciniphila, Bacteroides caccae, Bacteroides 
ovatus, and Eubacterium rectale, in gnotobiotic mice colonized with a synthetic gut 

microbiota (comprised of 14 representative species from the 5 main phyla found in humans) 

(Desai et al., 2016). A strength of using a synthetic community is the availability of well 

annotated genomes and previous literature (Everard et al., 2013), which revealed a shift in 

the microbiome from fiber to carbohydrate active enzymes such as mucin O-glycan in mice 

fed a fiber-free diet (Desai et al., 2016). This corresponded to a decreased mucus layer in 

mice fed a fiber-free diet accompanied by increased protein levels of the inflammatory 

marker lipocalin 2 decreased and colon lengths. A key question is whether supplementation 

of a diet with purified dietary factors can alleviate phenotypes associated with a deficient 

diet. Supplementation of synthetically colonized mice on fiber-free diet with purified fibers 

(14 host indigestible fibers) did not mitigate mucus degradation seen in the fiber-free diet 

(Desai et al., 2016). However, a recent study found that supplementation of mice on a low 

fiber diet with Bifidobacterium longum and inulin prevented mucus deterioration (Schroeder 

et al., 2018). In a companion study, inulin supplementation to mice fed a high-fat diet (HFD) 

rescued colon shortening and restored production of the antimicrobial peptide, Reg3γ, and 

IL-22 levels (Zou et al., 2018). These protective effects of inulin were not observed in GF 

mice or Il22−/− mice, suggesting a dependence on the presence of an intact microbiota and 

IL-22 signaling (Zou et al., 2018). Together, these studies highlight strengths and drawbacks 

to synthetic microbiota studies. While these studies provide a strong tool to investigate 

alterations of a sequenced community, these communities may lack members of the 

microbiota that impact immune responses to dietary supplementation. Therefore, studies 

using both complex and synthetic communities can form a more complete picture of both 

the biology of how a dietary shift alters the metabolism of members of the microbiota as 

well as the broader question of the overall immune consequences of the diet mediated shifts 

in the gut microbiota.

An important component of adaptive immunity is the antigen-specific response. Members of 

the microbiota induce antigen-specific responses (Goto et al., 2014). Therefore, a question in 

the field is whether diet affects antigen expression in members of the microbiota thus 

impacting antigen-specific responses. Recently, antigen-specific responses to Bacteroides 
thetaiotaomicron were investigated (Wegorzewska et al., 2019). Using B. thetaiotaomicron 
antigen-specific T cells combined with dietary alterations, the authors observed that higher 
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glycan levels and lower salt levels decreased B. thetaiotaomicron antigen expression in vitro. 

Dietary glucose decreased expression of the B. thetaiotaomicron antigen and decreased 

antigen-specific T cells in vivo suggesting that dietary factors can impact antigen dependent 

immunity.

Another intriguing hypothesis is that dietary components and downstream metabolites 

influence the composition of the microbiota and subsequent immune responses via direct 

effects on bacterial growth and viability (Carmody et al., 2019). For example, the SCFA 

butyrate inhibits Lactobacillus reuteri growth in vitro (Zegarra-Ruiz et al., 2019). Daily 

gavage of L. reuteri exacerbated a toll-like receptor 7 (TLR7)-dependent mouse model of 

lupus but a resistant starch diet ameliorated disease pathologies such as splenomegaly, type 1 

IFN induction in the spleen and ileum, and nephritis (Figure 2b). These results suggest that 

the benefits of resistant starch in lupus may be mediated via butyrate production by other 

bacteria resulting in the decreased growth of L. reuteri. Dietary microbial metabolites can 

also alter host signaling pathways in ways that feed back on microbial fitness. For example, 

macrophages differentiated in the presence of butyrate have increased antimicrobial 

responses via histone deacetylase (HDAC) 3 inhibition (Schulthess et al., 2019), suggesting 

that butyrate may also act via host signaling pathways to repress the growth of L. reuteri 
(Figure 2b). Additional support for the growth inhibition hypothesis comes from studies of 

mice fed a high salt diet, which resulted in decreased levels of Lactobacillus murinus (Wilck 

et al., 2017). The growth of L. murinus is inhibited in vitro by increasing NaCl 

concentrations and supplementation of mice on a high salt diet with L. murinus reduced 

Th17 cells and symptoms in a mouse model of multiple sclerosis (EAE) (Figure 2c). 

