& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Peter Kristensen,
Aalborg University, Denmark

REVIEWED BY
Lucia Guerri,

National Institute on Alcohol Abuse
and Alcoholism (NIH), United States
Matous Voboril,

University of Minnesota Twin Cities,
United States

*CORRESPONDENCE
Kwang Soon Kim
kskim27@postech.ac.kr

SPECIALTY SECTION

This article was submitted to
Intestinal Microbiome,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

RECEIVED 27 July 2022
ACCEPTED 20 September 2022
PUBLISHED 13 October 2022

CITATION

Kim KS (2022) Regulation of T cell
repertoires by commensal microbiota.
Front. Cell. Infect. Microbiol.
12:1004339.

doi: 10.3389/fcimb.2022.1004339

COPYRIGHT
© 2022 Kim. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Cellular and Infection Microbiology

TYPE Review
PUBLISHED 13 October 2022
D01 10.3389/fcimb.2022.1004339

Regulation of T cell repertoires
by commensal microbiota
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Department of Life Sciences, Pohang University of Science and Technology (POSTECH),
Pohang, South Korea

The gut microbiota plays an important role in regulating the host immune
systems. It is well established that various commensal microbial species can
induce the differentiation of CD4™ T helper subsets such as Foxp3* regulatory T
(Treg) cells and Th17 cells in antigen-dependent manner. The ability of certain
microbial species to induce either Treg cells or Th17 cells is often linked to the
altered susceptibility to certain immune disorders that are provoked by
aberrant T cell response against self-antigens. These findings raise an
important question as to how gut microbiota can regulate T cell repertoire
and the activation of autoreactive T cells. This review will highlight microbiota-
dependent regulation of thymic T cell development, maintenance of T cell
repertoire in the secondary lymphoid tissues and the intestine, and microbiota-
mediated modulation of autoreactive and tumor neoantigen-specific T cells in
autoimmune diseases and tumors, respectively.
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Introduction

T cell repertoires with the high levels of T cell receptor (TCR) diversity are a key
determinant for the host’s ability to defend itself against numerous environmental
pathogens (Nikolich-Zugich et al., 2004). T cell repertoires can be shaped at multiple
levels (Klein et al.,, 2014). During thymic T cell development, random rearrangement of
TCR gene segments and combination of TCRo and TCRP chains create enormous levels
of TCR diversity. Negative selection of developing T cells in the thymus restricts TCR
repertoires and mainly prevent the release of naive T cells with strong affinity to self-
antigens (self-Ags), of which activation can be potentially harmful, resulting in
autoimmune diseases. Furthermore, developing T cells with higher affinity to self-Ags
can have alternative cell fates and differentiate into Foxp3™ regulatory CD4" T (Treg)
cells (Hsich et al,, 2012). Such thymic Treg cells play an important role in suppressing the
activation of autoreactive T cells that escape from negative selection in the thymus.
Maintenance of T cell repertoires in the periphery is also affected by the affinity to self-
peptide MHC I or II complexes and the exposure to homeostatic cytokines such as IL-7
and IL-15 (Surh and Sprent, 2008). Even in the steady state, upon the exposure to
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innocuous Ags such as commensal microbiota and dietary Ags
through mucosal tissues such as gastrointestinal tract, naive T
cells can differentiate into effector or tissue-resident T cells, of
which maintenance is distinct from that of naive T cells.
Commensal microbiota, the complex community of
microbial species especially in mucosal tissues, such as
respiratory, gastrointestinal and urogenital tract, can shape
tissue-specific T cell responses. It is well known that gut
microbiota induce de novo differentiation of CD4" T cells into
various T helper subsets such as peripheral Foxp3™* Treg (pTreg)
and Th17 cells in the intestine (Figure 1). pTreg cells generated
by the gut microbiota prevent overt immune responses against
Ags derived from diet and gut microbes, endorsing tonic or well-
balanced proinflammatory T cell responses that can be helpful

10.3389/fcimb.2022.1004339

for the protection against intestinal pathogens (Tanoue et al,
2016). Th17 cells that are abundantly found in the small
intestine are generated by certain microbial species such as
segmented filamentous bacteria or Bifidobacterium adolescentis
(Ivanov et al., 2009; Tan et al,, 2016) (Figure 1A). These Th17
cells generated in responses to gut microbes enhance the
intestinal barrier functions, thereby mediating the protection
2009).
However, Th17 cell responses in the small intestine are

against pathogenic fungal infection (Ivanov et al,

strongly associated with the host susceptibility to experimental
autoimmune encephalomyelitis (EAE) used as an animal model
for multiple sclerosis, a Th17-mediated autoimmune disease in
human. Therefore, germ-free (GF) mice with markedly reduced
levels of intestinal Th17 cells due to the absence of gut
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Conventional T cell subsets in small intestine and colon. Regulatory and pro-inflammatory T cell responses are well-balanced to tightly control
overt immune responses against both dietary and microbial Ags. (A) CD103* DCs in the small intestine are typically tolerogenic and express
TGF-B and retinoic acid (RA), which promote peripheral Treg cell generation. Small intestinal Treg cells consist of thymic Treg cells specific to
self-Ags or presumably microbial Ags, the latter delivered into the thymus by CX3CR1 mononuclear phagocytic cells in early-life. RORyt™ Nrp1'©
pTreg cells are thought to be induced by gut microbiota while RORyt Nrpl'® pTreg cells are generated by dietary Ags. These intestinal Treg cells
limit intestinal proinflammatory Thl and Th17 cell responses against dietary Ags and gut microbiota. IL-7 produced by epithelial cells in gut
microbiota-dependent manner promotes the survival and maintenance of tissue resident TCRof3 CD8" T cells. (B) Colonic Treg cells largely
consist of RORYt™ pTreg cells and thymic Treg cells. Broad spectrum of microbes can induce pTreg cells through various mechanisms. Under
steady state condition, colonic Th17 cells are rare relative to Thl cells and certain pathobiont species such as Helicobacter spp. promote Treg
cell generation. However, in inflammatory settings, these pathobiont species effectively induce colonic Th17 cell responses. The figure was

created with Adobe illustrator.
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microbiota are resistant to EAE (Berer et al,, 2011; Lee et al,,
2011). Furthermore, the transfer of gut microbiota from multiple
sclerosis patients into GF spontaneous EAE models increases the
incidence of CNS autoimmunity (Berer et al., 2017). Considering
that EAE is mediated by Th17 cells in the CNS or spinal cords
that are specific to myelin sheath proteins (Berer et al., 2011), it
has been enigmatic as to how the gut microbiota promotes
pathogenic Th17 responses against self-Ags. In addition, the
dysbiosis of the gut microbiota is considered as an important
factor that contributes to the higher incidence of autoimmune
diseases (Miyauchi et al., 2022).

As exemplified by the influence of the gut microbiota on the
autoimmune disease, gut microbiota profoundly shapes T cell
responses against tumor neoantigens and determines the
responsiveness of tumor patients to immune-checkpoint
inhibitor treatment (Sepich-Poore et al., 2021). Utilization of
TCR-transgenic (Tg) cells specific to microbial Ags, peptide-
loaded MHC tetramer (pMHC tetramer)-based examination of
microbial Ag-specific T cells, and TCR repertoire analysis based
on bulk or single cell-based TCR sequencing can improve our
understanding on how the gut microbiota influences the disease
pathogenesis. These mechanisms are possible through gut
microbial regulation of TCR repertoires and their influences
on T cell responses against self-Ags or tumor neoantigens that
are previously thought to be irrelevant to the gut microbiota.

Regulation of innate and
conventional T cell development in
the thymus by gut microbiota

During the T cell development in the thymus, developing T
cells undergo positive and negative selection that prevent the
release of T cells with defective TCR and autoreactive T cells into
the periphery. Pre-thymic T cell precursors originate from
common lymphoid progenitors in the bone marrow and
undergo four double negative (DN) stages (from DNI or early
thymic progenitor to DN4) (Hosokawa and Rothenberg, 2021).
Early thymic progenitors or thymocytes in the early DN2 stage
are not fully committed to conventional T cells and can
differentiate into Y3 T cells. T cells that undergo through
TCRP gene rearrangement develop into double positive (DP)
thymocytes upon the TCRa gene rearrangement. DP
thymocytes that fail to recognize peptide-MHC (pMHC)
complex expressed on cortex epithelial cells (cTECs) in the
thymus undergo apoptosis (death by neglect). Meanwhile, DP
thymocytes that successfully recognize pMHC complex can
survive (positive selection) and pass through the next selection
process (negative selection). Single positive (SP) thymocytes that
express either CD4 or CD8 coreceptor migrate into the medulla
region of the thymus where negative selection occurs.
Particularly, medullary thymic epithelial cells (nTECs) express
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tissue-associated Ags in the context of MHC I and II complex
through the action of Aire and Fezf2, inducing the apoptosis of
T cells that recognize tissue-associated Ags with high affinity or
the development of thymic Treg cells (Takaba et al, 2015;
Anderson and Su, 2016).

