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Abstract

The intestinal microbiota is critical for the development of gut-associated lymphoid tissues, including Peyer’s patches and
mesenteric lymph nodes, and is instrumental in educating the local as well as systemic immune system. In addition, it also
impacts the development and function of peripheral organs, such as liver, lung, and the brain, in health and disease. However,
whether and how the intestinal microbiota has an impact on T cell ontogeny in the hymus remains largely unclear. Recently,
the impact of molecules and metabolites derived from the intestinal microbiota on T cell ontogeny in the thymus has been
investigated in more detail. In this review, we will discuss the recent findings in the emerging field of the gut-thymus axis
and we will highlight the current questions and challenges in the field.

Keywords Positive selection - Negative selection - Clonal deletion - Clonal diversion - Thymic regulatory T cells -
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Introduction

The mammalian gastrointestinal tract is a particularly unique
environment due to the presence of extraordinary numbers
of mostly commensal microbes that can include bacteria,
fungi, viruses, and parasites. These microbes form our intes-
tinal microbiota, and the collective genomes are referred to
as the microbiome, which has a tremendous impact on the
development, maturation, and regulation of many, if not all,
of our organs, body systems, and physiology, particularly
our immune system [1, 2]. The host-microbiota relationship
is mostly mutualistic because the host provides a nutrient-
rich niche to the microbiota, while the microbiota assists
the host in digesting complex food molecules which pro-
vides important metabolites, such as short-chain fatty acids
(SCFA), as well as essential vitamins B and K for example.
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Many studies in germ-free, gnotobiotic (defined microbi-
ota), or antibiotic-treated mouse models have demonstrated
a pivotal role of a healthy microbiome in the optimal func-
tioning of the immune system, and this is also observed in
human studies [3—5]. At homeostasis, the immune system
and microbiota co-exist peacefully where innate and adap-
tive immune compartments are well regulated and respond
to the microbiota appropriately without causing any harm
to the host. However, this coalition is affected under various
circumstances, such as the use of antibiotics, the consump-
tion of processed food, and host genetics, leading to the dys-
regulated host immune responses toward microbiota. This
can result in the development of severe immune-mediated
chronic diseases, such as autoimmune diseases and inflam-
matory bowel diseases [2]. One important avenue by which
the microbiome impacts not only the local mucosal but also
the systemic immune system is through the production of
microbial metabolites [6].

Whether microbial exposure impacts the incidence of
immune-mediated disorders in humans is epidemiologi-
cally best described by the “hygiene hypothesis” which was
first proposed by Strachan in 1989 after he observed a posi-
tive correlation between hay fever and families with higher
cleanliness practice [7]. Later, this hypothesis was extended
from the field of allergy to autoimmune diseases, such as
type 1 diabetes and multiple sclerosis [8, 9]. Several epi-
demiological observations in humans and experiments in

@ Springer


http://orcid.org/0000-0001-6078-8504
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04252-y&domain=pdf

221 Page2of14

R. Hebbandi Nanjundappa et al.

various mouse models embraced this hypothesis where the
studies found that the reduced exposure to microbes leads to
a dysregulated immune response [10]. For instance, children
exposed to farming and high levels of endotoxins in early
life showed a reduced incidence of allergies and autoim-
munity [11, 12]. These observations were recapitulated in
the germ-free mice that display a dysregulated immune phe-
notype reflected by very high serum Immunoglobulin (Ig)
E levels for example [13, 14]. These findings suggested that
the microorganisms around and colonizing us can protect
against a spectrum of immune-mediated disorders.

