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Abstract

The immune system employs recognition tools to communicate with
its microbial evolutionary partner. Among all the methods of microbial
perception, T cells enable the widest spectrum of microbial recognition
resolution, ranging from the crudest detection of whole groups of microbes
to the finest detection of specific antigens. The application of this recog-
nition capability to the crucial task of combatting infections has been the
focus of classical immunology. We now appreciate that the coevolution of
the immune system and the microbiota has led to development of a lush
immunological decision tree downstream of microbial recognition, of which
an inflammatory response is but one branch. In this review we discuss known
T cell-microbe interactions in the gut and place them in the context of
an algorithmic framework of recognition, context-dependent interpretation,
and response circuits across multiple levels of microbial recognition resolu-
tion. The malleability of T cells in response to the microbiota presents an
opportunity to edit immune response cellularity, identity, and functionality
by utilizing microbiota-controlled pathways to promote human health.
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INTRODUCTION

A profound realization in the last decade has been that human health relies significantly on the
composition and function of the commensal microbiota. Indeed, the microbiota promotes homeo-
stasis in multiple tissues, either directly (e.g., in skin, gastrointestinal, respiratory, and urogenital
tracts) or indirectly (e.g., in the central and peripheral nervous system, liver, adipose tissue, skeletal
muscles, and cardiovascular system). In turn, the host provides the microbiota with nutrients, sup-
ports its diversity and stability, and protects it from domination by pathogens. The evolutionary
positive feedback loop of host-microbiota quid pro quo has led to the development of microbial
perception tools by the immune system. Such recognition was likely critical to the establishment
of mutually beneficial host—microbe interactions, and its application to the crucial task of com-
batting infections has been the focus of classical immunology. We now appreciate that invasive
pathogens represent only a small fraction of the microbial world with which the immune system
interacts around the clock and that, concordantly, an inflammatory response is but one branch of
a lush decision tree downstream of a microbial recognition event.

The immune system’s perception of microbes involves three stages: recognition, interpreta-
tion, and response (Figure 1). The immune microbial perception circuits can be hierarchically
organized according to detection resolution from low to high. The basic level of recognition is the
metabolic activity of microbes. Microbial groups possessing specific classes of enzymatic pathways
can be recognized via detection of metabolic derivatives, such as short-chain fatty acids (SCFAs),
secondary bile acids, and tryptophan derivatives. One resolution level higher is identification of
groups of similar bacteria and their geographical distribution via common structural patterns, for
example via pattern recognition receptors. At the metabolic and structural pattern resolution lev-
els, bacteria are recognized in large groups on the basis of an evolutionarily relevant common
denominator, keeping the energy cost of recognition per bacterial species low. One order higher
in terms of resolution is a filter for coevolutionary partners. Examples of such selection include
species within the classes Clostridia and Bacteroidia that induce homeostatic T cell activation. The
highest level of resolution is antigen-specific recognition, which enables identification of bacte-
ria at the species or even strain level. To achieve such specificity, signal amplification processes
are required. Therefore, the energy cost per bacterium detected is high and its targets tend to be
of great evolutionary importance, either as mutualistic partners or as life-threatening infectious
agents.

Downstream of detection is the interpretation stage, which includes signal processing and clas-
sification of the microbial agent. Even normally harmless commensals may become pathogenic in
specific circumstances, thus precluding universal classification. As with any recognition algorithm
that classifies a microbial signal, the immune system must also evaluate its context. In the
context of tissue invasion or damage, a microbe will be identified as pathogenic and targeted for
sterilization. Such recognition usually occurs in the context of the whole microorganism and
entails a unique cocktail of microbial antigens and microbe-associated molecular patterns. These
microbial signals activate a set of antigen-presenting cells (APCs) and innate immune cells in a
specific manner, eventually inducing an inflammatory response as an output. In contrast, under
homeostatic conditions, commensal microorganisms are noninvasive and sequestered from direct
contact with immune cells. This is achieved through several physical and immunological barriers,
such as epithelial and mucus layers, antimicrobial peptides, and secretory IgA. As a result, the
diversity and number of commensal-derived products that reach APCs and other innate immune
cells are controlled and limited. Thus, in the absence of tissue damage and in the context of
legitimate biogeography (e.g., Peyer’s patches), and/or in combination with positive signals (e.g.,
SCFAs), the microbial signature will be judged as commensal/mutualistic and will result in an
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Figure 1

Microbiota-immune system interaction algorithm. Immune microbial perception involves three steps: (D) recognition, (2)) context-
dependent interpretation, and ((3)) response. Depending on the function of the recognition circuit, different resolution may be
required. At the low end of the resolution spectrum, groups of microbes are recognized via detection of microbial metabolites. The next
level up involves detection of common structural patterns, for instance, via PRRs. Higher still are circuits involving detection of
species-specific coevolutionary adaptations, such as the ability to colonize epithelium. The highest resolution characterizes antigen-
specific recognition circuits. Following detection, the microbial signature is classified either as pathological or as commensal/
mutualistic according to context, including the presence or absence of inflammation, tissue damage, and mode of antigen acquisition.
Signatures determined to be infectious are sterilized, while those perceived as mutualistic are tolerated and receive support and
protection. Abbreviations: BCR, B cell receptor; IgA, immunoglobulin A; PRR, pattern recognition receptor; TCR, T cell receptor.

output entailing immunological tolerance or nutritional support. If commensals deviate from
normal routes of entry, for example, due to breach of the intestinal barrier during injury or acute
inflammatory processes, then they will activate a proinflammatory eradicative immune response.

T cells are unique in that they are capable of microbial recognition at all levels of resolution and
in the context of both pathology and mutualistic coevolution. The characteristics of a successful
T cell response to a given microbe (whether pathogenic or commensal) are antigen specificity and
appropriate functional differentiation, e.g., T regulatory cells (Tregs); T follicular helper (Tth)
cells; and T helper 1, 2, and 17 (Th1, Th2, and Th17) cells. Whereas proinflammatory T cell re-
sponses are aimed at clearing invaders, T cell responses to commensals aim to survey and control
our autochthonous ecosystem. Accordingly, T cell responses (unconventional T cell responses in
particular) to commensal microbes are often associated with promiscuous specificity. Moreover,
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the unique mechanisms of sampling commensals and the nature of commensal-derived molecules
promote engagement with tolerogenic innate immune cells or APCs, which leads to either out-
right induction of Tregs or induction of effector T cells with reduced inflammatory functions.
Commensal-induced T cells can also actively participate in decreasing tissue damage as well as in
promoting tissue repair and tolerance (Figure 1).

The functional objectives of T cell responses to the microbiota are not completely understood
and are likely context dependent. It is safe to assume that they promote mutualism by directly or
indirectly regulating the numbers, composition, and distribution of commensal microbes. Char-
acterizing the mechanistic details of these functions will be the next exciting area of research in
this field. In this review, we discuss known T cell-microbe interactions across multiple levels of
microbiota recognition resolution, with a focus on the intestine. Furthermore, we discuss how
the malleability of T cells in response to microbiota composition presents an opportunity to edit
T cellularity, identity, and functionality by utilizing microbiota-driven molecular pathways in or-
der to promote human health.

T CELL ALGORITHMS OF MICROBIAL RECOGNITION

Among the immunological programs of microbial perception, T cell recognition circuits are ar-
guably the most versatile, covering the full spectrum of microbial recognition resolution with
outputs ranging from promoting tolerance and tissue repair to sterilizing inflammatory responses.
Unconventional T cells such as y3 T cells, mucosal-associated invariant T (MAIT) cells, and natu-
ral killer T (NK'T) cells recognize groups of microbes on the basis of microbe-derived metabolites.
Following microbial detection, activation of unconventional T cell circuits leads to fortification
of the mucosal barrier and protection against infection. This likely reflects an early stage of host—
microbiota coevolution. Conventional CD4 and CD8 T cells enable microbial recognition down
to specific microbial antigens and generate non-zero-sum outputs, benefiting both the host and
the microbiota (e.g., immunological tolerance) and representing the evolutionary state of the art
in host-microbiota coadaptation.

Antigen-Specific Recognition Circuits

Conventional CD4 and CD8 T cells in the intestine are constitutively exposed to antigen. T cells
can be primed by a diverse array of antigens, including those derived from the microbiota, together
with their unique contexts. Activated conventional T cells differentiate into a wide spectrum of
effector cells with functions ranging from regulatory to proinflammatory. The full range of par-
ticipating T cell functionalities and microbiota species and antigens is an exciting area of intense
research. Here we discuss current examples of how specific microbiota species/strains induce T
cell subsets with unique functions.