In contrast to the development of conventional T cells,
thymic Treg cells and unconventional T cells such as invariant
Natural Killer T (iNKT) cells and Mucosal-Associated Invariant
T (MAIT) cells are mostly developed from DP thymocytes by
agonist selection and escape from cell death during negative
selection (Bendelac et al,, 2007; Legoux et al,, 2020). DP
thymocytes committed to iNKT and MAIT cells have
restricted TCR usages that recognize glycolipid or vitamin B2
(riboflavin) metabolites loaded onto CD1d and MRI,
respectively. Previously, it was reported that microbiota or
microbial metabolites influence the thymic development of
innate lymphocytes. These innate lymphocytes typically
express promyelocytic leukemia zinc finger (PLZF) that is
encoded by the gene Zbtbl6 and includes iNKT cells and
MAIT cells. GF mice display reduced levels of PLZF" innate
lymphocytes in the thymus relative to conventional specific
pathogen-free (SPF) mice (Ennamorati et al., 2020). Impaired
development of thymic innate lymphocytes in GF mice is caused
by the absence of TCR signaling due to the absence of microbial
ligands, which can travel from mucosal tissues to the thymus
(Legoux et al., 2020). For example, colonization of riboflavin-
synthesizing microbes, but not microbes with defective vitamin
B2 metabolic pathway, can restore MAIT cell development in
the thymus (Legoux et al., 2019). Administration of MR1 ligands
such as 5-2(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-
OP-RU) can induce the expansion of MAIT cells in the thymus
(Legoux et al., 2019). Influences of entero-thymic
communication on the development of thymic innate
lymphocytes are highly dependent on the specific
developmental window. In particular, early-life is critical for
the development of PLZF" innate lymphocytes. Early-life
antibiotics treatment, but not antibiotics treatment during
adulthood, can lead to permanent impairment of PLZF"
innate lymphocytes in the thymus (Ennamorati et al.,, 2020).

As seen by the influence of microbiota in thymic
development of innate lymphocyte, conventional T cell
development in the thymus is also affected by the gut
microbiota [for a detailed review of the role of gut microbiota
in T cell development, see Hebbandi Nanjundappa et al. (2022)].
mTECs express various pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs) and intracellular receptors,
such as nucleotide-binding oligomerization domain-containing
protein 1 (NOD1) (Nakajima et al., 2014; Voboril et al., 2020). It
was shown that TLR/Myeloid differentiation factor 88 (MyD88)-
dependent signaling is required for the induction of functional
thymic Treg cells. TLR/Myd88-dependent signaling in mTECs
promote the recruitment of CD14" monocyte-derived dendritic
cells, which acquire mTEC-derived tissue-associated Ags and
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induce thymic Treg cells. However, TLR/MyD88-dependent
recruitment of CD14" dendritic cells is mediated by signals of
endogenous origin but not exogenous TLR signals produced by
gut microbiota (Voboril et al., 2020). In contrast, Aire expression
in mTECs is lower in GF mice than in wild type SPF mice,
suggesting that gut microbiota contributes to mTEC-mediated
clonal selection of T cells (Nakajima et al., 2014). Recently,
PMHC tetramer staining of segmented filamentous bacteria
(SFB)-specific T cells reveals that SFB colonization can lead to
an expansion of SFB-specific CD4" T cells in the thymus
(Zegarra-Ruiz et al., 2021). Entero-thymic communication that
results in the expansion of SFB-specific CD4" T cells by
delivering SFB Ags is mediated by CX3CR1" monocyte-
derived cells, but not CD103" dendritic cells, which travel
from the intestine to the thymus. Interestingly, the convoy of
microbial Ags by CX3CR1" cells is developmentally regulated
and occurs only during early-life, since the thymic expression of
CCR5 ligands and CX3CLI1 decreases in adult mice compared to
young mice (Zegarra-Ruiz et al., 2021). However, the role of
microbial Ag presentation by CX3CR1" cells in the clonal
selection of developing T cells and the fate of thymic-origin
microbe-specific T cells in the periphery, i.e., the development of
microbe-specific Foxp3™ regulatory CD4" T cells,
remains elusive.

Regulation of T cell repertoire
maintenance in the periphery by
gut microbiota

Maintenance of peripheral naive T cells requires tonic TCR
signaling from self-pMHC complex and homeostatic cytokines,
especially, IL-7 (Surh and Sprent, 2008). The strength of TCR
signaling which is correlated with the surface expression levels of
CD5 governs the responsiveness of naive CD8" T cells to foreign
Ags and to cytokines such as IL-2, IL-15 and type I IFNs (Cho
et al,, 2010; Ju et al., 2021). IL-7 signaling is critical not only for
the development of conventional T cells and innate lymphoid
cells (ILCs) in the thymus but also for B cell development in the
bone marrow (Barata et al., 2019). Opposite to the disposable
role of IL-7 signaling in the maintenance of peripheral B cells,
IL-7 signaling is important for the maintenance of peripheral
naive T cells as well as ILCs which express IL-7Ro. (Martin et al.,
2017; Yang et al, 2018). IL-7 is produced constitutively by
stromal cells such as fibroblastic reticular cells, endothelial
cells in the secondary lymphoid tissues, medullary and cortical
thymic epithelial cells, VCAM1" stromal cells in the bone
marrow, and hepatocytes (Barata et al, 2019). IL-7 signaling
through its receptor (heterodimer consisting of IL-7Ro. and
common Y chain) promotes T cell survival by inducing the
expression of anti-apoptotic molecules such as Bcl-2 and Mcl-1
(Opferman et al., 2003; Wojciechowski et al., 2007).
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Interestingly, T cell populations responding to IL-7 can
downregulate the surface expression of IL-7Ro (Kerdiles et al,
2009), thereby increasing the availability to other immune cell
populations that requires IL-7 for their survival. However, ILCs
that are outnumbered by T cells do not downregulate IL-7Ro
expression (Martin et al, 2017). In this regard, ILCs can be
maintained by outcompeting IL-7 with conventional T cells.
Depletion of ILCs can enhance the availability of IL-7 to
conventional T cells.

It has been examined whether gut microbiota can influence
the signals, such as IL-7, required for maintenance of peripheral
T cells or not. Homeostatic T cell proliferation was examined in
SPF and GF lymphpenic Ragl”™ mice reconstituted with TCR-
transgenic (TCR-Tg) T cells, such as ovalbumin-specific OT-I
CD8" T cells, without cognate Ag treatment (Kim et al., 2018).In
this experimental setting, one form of proliferative responses
that is known as lymphopenia-induced homeostatic
proliferation (LIP) can be observed. Since LIP is driven by
self-pMHC and IL-7, the strength of these signals can be
estimated according to proliferative T cell responses. The other
form of proliferative responses known as spontaneous
proliferation is much stronger than LIP and can be seen in
SPF, but not GF, lymphopenic mice adoptively transferred with
polyclonal T cells. Spontaneous proliferation of T cells is specific
to the gut microbiota and are profoundly reduced in GF
lymphopenic mice (Surh and Sprent, 2008; Kim et al., 2018).
Interestingly, the levels of LIP in GF Ragl 7 mice are similar to
those seen in SPF Ragl™™ mice, indicating that gut microbiota
does not play a decisive role in the maintenance of peripheral T
cells by regulating the IL-7 availability in the secondary
lymphoid organs (Kim et al., 2018). Furthermore, absence of
commensal microbiota does not lead to the alteration of ILC’s
capacity to modulate the availability of IL-7 for conventional T
cells (Martin et al., 2017).

The above studies focused on the regulation of T cell
maintenance primarily in secondary lymphoid tissues.
Considering that ILCs are predominantly tissue-resident
immune cells, which are abundantly found in mucosal tissues
such as the intestine (Meininger et al., 2020), it is plausible that
ILCs can regulate the maintenance of tissue-resident T cells,
especially tissue-resident memory CD8" T cells, by modulating the
availability of IL-7. Maintenance and survival of tissue-resident
memory T cells are dependent on IL-7 (Adachi et al, 2015). These
intestinal tissue-resident memory CD8" T cells are mostly derived from
conventional CD8ct T cells in the intestinal epithelium compartment
(Konjar et al,, 2017). Interestingly, intestinal epithelial cells can produce
IL-7 in an inducible manner, which is dependent on microbiota-
mediated induction of IFN-y (Shalapour et al, 2010) (Figure 1A).
Depletion of gut microbiota by broad spectrum antibiotics treatment or
IFN-y neutralization results in the reduction of IL-7 production by
intestinal epithelia.

In addition to the regulation of IL-7 bioavailability by tissue-
resident ILCs and intestinal epithelial cells, microbial
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metabolites can directly influence the generation and
maintenance of memory CD8" T cells that are generated upon
viral and microbial infection, thereby influencing T cell
repertoires systemically or at local tissues such as the intestine
(Overacre-Delgoffe and Hand, 2022). Microbial production of
SCFAs enhance virus-specific long-lived memory CD8" T cells.
Therefore, memory T cell formation is defective in mice absent
of commensal microbiota (Overacre-Delgoffe and Hand, 2022).
Conversely, high-fiber diets augment memory T cell
differentiation. Microbiota-produced butyrate increases the uptake
and oxidative phosphorylation of fatty acids in memory CD8" T cells
that support their survival (Bachem et al,, 2019).