The uterine environment and the amniotic fluid are gen-
erally considered sterile with no evidence of actively colo-
nizing microbes present under healthy conditions. There is
some controversy about this in the field [15, 16]. However,
it has been shown that microbial metabolites derived from
the mother’s microbiome can reach the fetus and influence
the fetus’ immune system prenatally as well as postnatally
and not only in adult life [17-19]. For example, Gomez de
Aguero et al. [19] have shown that transient colonization
during pregnancy increased the number of type 3 innate
lymphoid cells (ILC3) and F4/80*CD11c* mononuclear
cells in the intestines of the offspring compared to pups
that were born from control germ-free mother’s that were
never exposed to intestinal microbes during pregnancy.
Similarly, maternal microbiota-derived metabolites, such as
SCFA, particularly acetate, have been shown to modulate
the immune system of the lung during the prenatal stage to
promote regulatory T cell (Treg) generation later in adult-
hood [20, 21]. Therefore, prenatal and postnatal exposure
to microbiota-derived metabolites is critical to the develop-
ment of a balanced immune system [22], and induction of
appropriate immune regulation early in life has a long-term
impact on the health of the offspring.

A prominent local effect of the gut microbiota is the influ-
ence on the development of gut-associated lymphoid tissues
(GALT), including Peyer’s patches (PP) and crypto patches.
Further, the influence of the microbiota on various organs,
such as the liver, lung, and brain, in health and disease has
been documented as well [23-25]. Because small amounts
of microbial molecules, such as polysaccharide A (PSA),
bacterial cell wall peptidoglycans (PGN), and metabolites,
such as SCFA or retinoic acid (RA), get absorbed from the
gastrointestinal tract into the bloodstream and transported
into different peripheral organs, they can influence local
as well as systemic immune responses [26, 27]. In support
of this, broad-spectrum antibiotic treatment in mice before
challenging systemically with lymphocytic choriomeningitis
virus (LCMV) or intranasally by influenza virus, for exam-
ple, impaired both innate and adaptive antiviral immunity
[23, 28].

The impact of the intestinal microbiota on T cell develop-
ment in the thymus is suggested in germ-free mice, which
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have reduced thymus size and cellularity [29]. The exist-
ing dogma of central tolerance and T cell development in
the thymus suggests presentation of self-antigens by thymic
antigen-presenting cells (APCs) is key in T cell selection;
however, the recent findings suggest that microbial mole-
cules and metabolites derived from the intestinal microbiota
might also play a role in this process either directly (by the
presentation of microbial epitopes) or indirectly (by modu-
lating the selection process). Commensal metabolites could
traffic from the mucosal surfaces to the thymus where they
could modulate the development and maturation of T cells.
In this review, we will discuss the recent findings on how the
gut microbiota potentially influences thymus functions (the
gut-thymus axis), and how bacterial molecules and metabo-
lites derived from the intestine can determine the develop-
ment of both conventional and unconventional T cells.