Th17 cells. Th17 cells provide one of the first- and best-studied examples of antigen-specific
recognition circuits resulting from mutualistic coevolution of a commensal and its host. Seg-
mented filamentous bacteria (SFB) are beneficial commensals and part of the healthy microbiota
in many animal species that colonize the small intestine, particularly the terminal ileum (1, 2). SFB
carry mucolytic genes and can cross the mucus barrier and attach to the epithelial lining (3, 4);
however, unlike pathogens, SFB do not penetrate or invade the epithelial layer. Importantly, only
SFB strains indigenous to the host species are capable of attaching to the epithelium interface; for
instance, rat SFB inoculated into mice remain restricted to the lumen and vice versa (4). There-
fore, at steady state, SFB are recognized and classified as evolutionary partners. SFB induce Th17
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cells that recognize antigens encoded by SFB, which are predicted to be secreted or expressed
on the bacterial surface (5, 6). Mechanistically, upon attachment, SFB antigens can be sampled
by intestinal epithelial cells IECs) via microbial adhesion-triggered endocytosis (MATE) (7).
MATE is a clathrin-independent, dynamin-dependent, and cell division control protein 42
(CDC42)-mediated endocytosis mechanism in IECs elicited by SFB adhesion. SFB adhesion is
also associated with activation of a unique IEC gene expression program that includes upregula-
tion of serum amyloid A proteins (SAAs) (1, 4, 8, 9). SAAs activate lamina propria CD11c" cells
to produce interleukin (IL)-1p, which in turn stimulates IECs to secrete more SAAs (4). This
feedback loop functions as a signal amplifier, likely increasing recognition circuit sensitivity. Its
importance is highlighted by the existence of a redundant signal amplification loop, in which SFB
activate production of IL-22 by group 3 innate lymphoid cells ILC3s), and IL-22 enhances the
expression of SAAs in IECs (4, 8). Downstream of SFB attachment to the epithelium, an amplified
SAA signal is converted into the circuit’s output, including Th17 cell differentiation (4, 8, 9).
Counterbalancing the output of the SFB recognition circuit, the number and function of induced
Th17 cells are kept in check by peripherally induced Treg (pTreg) differentiation controlled by an-
other recognition circuit (10, 11), discussed in more detail in the section titled T Regulatory Cells.
Commensal-induced Th17 cells reinforce the epithelial barrier through upregulation of Nox1 (an
apical NADPH oxidase), a-defensins, and polymeric immunoglobulin receptor required for the
transcytosis of secretory IgA, ultimately bolstering the host’s immunity against pathogens (12-14)
(Figure 2).

In addition to SFB, Bifidobacterium adolescentis also induces intestinal Th17 cells through an
as-yet-undefined mechanism (15). Ketone bodies accumulated by consumption of a very low-
carbohydrate and high-fat ketogenic diet inhibit the growth of B. adolescentis and reduce Th17
cell frequency (16). In contrast, a high-salt diet enhances Th17 cell differentiation (17-19). This
effect is due to a reduction in Lactobacillus species and a consequent reduction in the levels of
Th17-inhibitory tryptophan metabolites, such as indole-3-lactic acid and indole-3-acetic acid, in
the intestine (17). High-salt conditions also directly activate nuclear factor of activated T cell 5
and serum glucocorticoid-regulated kinase 1 in T cells to promote Th17 cell differentiation (18,
19). An accumulation of Th17 cells mediated by a high-salt diet can lead to hypertension and
cognitive impairment (17, 20). Therefore, Th17 induction by the microbiota is connected across
diverse host physiological processes. It is also possible that microbe-induced Th17 differentiation
helps improve their competitive fitness for their ecological niches.

T regulatory cells. One of the clearest examples of a microbial recognition circuit that benefits
both the host and the microbiota is that responsible for maintaining the population of commensal
Tregs. Foxp3™ pTregs positive for RORyt and c-Maf and negative for Helios and Neuropilin 1
are capable of inhibiting antigen-specific as well as bystander T cells via constitutive expression of
cytotoxic T lymphocyte-associated protein 4 (CTLA4) and inducible expression of T cell costim-
ulator, IL-10, IL-35, and transforming growth factor f (TGF-B) (21-23). In contrast, a significant
proportion of colonic Foxp3* Tregs express GATA-binding protein 3 (GATA3) and the IL-33
receptor ST2 (24, 25). Most GATA3™ Tregs are positive for Helios and are unaffected by the
absence of the gut microbiota, suggesting that they are derived mostly from thymic Tregs. The
pTreg population is induced as a result of detection and classification of specific groups of bac-
teria as commensals, such as spore-forming Clostridia clusters XIVa and IV, which are drastically
reduced in germ-free and antibiotic-treated mice (26-28). A group of 46 murine-derived (28) and
17 human-derived (27) Clostridia strains induce the differentiation of a Clostridia-specific popu-
lation of pTregs in germ-free mice. Among Clostridia, Clostridium ramosum alone is sufficient to
induce colonic RORyt" Tregs (29). Helicobacter hepaticus colonization also induces antigen-specific
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RORyt" pTregs in the large intestine during homeostasis (11, 30). These reports suggest that
specific members provide the rest of the microbiota with, to borrow an economics term, a nonex-
cludable public good, in the form of broad immunological tolerance that results from recognition
of a small number of species but benefits all of the microbiota. The host, in turn, benefits as Treg
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Figure 2 (Figure appears on preceding page)

How the microbiota promotes immunity to infection. (#—) Attachment of SFB to the intestinal epithelium, colonization by an 11-strain
consortium, and SCFA signaling promote differentiation of noninflammatory Th17, CD8%, and memory CD8™ T cells, respectively,
ultimately bolstering the host’s and microbiota’s protection from infections. (4) Microbiome-derived acetate and TLR signaling or
colonization with SEB or Akkermansia muciniphila promote differentiation of Tth cells, which in turn supports the development of IgA
and IgGl1 responses. (¢) Colonization with Lactobacillus reuteri promotes differentiation of regulatory CD4+CD8aa™ IELs, thus
enhancing intestinal immunological tolerance. (f) Microbial signals shape the biogeographical distribution of y3 T cells within the
epithelial layer. Microbial signaling through guanine nucleotide exchange factor VAV1 on y8 T cells stimulates production of IL-17A,
bolstering protection against Clostridioides difficile infection. MyD88 epithelial signaling triggers secretion by y8 T cells of the
antimicrobial peptide Regllly, conferring protection against Escherichia coli and Salmonella typhimurium infections. (g) Microbiota-
derived vitamin B, derivatives promote development of MAIT cells, conferring protection against infection by Mycobacterium, Klebsiella,
Francisella, and Legionella. Abbreviations: IEL, intraepithelial lymphocyte; Ig, immunoglobulin; IL, interleukin; MAIT cell, mucosal-
associated invariant T cell; SCFA, short-chain fatty acid; SFB, segmented filamentous bacteria; Tth cell, T follicular helper cell; Th17
cell, T helper 17 cell; TLR, Toll-like receptor.

circuits provide a counterbalance to potentially proinflammatory self-amplifying circuits, such as
the Th17 circuits described above. Moreover, the host may also benefit from establishment of im-
munologically tolerated, and therefore functional, microbiota. It follows that antibiotics targeting
Clostridia species should be deployed with caution; conversely, knowledge of the workings of Treg
circuitry opens an opportunity for development of Clostridia-based biotherapeutic interventions.

T follicular helper cells. Tth cells are responsible for the differentiation of affinity-matured
antigen-specific B/plasma cells. Recognition of Akkermansia muciniphila or SFB directs the dif-
ferentiation of Tth cells (31, 32), thereby supporting IgA- and IgG1-mediated curatorship of mi-
crobiota composition that, in turn, promotes the overall diversity and stability of the microbiota
(Figure 2). Mechanistically, colonization with 4. muciniphila induces microbial antigen-specific
Tth cells in Peyer’s patches and mesenteric lymph nodes (MLNSs). This microbial antigen-
specific Tth cell differentiation was clearly demonstrated when T cells from Akkermansia antigen-
specific T cell receptor (T'CR) transgenic mice were transferred into gnotobiotic mice colonized
with A. muciniphila but not with altered Schaedler flora (31). Interestingly, Akkermansia-specific
CD4 T cells adopt various fates including Th1 and Th17 cells in the intestinal lamina propria,
depending on the composition of the surrounding microbiota (31). SFB induce Tth cell differen-
tiation in Peyer’s patches by inhibiting the IL-2 signaling pathway in CD4 T cells (32). In contrast
to A. muciniphila antigen-specific Tth cell differentiation, cognate recognition of SFB antigens is
not required for SFB-mediated Tth cell induction (32).