However, the mechanisms of how high salt concentrations influence L. murinus growth in 
vivo remain unclear as other members of the microbiota are similarly affected by increasing 

salt concentrations.

Teaming up on immunity: diet and the microbiota affect host processes that influence 
immunity

Diet can shape the microbiota through indirect effects on host signaling (Figure 1e). For 

example, dietary fat intake induces host bile acid (BA) production (Carmody and 

Turnbaugh, 2014; David et al., 2014), affecting both gut microbial metabolism and immune 

cell function. Increased levels of Bilophila wadsworthia in mice fed a milk fat diet were 

attributed to the increased hepatic taurine conjugation of BAs (Devkota et al., 2012). Mice 

fed a low-fat diet supplemented with taurocholic acid had increased levels of B. 
wadsworthia, increased Th1 cell frequencies and numbers, and higher incidence of colitis in 

Il10−/− mice (Figure 3a). These findings are supported by data in human subjects which 

revealed that fecal BA concentrations, B. wadsworthia, and bacterial sulfite reductases are 

elevated in response to a high-fat animal-based diet relative to a plant-based diet (David et 

al., 2014). More recently, we showed that dietary increases in the host production of the 

ketone body β-hydroxybutyrate (βHB) leads to decreased intestinal levels of 

Bifidobacterium adolescentis and Th17 cells (Ang et al. 2020). More work is needed to 

explore the functional consequences of enteric ketone bodies for autoimmunity and host 

defense. Taken together, these studies highlight how changes in host metabolism in response 

to diet has broader impacts on the microbiome that feeds back on immunity.
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Diet can also influence the production of host metabolites that are further metabolized by the 

microbiota into immunomodulatory compounds. A diverse array of secondary BAs are 

produced following bacterial deconjugation and dehydroxylation of primary BAs produced 

by the host. Primary and secondary BAs have been studied for their relative impacts on 

immunity due to their ability to signal via GPCRs and nuclear receptors (Fiorucci et al., 

2018). In a screen of 29 BA metabolites, two secondary BAs, 3-oxoLCA and isoalloLCA, 

had distinct effects on T cells, where 3-oxoLCA inhibited CD4+IL-17A+ Th17 cell 

differentiation and isoalloLCA promoted Treg cells in vitro and in vivo (Hang et al., 2019). 

Using retinoic acid receptor-related orphan receptor gamma (Rorγt) binding and luciferase 

activity assays, the authors provided evidence for an interaction between 3-oxoLCA and 

Rorγt, which results in the suppression of Rorγt activity. These data support a mechanistic 

model of a direct interaction between a secondary BA and an immune cell master 

transcription factor, which results in an altered immune response. However, it is unclear 

which microbial enzymes are responsible for the production of these BAs or if and how diet 

alters production of these compounds. In a subsequent study, a connection between diet, 

composition of BAs, and altered immunity was established. SPF mice fed a nutrient rich 

(NRD) or minimal diet (MD: a nutrient poor diet - no cholesterol, lower levels of nutrients, 

less diverse fatty acids, different amino acid compositions) had distinct Treg cell responses 

(Song et al., 2020). SPF mice on the NRD had higher levels of colonic Treg cell frequencies 

(Rorγ+Helios−) compared to SPF mice on a MD or GF mice on a rich diet. The higher 

frequencies of Treg cells were correlated with an altered colonic BA pool. Supplementation 

of the MD with combinations of secondary lithocholic/3-oxo-lithocholic acids was sufficient 

to restore Treg cell frequencies. The production of BA conjugates has been linked to 

bacterially encoded bile salt hydrolases (BSHs). For example, BSHs from Bacteroides 
thetaiotaomicron modulate the BA conjugate tauro-β-muricholic acid and downstream 

immune transcriptional pathways, as revealed by comparisons of gnotobiotic mice colonized 

with wild-type (wt) and isogenic BSH-deficient (BT2086) B. thetaiotaomicron (Yao et al., 

2018). Consistent with these findings, monocolonization of BSH-deficient (BT1259 and 

BT2086) B. thetaiotaomicron led to decreased colonic Treg cell compared to colonized with 

wt B. thetaiotaomicron (Song et al., 2020). These data suggest that bacterial metabolism of 

BAs drives Treg cell accumulation. By analyzing transgenic mice deficient for 4 GPCRs and 