Overview on T cell development in the thymus
Conventional T cell development

Although thymic organogenesis is largely conserved
between mice and humans, the thymic output significantly
differs between mice and humans. In mice, the first wave
of T cells that emerge from the thymus on embryonic day
15 consists of YOTCR T cells [30, 31]. Mice are born with
a smaller afTCR T cell population in the periphery and
depend on T cell output from the thymus throughout life
[32]. In contrast, thymic output in humans starts, relatively
speaking, earlier than in mice at around 12—14 weeks of
gestation and the first of wave of T cells consists of yYdTCR
and affTCR T cells (including regulatory T cells) [33, 34]
and the majority of T cell development in humans occurs
in utero. Therefore, in humans, cardiac surgery-associated
neonatal thymectomy does not lead to susceptibility to
infections and autoimmune diseases due to the expansion
of already existing naive T cells in the periphery [32, 35].
The thymus is a bi-lobular primary lymphoid organ con-
sisting of two regions, the cortex and the medulla, and is
composed of thymic epithelial cells (TECs), mesenchymal
cells, endothelial cells, and dendritic cells (DCs). It pro-
vides a milieu that dictates the selection and maturation of
T cells from lymphoid progenitors that have developed from
hematopoietic stem cells in the bone marrow [36, 37]. The
development of T cells starts with the seeding of common
lymphoid progenitors (CLPs) in the parenchyma of the thy-
mus close to the corticomedullary junction (CMJ). CLPs
undergo a series of developmental stages: first, they differ-
entiate into early thymic progenitors (ETP), also known as
CD4~ CD8™ double-negative (DN) thymocytes; and later,
DN thymocytes start to express the adhesion molecule,
CD44, and cytokine receptor Interleukin (IL)-2Ra (CD25)
and rearrange the genes for the d, vy, or § T cell receptor
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(TCR) chains in the sub-capsular zone (SCZ) [38, 39]. The
expression of recombination-activating genel (Ragl) and
Rag? at this stage is crucial for TCR assembly. A thymocyte
with a successfully rearranged f§ chain pairs the f chain with
the surrogate o chain to form the pre-TCR. Expression of
the pre-TCR on DN cells leads to proliferation and develop-
ment of double-positive (DP) thymocyte by expressing both
CD4 and CD8 co-receptors. At this stage, Ragl and Rag?2 re-
express for TCRa chain rearrangement. DP cells with suc-
cessful afTCR rearrangement undergo three potential fates,
(a) death by neglect, (b) process of positive (in the thymic
cortex), and (c) negative selection (in the thymic cortex and
medulla) (Fig. 1). The event of death by neglect occurs when
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Fig. 1 Positive and negative selection of T cells in thymus. In thy-
mus, positive and negative selection take place in the cortex and
medulla, respectively. In conventional T cell compartment, DP
(CD4*CD8™) thymocytes undergo positive selection after binding
to self-pMHC I or II complexes on cTECs, then differentiate into
SPCD8 or SPCD4 T cells, respectively. DP thymocytes which do
not recognize or bind to pMHC with undergo apoptosis. SPCD8 or
SPCD4 T cells undergo negative selection or clonal deletion if they
recognize the pMHC with high-affinity on APCs such as mTECs and
DCs; whereas the low and intermediate-affinity interactions lead to
the development of conventional T cells and thymic Treg cells (tTreg;
clonal diversion), respectively. In unconventional T cell compartment,
MAIT and iNKT cells develop by positive selection of DP thymo-

TCR fail to receive stimulation by APC. Positive selection
in the thymic cortex aids the survival and differentiation of
thymocytes that are able to recognize self-major histocom-
patibility complex (MHC) class I or II molecules on corti-
cal thymic epithelial cells (cTEC) into single-positive (SP)
CD8" or CD4* T cells, respectively. In addition, positive
selection triggers the expression of CCR7 that aids in trave-
ling of newly developed thymocytes into the medulla. In
the cortex and medulla, the additional mechanisms of nega-
tive selection by clonal deletion and generation of thymic
(or natural) factor forkhead box protein3 (FoxP3)* Tregs by
clonal diversion ensure that the positively selected T cells
are tolerant to self-antigens. APCs (medullary TECs and
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cytes by recognizing antigens on MR1 or CD1d molecules, respec-
tively, on another DP thymocytes. Majority of MAIT and iNKT
mature in the thymus but few leave thymus as immature cells but
undergo maturation in peripheral tissues. Arrows in the figure indi-
cates the sequence of the developmental stage or an event. DC den-
dritic cell, double negative, DP double positive, SP single positive,
¢TEC cortical thymic epithelial cells, mTEC medullary thymic epi-
thelial cells, pMHC peptide major histocompatibility complex, MR1
non-classical MHC-related Ib molecule restricted to MAIT cells,
CD1d non-classical MHC I-like molecule restricted to iNKT cells,
MAIT mucosal-associated invariant T cell, iNKT invariant natural
killer T cell, Treg regulatory T cell, CMJ corticomedullary junction,
SCZ sub-capsular zone
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DCs) provide a specialized microenvironment by expressing
both ubiquitous and tissue-specific autoantigens (TSA), in
an autoimmune regulator (AIRE)-independent and -depend-
ent manner, respectively [40, 41]. Both mTECs and DCs
are key regulators of negative selection and thymic Foxp3™*
Treg development. Single-positive CD8" or CD4" thymo-
cytes that recognize self-pMHCs with high affinity undergo
negative selection or clonal deletion; this process is key in
eliminating some, but not all, self-reactive T cells (Fig. 1).
A combination of complex factors controls whether the
fraction of CD4* SP thymocytes that recognize self-pMHC
undergoes clonal deletion or differentiates into thymic (or
natural) Foxp3* Tregs [42], which provides numerous poten-
tial targets for microbial-derived metabolites to regulate this
process. Tregs generated in the thymus are known as natu-
ral or thymic Tregs (nTregs or tTregs, in this paper we use
tTregs), which are effective in limiting many autoreactive
immune responses that rise by T cells that escaped negative
selection [43, 44]. tTregs express CD25 and transcription
FoxP3 and Helios [44—47]. There are two distinct subsets
of tTregs precursors (CD257FoxP~ and CD25 FoxP3*
SP CD4* thymocytes) that have been identified in mouse
thymus and these precursors lead to the development of
CD25%FoxP3* Tregs [48, 49].