It is known that Treg cells during the initiation of CD8" T
cell responses against pathogen infection can shape the fate of
activated CD8" T cells by offsetting the pro-effector signals
delivered by Ag, costimulatory molecules and pro-
inflammatory cytokines (Laidlaw et al, 2016). During T cell
priming, the absence of Treg cells hampers the generation of
functional memory CD8" T cells (de Goer de Herve et al., 2012).
Indeed, IL-10 produced by Treg cells promotes memory CD8" T
cell maturation, especially central memory CD8" T cells (Cui
et al., 2011; Laidlaw et al., 2015). Considering that SCFAs can
promote the induction of colonic Treg cells that are specific to
microbial Agand are fully functional to express IL-10, these Treg
cells might be involved in shaping intestinal T cell repertoires by
modulating tissue-resident memory T cell generation.

Shaping intestinal T cell repertoire
by gut microbiota

In contrast to internal organs and other mucosal tissues such
as the lung, the intestine is continuously exposed to vast
amounts of foreign Ags under the steady state, mostly derived
from diet and the gut microbiota. Based on the mice raised in
conditions that are devoid of both dietary Ags and gut
microbiota (“Ag-free” mice), these luminal Ags are shown to
profoundly shape intestinal CD4" T cell responses, especially
intestinal Treg cells. Intestinal Treg cells consist of heterogenous
populations depending on the expression of effector T cell
transcription factor (GATA3, RORyt, and Tbet), and their
origins (Figure 1). Thymic Treg cells express Helios (Thornton
etal, 2010) and Neuropilin-1 (Nrp-1) at high levels (Weiss et al.,
2012), while pTreg cells in the intestine express Helios and Nrp-
1 at low levels and are further divided into two subsets
depending on RORYt expression (Kim et al, 2016; Tanoue
et al., 2016). A broad spectrum of microbial species is capable
of inducing intestinal Foxp3* Treg cells, in particular, Nrp—llO
RORyt" Treg cells in both small intestine and colon (Atarashi
et al,, 2011; Geuking et al., 2011; Atarashi et al., 2013; Verma
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et al,, 2018) (Figures 1A, B). Deprivation of gut microbiota as
seen in GF and antibiotics-treated mice results in the reduction
of pTreg cells expressing RORYt (Ohnmacht et al., 2015; Sefik
et al,, 2015; Kim et al., 2016). However, mono-association of
various microbial species sufficiently restores colonic Treg cells
in GF mice (Sefik et al., 2015). In addition, Ag-free mice display
severely reduced numbers of CD4" T cells and Nrp1™ pTreg cells,
including both RORyt" and RORyt pTreg cells in the small
intestine (Kim et al., 2016). This indicates that dietary Ags also
profoundly shape intestinal CD4" T cell responses, in particular
RORyt™ pTreg cells (Figure 1A). Induction of intestinal pTreg cells
by the gut microbiota is mediated by various mechanisms
(Figure 1B). Short chain fatty acids, such as butyrate, acetate
and propionate, produced by microbial fermentation of dietary
fibers can induce colonic Treg cells (Arpaia et al., 2013; Furusawa
et al, 2013; Smith et al,, 2013; Marino et al., 2017). Microbial
secondary metabolites of bile acids induce the generation of
colonic Treg cells as well (Hang et al, 2019; Campbell et al,
2020). In addition, microbial components such as polysaccharide
A of Bacteroides flagilis and cell surface polysaccharides of
Bifidobacterium bifidum, effectively induce colonic Treg cells
that are fully functional to suppress harmful colitogenic T cell
responses (Round and Mazmanian, 2010; Verma et al., 2018).
The above experimental strategies to elucidate the role of the
gut microbiota in shaping intestinal CD4" T cell responses do
not decisively determine the induction of cognate Ag-specific T
cell responses against microbial or dietary Ags. To examine
intestinal CD4" T cell responses against the gut microbiota in
Ag-specific manner, TCR-Tg cell lines specific to microbial Ags
from various microbial species and microbial peptide-loaded
MHC tetramer have been intensively used (Table 1). Microbes
belonging to the Clostridiales, SFB, Helicobacter spp.,
Akkermansia miciniphila and Bacteroides thethaiotaomicron
have been described to induce the activation of either
adoptively transferred cognate Ag-specific TCR-Tg cells or
microbial pMHC tetramer™ T cells (Russler-Germain et al.,
2017). Based on these experimental approaches, it has been
clearly shown that microbial species distinctly induces the
differentiation of Treg cells and effector CD4" T cells. Under
the steady state condition, intestinal CD4" T cell responses are
well-balanced with aforementioned pTreg cells and pro-
inflammatory T cells, but during inflammatory setting, such as
experimental inflammatory bowel disease, colonic CD4" T cell
responses are skewed to proinflammatory T cells producing
IEN-y and IL-17. SFB favors small intestinal Th17 T cell
responses by inducing serum amyloid protein A that promote
Th17 cell differentiation (Lee et al., 2020b). A. muciniphila
efficiently induce CD4" T follicular helper cells (Ansaldo et al.,
2019). The capacity of individual microbial species to modulate
CD4" T cell differentiation depends on the unique production of
microbial metabolites such as SCFA and secondary bile acids,
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TABLE 1 Methods to examine the regulation of T cell repertoires by gut microbiota.

Methods Advantages

TCR-Tg cell transfer

- Precise determination of Ag-specific T cell proliferation (CFSE or

CTV labeled donor T cells)

- Examination of the interaction between Ag-specific T cells and other

immune cells (i.e., B cells)
- Single TCR specificity
PMHC Tetramer

staining under steady state and inflammatory settings

- Easier identification of Ag-specific T cells by using congenic marker

- Direct examination and quantification of Ag-specific T cell frequency

- Examination of physiological Ag-specific T cell responses

Bulk TCR gene

sequencing - Relatively bigger sample size

Single cell-based TCR
gene sequencing
pairing

- Less expensive than single cell based TCR gene sequencing

- Strong association with TCR clonality and T cell subset/function
- Possible examination of the TCR diversity created by TCR chain

Disadvantages

- Not reflect the physiological frequency of cognate Ag specific T cells
- Intra-clonal competition distorts natural Ag-specific T cell responses
against microbiota.

- Limited use depending on HLA types

- Relatively lower affinity between pMHC tetramer and TCR
(limitation of visualization in flow cytometry)

- Limited use depending on HLA types

- Broad TCR specificities within pMHC tetramer™ T cells

- Lack of information on the TCR diversity created by TCR chain
pairing*

- Limited association between TCR clonality and T cell subset/
function (cytokine, transcription factor expression)**

- Relatively expensive and limitation on sample size (typically less
than 2-3 x 10%)
- Requirement of complex analytical methods

- Combination with single cell-based transcriptomics & other -omics

*Assessment of TCR chain paring is not required in case of bulk TCR gene sequencing based on TCRo. or TCRp-restricted mice., **addressed by TCR sequencing on T cells sorted based on

the transcription factor or cytokine reporters.

immune modulating microbial constituents including specific
microbe-associated molecular patterns, the extent of innate
immune responses that governs adaptive T cell responses, and
also the immunological context. H. hepaticus strongly induces
cognate Ag-specific RORYt" Foxp3™ Th17 responses in IL-10""
mice or mice treated with IL-10 blockades, thereby inducing the
experimental colitis. However, under the steady state condition,
H. hepaticus induces RORYt" Foxp3™ Treg cells (Xu et al., 2018).

Examination of cognate T cell responses against microbial
Ags by using adoptively transferred TCR-Tg cells has a
limitation mainly caused by intraclonal competition (Table 1).
As the number of adoptively transferred TCR-Tg cells is
typically much higher than the number of cognate Ag-specific
T cells, donor T cell activation and proliferation do not reflect
natural immune responses toward the gut microbiota. Hence,
studies based on pMHC tetramer staining can verify the
induction of microbial Ag-specific T cell responses in the
intestine in a more physiologically relevant manner (Table 1).
pMHC tetramers also enable the examination of the presence of
microbial Ag-specific T cells in other extra-intestinal sites such
as the thymus (Zegarra-Ruiz et al., 2021). However, considering
that pMHC tetramer” T cells can have broad TCR specificity and
that T cell epitopes can govern the fate of CD4" T cell
differentiation (Hwang et al., 2020), it remains elusive whether
the TCR specificities of pMHC tetramer™ T cells can be different
depending on the CD4" T cell subset and the immunological context.