5 combinations of nuclear receptors, the authors identified two nuclear receptors [vitamin D 

receptor (VDR) and to a lesser extent farnesoid X receptor (FXR)] that impact colonic Treg 

cells. More work is necessary to test the hypothesis that dietary shifts in BA levels and their 

subsequent bacterial metabolism and signaling through VDR shape Treg cells and 

downstream host phenotypes. Do GF VDR-deficient mice respond to purified BAs or the 

different strains of B. thetaiotaomicron? If supplementation of GF mice with combinations 

of secondary lithocholic/3-oxo-lithocholic acids rescues the Treg cell population as it did in 

SPF mice, then this would rule out the role of other diet- or microbiome-derived factors in 

BA-mediated Treg cell induction. Together, these studies establish that dietary and microbial 

factors influence the BA pool, which impacts immune responses such as Treg cell levels, in 

some cases through direct binding and inhibition of master transcription factors in the case 

of 3-oxoLCA and Rorγt or through signaling via host nuclear receptors (Figure 3b).
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Members of the microbiota can alter host metabolism of immunomodulatory dietary factors 

(Figure 1f). Many dietary factors have reciprocal interactions with the microbiota, altering 

microbial community structure while being metabolized by microbial enzymes. For 

instance, the vitamin A metabolite retinoic acid (RA) increases FoxP3+ Treg cell (Elias et 

al., 2008; Xiao et al., 2008), inhibits Th17 cell polarization (Elias et al., 2008), and alters the 

gut microbiota (Hibberd et al., 2017). The microbiota can also suppress host metabolism of 

vitamin A into RA, having downstream effects on immunity (Grizotte-Lake et al., 2018). For 

instance, Clostridia suppress the expression of retinol dehydrogenase 7 (Rdh7) in intestinal 

epithelial cells (IECs) which is necessary for RA production. Deleting Rdh7 in IECs with 

Villin-Cre (RdhΔIEC) significantly decreases RA levels in the small intestine. This deletion 

also decreases IL-22 expression, IL-22+CD3+ and IL-22+CD3− cells (IL-22 producing ILC 

and T cells), and production of antimicrobial peptides (AMP) with a corresponding decrease 

in spatial segregation between the IECs and the gut microbiota. RdhΔIEC mice are protected 

from challenge with Salmonella typhimurium, suggesting that higher levels of IL-22 

enhances the ability of S. typhimurium to colonize mice. IL-22 is important for barrier 

function and protection from other pathogens such as Citrobacter rodentium (Eidenschenk et 

al., 2014; Zheng et al., 2008); therefore, it is counterintuitive that IL-22 promotes S. 
typhimurium colonization. However, IL-22 has been shown to promote S. typhimurium by 

suppressing the growth of gut bacterial symbionts (Behnsen et al., 2014). This suggests that 

IL-22 may act as a rheostat where levels must be precisely tuned such that enteric symbionts 

flourish and provide colonization resistance to pathogens such as S. typhimurium. It remains 

unclear why the gut microbiota would be more sensitive to AMPs induced by IL-22 than S. 
typhimurium. Together, these findings reveal that the microbiota influences vitamin A 

metabolism by the host, which results in altered immunity (Figure 4a). Gnotobiotic mice 

colonized with a defined human gut bacterial community on a vitamin A deficient diet had 

compositional shifts and altered transcriptional activity (Hibberd et al., 2017). This effect 

could be due to direct effects of vitamin A on the microbiota or due to differential host 

responses. Further mechanistic studies are needed to tease apart the direct versus indirect 

effects of vitamin A on the structure and function of the gut microbiota. Together, these 

studies highlight the reciprocal interactions of vitamin A with the microbiota and immunity 

underscoring a central issue in studying the interplay between diet, microbiota and 

immunity, where feedback loops between these factors complicate our understanding of the 

overall role of each individual factor.

Regaining control: immune effects on microbial metabolism of dietary factors feeds back 
on immunity

Studies in transgenic mice have begun to reveal host immune factors that shape the gut 

microbiota and the subsequent immune response to dietary interventions (Figure 1g). There 

is a rich body of literature that has demonstrated an immunological influence on the 

microbiota (Hooper and Macpherson, 2010); including mucosal layers (Johansson et al., 

2008; Van der Sluis et al., 2006), antimicrobial peptides (Brandl et al., 2007; Pütsep et al., 

2000; Vaishnava et al., 2008), IgA production (Macpherson et al., 2000; Suzuki et al., 2004), 