Th1 cells. Recognition of bacterial species belonging to the genus Klebsiella, such as K. aeromobilis
and K. pneumoniae, drives Thl cell responses in the intestine (33). The Klebsiella-mediated Th1
cell induction is dependent on both basic leucine zipper ATF-like transcription factor 3 (Batf3)-
dependent CD11b~CD103* dendritic cells (DCs) and MyD88-dependent signaling pathways [in-
cluding Toll-like receptor (TLR) and IL-18 signaling]. Many induced Th1 cells recognize Kleb-
sielln antigens, including OmpX (outer membrane protein X) (33), although it remains unclear
how the bacterial antigens reach lamina propria DCs. Although it induces Thl cells, Klebsiella
colonization does not necessarily cause inflammatory changes in the intestine. Instead, it leads to
upregulation of interferon (IFN)-inducible genes in IECs to enhance intestinal barrier integrity.
However, Klebsiella-specific Th1 cells can elicit severe gut inflammation in the absence of homeo-
static control, for instance, in I/10~~ mice (33). Similarly to Klebsiella, an Escherichia coli strain iso-
lated from the small intestine of a patient with Crohn’s disease possesses a potent ability to induce
Thl cells in germ-free mice (34). While these Klebsiella and E. coli species are minor components
of the healthy human gut microbiota, they expand and induce Th1 cells following disruption of
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colonization resistance mechanisms, such as during dysbiosis. Indeed, Klebsiella and E. coli are sig-
nificantly enriched in the fecal microbiota of patients with inflammatory bowel disease (IBD) in
comparison to healthy controls (35), suggesting that they play a role in perpetuating intestinal
inflammation.

CDS8 T cells. Recognition of a specific consortium of 11 bacterial strains isolated from the micro-
biota of a healthy donor leads to differentiation of intestinal IFN-y* CD8 T cells (36) (Figure 2).
Concordantly, these cells are present in the intestinal lamina propria in normal mice but are less
abundant in germ-free mice (36). Mechanistically, the 11 strain—driven T cell induction is depen-
dent on CD103* DCs via major histocompatibility (MHC) class Ia (conventional MHC class)-
mediated commensal antigen presentation (36). The 11 strains promote IFN-y* CD8 T cell accu-
mulation in subcutaneously engrafted tumors, enhancing the efficacy of anti-PD1 (programmed
cell death protein 1) or anti-CTLA4 checkpoint blockade cancer therapy (36). In addition to hav-
ing an obvious benefit for the host, the CD8 circuit may benefit the 11 strains by protecting
their ecological niches from pathogens. Indeed, immunity stimulated by the 11 strains helps repel
an orally administered Listeria monocytogenes infection. Microbe-derived metabolites can support
CD8 T cell accumulation. Mevalonate and dimethylglycine derived from these 11 strains, for ex-
ample, are associated with IFN-y* CD8 T cell induction (36). Similarly, gut microbiota—derived
SCFAs promote the transition of antigen-activated CD8 T cells into memory cells by fueling
oxidative phosphorylation (37). Therefore, specific bacterial consortia—derived metabolites enter
circulation and may be involved in the systemic activation of CD8 T cells.

A series of studies on the skin microbiota has revealed that colonization with Staphylococcus
epidermidis promotes noninflammatory accumulation of IFN-y* and IL-17" CD8 T cells in the
skin (38-41). These S. epidermidis—driven immune responses help protect the host from infection
by diverse pathogens, including Leishmania major and Candida albicans, and promote tissue repair
after injury (38-40). S. epidermidis—driven CD8 T cell induction is mediated through the activation
of TLRs (TLR2 in particular) and Dectin 1 (41), and by presentation of N-formyl methionine—
containing peptides by nonclassical MHC class I (H2M3) on DCs (40).

CD4*CD8aat intraepithelial lymphocytes. Along with the Clostridia-mediated Treg-
inducing circuit, recognition of Lactobacillus reuteri generates regulatory CD4*CD8aat double-
positive intraepithelial lymphocytes (IELs) in the small intestine of mice (42) (Figure 2).
Mechanistically, L. reuteri metabolizes tryptophan to indole-3-lactic acid, a ligand for the
transcription factor aryl hydrocarbon receptor (AhR). Indole-3-lactic acid-bound AhR acts in
concert with TGF- to downregulate the Cd4 gene regulator ThPOK (T helper-inducing POZ/
Kriippel-like factor) in CD4* T cells (42, 43). This process leads to RUNX3 and T-bet upregu-
lation, which in turn results in CD8aa expression. Therefore, the presence of Lactobacillus plus a
tryptophan-rich diet promotes differentiation of CD4*CD8oa™ IELs and consequently protects
the host from food allergy and celiac disease (44, 45).

Microbial Metabolite Recognition Circuits

Complementary to state-of-the-art but energy-demanding antigen-specific recognition enabled
by conventional T cell circuits, unconventional T cells recognize whole groups of microbes si-
multaneously via detection of microbe-derived lipid and glycolipid antigens as well as microbial
metabolic intermediates via monomorphic antigen-presenting molecules, such as MHC class I-
related protein 1 (MR1) and CD1d. Such recognition is characterized by lower-resolution off-
set by lower energy demand per microbe species detected, but greater speed, in comparison to
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antigen-specific recognition. These trade-offs make unconventional T cell-mediated recognition
circuits ideal for immune applications that do not require an antigen-specific level of resolution,
such as reinforcement of the intestinal barrier, wound repair, and augmentation of conventional
T cell-mediated responses.

y8 T cells. y3 T cells express semi-invariant TCRs composed of a y and a 3 chain and have been
implicated in a wide range of homeostatic processes ranging from immune surveillance and wound
repair (46) to regulation of thermogenesis (47) and central nervous system (CNS) plasticity (48).
They represent a minor component of the circulating T cell population, but are much more abun-
dant as tissue-resident IELs at sites including the skin and gastrointestinal tract (49). The two
major y3 T cell subsets in humans are Vy9V32* and V31", which recognize lipids and phospho-
antigens (50). In particular, Vy9V32" cells recognize microbial metabolic pathway intermediates
including (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), a microbial precursor
of isopentenyl pyrophosphate (IPP) (51). HMB-PP is produced by most gram-negative bacteria
as well as by pathogens including Mycobacterium tuberculosis, Clostridioides difficile, and L. monocyto-
genes. In contrast, humans do not produce HMB-PP, instead generating IPP via the mevalonate
pathway. The microbiota modulates y8 IEL cytokine production, dynamics, and epigenetics. For
example, colonization with species able to penetrate the intestinal mucosal barrier (e.g., E. coli
and Salmonella typhimurium) but not others (e.g., Bacteroides thetaiotaomicron and SFB) induces y8
IEL expression of the antimicrobial peptide RegIIIy. This induction occurs in an epithelial cell-
intrinsic, MyD88-dependent manner (52), suggesting that invasive microbes trigger a signaling
cascade in epithelial cells that, in turn, communicate with y3 IELs.

v3 T cells function as early responders in several models of infectious disease and are often
responsible for the initial production of cytokines such as IL-17 and IFN-y (46, 53) (Figure 2).
While the gut microbiota does not seem to affect the absolute number of intestinal y3 IELs (52,
54), certain commensals are able to increase the frequency of IL-17TIL-1R17* y8 T cells via signal-
ing through the guanine nucleotide exchange factor VAV1, ostensibly protecting against disease
(55). In fact, IL-17A production by y8 T cells protects mouse models against C. difficile infection
(56). Additionally, y3 IEL positioning and motility within the intestinal epithelial compartment
are microbiota dependent: y3 IELs are physically shifted downward along the crypts in germ-free
versus specific-pathogen-free mice (57). The commensal-regulated localization and motility of
y3 IELs along the epithelial layer are required for efficient surveillance of the entire epithelial
surface. Mobilization patterns also differ in the context of enteropathogenic infection, mediated
in part by a y3 IEL metabolic switch and epithelial cell-intrinsic MyD88 signaling (57). The gut
microbiota also affects chromatin accessibility of enhancers in both y8 and af T cells, thereby
modulating myriad pathways and potentially accounting for some of the observed differences in
T cell function between mice with disparate microbiota compositions (58).