Advances in next-generation sequencing (NGS) enables the
direct examination of TCR repertoires of T cells responding to
the gut microbiota [for a detailed review of sequencing-based
TCR repertoire analysis, see Pai and Satpathy, (2021)]. During
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steady state and disease conditions such as experimental colitis,
TCR diversity and clonality of CD4" T cells responding to gut
microbiota have been determined. For example, by using TCRp3-
transgenic mice (TCli TCRB-Tg x TCR:™'™ mice possessing a
fixed TCRP chain that recognized human CLIP and variable
TCRo alleles with no chance of allelic inclusion), TCR usages of
colonic Treg cells could be compared with those of colonic
effector CD4" T cells and Treg cells in other peripheral tissues
such as spleen, where the majority of Treg cells represents
thymic Treg cells (Table 1) (Lathrop et al,, 2011). Interestingly,
the TCR repertoires of colonic Treg cells rarely overlap with
those of colonic effector CD4" T cells. Even in inflammatory
settings such as in the T cell-transfer induced experimental
colitis model, dominant TCRo clonotypes were shared
between IFN-y- and IL-17-producing but not Foxp3™ Treg
cells (Muschaweck et al., 2021). One of possible explanation is
that distinct microbial species differentially induce Treg and
effector T cells, presumably due to the production of unique
immune-modulating microbial signals and also due to the
induction of unique innate signals. It was shown, for example,
that broad spectrum of microbial species, such as altered
Schaedler flora (a consortium of eight anaerobic microbial
species) and Bifidobacterium bifidum, specifically induces
intestinal Treg cells but not effector T cells, such as Th17 cells
upon the colonization into GF mice (Geuking et al., 2011; Sefik
etal, 2015; Verma et al., 2018). However, TCR-Tg CD4" T cells, ie.,
Flagellin-specific CD4" Tg (Cbir) T cells, induce experimental colitis
upon the transfer into lymphopenic mice, while the administration of
Treg-inducing Bifidobacterium bifidum ameliorates the colitis by
inducing the generation of Cbir Treg cells (Verma et al, 2018).
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Given that B. bifidum does not express flagellin, not only the TCR
clonality but also the environmental cues conditioned by B. bifidum, are
critical for determining the fate of colonic Ag-specific CD4" T cells.
Consistently, naive TCR-Tg cells originated from colonic Treg cells can
be differentiated into pathogenic effector CD4" T cells upon the
adoptive transfer into lymphopenic mice (Lathrop et al., 2011).

It was shown that TCR repertoires of colonic Treg cells are
distinct from Treg cells in other locations. Some TCR originating
from colonic Treg cells did not induce the selection of thymic
Treg cells upon the TCR gene transduction into thymocytes
(Lathrop et al, 2011), emphasizing the presence of Treg cells
generated from de novo differentiation of naive CD4" T cells.
However, contradictory results have been reported showing that the
TCR repertoires of colonic Treg cells markedly overlapped with those
of thymic Treg cells (Cebula et al,, 2013). Although the reasons for this
contradiction were not clearly understood, the presence of entro-
thymic delivery of microbial Ags and thymic output of microbial
Ag-specific T cells might result in the expansion of thymic Treg cells in
the colon (Zegarra-Ruiz et al,, 2021). Furthermore, it seems possible
that self-Ag specific thymic Treg cells cross-reactive to microbial Ags
can expand in the colon. Regardless of the origin of colonic Treg cells,
TCR diversity of colonic Treg cells is important for intestinal
homeostasis and prevention of colonic inflammation. For example,
mice genetically modified to possess restricted TCR repertoires
developed spontaneous colitis mediated by colonic Th17 cells due to
the reduction of Helios™ pTreg cells. Transfer of wildtype Treg cells with
intact TCR repertoires could prevent spontaneous colitis (Nishio
et al, 2015).

Role of microbe-specific T cells
cross-reactive to self-antigens and
neoantigens in autoimmune disease
and tumor progression

Considering that the genomic diversity of commensal
microbiota is 100-fold greater than that of the host (Qin et al,
2010), the activation of self Ag-specific CD4" T cells which drive
autoimmune diseases can be induced by cross-reactive microbial
Ags produced by the gut microbiota (Sprouse et al., 2019).
Furthermore, a single TCR can be highly cross-reactive and
recognize 10* - 10° different MHC-bound peptides (Lee et al,
2020a). Experimental evidence suggests that antigenic mimicry
can be a mechanistic link for the association with the dysbiosis of
gut microbiota and various immune disorders (Sprouse et al,
2019). In autoimmune uveitis caused by the breakdown of
blood-retinal barrier and the activation of retina-specific Th17
cells, retina-specific T cells can migrate into the intestine and can
be activated by non-cognate Ags produced by the gut microbiota
(Horai et al., 2015). Antibiotics treatment significantly
suppressed the induction of autoimmune uveitis. As
aforementioned, GF mice are resistant to EAE relative to SPF

Frontiers in Cellular and Infection Microbiology

07

10.3389/fcimb.2022.1004339

mice that possess Th17 cells in the small intestine. Hiroshi Ohno
group showed that myelin oligodendrocyte glycoprotein
(MOG)-specific autoreactive T cells can migrate into the small
intestine and can be activated by non-cognate microbial Ags.
MOG-specific autoreactive T cells can proliferate in response to
Lactobacillus reuteri that expresses cross-reactive microbial Ags
and are also conditioned to differentiate into Th17 cells by the
action of the other microbial species in Erysipelotrichaceae
family (Miyauchi et al., 2020) (Figure 2A). In this regard, GF
mice colonized with these two microbial species showed
more severe EAE symptoms than GF mice or mono-colonized
mice. The gut microbiota through the antigenic mimicry also
drives autoimmune diseases induced by autoreactive CD8" T
cells (Tai et al, 2016). Based on the NOD mice carrying
diabetogenic CD8" T cells specific to islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP), IGRP-
specific T cells can be activated by microbial Ags produced by
Fusobacteria. In addition, the failure of allelic exclusion during
the T cell development in the thymus permit the circulation of T
cells with dual TCRs, each specific to self and microbial Ags
(Bradley et al.,, 2017). Therefore, the gut microbiota can induce
the activation of dual Ag-specific T cells, consequently
promoting the autoimmune diseases. For example, SFB
administration exacerbated Th1l7-mediated autoimmunity in
the lung. Activation of autoreactive Th17 cells did not rely on
antigenic mimicry or bystander activation. SFB expand Th17
cells expressing dual TCRs specific for SFB epitope and self-Ag
(Figure 2A). Migration of autoreactive T cells cross-reactive to
microbial Ag into the intestine precedes the conditioning in the
intestine for the differentiation into Th17 cells. Interestingly, IL-
7 signaling can promote gut homing receptor (04f7) expression
in T cells during lymphopenic conditions (Cimbro et al., 2012).
IL-7 signaling not only promotes T cell survival and
maintenance in the periphery, but also possibly endows T cells
with the capacity of migrating into the intestine.

The gut microbiota determines the responsiveness of tumor
patients to immune checkpoint inhibitor (ICI) treatment that
reinvigorates the tumor associated Ag-specific exhausted CD8"
T cells. The microbial composition of the gut microbiota in
tumor patients responding to ICI treatment was different to that
of non-responders. Furthermore, the transfer of fecal microbiota
from responders into tumor-bearing GF mice increased anti-
tumor immunity, thereby profoundly reducing the tumor
burdens (Gopalakrishnan et al., 2018; Matson et al., 2018;
Routy et al, 2018). Additionally, transplantation of fecal
microbiota from the responders or healthy individuals made
the non-responders become responsive to ICI treatment (Baruch
etal, 2021; Davar et al,, 2021). Interestingly, ICI-induced colitis,
a severe form of gastrointestinal symptoms in patients receiving
ICL is closely associated with IFN-y producing CD8" tissue
resident memory T cells in the intestine (Sasson et al., 2021).

How the gut microbiota enhances the anti-tumor
immunotherapy largely remains unclear and is a key research
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Influences of gut microbiota on the pathogenesis of autoimmune disease and tumors. (A) Small intestinal Th17 responses are linked to the
susceptibility to Th17-mediated autoimmune disease such as EAE. Antigenic mimicry between microbial Ags and self-Ags is one of the
mechanisms through which gut microbiota influences the induction and the pathogenesis of Th17-mediated autoimmune diseases. Myelin-
specific CD4" T cells expand by microbial mimetic Ags and are conditioned to differentiate into Th17 cells. Alternatively, T cells expressing dual
TCRs specific to both SFB Ag and self-Ag proliferate and differentiate into Th17 cells, and then induce autoimmunity in extra-intestinal tissues.
(B) Gut microbiota determines the responsiveness to ICI treatment. Weakening intestinal barrier functions by the ICI treatment leads to the
translocation of gut microbes and enables gut microbes to promote Thl and cytotoxic T cell responses against TAA by conditioning intestinal
DCs. Bifidobacterium spp. enhance the cytotoxic activity of TAA-specific CD8" T cells by producing inosine. E hirae produce mimetic Ag (TMP)
which can proliferate cross-reactive TAA (PSMB4)-specific CD8" T cells, thereby enhancing the efficacy of ICI treatment. The figure was created

with Adobe illustrator.

topic that attracts great interest. Emerging evidence revealed that
the gut microbiota can modulate anti-tumor immunity through
various mechanisms (Sepich-Poore et al., 2021) (Figure 2B). For
example, certain microbes with anti-tumor effects, such as
Bacteroides thetaiotaomicron and B. fragilis can activate
dendritic cells through Toll-like receptor (TLR)-4 signaling
and promote Thl and cytotoxic CD8" T cell responses helpful
for the tumor immunosurveillance and eradication (Vetizou
et al., 2015). Bifiodbacterium pseudologum can produce
inosine, which enhance the cytotoxic activity of CD8" T cells
by agonizing adenosine 2A receptor signaling in T cells (Mager
etal., 2020). Enhancement of anti-tumor immunotherapy by the
gut microbiota is typically associated with gut barrier
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dysfunction and the translocation of gut microbes, which can
be induced by total body irradiation used for adoptive CAR T
cell transfer (Uribe-Herranz et al., 2020) or ICI treatment
(Mager et al, 2020). Anti-CTLA-4 treatment weakens the
intestinal barrier and permits microbial translocation and
systemic circulation of microbe-derived inosine (Mager et al,
2020). Indeed, better outcomes of ICI treatment were associated
with gastrointestinal immune-related adverse events (Zhou
et al., 2020).