T cell coordination of immune responses (Kubinak et al., 2015), inflammasome signaling 

(Elinav et al., 2011; Levy et al., 2015), and TLR5 signaling (Cullender et al., 2013; Fulde et 

al., 2018; Vijay-Kumar et al., 2010). However, few studies have evaluated whether or not 
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modulations to the gut microbiota by the immune system can alter microbial metabolism of 

dietary products in a way that feeds back on immunity. One example of this comes from the 

Caspase Recruitment Domain-containing protein 9 (CARD9), which is a susceptibility gene 

for IBD in humans. IBD patients with the CARD9 risk allele have reduced AHR activation 

which correlates with a general decrease in IAA levels in IBD patients (Lamas et al., 2016). 

CARD9 plays an important role in immunity such as fungal immune responses as well as 

TLR signaling (Goodridge et al., 2009; Hara et al., 2008; Lanternier et al., 2015), and 

Card9−/− mice have impaired recovery from DSS colitis challenge (Lamas et al., 2016). 

Card9−/− mice have decreased levels of the gut bacterium L. reuteri, among other shifts in 

the gut microbiota. Transplantation of the Card9−/− microbiota to wt GF mice recapitulated 

the DSS colitis phenotype, potentially due to decreased metabolism of tryptophan by L. 
reuteri to AHR agonists, as discussed above. This example demonstrates that differences in a 

single immune signaling protein, CARD9, can lead to immunologically relevant shifts in the 

gut microbial community structure via alterations to the microbial metabolism of dietary 

products (Figure 4b).

Innate sensing of microbial signals has been tied to microbial community structure. When 

the ability to sense certain features of the microbiota, such as flagella in the case of TLR5, 

the composition of the microbiota is altered (Carvalho et al., 2012; Vijay-Kumar et al., 

2010). Tlr5−/− mice on a HFD develop worsened metabolic syndrome compared to wt mice 

including increased immune infiltrates in the pancreas (Vijay-Kumar et al., 2010). The 

transfer of Tlr5−/− cecal content into GF mice was sufficient to recapitulate metabolic 

syndrome phenotypes compared to the transfer of wt content with no dietary intervention 

(Vijay-Kumar et al., 2010). Similarly, the deficiency of the TLR signaling adaptor protein 

MyD88 in T cells changes the composition of the microbiota via altered IgA targeting of the 

microbiota and metabolic syndrome developed when mice are fed a HFD (Kubinak et al., 

2015; Petersen et al., 2019). This metabolic syndrome was abrogated when the mice are 

treated with antibiotics (Petersen et al., 2019). One of the central caveats with these studies 

is that the deletion of these key innate sensing pathways can have significant impacts on host 

signaling. Therefore, cell-specific deletion of these pathways such as the T cell specific 

Myd88−/− or follow-up studies which have specifically deleted Tlr5 from dendritic cells and 

intestinal epithelial cells (Chassaing et al., 2014) can begin to parse out which cells are 

involved in these phenotypes as well as decrease the overall impact of these deletions on 

other host processes. These studies provide evidence that innate shaping of the microbiota 

impacts metabolic syndrome phenotypes driven by a HFD.

Another example of immunological control of the microbiota and immunomodulatory diet-

derived metabolites comes from studies of inflammasome mediated signals. The deletion of 

the Nlrp6 Asc-dependent inflammasome assembly alters the gut microbiota (Elinav et al., 

2011; Levy et al., 2015) corresponding to decreased IL-18 levels, a major downstream 

product of inflammasome activation (Levy et al., 2015). The administration of IL-18 to 

Nlrp6−/− or Asc−/− mice altered the microbiota composition compared to wt controls. These 

findings suggest that shifts in the gut microbiota in mice deficient in Nlrp6 Asc-dependent 

inflammasome function is influenced by IL-18 production. However, these results do not 

fully establish that microbiota alterations in Nlrp6−/− mice are solely driven by decreased 

IL-18 and not other inflammasome dependent immune responses. A dual deletion of Il18 
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and Nlrp6 would further support this mechanism. Wt GF mice co-housed with Asc−/− SPF 

mice had lower IL-18 production than their wt cohoused counterparts suggesting that IL-18 

is repressed by exposure to Asc−/− microbiota. Metabolite analysis revealed an enrichment 

for taurine and a depletion of spermidine and histamine from the cecal content of GF wt 
mice cohoused with Asc−/− SPF mice compared to the wt co-housed control. Taurine is an 

amino sulfonic acid and provides a substrate for BA formation and is modulated by 

members of the microbiota (Brestoff and Artis, 2013). Spermidine and histamine are amino 

acid metabolites produced by the microbiota and host (Levy et al., 2015). Taurine increased 

IL-18 levels while spermidine and histamine decreased IL-18 in cultured colon explants. 