Mucosal-associated invariant T cells. MAIT cells are innate-like lymphocytes expressing
predominantly CD8a, with a smaller subset lacking both CD4 and CD8. MAIT cells ex-
press an invariant TCR « chain (Val9 Ja33 in mice and V7.2 Ja33 in humans) paired with
one of several VB chains, and they recognize antigens presented by the MHC class Ib pro-
tein MR1 (59). Several MR1-bound antigens have been described; these include a range of
microbe-derived vitamin B, (riboflavin) derivatives, such as the ribityl-lumazines 7-hydoxy-6-
methyl-8-p-ribityllumazine, 6,7-dimethyl-8-p-ribityllumazine, and 5-(2-oxopropylideneamino)-
6-p-ribitylaminouracil (5-OP-RU) (60-62). The microbiota plays a critical role in the production
of riboflavin derivatives, and numbers of MAIT cells are severely decreased in germ-free animals
(63, 64). Carriage of the genes necessary for 5-OP-RU production (namely ribA, 7ibD, and pyrp2)
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is widespread in both gut and skin commensals, and monocolonization of germ-free mice with
microbes competent in this pathway (including Proteus mirabilis or Enterococcus hirae) is sufficient
to induce thymic MAIT cells to levels observed in specific-pathogen-free mice (63, 64). Interest-
ingly, the induction of tissue-resident, but not thymic, MAIT cells specifically requires early-life
exposure to MR1-bound antigens such as 5-OP-RU—the absence of exposure during this criti-
cal developmental period results in permanently impaired tissue-resident MAIT cell frequencies
(63). The various roles these cells play in host health and disease remain to be fully elucidated,
though in mice both the thymic and skin-resident microbiota-induced MAIT cells tend to be
RORyt™, typically adopting a type 17 effector phenotype (63, 64). In particular, skin MAIT cells
can secrete IL-17A upon local sensing of commensals in an IL-1- and IL-18-dependent manner
(63). They can also promote wound healing (63), much like other, nonclassical, MHC-restricted
commensal-specific T cells. MAIT cells confer protection against infection with pathogens in-
cluding Mycobacterium, Klebsiella, Francisella, and Legionella species, among others (59) (Figure 2).
MAIT cells also recognize acute viral infections via sensing of IL-18, IL-15, and type I IFNs and
play important roles in subsequent boosting of the adaptive immune response, as exemplified by
the observation that MAIT cells are required for the generation of antigen-specific CD8* T cells
by adenovirus vector-based vaccines (65). Therefore, MAIT cells act as a link between the in-
nate antimicrobial immune response and the generation of adaptive immunity for pathogens and
vaccines alike.

Invariant natural killer T cells. Invariant natural killer T (iNKT) cells recognize microbial and
host-derived glycolipids presented by the MHC class Ib molecule CD1d, and they express an
invariant a chain paired with a limited selection of B chains (50). iNKT cells rapidly produce cy-
tokines upon activation, and subsets analogous to Th1, Th2, and Th17 cells have been identified
in mice, though these distinctions are not as clear in humans (66). Factors contributing to iNKT
cell development, particularly in the periphery, remain poorly understood, though it is becoming
increasingly appreciated that reciprocal cross talk exists between these cells and the microbiota.
Germ-free mice exhibit increased relative and absolute numbers of iNKT cells in the colonic
lamina propria and lung, secondary to Cxc/16 hypermethylation and subsequent increased mu-
cosal recruitment (67). Interestingly, conventionalization of neonatal but not adult mice normal-
izes INKT cell levels and protects against oxazolone-induced colitis and models of asthma (67).
Monocolonizing neonatal mice with Bacteroides fragilis produces a similar effect, albeit by a distinct
mechanism. B. fragilis synthesizes a bacterial sphingolipid called GSL-Bf717, which competitively
inhibits CD1d and thus suppresses iNKT cell proliferation in the gut (68). Nevertheless, other
B. fragilis—derived sphingolipids weakly stimulate iNKT cell expansion, suggesting that these cells
are likely controlled by the net effect of an individual’s overall gut sphingolipid profile (68, 69).
iNKT cell-microbiota cross talk is bidirectional, as mice lacking iNKT cells are more prone to
small-intestinal bacterial overgrowth and translocation, potentially due to impaired stimulation
and degranulation of Paneth cells (70).

MICROBIOTA-MEDIATED PRIMING AND SPECIFICATION
OF T CELLS

As described above, multiple examples of commensal effects on T cell responses have been
characterized. In contrast, mechanistic knowledge about how the differentiation and function of
microbiota-induced T cells are controlled is still in its infancy. The issue is further complicated by
the potential heterogeneity of mechanisms utilized by different microbes. The sheer number and
diversity of microbes and microbiota-derived antigens in the adult intestine suggest that a large
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proportion of homeostatic intestinal T cells are microbiota specific. Although commensal-specific
homeostatic T cells are indeed present in the intestine in both mice and humans (1, 5, 6, 11, 27,
31, 71), fundamental questions about the prevalence and heterogeneity of such responses remain
unanswered. For example, whether homeostatic CD4 T cells are induced by many, or only a few,
commensal microbes is unclear. In mice, intestinal T cells generally do not respond to purified
microbial lysates, and only a few species have been demonstrated to induce such responses in
monocolonized mice (1, 5, 6, 15, 29). These observations have led to the concept that a few
“keystone” species are responsible for the homeostatic T cell response in the gut (72). However,
these experiments investigated relatively small numbers of selected microbes, and no studies to
date have examined this topic systematically. Interestingly, the few known examples of such species
show remarkable diversity in terms of antigen acquisition and innate immune cell involvement.

Pathways for Acquisition of Microbiota-Derived Antigens

Host—microbiota coevolution has led to the development of dedicated communication interfaces.
In the intestine, antigen sampling can occur through several mechanisms. The relative contribu-
tion of these mechanisms to overall mucosal homeostasis and even to the sampling of individual
commensal species remains elusive. Individual microbes are likely detected in several ways, de-
pending on the size or type of specific antigens (e.g., secreted, membrane bound, or intracellular).
Indeed, the subcellular localization of bacterial antigen dictates the T cell response to S. epider-
midis. Cell wall component antigens preferentially stimulate CD8 T cells, whereas secretory anti-
gens predominantly induce CD4 T cell responses (73). Therefore, the mode of antigen acquisition
is crucial for determining the nature of the resulting T cell response.

Acquisition of antigens in the intestine occurs either through the specialized follicle-associated
epithelium (FAE) or through the villous epithelium (74, 75). The FAE is present on the luminal
surface of Peyer’s patches and isolated lymphoid follicles. It is anatomically designed to facilitate
sampling of luminal contents with the clear goal of engaging mucosal adaptive immunity. FAE
cells lack microvilli and mucus- or antimicrobial peptide—secreting capabilities, facilitating access
by noninvasive commensals (75). The sampling workhorse of FAE are the M cells, which can inter-
nalize particulate material through endocytosis or macropinocytosis and release their cargo within
intraepithelial pockets (76, 77). Antigen uptake is mediated by receptors on the surface of M cells,
such as GP2 (77, 78). M cells can also deliver secretory IgA-coated commensal bacteria into Peyer’s
patches (79, 80). The basolateral pocket of M cells and the surrounding subepithelial dome area of
the Peyer’ patches contain specialized subsets of DCs, which take up M cell-trafficked antigens to
prime T and B cells and imprint them with gut-homing capabilities. Conditional deletion of tumor
necrosis factor receptor—associated factor 6 (TRAF6) in IECs causes loss of M cells, which leads to
significant impairment of commensal-specific IgA responses (81), underscoring their importance
for induction of adaptive immunity.