As seen by the role of gut microbiota in Th17-mediated
autoimmune diseases, gut microbes represent an Ag source
which stimulate cross-reactive tumor-associated Ag (TAA)-
specific CD8" T cells. For example, Laurence Zitvogel group
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showed that Enterococcus hirae haboring prophage expressing
tail length tape measure proteins (TMPs) in its genome mount
CD8" T cell responses against an oncogenic driver, proteosome
subunit beta type-4 (PSMB4) through the antigenic mimicry
(Fluckiger et al, 2020) (Figure 2B). In this regard, E. hirae
administration enhances anti-tumor CD8" T cell responses
upon the treatment with cyclophosphamide or anti-PD-1
antibodies. Recently, based on Blast search for homology
between TAA and Ags produced by gut microbiota (belonging
to Firmicutes and Bacteroides phyla) combined with epitope
prediction analysis considering HLA polymorphism, it was
proposed that antigenic mimicry between TAA and microbial
Ags produced by gut microbiota can be much broader and
highly possible to influence anti-tumor immunity and tumor
progression through the activation of TAA-specific CD8" T cells
by cross-reactive microbial Ags (Ragone et al., 2022).

Conclusion and perspectives

Research on the role of the gut microbiota in health and
diseases has progressed to establish the causal relationship
between the gut microbiota and the disease phenotypes (Finlay
et al., 2020). Furthermore, recent findings have demonstrated
the feasibility of microbiota-based therapeutics for treating
various intractable diseases. Examination of the interaction
between the host immune system and the gut microbiota in
Ag-specific manner improves our understanding on the role of
gut microbiota in shaping the host immune system in health and
disease and provide a guidance for developing effective
microbiome-based therapeutics, i.e., live biotherapeutic
products (LBPs). For example, antigenic mimicry seems to be
a principal mechanism through which the gut microbiota
enhances anti-tumor immunotherapy. In this regard, a
microbial consortium, rather than a single LBP, is more
suitable for treating tumor patients, especially non-responder
to ICI treatment by increasing the chance of TAA-specific CD8"
T cell expansion and activation. Furthermore, based on the
bioinformatics and computational analysis to reveal the
mimicry between TAAs and microbial Ags in the gut
microbiota, microbial consortium can be rationally designed to
consist of microbes potentially inducing TAA-specific CD8" T
cell responses through antigenic mimicry. This strategy can be
further improved by incorporating single cell-based or bulk TCR
repertoire analysis on tumor-infiltrating T cells and TCR
sequence-based prediction of peptide-MHC specificity that
also considers HLA haplotypes and the structure of MHC
peptide binding grooves (Montemurro et al., 2021).

It seems that T cells involved in extra-intestinal diseases are
localized and conditioned in the intestine through the in situ
activation of T cells by antigenic mimicry or through the gut
homing of T cells from extra-intestinal sites. Considering that
intestinal T cell responses against the gut microbiota is typically
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skewed to generate immune tolerance and containment of
microbial translocation, proper conditioning of TAA-specific
CD8" T cells by gut microbiota in the intestine is required for
their expansion and activation, and also for the enhancement of
anti-tumor immunotherapy. This can be governed not only by
the unique immune-modulating activity of therapeutic microbes
but also depends on the immunological context, i.e.,
inflammatory settings, that can be created in part by the ICI
treatment. Evidence showed that T cells with unique TCR
recognizing microbial Ags can be differentiated into
pathogenic T cells or regulatory T cells depending on the
immunological context. Studies on experimental colitis models
showed that the re-direction of microbe-specific T cells into Treg
cells, but not into pathogenic T cells in an inflammatory setting,
is possible by administrating microbial species promoting Treg
cell generation. In this regard, microbes that condition the
intestinal environment to be more tolerogenic are promising
candidates for microbiome-based therapeutics for treating
autoimmune diseases and inflammatory bowel diseases.

Currently, mapping the functional landscape of TCR
repertoires in extra-intestinal diseases and TCR repertoire
analyses to examine the importance of antigenic mimicry
between self-Ags/tumor neoantigens and microbial Ags in
autoimmune diseases and also in anti-tumor immunotherapy
are largely limited. Mapping the functional landscape and
comparison of TCR repertoires in the intestine and extra-
intestinal tissues or tumor sites is promising to get an
important insight on the regulation of the disease pathogenesis
by the gut microbiota and also to develop effective microbiome-
based therapeutics.

Author contributions

The author confirms being the sole contributor of this work
and has approved it for publication.

Funding

This work was supported by the BK21 FOUR funded by the
Ministry of Education, Korea, and also by grants from the
National Research Foundation (NRF) of Korea (NRF-
2020M3A9G3080282 and NRF-2020R1A2C1008459).

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1004339
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Kim

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Adachi, T., Kobayashi, T., Sugihara, E., Yamada, T, Ikuta, K., Pittaluga, S., et al.
(2015). Hair follicle-derived IL-7 and IL-15 mediate skin-resident memory T cell
homeostasis and lymphoma. Nat. Med. 21 (11), 1272-1279. doi: 10.1038/nm.3962

Anderson, M. S., and Su, M. A. (2016). AIRE expands: New roles in immune
tolerance and beyond. Nat. Rev. Immunol. 16 (4), 247-258. doi: 10.1038/nri.2016.9

Ansaldo, E,, Slayden, L. C., Ching, K. L., Koch, M. A., Wolf, N. K., Plichta, D. R.,
et al. (2019). Akkermansia muciniphila induces intestinal adaptive immune
responses during homeostasis. Science 364 (6446), 1179-1184. doi: 10.1126/
science.aaw7479

Arpaia, N., Campbell, C.,, Fan, X,, Dikiy, S., van der Veeken, J., deRoos, P., et al.
(2013). Metabolites produced by commensal bacteria promote peripheral
regulatory T-cell generation. Nature 504 (7480), 451-455. doi: 10.1038/
naturel2726

Atarashi, K., Tanoue, T., Oshima, K., Suda, W., Nagano, Y., Nishikawa, H., et al.
(2013). Treg induction by a rationally selected mixture of clostridia strains from the
human microbiota. Nature 500 (7461), 232-236. doi: 10.1038/nature12331

Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al.
(2011). Induction of colonic regulatory T cells by indigenous clostridium species.
Science 331 (6015), 337-341. doi: 10.1126/science.1198469

Bachem, A., Makhlouf, C., Binger, K. J., de Souza, D. P., Tull, D., Hochheiser, K.,
et al. (2019). Microbiota-derived short-chain fatty acids promote the memory
potential of antigen-activated CD8(+) T cells. Immunity 51 (2), 285-297.e285.
doi: 10.1016/j.immuni.2019.06.002

Barata, J. T., Durum, S. K., and Seddon, B. (2019). Flip the coin: IL-7 and IL-7R
in health and disease. Nat. Immunol. 20 (12), 1584-1593. doi: 10.1038/s41590-019-
0479-x

Baruch, E. N., Youngster, 1., Ben-Betzalel, G., Ortenberg, R., Lahat, A., Katz, L.,
et al. (2021). Fecal microbiota transplant promotes response in immunotherapy-
refractory melanoma patients. Science 371 (6529), 602-609. doi: 10.1126/
science.abb5920

Bendelac, A., Savage, P. B., and Teyton, L. (2007). The biology of NKT cells.
Annu. Rev. Immunol. 25, 297-336. doi: 10.1146/annurev.immunol.25.022106.141711

Berer, K., Gerdes, L. A., Cekanaviciute, E., Jia, X., Xiao, L., Xia, Z., et al. (2017).
Gut microbiota from multiple sclerosis patients enables spontaneous autoimmune
encephalomyelitis in mice. Proc. Natl. Acad. Sci. U.S.A. 114 (40), 10719-10724.
doi: 10.1073/pnas.1711233114

Berer, K., Mues, M., Koutrolos, M., Rasbi, Z. A., Boziki, M., Johner, C., et al.
(2011). Commensal microbiota and myelin autoantigen cooperate to trigger
autoimmune demyelination. Nature 479 (7374), 538-541. doi: 10.1038/
naturel0554

Bradley, C. P., Teng, F., Felix, K. M., Sano, T., Naskar, D., Block, K. E., et al.
(2017). Segmented filamentous bacteria provoke lung autoimmunity by inducing
gut-lung axis Th17 cells expressing dual TCRs. Cell Host Microbe 22 (5), 697—
704.e694. doi: 10.1016/j.chom.2017.10.007

Campbell, C., McKenney, P. T., Konstantinovsky, D., Isaeva, O. I, Schizas, M.,
Verter, J., et al. (2020). Bacterial metabolism of bile acids promotes generation of
peripheral regulatory T cells. Nature 581 (7809), 475-479. doi: 10.1038/s41586-
020-2193-0

Cebula, A., Seweryn, M., Rempala, G. A, Pabla, S. S., McIndoe, R. A., Denning,
T. L, et al. (2013). Thymus-derived regulatory T cells contribute to tolerance to
commensal microbiota. Nature 497 (7448), 258-262. doi: 10.1038/nature12079