Unconventional T cell development

Certain T cells possess functional traits of both innate and
adaptive immune cells and are denoted as unconventional T
cells. These cells are of limited TCR diversity and recognize
cognate (non-peptide) antigens that are presented on non-
classical MHC molecules, such as CD1d and MR 1. Uncon-
ventional T cells mainly reside in the gut mucosa, liver, and
skin and have the capacity to rapidly release cytokines in
response to stimulation and play a central role in maintain-
ing tissue homeostasis and in responding to stress condi-
tions. Defects and deficiencies in unconventional T cells
can lead to autoimmunity and chronic inflammatory condi-
tions [50-52]. The key subsets of unconventional T cells
are Mucosal-Associated Invariant T (MAIT) cells, invariant
Natural Killer T (iNKT) cells, and y3T cells. Unconventional
T cells develop in the thymus either from DN (ydT cells
and iNKT cells) or DP thymocytes (iNKT and MAIT cells)
[53-55].

MAIT cells express an invariant TCRa chain (mice,
Val9Ja33; human, Va7.2Ja33) and have a biased TCRf
chain repertoire to recognize vitamin B2 precursor deriva-
tives [5-(2-oxopropylideneamino)-6-D-ribitylaminouracil
(5-OP-RU)] of bacteria and yeast or self-antigen presented
on non-classical MHC-related Ib molecule MR1 within the
thymus [56, 57]. They have been implicated in both intes-
tinal inflammation and homeostasis [58, 59]. Their devel-
opment depends on the transcription factor promyelocytic
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leukemia zinc finger (PLZF) and it occurs in three consecu-
tive stages (S1, S2, and S3, indicated based on the CD24
and CD44 expression) [60, 61]. The selection of MAIT cells
depends on the type of exogenous antigens presented on DP
thymocytes [53, 62, 63]; however, recent work showed the
role of TECs in their selection [64]. Unlike conventional
CD4* and CD8™ T cells, which develop into naive T cells
and acquire effector functions only after antigen encounter in
secondary lymphoid organs, MAIT cells develop and mature
into T-bett MAIT1 or RORyt" MAIT17 effectors already
in the thymus (Fig. 2B) [60, 61, 64]. Unlike for iNKT cells,
the negative selection has not been studied for MAIT cells.