Multiple mechanisms exist for antigen sampling through the villous epithelium. These include
epithelium transcellular and paracellular mechanisms (82). Transcellular mechanisms in entero-
cytes include endocytosis and transcytosis of luminal antigens, neonatal Fc receptor-mediated
sampling of IgG-bound luminal contents (83), and release of MHC class II-containing exosomes
(82, 84). Engulfment of apoptotic IECs by lamina propria macrophages or DCs may also play
a role (85). In addition to enterocytes, villous M cells have been described (86), though their
functionality and contribution to commensal sampling are unclear. Luminal antigens can also be
delivered through goblet cell-associated passages (87), a process that provides commensal T cell
antigens during early life (88). Paracellular mechanisms include sampling of luminal contents by
intestinal APCs through extension of transepithelial dendrites (89-91). Although transepithelial

www.annualreviews.org o T Cell Responses to the Microbiota

569



570

APC dendrites respond to microbial stimuli and are capable of sampling luminal contents (89-91),
whether this process samples commensal microbes and modulates T cell responses is not known.
Enterocytes can also receive antigens from attached bacteria under physiological conditions
through MATE for induction of SFB-specific Th17 cells (7).

Microbial Signal Processing

Following acquisition, antigens are delivered to resident APCs. Antigen-capturing APCs migrate
to inductive sites such as MLNs and T cell zones of Peyer’s patches, where they prime and expand
naive T cells. Importantly, APCs initiate the T cell differentiation program and imprint the ac-
tivated T cells for homing back to their mucosal tissue of origin. In the mucosal tissue of origin,
activated antigen-specific T cells complete their differentiation program into terminal effectors
under the control of tissue-resident signals.

To produce a certain output, the microbial signature needs to pass through appropriate pro-
cessing by APCs as well as by innate immune cells, epithelial cells, and enteric neurons (Figure 3).
In steady state, sampling of microbiota-derived molecules occurs in the absence of tissue damage
or overt inflammation (i.e., so-called signal 3 in the classical model of T cell activation). In this
context, sampling of commensal microbes leads to focused activation of epithelial and resident
innate immune cells, which ensures that microbiota antigens are delivered to appropriate, in most
cases tolerogenic, APCs to prime T cells at the correct location, as well as to jump-start the T cell
differentiation program.

Dendritic cells. To prime commensal-specific T cell responses in the gut, antigen-loaded APCs
migrate from the lamina propria to draining MLNs. MLNs are particularly important for prim-
ing tolerogenic intestinal T cell responses (92-94). It is generally agreed that migratory DCs
control induction of intestinal pTregs to regulate commensal bacteria or to establish oral toler-
ance to dietary antigens (92-95). CD103* DCs are particularly tolerogenic, due to their ability
to induce intestinal Tregs (96-98). In the intestinal lamina propria, CD103* DCs come in two
main types: classical CD11b~ ¢DCls, which require BATF3 and IFN regulatory factor 8 (IRFS),
and CD11b* ¢DC2s, which require IRF4 and Notch2 (99-102). CD11b*CD103* ¢DC2s are
unique to the intestine and have important homeostatic functions, including inducing p'Tregs and
noninflammatory mucosal Th17 cells (102-104). However, whether CD103" DCs are necessary
for such responses remains unclear. For example, a recent study found that CD103* DCs were
dispensable for induction of Helicobacter-specific pTregs (95). Interestingly, similar results were
obtained for SFB-induced Th17 cell differentiation, where both cDC1 and ¢cDC2 CD103* DCs
were dispensable (105). It has been suggested that intestinal DC subsets may share responsibility
for controlling homeostatic commensal T cell responses (95). However, a drawback of studies on
the functional roles of individual DC subsets is that they rely almost exclusively on genetic models
of depletion. The deletion of DC subsets may provide an opportunity for alternative subsets to fill
the void in antigen presentation and perform a semi-redundant function. Therefore, the absence
of phenotype in depletion models may not always exclude a major role for the deleted subset under
physiological conditions. An alternative strategy is conditional deletion of MHC class I molecules
on individual APC subsets, which thus far has not been applied to commensal-specific T cell
responses.

Macrophages. In addition to DCs, intestinal macrophages, IECs, and ILCs can all express MHC
class IT and can potentially participate in T cell priming and specification. Intestinal CX3CR1*

cells express high levels of MHC class II and were initially classified as DCs due to their unique
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Innate immune cells and enteric neuronal modulation of T cell differentiation. (#) Microbial signals stimulate enteric neurons to secrete
ACH, leading to the production of retinoic acid by myeloid cells. Retinoic acid in turn promotes pTreg differentiation via RAR
signaling. (b) Clostridium ramosum reduces NOS™ IL-6-secreting neurons, promoting p Ireg differentiation. (¢) The T cell microbial
recognition sequence involves preprocessing of microbial signals by APCs and/or IECs, ILCs, or the ENS prior to the recognition and
differentiation stages. Abbreviations: ACh, acetylcholine; APC, antigen-presenting cell; DC, dendritic cell; ENS, enteric nervous
system; IEC, intestinal epithelial cell; IL, interleukin; ILC, innate lymphoid cell; mAChR, muscarinic acetylcholine receptor; MHC,
major histocompatibility complex; M, macrophage; NOS, nitric oxide synthase; pTreg, peripherally induced T regulatory cell; RAR,
retinoic acid receptor.

morphology, including transepithelial dendrites (90, 106). However, they were later shown to un-
dergo macrophage developmental and phenotypic programs (107). Intestinal macrophages are
constantly replenished from bone marrow-derived CCR2* monocytes, although a subset of these
cells have fetal origin (108, 109). Intestinal macrophages have multiple mechanisms by which to ac-
quire commensal and other luminal antigens. Depletion of intestinal macrophages abolishes SFB-
specific Th17 cell differentiation (105). Similarly, deletion of colonic CX3CR1" macrophages im-
pedes induction of Candida albicans—specific Th17 responses (110). However, whether these cells
actually present such antigens to CD4 T cells and are capable of priming commensal-specific
T cell responses in vivo has not been unequivocally demonstrated. As lung-resident CCR2*
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monocytes are known to initiate CD4 T cell responses by delivering fungal antigens to drain-
ing lymph nodes for presentation by DCs (111), intestinal macrophages may acquire and de-
liver, or in some other way make available, commensal antigens for T cell priming. In support
of this idea, colonic macrophages can promote T cell-dependent secretory IgA responses against
Salmonella infection in an MHC class II-dependent manner (112). An argument against the ability
of macrophages to prime commensal T cell responses is based on the observation that they reside
in the lamina propria and do not normally migrate to MLNs. However, not all lamina propria
CD4 T cell responses require Peyer’s patches and MLNSs. For example, macrophage migration
to MLNs is not required for induction of Sa/monella adaptive immunity, which instead occurs in
tertiary lymphoid structures in the lamina propria (112). Similarly, MLNs and Peyer’s patches are
not required for generation of commensal-specific Th17 cells (5, 113). Therefore, macrophages
may affect the pool of commensal-specific CD4 T cells through various mechanisms.

Epithelial cells. Villous IECs can also play a role in induction and modulation of homeostatic
T cell responses. As discussed above, IECs have multiple mechanisms for acquisition of luminal
antigens. In addition, IECs can serve as APCs in vitro (114). Intestinal stem cells and enterocytes
express not only MHC class II but also the full machinery for antigen presentation, including
unconventional costimulatory molecules (115). Recent studies have demonstrated a role for IEC-
mediated antigen presentation via MHC class II in the regulation of intestinal CD4 T cell and
CD4"CD8uaa™ IEL development (115-117). However, whether IECs can serve as nonconven-
tional APCs in vivo remains to be demonstrated. Interestingly, epithelial MHC class II expression
is induced only by a subset of commensal microbes (5, 118) in a circadian manner (119). Therefore,
the role of epithelial MHC class II needs to be examined in the context of individual commensal
antigens and appropriate host T cell responses.

Innate lymphoid cells. ILC3s express MHC class II and affect CD4 T cell responses (5, 120).
ILC3s can directly engage CD4 T cells in MLNs and mediate MHC class II-dependent deletion
of commensal-reactive proinflammatory CD4 T cells in a unique process of extrathymic nega-
tive selection (120). Therefore, ILC3s can contribute to the overall T cell unresponsiveness to
commensal antigens.

ILC2s also express MHC class IT and costimulatory receptors (CD80 and CD86). ILC2s can
acquire and process antigens and can induce antigen-specific activation and proliferation of T cells
(121). Activated T cells in turn produce IL-2 and promote production of type 2 cytokines from
ILC2s. In this manner, cross talk between ILC2s and T cells contributes to the development of
efficient type 2 responses to the parasitic worm Nippostrongylus brasiliensis (121).