Thus, alterations to the microbiota in Asc−/− mice contribute to differential levels of amino 

acid derivatives (taurine, spermidine, and histamine), which can feedback on immunity 

(IL-18). While there are other examples of host immune factors influencing intestinal 

microbial ecology, these studies provide examples of immune-mediated alterations to the 

microbiota impacting microbial metabolism of dietary derived immunomodulatory products.

CONCLUDING REMARKS

Observational human nutrition and microbiome studies have been invaluable in prioritizing 

dietary factors, immune cells, and microorganisms to study. Continued progress requires 

experimentally tractable systems that enable researchers to disentangle these tripartite 

interactions. These fundamental studies are complementary to ongoing observational and 

interventional studies in human cohorts, providing candidate biomarkers and therapeutic 

targets (Turnbaugh, 2020). More in-depth experiments dissecting pairwise interactions will 

also be critical, as these mechanistic insights set the stage for interdisciplinary cross-system 

studies.

Several broad patterns have emerged from the work to date. Diet shapes the gut microbiome 

through direct effects on bacterial growth and viability and more complex indirect effects 

mediated by diet-dependent changes to host cells. In turn, the microbiome plays a critical 

role in expanding our metabolism of dietary substrates, which has energetic implications as 

well as an important signaling role to immune cells through host receptors. We categorized 

these interactions into 6 general types of mechanisms (Figure 1b–g). However, given the 

novelty of this field of study, we believe these to be the tip of the iceberg and as more studies 

contribute insight into this area these mechanisms should be added to and refined. For 

instance, it is clear that the microbiota impacts the uptake of dietary factors via alterations to 

host signaling but the impact of this on immunity has not yet been fully investigated. For 

example, the microbiota affects expression of histone deacetylase 3 (HDAC3) which alters 

the expression of a lipid transporter CD36 (Kuang et al., 2019). While the link between 

microbiota and uptake of dietary factors is established, the impact on immunity remains 

unclear. Another example where pairwise interactions between diet-microbiota and 

microbiota-immune related disease have been established but the tripartite interactions have 

not yet been investigated comes from rheumatoid arthritis (RA). Strain-level variation in the 

Prevotella copri species is associated with high fiber intake (De Filippis et al., 2019) and this 

species is also linked to RA (Scher et al., 2013). However, it remains unclear if decreasing 

fiber intake would lower P. copri levels in RA patients or what the net consequences for 

immunity would be. This is a prime example of the broader trend where microbiome 
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literature suggests that microbe X induces worsened mouse models of autoimmunity and is 

impacted by diet Y; however, the impact of the alteration to microbe X by diet Y on 

immunity remains untested.

A central question in the field is whether higher-level conclusions can be drawn about which 

microbiota members are involved in dietary immunomodulation. The historical focus on 

single culturable and genetically tractable model organisms may leave the impression that 

there are a small number of immunomodulatory members of the human microbiota. We 

propose that this observation is reflective of a bias in the existing literature, motivating more 

systematic efforts to determine which bacteria and other microorganisms interact with diet 

and host immunity (Geva-Zatorsky et al., 2017). Isolate-based screens also typically fail to 

capture genetic variations within a bacterial species (Bisanz et al., 2020); more work is 

needed to dissect the host-microbiota interactions at the strain-level. On a methodological 

level, multiple researchers have taken a “bottom-up” approach wherein individual dietary 

components, microbes, immune factors, or bacterial genes are studied in mechanistic detail. 

“Top-down” microbiome surveys provide valuable associations and causal relationships 

between complex microbial communities and host phenotypes. An important area for future 

work will be to bridge these two approaches by building more complex synthetic microbial 

communities and developing systematic approaches for identifying the dietary and microbial 

effectors of immune phenotypes.