Cho, J. H,, Kim, H. O., Surh, C. D., and Sprent, J. (2010). T Cell receptor-
dependent regulation of lipid rafts controls naive CD8+ T cell homeostasis.
Immunity 32 (2), 214-226. doi: 10.1016/j.immuni.2009.11.014

Cimbro, R,, Vassena, L., Arthos, J., Cicala, C., Kehrl, J. H., Park, C,, et al. (2012).
IL-7 induces expression and activation of integrin alpha4beta7 promoting naive T-
cell homing to the intestinal mucosa. Blood 120 (13), 2610-2619. doi: 10.1182/
blood-2012-06-434779

Cui, W., Liu, Y., Weinstein, J. S., Craft, J., and Kaech, S. M. (2011). An
interleukin-21-interleukin-10-STAT3 pathway is critical for functional

Frontiers in Cellular and Infection Microbiology

10

10.3389/fcimb.2022.1004339

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

maturation of memory CD8+ T cells. Immunity 35 (5), 792-805. doi: 10.1016/
jimmuni.2011.09.017

Davar, D., Dzutsev, A. K., McCulloch, J. A., Rodrigues, R. R., Chauvin, J. M.,
Morrison, R. M., et al. (2021). Fecal microbiota transplant overcomes resistance to
anti-PD-1 therapy in melanoma patients. Science 371 (6529), 595-602.
doi: 10.1126/science.abf3363

de Goer de Herve, M. G., Jaafoura, S., Vallee, M., and Taoufik, Y. (2012). FoxP3
(+) regulatory CD4 T cells control the generation of functional CD8 memory. Nat.
Commun. 3, 986. doi: 10.1038/ncomms1992

Ennamorati, M., Vasudevan, C., Clerkin, K., Halvorsen, S., Verma, S., Ibrahim,
S., et al. (2020). Intestinal microbes influence development of thymic lymphocytes
in early life. Proc. Natl. Acad. Sci. US.A. 117 (5), 2570-2578. doi: 10.1073/
pnas.1915047117

Finlay, B. B., Humans, C.Microbiome (2020). Are noncommunicable diseases
communicable? Science 367 (6475), 250-251. doi: 10.1126/science.aaz3834

Fluckiger, A., Daillere, R., Sassi, M., Sixt, B. S., Liu, P., Loos, F,, et al. (2020).
Cross-reactivity between tumor MHC class I-restricted antigens and an
enterococcal bacteriophage. Science 369 (6506), 936-942. doi: 10.1126/
science.aax0701

Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al.
(2013). Commensal microbe-derived butyrate induces the differentiation of colonic
regulatory T cells. Nature 504 (7480), 446-450. doi: 10.1038/nature12721

Geuking, M. B., Cahenzli, J., Lawson, M. A., Ng, D. C,, Slack, E., Hapfelmeier, S.,
et al. (2011). Intestinal bacterial colonization induces mutualistic regulatory T cell
responses. Immunity 34 (5), 794-806. doi: 10.1016/j.immuni.2011.03.021

Gopalakrishnan, V., Spencer, C. N., Nezi, L., Reuben, A., Andrews, M. C,,
Karpinets, T. V., et al. (2018). Gut microbiome modulates response to anti-PD-1
immunotherapy in melanoma patients. Science 359 (6371), 97-103. doi: 10.1126/
science.aan4236

Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J., Ly, J., et al. (2019). Bile acid
metabolites control TH17 and treg cell differentiation. Nature 576 (7785), 143-148.
doi: 10.1038/s41586-019-1785-z

Hebbandi Nanjundappa, R., Sokke Umeshappa, C., and Geuking, M. B. (2022).
The impact of the gut microbiota on T cell ontogeny in the thymus. Cell Mol. Life
Sci. 79 (4), 221. doi: 10.1007/s00018-022-04252-y

Horai, R., Zarate-Blades, C. R., Dillenburg-Pilla, P., Chen, J., Kielczewski, J. L.,
Silver, P. B., et al. (2015). Microbiota-dependent activation of an autoreactive T cell
receptor provokes autoimmunity in an immunologically privileged site. Immunity
43 (2), 343-353. doi: 10.1016/j.immuni.2015.07.014

Hosokawa, H., and Rothenberg, E. V. (2021). How transcription factors drive
choice of the T cell fate. Nat. Rev. Immunol. 21 (3), 162-176. doi: 10.1038/s41577-
020-00426-6

Hsieh, C. S, Lee, H. M., and Lio, C. W. (2012). Selection of regulatory T cells in
the thymus. Nat. Rev. Immunol. 12 (3), 157-167. doi: 10.1038/nri3155

Hwang, J. R., Byeon, Y., Kim, D., and Park, S. G. (2020). Recent insights of T cell
receptor-mediated signaling pathways for T cell activation and development. Exp.
Mol. Med. 52 (5), 750-761. doi: 10.1038/s12276-020-0435-8

Ivanov, L. I, Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U., et al.
(2009). Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell
139 (3), 485-498. doi: 10.1016/j.cell.2009.09.033

Ju, Y. ], Lee, S. W., Kye, Y. C,, Lee, G. W., Kim, H. O., Yun, C. H,, et al. (2021).
Self-reactivity controls functional diversity of naive CD8(+) T cells by co-opting
tonic type I interferon. Nat. Commun. 12 (1). doi: 10.1038/s41467-021-26351-3

Kerdiles, Y. M., Beisner, D. R,, Tinoco, R., Dejean, A. S., Castrillon, D. H,,
DePinho, R. A,, et al. (2009). Foxol links homing and survival of naive T cells by
regulating I-selectin, CCR7 and interleukin 7 receptor. Nat. Immunol. 10 (2), 176-
184. doi: 10.1038/ni.1689

Kim, K. S., Hong, S. W, Han, D,, Yi, ], Jung, ], Yang, B. G,, et al. (2016). Dietary
antigens limit mucosal immunity by inducing regulatory T cells in the small
intestine. Science 351 (6275), 858-863. doi: 10.1126/science.aac5560

frontiersin.org


https://doi.org/10.1038/nm.3962
https://doi.org/10.1038/nri.2016.9
https://doi.org/10.1126/science.aaw7479
https://doi.org/10.1126/science.aaw7479
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12331
https://doi.org/10.1126/science.1198469
https://doi.org/10.1016/j.immuni.2019.06.002
https://doi.org/10.1038/s41590-019-0479-x
https://doi.org/10.1038/s41590-019-0479-x
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1146/annurev.immunol.25.022106.141711
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1038/nature10554
https://doi.org/10.1038/nature10554
https://doi.org/10.1016/j.chom.2017.10.007
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/s41586-020-2193-0
https://doi.org/10.1038/nature12079
https://doi.org/10.1016/j.immuni.2009.11.014
https://doi.org/10.1182/blood-2012-06-434779
https://doi.org/10.1182/blood-2012-06-434779
https://doi.org/10.1016/j.immuni.2011.09.017
https://doi.org/10.1016/j.immuni.2011.09.017
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1038/ncomms1992
https://doi.org/10.1073/pnas.1915047117
https://doi.org/10.1073/pnas.1915047117
https://doi.org/10.1126/science.aaz3834
https://doi.org/10.1126/science.aax0701
https://doi.org/10.1126/science.aax0701
https://doi.org/10.1038/nature12721
https://doi.org/10.1016/j.immuni.2011.03.021
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1007/s00018-022-04252-y
https://doi.org/10.1016/j.immuni.2015.07.014
https://doi.org/10.1038/s41577-020-00426-6
https://doi.org/10.1038/s41577-020-00426-6
https://doi.org/10.1038/nri3155
https://doi.org/10.1038/s12276-020-0435-8
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1038/s41467-021-26351-3
https://doi.org/10.1038/ni.1689
https://doi.org/10.1126/science.aac5560
https://doi.org/10.3389/fcimb.2022.1004339
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Kim

Kim, J., Lee, J. Y., Cho, K., Hong, S. W., Kim, K. S, Sprent, J., et al. (2018).
Spontaneous proliferation of CD4(+) T cells in RAG-deficient hosts promotes
antigen-independent but IL-2-Dependent strong proliferative response of naive
CD8(+) T cells. Front. Immunol. 9, 1907. doi: 10.3389/fimmu.2018.01907

Klein, L., Kyewski, B., Allen, P. M., and Hogquist, K. A. (2014). Positive and
negative selection of the T cell repertoire: what thymocytes see (and don't see). Nat.
Rev. Immunol. 14 (6), 377-391. doi: 10.1038/nri3667

Konjar, S., Ferreira, C., Blankenhaus, B. , and Veldhoen, M. (2017). Intestinal
barrier interactions with specialized CD8 T cells. Front. Immunol. 8, 1281.
doi: 10.3389/fimmu.2017.01281

Laidlaw, B. J., Craft, J. E., and Kaech, S. M. (2016). The multifaceted role of CD4
(+) T cells in CD8(+) T cell memory. Nat. Rev. Immunol. 16 (2), 102-111.
doi: 10.1038/nri.2015.10