Following priming, commensal-induced T cells home to mucosal sites, where they complete
their terminal differentiation program. This process is largely controlled by microbiota-mediated
activation and cytokine production by local innate immune subsets. For example, intestinal pTreg
induction and maintenance are regulated by CSF2 (granulocyte-macrophage colony-stimulating
factor) production by ILC3s. Microbiota-driven IL-1f production by macrophages promotes the
release of CSF2 by ILC3s, which in turn controls DCs and macrophages to maintain colonic Treg
homeostasis (122). SEB-primed CD4 T cells in MLNs complete their Th17 differentiation, in-
cluding IL-17 production, in the terminal ileum. This process is controlled by SFB-dependent
activation of ILC3s and IECs (4, 8). In contrast, T cells are critical for preventing excessive ac-
tivation of ILC3s and IECs induced by the microbiota (123). In the absence of CD4 T cells, an
extensive and persistent phosphorylation of STAT?3 is induced in ILC3s and IECs by SFB in an
IL-22- and IL-23-dependent manner. Both Tregs and Th17 cells contribute to preventing ILC3
activation: Tregs do so by decreasing IL-23 production from myeloid cells, whereas Th17 cells
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regulate the bacterial burden (123). In the absence of adaptive immunity, most bacteria, including
SFB, are increased, while SFB abundance is further increased in the absence of innate immu-
nity, such as in I/234~/~ Rag1~'~ mice (123), indicating that cross talk between innate and adaptive
immune cells shapes the commensal microbiota and maintains tissue homeostasis.

Enteric nervous system. The enteric nervous system (ENS) is composed of the myenteric plexus
(also termed Auerbach’s plexus), located within the muscularis layer between the longitudinal and
the circular muscles, and the submucosal plexus (also termed Meissner’s plexus), located between
the mucosa and the circular layer of muscles. The ENS innervates all layers of the intestinal tissue,
from the epithelial layer through the lamina propria, submucosa, muscularis, serosa, and mesen-
tery. In addition to gut intrinsic neurons, the intestine is innervated by different classes of extrinsic
neurons, which detect and convey information within the gut to extrinsic ganglia and the CNS.
Extrinsic ganglia, such as the sensory nodose ganglion and dorsal root ganglion, as well as the
sympathetic celiac-superior mesenteric ganglia, project neurons to the gut (124). Several recent
reports have demonstrated cross talk among the microbiota, ENS, and innate/adaptive immune
cells in the gut wall. For instance, MHC class II" myeloid cells and Tregs reside close to projec-
tions of neurons in the colonic lamina propria (125-127). Colonic myeloid cells express muscarinic
acetylcholine (ACh) receptor (mAChR) at high levels and upregulate retinoic acid—synthesizing
enzymes upon ACh stimulation. Interfering with mAChR signaling by vagotomy results in a sig-
nificant reduction in retinoic acid production by myeloid cells, accompanied by a reduction in
the number of RORyt* pTregs in the colon (127) (Figure 3). Consequently, vagotomized mice
exhibit increased susceptibility to dextran sulfate sodium-induced colitis and decreased establish-
ment of oral tolerance, suggesting that the cholinergic pathway plays a crucial role in regulation
of Tregs (127, 128). Tonic microbial signals are required for neuronal modulation of Treg differ-
entiation, as antibiotic-treated mice are refractory to vagotomy (127). At the same time, at least
a part of the ENS functions to negatively regulate Treg differentiation. Indeed, colonization of
germ-free mice with commensals, such as Clostridium ramosum, leads to a reduction in the num-
ber of neuronal cell bodies in the myenteric plexus and in the density of nerve projections to the
lamina propria, thereby inducing accumulation of Tregs in the colon (125). Under certain con-
ditions, enteric nitric oxide synthase—positive neurons negatively regulate pTreg differentiation
via IL-6 production (126). Therefore, the ENS is composed of neurons with different functions
and regulates Tregs both positively and negatively, perhaps in a context-dependent manner. It is
interesting to consider the functional differences between Tregs induced by pathways modulated
by the ENS with input from outside the gut and the ones simply induced by intestinal APCs. One
major difference might be in the spatial organization of resulting Treg distribution.

MICROBIOTA-MEDIATED MODIFICATION OF T CELLS
Modulation of T Cell Function by Microbiota-Derived Molecules

Both circulating and tissue-resident populations of T cells are influenced by intestinal microbiota—
derived metabolites, exemplified by the observation thata significant proportion of intestinal Tregs
depends on the metabolic activity of specific gut microbiota members that ferment dietary fiber
into SCFAs (23, 27, 129-131) (Figure 4). SCFAs, particularly butyrate, act as histone deacetylase
inhibitors and epigenetically enhance expression of Foxp3 by promoting histone acetylation at
the promoter and at the conserved noncoding sequence 1 (CNS1) of the Foxp3 gene locus. SC-
FAs also signal through G protein—coupled receptors, such as GPR43 and GPR109a, on T cells
and myeloid cells to promote Foxp3™ Treg development and help protect the host from colitis
(132, 133).
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Microbiome-derived metabolites modulate T cell differentiation
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Figure 4 (Figure appears on preceding page)

Microbiota-derived metabolites modulate T cell differentiation. () SCFAs derived from Clostridium ramosum and Clostridia clusters IV
and XTVa signal through GPR43 and GPR109a and inhibit HDAC in T cells, thus promoting pTreg differentiation. (b) Bai
operon—carrying bacteria such as Clostridium scindens and Clostridium hylemonae produce DCA, 3-oxoA4-LCA, and LCA. DCA is
subsequently converted to isoDCA by 30HSDH- and 38HSDH-carrying bacteria such as Eggerthella lenta and Ruminococcus gnavus.
IsoDCA signals through the T cellular receptors VDR and FXR, triggering activation of CNS1/CNS3 regions of the Foxp3 gene, a
process that ultimately leads to pTreg differentiation. 3-Ox0A4-LCA is converted to isoalloLCA by the SAR- and 3HSDH-carrying
bacteria Odoribacteraceae and Parabacteroides merdae. IsoalloLCA triggers mitochondrial ROS production and VDR, FXR, and NR4A1
signaling in T cells, promoting their differentiation into pTregs via CNS1/CNS3 activation. LCA is converted into 3-oxoLCA by
3aHSDH-carrying E. lenta. 3-OxoL.CA then suppresses RORyt, inhibiting the Th17 route of differentiation. (¢) Microbial signals
promote the migration of CD45tCD103" DCs to LN as well as the production of retinoic acid by DCs utilizing the ALDH1a2
enzyme. Retinoic acid receptor signaling on T cells leads to activation of Foxp3 CNSI1 and expression of integrins a4p7 and CCR9Y,
ultimately leading to pTreg differentiation. (d) Lactobacillus reuteri converts dietary tryptophan into indole-3-lactic acid, stimulating
AhR signaling and resulting in CD8aa™CD4* IEL differentiation. Abbreviations: AhR, aryl hydrocarbon receptor; CNS1/3, conserved
noncoding sequence 1/3; DC, dendritic cell; DCA, deoxycholic acid; FXR, farnesoid X receptor; HDAC, histone deacetylase; HSDH,
hydroxysteroid dehydrogenase; IEL, intraepithelial lymphocyte; LCA, lithocholic acid; LN, lymph node; NR4A1, nuclear receptor
subfamily 4 group A member 1; pTreg, peripherally induced T regulatory cell; RAR, retinoic acid receptor; ROS, reactive oxygen
species; SCFA, short-chain fatty acid; Th17, T helper 17; SAR, Sa-reductase.