Higher-order interactions are also beginning to be revealed, consistent with the hypothesis 

that there is extensive feedback between diet, the microbiome, and immunity. For example, 

the immune system can alter the abundance of bacteria, changing how dietary factors are 

metabolized by the microbiota, and then resulting in changes in immunity (Figure 1g). As 

with other complex systems, these interactions are likely dynamic and will be difficult to 

understand by only studying their component parts. While there are examples of 

microbiome-independent effects of diet on immunity, there is a substantial amount of 

literature that reveals a role of the microbiota in dietary immune modulation. Further, there 

are likely synergistic effects of diet and the microbiota on immunity, which is an important 

area of future investigation. Methods to tune each node in situ and in real-time are an 

essential step towards gaining more quantitative mechanistic insights.

To systematically address gaps in the field we must consider the current successful tools and 

approaches and propose novel techniques. Advances in nutrition, ecology, bacterial genetics, 

and chemical biology will provide important tools. There is a need to systematically pull 

apart and re-assemble dietary components to individually assess their impact on the 

microbiota and immunity. A seminal example of this is the defined perturbation in diet 

combined with combinatorial communities in gnotobiotic mice to model how changes in 

macronutrient intake alter the structure of the microbiota (Faith et al., 2011). Combining this 

approach with immune profiling could assess how these diet-mediated shifts in the 

microbiota impact immunity. Additionally, more subtle alterations to the diet could reveal 

the role of specific nutrients such as a single amino acid. These studies will be aided by 

efforts to build synthetic microbial communities that model complex interactions between 

100s-1000s of microbial strains. By coupling these synthetic microbial communities to 

organoids and other in vitro or ex vivo models we can begin to more rapidly screen dietary 
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components and microbiomes for their downstream effects on immunity. However, these 

approaches have several important limitations. As discussed earlier, while synthetic systems 

allow for better mechanistic investigations, we can miss important biology if members of the 

microbiota are excluded. Further, gnotobiotic mice and the currently available in vitro 
models are distinct from humans in numerous respects, motivating efforts to use model 

animals with a more “human-like” anatomy (e.g., pigs), to construct more sophisticated 

multicellular in vitro models, or to combine methods for generating “humanized” transgenic 

animals.

In parallel, a “synthetic nutrition” approach can be used in human cohorts to assess the 

causal role of specific dietary perturbations on the microbiome and immunity. A first step 

towards this goal was provided by a recent study wherein 34 subjects were sampled daily for 

17 days, integrating 24 hour food records and metagenomics to track longitudinal 

relationships between food intake and the gut microbiota (Johnson et al., 2019). The design 

of this study would lend itself well to additional assessment of the immune system where 

subjects could be densely sampled and diet intake, microbiota composition, and immune 

profiling could be combined to longitudinally assess these tripartite relationships. Taking 

this a step further, randomized dietary interventions in humans could simultaneously 

characterize the microbiome and immunity.

Bacterial genetics and biochemistry will also be essential to understanding the role of the 

microbiome in nutrition and immunology. Our current knowledge base is built on a handful 

of model bacteria, resulting in a vast “dark matter” of unannotated genes, proteins, and 

metabolites. Multiple studies discussed here provide a strong proof-of-concept for the value 

of understanding bacterial genetics (Song et al., 2020; Yao et al., 2018). Combining these 

approaches with defined diet alterations will help to connect individual genes to diet-

dependent immune phenotypes. The construction of both gain-of-function and loss-of-

function libraries in diverse bacterial and fungal species will provide valuable resources, as 

demonstrated for B. thetaiotaomicron (Goodman et al., 2009). Chemical screens pairing 

diet-derived microbial metabolites to host receptors, as recently demonstrated for GPCRs 

(Chen et al., 2019; Colosimo et al., 2019), coupled to methods for activity-based protein 

profiling (Jariwala et al., 2019) will also be informative to identify the targets of diet-derived 

microbial metabolites and the microorganisms responsible for their production. Hypotheses 

developed through these reductionist studies can then be tested in humans and animal 

models to evaluate their physiological and clinical relevance.