Laidlaw, B. J., Cui, W., Amezquita, R. A., Gray, S. M., Guan, T., Lu, Y, et al.
(2015). Production of IL-10 by CD4(+) regulatory T cells during the resolution of
infection promotes the maturation of memory CD8(+) T cells. Nat. Immunol. 16
(8), 871-879. doi: 10.1038/ni.3224

Lathrop, S. K, Bloom, S. M., Rao, S. M., Nutsch, K., Lio, C. W., Santacruz, N.,
et al. (2011). Peripheral education of the immune system by colonic commensal
microbiota. Nature 478 (7368), 250-254. doi: 10.1038/nature10434

Lee, J. Y., Hall, J. A, Kroehling, L., Wu, L., Najar, T., Nguyen, H. H,, et al.
(2020b). Serum amyloid a proteins induce pathogenic Th17 cells and promote
inflammatory disease. Cell 180 (1), 79-91.e16. doi: 10.1016/j.cell.2019.11.026

Lee, Y. K., Menezes, J. S., Umesaki, Y., and Mazmanian, S. K. (2011).
Proinflammatory T-cell responses to gut microbiota promote experimental
autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. U.S.A. 108 Suppl 1, 4615—
4622. doi: 10.1073/pnas.1000082107

Lee, C. H,, Salio, M., Napolitani, G., Ogg, G., Simmons, A., and Koohy, H.
(2020a). Predicting cross-reactivity and antigen specificity of T cell receptors.
Front. Immunol. 11. doi: 10.3389/fimmu.2020.565096

Legoux, F., Bellet, D., Daviaud, C., El Morr, Y., Darbois, A., Niort, K., et al.
(2019). Microbial metabolites control the thymic development of mucosal-
associated invariant T cells. Science 366 (6464), 494-499. doi: 10.1126/
science.aaw2719

Legoux, F., Salou, M., and Lantz, O. (2020). And functions: the microbial
connection. Immunity 53 (4), 710-723. doi: 10.1016/j.immuni.2020.09.009

Mager, L. F,, Burkhard, R,, Pett, N., Cooke, N. C. A., Brown, K., Ramay, H., et al.
(2020). Microbiome-derived inosine modulates response to checkpoint inhibitor
immunotherapy. Science 369 (6510), 1481-1489. doi: 10.1126/science.abc3421

Marino, E., Richards, J. L., McLeod, K. H,, Stanley, D., Yap, Y. A., Knight, J., et al.
(2017). Gut microbial metabolites limit the frequency of autoimmune T cells and
protect against type 1 diabetes. Nat. Immunol. 18 (5), 552-562. doi: 10.1038/
ni.3713

Martin, C. E., Spasova, D. S., Frimpong-Boateng, K., Kim, H. O., Lee, M., Kim, K.
S., etal. (2017). Interleukin-7 availability is maintained by a hematopoietic cytokine
sink comprising innate lymphoid cells and T cells. Immunity 47 (1), 171-182.e174.
doi: 10.1016/j.immuni.2017.07.005

Matson, V., Fessler, J., Bao, R,, Chongsuwat, T., Zha, Y., Alegre, M. L., et al.
(2018). The commensal microbiome is associated with anti-PD-1 efficacy in
metastatic melanoma patients. Science 359 (6371), 104-108. doi: 10.1126/
science.aa03290

Meininger, 1., Carrasco, A., Rao, A., Soini, T., Kokkinou, E., and Mjosberg, J.
(2020). Tissue-specific features of innate lymphoid cells. Trends Immunol. 41 (10),
902-917. doi: 10.1016/.it.2020.08.009

Miyauchi, E., Kim, S. W., Suda, W., Kawasumi, M., Onawa, S., Taguchi-Atarashi,
N., et al. (2020). Gut microorganisms act together to exacerbate inflammation in
spinal cords. Nature 585 (7823), 102-106. doi: 10.1038/s41586-020-2634-9

Miyauchi, E., Shimokawa, C., Steimle, A., Desai, M. S., and Ohno, H. (2022). The
impact of the gut microbiome on extra-intestinal autoimmune diseases. Nat. Rev.
Immunol. doi: 10.1038/s41577-022-00727-y

Montemurro, A., Schuster, V., Povlsen, H. R., Bentzen, A. K., Jurtz, V.,
Chronister, W. D., et al. (2021). NetTCR-2.0 enables accurate prediction of
TCR-peptide binding by using paired TCRalpha and beta sequence data.
Commun. Biol. 4 (1), 1060. doi: 10.1038/s42003-021-02610-3

Muschaweck, M., Kopplin, L., Ticconi, F., Schippers, A., Iljazovic, A., Galvez, E.
J. C., et al. (2021). Cognate recognition of microbial antigens defines constricted
CD4(+) T cell receptor repertoires in the inflamed colon. Immunity 54 (11), 2565
2577.€2566. doi: 10.1016/j.immuni.2021.08.014

Nakajima, A., Negishi, N., Tsurui, H., Kadowaki-Ohtsuji, N., Maeda, K., Nanno,
M, et al. (2014). Commensal bacteria regulate thymic aire expression. PloS One 9
(8), €105904. doi: 10.1371/journal.pone.0105904

Nikolich-Zugich, J., Slifka, M. K., and Messaoudi, I. (2004). The many important
facets of T-cell repertoire diversity. Nat. Rev. Immunol. 4 (2), 123-132.
doi: 10.1038/nri1292

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2022.1004339

Nishio, J., Baba, M., Atarashi, K., Tanoue, T., Negishi, H., Yanai, H., et al. (2015).
Requirement of full TCR repertoire for regulatory T cells to maintain intestinal
homeostasis. Proc. Natl. Acad. Sci. U.S.A. 112 (41), 12770-12775. doi: 10.1073/
pnas.1516617112

Ohnmacht, C,, Park, J. H., Cording, S., Wing, J. B., Atarashi, K., Obata, Y., et al.
(2015). MUCOSAL IMMUNOLOGY. the microbiota regulates type 2 immunity
through RORgammat(+) T cells. Science 349 (6251), 989-993. doi: 10.1126/
science.aac4263

Opferman, J. T., Letai, A., Beard, C., Sorcinelli M. D., Ong, C. C., and
Korsmeyer, S. J. (2003). Development and maintenance of b and T lymphocytes
requires antiapoptotic MCL-1. Nature 426 (6967), 671-676. doi: 10.1038/
nature02067

Overacre-Delgoffe, A. E., and Hand, T. W. (2022). Regulation of tissue-resident
memory T cells by the microbiota. Mucosal Immunol. 15 (3), 408-417.
doi: 10.1038/s41385-022-00491-1

Pai, J. A,, and Satpathy, A. T. (2021). High-throughput and single-cell T cell
receptor sequencing technologies. Nat. Methods 18 (8), 881-892. doi: 10.1038/
541592-021-01201-8

Qin, J,, Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C,, et al.
(2010). A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464 (7285), 59-65. doi: 10.1038/nature08821

Ragone, C., Manolio, C., Mauriello, A., Cavalluzzo, B., Buonaguro, F. M.,
Tornesello, M. L., et al. (2022). Molecular mimicry between tumor associated
antigens and microbiota-derived epitopes. J. Transl. Med. 20 (1), 316. doi: 10.1186/
s12967-022-03512-6

Round, J. L., and Mazmanian, S. K. (2010). Inducible Foxp3+ regulatory T-cell
development by a commensal bacterium of the intestinal microbiota. Proc. Natl.
Acad. Sci. U.S.A. 107 (27), 12204-12209. doi: 10.1073/pnas.0909122107

Routy, B., Le Chatelier, E., Derosa, L., Duong, C. P. M., Alou, M. T,, Daillere,
R., et al. (2018). Gut microbiome influences efficacy of PD-1-based
immunotherapy against epithelial tumors. Science 359 (6371), 91-97.
doi: 10.1126/science.aan3706

Russler-Germain, E. V., Rengarajan, S., and Hsieh, C. S. (2017). Antigen-specific
regulatory T-cell responses to intestinal microbiota. Mucosal Immunol. 10 (6),
1375-1386. doi: 10.1038/mi.2017.65

Sasson, S. C,, Slevin, S. M., Cheung, V. T. F., Nassiri, I., Olsson-Brown, A., Fryer,
E., et al. (2021). Interferon-Gamma-Producing CD8(+) tissue resident memory T
cells are a targetable hallmark of immune checkpoint inhibitor-colitis.
Gastroenterology 161 (4), 1229-1244.e1229. doi: 10.1053/j.gastr0.2021.06.025

Sefik, E., Geva-Zatorsky, N., Oh, S., Konnikova, L., Zemmour, D., McGuire, A.
M, et al. (2015). MUCOSAL IMMUNOLOGY. individual intestinal symbionts
induce a distinct population of RORgamma(+) regulatory T cells. Science 349
(6251), 993-997. doi: 10.1126/science.aaa9420

Sepich-Poore, G. D., Zitvogel, L., Straussman, R., Hasty, J., Wargo, J. A., and
Knight, R. (2021). The microbiome and human cancer. Science 371 (6536).
doi: 10.1126/science.abc4552

Shalapour, S., Deiser, K., Sercan, O., Tuckermann, J., Minnich, K., Willimsky, G.,
et al. (2010). Commensal microflora and interferon-gamma promote steady-state
interleukin-7 production in vivo. Eur. J. Immunol. 40 (9), 2391-2400. doi: 10.1002/
€ji.201040441

Smith, P. M., Howitt, M. R, Panikov, N., Michaud, M., Gallini, C. A., Bohlooly,
Y. M, et al. (2013). The microbial metabolites, short-chain fatty acids, regulate
colonic treg cell homeostasis. Science 341 (6145), 569-573. doi: 10.1126/
science.1241165

Sprouse, M. L., Bates, N. A,, Felix, K. M., and Wu, H. J. (2019). Impact of gut
microbiota on gut-distal autoimmunity: a focus on T cells. Immunology 156 (4),
305-318. doi: 10.1111/imm.13037

Surh, C. D., and Sprent, J. (2008). Homeostasis of naive and memory T cells.
Immunity 29 (6), 848-862. doi: 10.1016/j.immuni.2008.11.002

Tai, N., Peng, J., Liu, F.,, Gulden, E., Hu, Y., Zhang, X,, et al. (2016). Microbial
antigen mimics activate diabetogenic CD8 T cells in NOD mice. J. Exp. Med. 213
(10), 2129-2146. doi: 10.1084/jem.20160526

Takaba, H., Morishita, Y., Tomofuji, Y., Danks, L., Nitta, T., Komatsu, N, et al.