Microbiota-derived specific secondary bile acids help modulate the function and differentiation
of T cells. Biosynthesis of secondary bile acids is a multistep process involving deconjugation and
7a-dehydroxylation reactions by the microbiota. A small fraction of intestinal microbes, such as
Clostridium scindens and Clostridium bylemonae, possess genes for the complete 7a-dehydroxylation
pathway (Bai operon) and produce deoxycholic acid (DCA) and lithocholic acid (LCA) from cholic
acid and chenodeoxycholic acid, respectively. In addition, several microbes (regardless of carriage
of Bai operon) can mediate oxidation and epimerization reactions to produce oxo, iso, and allo
forms of bile acids (134). For example, Eggerthella lenta can generate 3-oxoDCA and 3-oxoLCA
from DCA and LCA, respectively, by the action of 3a-hydroxysteroid dehydrogenase (3aHSDH)
(135-137). E. lenta can also transform 3-oxoDCA and 3-oxoLLCA into isoDCA and isoLCA, re-
spectively, by the action of 3sHSDH (135, 136). Bacteroidetes species such as Odoribacteraceae
spp. and Parabacteroides merdae synthesize isoalloLCA from 3-oxoA4-LCA by 5a-reductase and
3pHSDH (137, 138). In addition, the microbiota can promote amino acid conjugations of host
bile acids to produce phenylalanocholic acid (Phe-chol), tyrosocholic acid (Tyr-chol), and leuco-
cholic acid (Leu-chol) (139). Clostridium bolteae can synthesize both Phe-chol and Tyr-chol, which
activate farnesoid X receptor (FXR) (139). Feeding mice with mixtures of bile acids, such as cholic
acid/ursodeoxycholic acid or 3-oxoLCA/LCA, results in activation of vitamin D receptor and
FXR signaling in T cells and consequent induction of pTregs in the intestine (140) (Figure 4).
IsoDCA also enhances the differentiation of naive T cells into Tregs via FXR-mediated CNS1
activation (141). IsoalloLCA has a different mode of action and promotes Foxp3 expression via
CNS3 through production of mitochondrial reactive oxygen species (ROS) (142). Concurrently,
isoalloLCA induces an open chromatin region at the Foxp3 gene promoter, promoting binding of
the nuclear hormone receptor NR4A1 and activation of its promoter (138). Bile acids also regu-
late Th17 cell differentiation. In particular, 3-oxoLCA and isoLCA inhibit differentiation of Th17
cells via direct binding to RORyt (136, 142).

Retinoic acid is another metabolite that affects the mucosal T cell differentiation program.
Retinoic acid is produced from dietary retinol (vitamin A) by sequential activities of retinol
dehydrogenases and retinaldehyde dehydrogenases (ALDHs) (143). Retinoic acid functions as
a ligand for DNA-binding retinoic acid receptors (RARs) that directly regulate transcription
of specific target genes. Retinol is packaged in chylomicrons and is transferred from IECs into
the lymphatics with a gradient from the upper to the lower intestine. This retinol gradient
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results in region-specific retinoic acid concentration and, consequently, differential function of
gut-draining lymph nodes (94). Retinol and retinoic acid upregulate ALDH1a2 expression in
CD103* DCs and promote the accumulation of retinoic acid in the microenvironment. The
retinoic acid and RAR complex imprints T cells with a gut tropism by enhancing the expression of
a4P7 integrins and CC—chemokine receptor 9 (CCRY9) (Figure 4). Moreover, RAR acts together
with Smads activated by TGF-B signaling to induce pTregs through activation of the CNS1 of
the Foxp3 gene. Additionally, retinoic acid supports proinflammatory CD4 T cell responses, and
depletion of retinol reduces the proportion of Th17 cells in the small intestine (144), suggesting
that retinoic acid plays critical roles in T cell activation and regulation.

AhR is expressed at high levels in the skin, lung, and gut and recognizes dietary tryptophan
derivatives produced by the microbiota and the host. In host cells, indoleamine 2,3-dioxygenase 1
(IDOL1) and tryptophan hydroxylase 1 are involved in the production of AhR ligands. IELs are one
of the prominent T cell populations that respond to AhR ligands. Lactobacillus reuteri catabolizes
dietary tryptophan into the AhR agonist indole-3-lactic acid, thereby inducing differentiation of
CD8aatCD4* IELs (42) (Figure 4). In addition to facilitating IEL development, AhR signal-
ing also regulates the function and differentiation of CD4 T cells and ILC3s. AhR regulates the
expression of several genes such as Cyplal, 1122, and I/17 in T cells. Cyplal metabolizes AhR
ligands and thus plays a negative feedback role in AhR signaling. CD4 T cells from mice that
constitutively express Cyplal under control of the Rosa26 promoter (R26Cyplal mice) are less
capable of developing IL.-22-producing Th17 cells in response to AhR ligands (145). Further-
more, R26Cyplal mice have decreased numbers of ILC3s in the colon and small intestine. The
decreased AhR-dependent Th17 and ILC3 responses result in increased susceptibility to enteric
pathogen infections. AhR signaling also regulates the function of iNKT cells. Bacterial products
that are structurally related to oxazolone, such as E. co/i—derived microcin B17 and heterocyclic
compounds like oxazoles and thiazoles, can promote IEC IDO1 activity, thereby catabolizing
tryptophan into AhR ligands like kynurenine and 3-hydroxy-kynurenic acid (146). Subsequent
signaling through the AhR modulates CD1d-mediated lipid antigen presentation to iNKT cells,
triggering them to release the proinflammatory cytokines IL-13 and IFN-y.

The polyamines (putrescine, spermine, and spermidine) are abundant within the gastrointesti-
nal tract and have been implicated in T cell immunity. In the biosynthesis of polyamines, or-
nithine decarboxylase (ODC) acts as the rate-limiting enzyme and catalyzes the conversion of
ornithine derived from arginine into putrescine (147). Putrescine is then converted by spermi-
dine synthase into spermidine. The polyamine spermidine is used to hypusinate (i.e., modify a
specific lysine residue to hypusine) the translation factor eukaryotic initiation factor 5A (eIF5A)
via the enzymatic activities of deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase
(DOHH). Hypusinated eIF5A promotes the expression of mitochondrial molecules to enhance
the tricarboxylic acid (TCA) cycle-dependent cellular metabolism, resulting in acetyl-CoA accu-
mulation and histone acetylation. Upon activation, naive CD4 T cells upregulate expression of
ODC to generate high levels of polyamines (147). In the absence of Odc, CD4 T cells show dys-
regulated expression of transcription factors and cytokines, such as high levels of T-bet and IFN-y.
Moreover, similar phenotypes are observed in Dbps- and Dobh-deficient T cells, and these mutant
mice develop colitis (147), indicating that polyamines and hypusinated eIFSA have a critical role
in correct specification of the CD4 T cell differentiation program.

In summary, numerous microbial molecules activate receptors on and in T cells to induce
specific signaling. Several other molecules are capable of entering cells to affect transcription fac-
tor activity and chromatin structure. In addition, as exemplified by the critical contribution of
polyamines, microbial metabolites help promote proper allocation of metabolic resources to en-
sure optimal induction of energetically costly T cell responses.

Tvanov et al.



Influence of the Microbiota on T Cell Metabolism

The field of immunometabolism is fast-developing, prompted by the realization that T cell activa-
tion and differentiation induce metabolic reprogramming that supports proliferation and cytokine
production (148-150). Naive T cells are metabolically quiescent and utilize primarily oxidative
phosphorylation (OXPHOS) and fatty acid oxidation (FAO) pathways to meet their limited an-
abolic needs. Upon antigen recognition, T cells shift their metabolism toward aerobic glycolysis
and glutaminolysis at both the transcriptional [via c-Myc and hypoxia-inducible factor (HIF)-1a]
and the posttranscriptional (via the PI3K/Akt/mTOR pathway) levels (150-152), thereby promot-
ing generation of substrates necessary for nucleotide, fatty acid, and effector cytokine synthesis
(152, 153). As effector T cells differentiate into memory cells during the contraction phase of
the immune response, they revert to a metabolic state reminiscent of naive T cells (via TRAF6-
dependent signaling in the case of CD8 T cells), characterized by OXPHOS and FAO (154). These
memory T cells also exhibit an increased mitochondrial reserve capacity secondary to enhanced
mitochondrial biogenesis, thus supporting their long-term survival (148, 154).

It is becoming increasingly apparent, however, that metabolism is not merely a passive process
but rather can directly affect immune cell fate and effector function. For example, blocking gly-
colytic flux via mTOR inhibition or HIF-1a knockout dampens Th17 cell development and pro-
motes a reciprocal increase in Tregs (155, 156). Conversely, microbially derived lipopolysaccharide
induces succinate accumulation in macrophages, which in turn stabilizes HIF-1a and promotes
inflammation by enhancing both glycolysis and IL-1B production (157, 158). In another example,
Tth cells possess unique lipid metabolic programs and concentrate phosphatidylethanolamine in
the outer layer of the plasma membrane, where CXCRS5 is localized and prevented from internal-
ization and degradation (159).