In summary, the microbiome field is at an inflection point, where researchers are beginning 

to integrate findings from multiple reductionist studies, moving closer to the complexity 

revealed by surveys of the natural system. The studies discussed herein provide support for 

the feasibility and utility of this approach while also highlighting the gaps in our knowledge 

and limitations to currently available methods. We may have “miles to go before we sleep” 

but if the recent advances are any indication, we are well on our way.
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Figure 1. General types of interactions between diet, microbiota, and immune responses.
(A) (Black) The immune system shapes the microbiota, which alters the metabolism of 

immunomodulatory dietary factors. (Red) The microbiota metabolizes dietary substrates into 

immunomodulatory metabolites. (Orange) Diet influences the microbiota resulting in altered 

immune responses. (Blue) Dietary factors are metabolized by the host resulting in alterations 

to immunomodulatory microbes. (B-G) General mechanisms by which the diet, microbiome, 

and immune system interact to induce immunological changes: (B) Dietary derived 

microbial metabolites alter immune response via host receptor signaling; (C) Diet alters the 

fitness of immunomodulatory microbes; (D) Diet alters microbiome composition and 

activity, which modulates the immune response; (E) Diet alters host metabolite production 

which impacts immunomodulatory microbes; (F) Microbes shape host metabolism of 

immunomodulatory dietary factors; and (G) The immune system shapes the microbiome 

altering microbial metabolism of immunomodulatory dietary factors.
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Figure 2. Diet alters the immunomodulatory potential of the gut microbiota.
(A) Mice on a fasting mimicking diet have reduced blood lymphocytes and C reactive 

protein, which corresponds to alterations in the composition of the gut microbiota. 

Transplantation of this altered microbiota into germ-free (GF) donor mice phenocopies the 

donor mice and results in improved dextran sodium sulfate (DSS) colitis response (Rangan 

et al., 2019). (B) Resistant starch is metabolized by members of the gut microbiota into the 

short chain fatty acid (SCFA) butyrate which has direct effects on immune responses, such 

as the increased antimicrobial activity of macrophages (Schulthess et al., 2019). 

Additionally, butyrate can directly inhibit growth of L. reuteri, which has been shown to 

worsen lupus severity in a mouse model (Zegarra-Ruiz et al., 2019). (C) The growth of L. 
murinus is inhibited in vitro by increasing salt (NaCl) concentrations. Mice on a high salt 

diet supplemented with L. murinus had reduced Th17 levels and less severe disease in the 

experimental autoimmune encephalomyelitis (EAE) mouse model of multiple sclerosis 

(Wilck et al., 2017).
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Figure 3. Diet alters production of host and microbial metabolites feeding back on immune 
responses.
(A) Mice fed a milk fat diet had increased levels of hepatic taurine conjugation of bile acids, 

which was associated with a bloom in B. wadsworthia. Supplementation of mice on a low-

fat diet with taurocholic acid resulted in increased levels of B. wadsworthia, Th1 cells, and 

higher incidence of colitis in Il10−/− mice (Devkota et al., 2012). (B) Mice on a nutrient rich 

diet compared to a nutrient poor (minimal) diet have different compositions of primary and 

secondary bile acid (BA) pools. Bile salt hydrolase enzymes along with other microbial 

enzymes are involved in the production of secondary bile acids from primary bile acids (Yao 

et al., 2018). Secondary bile acids can alter immune responses via their interactions with 

immune receptors such as the nuclear receptors vitamin D receptor (VDR) and farnesoid X 

receptor (FXR) (Song et al., 2020) and the Th17 cell master transcription factor Rorγt 
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(Hang et al., 2019). For example, 3-oxo-lithocholic acid (3-oxo-LCA) directly binds and 

inhibits Rorγt resulting in decreased levels of CD4+IL-17A+ Th17 cells (Hang et al., 2019).
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Figure 4. The gut microbiota alters the metabolism of immunomodulatory dietary factors and 
immune responses alter immunomodulatory bacteria.
(A) Members of the Clostridia class inhibit the expression of retinol dehydrogenase 7 

(Rdh7) in intestinal epithelial cells (IECs) (Grizotte-Lake et al., 2018). Rdh7 is responsible 

for metabolizing vitamin A into retinoic acid (RA). RA promotes the production of IL-22, 

which induces antimicrobial peptides (AMPs) -Reg3γ, Reg3B, S100A8, S100A9. These 

AMPs suppress the growth of gut microbiota. The inhibition of members of the gut 

microbiota by AMPs may contribute to the reduction of colonization resistance to 

Salmonella typhimurium. (B) Caspase Recruitment Domain-containing protein 9 (CARD9) 

is an important immune signalling protein involved in fungal immune responses. Card9−/− 

mice have decreased levels of the gut bacterium L. reuteri suggesting Card9 promotes L. 
reuteri colonization. L. reuteri metabolizes tryptophan into indole-3-acetic acid (IAA) which 
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is an aryl hydrocarbon receptor (AHR) agonist (Lamas et al., 2016). AHR activation results 

in IL-22 production, among other things.
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