(2015). Fezf2 orchestrates a thymic program of self-antigen expression for immune
tolerance. Cell 163 (4), 975-987. doi: 10.1016/j.cell.2015.10.013

Tanoue, T., Atarashi, K., and Honda, K. (2016). Development and maintenance
of intestinal regulatory T cells. Nat. Rev. Immunol. 16 (5), 295-309. doi: 10.1038/
nri.2016.36

Tan, T. G., Sefik, E., Geva-Zatorsky, N., Kua, L., Naskar, D., Teng, F,, et al.
(2016). Identifying species of symbiont bacteria from the human gut that, alone,
can induce intestinal Th17 cells in mice. Proc. Natl. Acad. Sci. U.S.A. 113 (50),
E8141-E8150. doi: 10.1073/pnas.1617460113

Thornton, A. M., Korty, P. E,, Tran, D. Q.,, Wohlfert, E. A,, Murray, P. E,
Belkaid, Y., et al. (2010). Expression of Helios, an ikaros transcription factor family

frontiersin.org


https://doi.org/10.3389/fimmu.2018.01907
https://doi.org/10.1038/nri3667
https://doi.org/10.3389/fimmu.2017.01281
https://doi.org/10.1038/nri.2015.10
https://doi.org/10.1038/ni.3224
https://doi.org/10.1038/nature10434
https://doi.org/10.1016/j.cell.2019.11.026
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.3389/fimmu.2020.565096
https://doi.org/10.1126/science.aaw2719
https://doi.org/10.1126/science.aaw2719
https://doi.org/10.1016/j.immuni.2020.09.009
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1038/ni.3713
https://doi.org/10.1038/ni.3713
https://doi.org/10.1016/j.immuni.2017.07.005
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1016/j.it.2020.08.009
https://doi.org/10.1038/s41586-020-2634-9
https://doi.org/10.1038/s41577-022-00727-y
https://doi.org/10.1038/s42003-021-02610-3
https://doi.org/10.1016/j.immuni.2021.08.014
https://doi.org/10.1371/journal.pone.0105904
https://doi.org/10.1038/nri1292
https://doi.org/10.1073/pnas.1516617112
https://doi.org/10.1073/pnas.1516617112
https://doi.org/10.1126/science.aac4263
https://doi.org/10.1126/science.aac4263
https://doi.org/10.1038/nature02067
https://doi.org/10.1038/nature02067
https://doi.org/10.1038/s41385-022-00491-1
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1038/s41592-021-01201-8
https://doi.org/10.1038/nature08821
https://doi.org/10.1186/s12967-022-03512-6
https://doi.org/10.1186/s12967-022-03512-6
https://doi.org/10.1073/pnas.0909122107
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1038/mi.2017.65
https://doi.org/10.1053/j.gastro.2021.06.025
https://doi.org/10.1126/science.aaa9420
https://doi.org/10.1126/science.abc4552
https://doi.org/10.1002/eji.201040441
https://doi.org/10.1002/eji.201040441
https://doi.org/10.1126/science.1241165
https://doi.org/10.1126/science.1241165
https://doi.org/10.1111/imm.13037
https://doi.org/10.1016/j.immuni.2008.11.002
https://doi.org/10.1084/jem.20160526
https://doi.org/10.1016/j.cell.2015.10.013
https://doi.org/10.1038/nri.2016.36
https://doi.org/10.1038/nri.2016.36
https://doi.org/10.1073/pnas.1617460113
https://doi.org/10.3389/fcimb.2022.1004339
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Kim

member, differentiates thymic-derived from peripherally induced Foxp3+ T
regulatory cells. J. Immunol. 184 (7), 3433-3441. doi: 10.4049/jimmunol.0904028

Uribe-Herranz, M., Rafail, S., Beghi, S., Gil-de-Gomez, L., Verginadis, I,
Bittinger, K., et al. (2020). Gut microbiota modulate dendritic cell antigen

presentation and radiotherapy-induced antitumor immune response. J. Clin.
Invest. 130 (1), 466-479. doi: 10.1172/JCI124332

Verma, R, Lee, C., Jeun, E. J., Yi, J., Kim, K. S., Ghosh, A, et al. (2018). Cell
surface polysaccharides of bifidobacterium bifidum induce the generation of
Foxp3(+) regulatory T cells. Sci. Immunol. 3 (28). doi: 10.1126/sciimmunol.
2at6975

Vetizou, M., Pitt, J. M., Daillere, R., Lepage, P., Waldschmitt, N., Flament, C.,
et al. (2015). Anticancer immunotherapy by CTLA-4 blockade relies on the gut
microbiota. Science 350 (6264), 1079-1084. doi: 10.1126/science.aad1329

Voboril, M., Brabec, T., Dobes, J., Splichalova, L, Brezina, J. , Cepkova, A., et al.
(2020). Toll-like receptor signaling in thymic epithelium controls monocyte-
derived dendritic cell recruitment and treg generation. Nat. Commun. 11 (1),
2361. doi: 10.1038/s41467-020-16081-3

Weiss, J. M., Bilate, A. M., Gobert, M., Ding, Y., Curotto de Lafaille, M. A,,
Parkhurst, C. N, et al. (2012). Neuropilin 1 is expressed on thymus-derived natural

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2022.1004339

regulatory T cells, but not mucosa-generated induced Foxp3+ T reg cells. J. Exp.
Med. 209 (10), 1723-1742, S1721. doi: 10.1084/jem.20120914

Wojciechowski, S., Tripathi, P., Bourdeau, T., Acero, L., Grimes, H. L., Katz, J.
D., et al. (2007). Bim/Bcl-2 balance is critical for maintaining naive and memory T
cell homeostasis. J. Exp. Med. 204 (7), 1665-1675. doi: 10.1084/jem.20070618

Xu, M., Pokrovskii, M., Ding, Y., Yi, R., Au, C,, Harrison, O. J,, et al. (2018). C-
MAF-dependent regulatory T cells mediate immunological tolerance to a gut
pathobiont. Nature 554 (7692), 373-377. doi: 10.1038/nature25500

Yang, J., Cornelissen, F., Papazian, N., Reijmers, R. M., Llorian, M., Cupedo, T.,
et al. (2018). IL-7-dependent maintenance of ILC3s is required for normal entry of
lymphocytes into lymph nodes. J. Exp. Med. 215 (4), 1069-1077. doi: 10.1084/
jem.20170518

Zegarra-Ruiz, D. F.,, Kim, D. V., Norwood, K., Kim, M., Wu, W. H., Saldana-
Morales, F. B,, et al. (2021). Thymic development of gut-microbiota-specific T cells.
Nature 594 (7863), 413-417. doi: 10.1038/s41586-021-03531-1

Zhou, X,, Yao, Z., Yang, H., Liang, N., Zhang, X,, and Zhang, F. (2020). Are
immune-related adverse events associated with the efficacy of immune checkpoint

inhibitors in patients with cancer? a systematic review and meta-analysis. BMC
Med. 18 (1), 87. doi: 10.1186/512916-020-01549-2

frontiersin.org


https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.1172/JCI124332
https://doi.org/10.1126/sciimmunol.aat6975
https://doi.org/10.1126/sciimmunol.aat6975
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1038/s41467-020-16081-3
https://doi.org/10.1084/jem.20120914
https://doi.org/10.1084/jem.20070618
https://doi.org/10.1038/nature25500
https://doi.org/10.1084/jem.20170518
https://doi.org/10.1084/jem.20170518
https://doi.org/10.1038/s41586-021-03531-1
https://doi.org/10.1186/s12916-020-01549-2
https://doi.org/10.3389/fcimb.2022.1004339
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Regulation of T cell repertoires by commensal microbiota
	Introduction
	Regulation of innate and conventional T cell development in the thymus by gut microbiota
	Regulation of T cell repertoire maintenance in the periphery by gut microbiota
	Shaping intestinal T cell repertoire by gut microbiota
	Role of microbe-specific T cells cross-reactive to self-antigens and neoantigens in autoimmune disease and tumor progression
	Conclusion and perspectives
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