The gut microbiota plays a critical role in modulating T cell metabolism and, by extension,
T cell function and differentiation. For example, fermentation products like SCFAs enhance the
CD8 T cell cytotoxic response by boosting both glycolysis and mitochondrial respiration (160).
These effects have been replicated in vivo in mice fed a high-fiber diet, which skews gut mi-
crobiota composition toward SCFA-producing species and ultimately accelerates clearance of in-
fluenza virus by promoting CD8 T cell activation (160). Microbiota-derived butyrate enhances
the differentiation of effector into memory CD8 T cells by uncoupling the T'CA from glycolysis,
thereby promoting the use of glutamine and fatty acids to fuel OXPHOS (37). SCFAs can also
directly promote OXPHOS by serving as substrates for FAO (161, 162). Secondary bile acids rep-
resent another class of gut commensal-derived molecules that regulate immunometabolism. As
described above, isoalloLCA in particular enhances oxidative phosphorylation and mitochondrial
ROS generation, which support Treg differentiation (142). Bifidobacterium species also enhance
Treg mitochondrial activity via an incompletely understood mechanism, promoting IL-10 pro-
duction and conferring protection against immune checkpoint blockade-induced colitis (163).

These multifaceted mechanisms, by which metabolism dictates T cell function and fate, rep-
resent a prime target for therapeutic intervention in inflammatory diseases. Indeed, pathogenic
Th17 cells in a mouse model of experimental autoimmune encephalomyelitis express higher lev-
els of glycolysis pathway genes such as glucose phosphate isomerase 1 (GpiI) than do commensal-
induced homeostatic Th17 cells (164). Inhibition of the glycolysis pathway by Gpil deletion leads
to increased mitochondrial respiration in homeostatic Th17 cells, but not in pathogenic Th17
cells. Accordingly, inactivation of Gpil preferentially depletes pathogenic Th17 cells by subject-
ing them to metabolic stress (164). The high metabolic demands of pathogenic T cells can be
exploited in a similar manner in IBD models. CD4 T cells that recognize microbial flagellin
have been implicated in IBD, and stimulating these TCRs while suppressing glycolysis via mTOR
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inhibition induces metabolic stress that results in pathogenic T cell depletion in transgenic mouse
models (165). Overall, as the immunometabolic pathways modulated by gut commensals become
better understood, therapies may be designed and tailored to manipulate specific aspects of T  cell
function, thereby combating inflammatory disease.

ROLE OF GUT-TRAINED T CELLS

T cell responses in the gut are generated through unique mechanisms of antigen acquisition and
engagement of specific cells in the mucosa, such as epithelial cells, enteric nerve cells, and innate
immune cells. Gut-trained T cells exert multiple functions, one of which is curation of micro-
biota composition with the goal of sustaining maximal diversity of commensals while preventing
infection by pathogens. T cell-dependent IgA induction is an important mechanism of shaping
the microbiota. Microbial exposure at the intestinal mucosa generates IgA* plasma cells that are
polyreactive and predominantly specific to bacterial surface antigens; in contrast, systemic expo-
sure to microbes elicits a diverse IgG repertoire specific to both cytoplasmic and cell surface micro-
bial antigens (166). IgA-secreting plasma cells in the intestine are highly mutated. T cells mediate
somatic hypermutation primarily in germinal centers in Peyer’s patches, which is critical to estab-
lish a fully functional secretory IgA system (167). The T cell-dependent IgA response requires
T cell-intrinsic innate immune signals from the microbiota (168). In particular, TLR stimulation
together with acetate supplementation facilitates differentiation of CD4 T cells into IgA-inducing
Tth cells (169). In contrast, IgA-producing cells can be induced in a T cell-independent manner
as well, and selection of microbiota-reactive and polyreactive IgAs can occur independently of
germinal centers. As IgA-producing cells in tissues other than the small intestine are severely re-
duced in the absence of microbiota and T cells, T cells might be more crucial for generation of
extraintestinal IgA-producing cells (170).

Whether induced by T cell-dependent or —independent pathways, secretory IgA antibodies
bind a broad, but distinct, subset of microbiota in vivo. In particular, Enterobacteriaceae as well
as mucus-resident bacteria are heavily coated with IgA (169, 171). IgA induces agglutination, en-
chained growth, neutralization, and immune exclusion of microbes. IgA can also bind to commen-
sal species and promote their growth (172). Although it remains unclear what factors determine
whether IgA coating enhances or diminishes the fitness of microbes in the intestine, accumulat-
ing evidence indicates that IgA coating leads to alterations in microbial gene expression, motility,
and/or spatial localization (173, 174). In addition to IgA B cell responses, IgG1 responses spe-
cific to commensal species, such as A. muciniphila, can also be elicited in the intestine (31). While
microbiota exposure is required for induction of IgA and IgGl, it appears that the opposite is
true for IgE. IgE is elevated in the sera of germ-free mice and decreases upon colonization with
commensal microbes (175). Germ-free mice begin to produce IgE shortly after weaning age to
high levels, and they maintain these levels unless colonized with microbes within the first week
of life. As antigen-free mice (fed a diet devoid of macromolecules) show suppressed levels of IgE
even under germ-free conditions, food antigens appear to be the major drivers of spontaneous IgE
elevation (176).

Another task fulfilled by mucosal T cells is maintenance of mucosal barrier integrity. Th17
cell cytokines, such as IL-17A, IL-17F, and IL-22, stimulate IECs to promote antimicrobial
protein production, tight junction formation, and IgA transport. Consequently, Th17 cells have
an indispensable role in prevention of infection by several extracellular mucosal pathogens.
Indeed, genetic defects in the IL-17/IL-17R axis and RORyt in humans have been linked to
susceptibility to chronic mucocutaneous candidiasis (13, 14), and the deficiency of both /17
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and I/17f genes in mice results in opportunistic mucocutaneous infection by Staphylococcus aureus
(177). Commensal-specific T cells can develop as long-lived tissue-resident memory (TRM) T
cells. A significant fraction of long-lived CD4 TRM cells in the mucosa, such as in the lungs,
are derived from effector Th17 cells (ex-Th17 cells) (178). Ex-Th17 TRM cells are maintained
by IL-7 from lymphatic endothelial cells. IL-17-experienced cells play an essential role in the
protective immune response against secondary infection by pathogens such as Klebsielln (178).
Moreover, IL-17A% T cells educated by commensals have the potential to participate in type 2
immune response against tissue injury and other challenges (179).

Although homeostatic Th17 cells help maintain epithelial barrier integrity and afford protec-
tion against pathogens, Th17 responses are also implicated in IBD and other autoimmune disor-
ders, including psoriasis, multiple sclerosis, and rheumatoid arthritis. Therefore, Th17-inducing
microbiota may have proinflammatory effects. Twenty epithelium-adhesive bacterial strains iso-
lated from feces of a patient with ulcerative colitis induce Th17 cells in a gnotobiotic setting (4).
These strains are capable of promoting maternal inflammation and contribute to autism pheno-
type development in progeny (180). Another example involves mice colonized with H. hepaticus
that normally induces RORyt" pTregs (11). In an inflammatory setting, such as in I/10-deficient
mice, H. hepaticus drives development of proinflammatory IFN-y* Th17 cells instead (9, 11). The
induction program of proinflammatory Th17 cells is driven by SAAs derived from epithelial cells
or by a glycolysis-promoting hypoxic inflammatory environment (164, 181). These reports add
further support for the idea of context-dependent induction, specification, and output of T cells
by the microbiota.

IMPLICATIONS AND PERSPECTIVES

While an individual’s genome remains stable throughout their life, the microbiota is malleable
and editable. The intestinal microbiota affects the health of virtually all organ systems and is sub-
ject to T cell-mediated curatorship. In reverse, T cells in the gut and throughout the body serve
as conduits of microbial influence on the homeostasis of remote organs. The T cell-microbiota
axis opens promising avenues for future research. Carefully designed consortia of microbes or
microbiota-derived molecules can be used to shape T cell identity and cellularity locally in the
gut, as well as in remote organs. Studies of T cell-mediated curatorship of microbiota will help
define what constitutes healthy human microbiota or the functional entities needed for one. As
one of the long-term goals of microbiota research is to construct a predictive model of healthy
human microbiota, T cell recognition circuits that shape the microbiota should not only be
studied on a qualitative level but also be parameterized. Conceptually, similarly to how the vi-
sual cortex interprets visual information, T cell recognition circuits may be viewed as processors
of microbial signals that provide a view of the environment and appropriately modify the be-
havior of the immune system. This perspective on host-microbiota interaction opens the field
to the use of tools developed in the framework of information theory and methods of artifi-
cial pattern recognition and, therefore, might help pave the way toward defining healthy human
microbiota.
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