iNKT cells express semi-invariant TCRs (mice,
Val4-Jal8/VP8.2/VP7/VP2; humans, Va24-Jal8/VP11)
and recognize lipid-based antigens presented on class I-like
MHC molecule CD1d [65, 66]. Neonatally thymectomized
and athymic mice are devoid of iNKT cells, suggesting their
development takes place in the thymus after birth [67, 68].
Like MAIT cells, iNKT developmental selection is depend-
ent on DP thymocytes presenting lipid antigens on CD1d
molecules [69-71]. iNKT cell selection is also known as
agonist selection because they require strong TCR signals
during their development, and it results in the upregulation of
two key transcription factors, Egr2 and PLZF [72-74]. Fol-
lowing DP thymocyte-dependent positive selection, iNKT
cells are likely to undergo negative selection because it is
evident in mice where the injection of a-galactosylceramide
(a-GalCer, a sphingolipid that acts as iNKT cell ligand), into
neonatal mice, led to the loss of developing iNKT cells. The
negative selection was mainly mediated by CD1d-expressing
DCs. Importantly, the selection of iNKT cells in the thymus
is mainly driven by the recognition of endogenous antigens.
The majority of iNKT cells complete their development in
the thymus and then migrate into different peripheral tis-
sues or organs, albeit few egress thymus and complete their
maturation in the peripheral tissues [68, 75].

In the end, conventional and unconventional T cells that
survive the thymic selection process egress from the thymus
into the periphery.

The effect of microbiota on conventional T cell
development

Mounting evidence in mice suggests a functional impact
of microbiota-derived metabolites and molecules on T cell
ontogeny in the thymus. Germ-free mice display general
lymphopenia and also reduced thymus size and cellularity
compared to colonized specific pathogen-free (SPF) mice.
This supports the notion that the microbiota can influence
thymic events as well. Mature T cells recirculate into the
thymus from the periphery, albeit in much lower numbers
as compared to T cells that mature in the thymus [76, 77].
Therefore, reduced thymic size and cellularity found in
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Fig.2 The effect of microbes, microbial molecules, and metabolites
on the development of T cells in thymus. A The microbial molecules
and metabolites such as PGN, PSA, DNA, antigens and SCFA pro-
duced in the intestine translocate into the thymus via circulation, pos-
sibly by migratory DCs such as pDCs and CX3CR1" DCs, where
they could influence the development of both conventional and
unconventional T cells. B Overview on the developmental stages
of T cells and the effect of microbial molecules or metabolites on T
cell development in the thymus. The development of unconventional
and conventional T cells starts by seeding CLP that is derived from
the hematopoietic stem cell (HSC) of bone marrow into the thymus.
The CLP could differentiate into ETP. T cell lineage-committed ETP
develops though four DN stages (DN1 through DN4); at DN2 and
DN3 stages thymocytes could progress into either TCRyS or TCRaf3
rearrangement (light blue box). TCRoaf committed CD4*CD8* DP
thymocytes undergo the process of positive and negative selection.

germ-free mice were apparently related to the absence of
microbiota [29, 78, 79]. In support of this, the depletion
of gut microbiota by oral antibiotics led to reduced thymic
cellularity, particularly reduced number of CD4" and Treg
cells in SPF mice, but not in germ-free mice, suggesting
the critical role of microbiota on T cell development in the
thymus [80].

Nakajima et al. addressed the role of microbial molecules
on the development of afTCR T cells in mice [81]. They
found a significant difference in the expression of the tran-
scription factor AIRE, which is important for TSA expres-
sion in the thymus. AIRE was reduced at the mRNA and

Positive and negative selection

DP thymocytes could develop into either iNKT, MAIT, SPCD4,
SPCD8, or tTreg. Thymocytes that do not recognize self-pMHC
complex or bind to self-pMHCs with high-affinity undergo death by
neglect or by apoptosis, respectively (light orange box). The effect of
different microbial molecules or metabolites on the development of
unconventional and conventional T cells are denoted (red fonts) in the
figure. Arrows in the light orange or green box indicates the sequence
of the developmental stage or an event. DC dendritic cell, TCR T cell
receptor, PGN peptidoglycan, PSA polysaccharide A, SCFA small-
chain fatty acid, NOD1/2 nucleotide-binding oligomerization domain
protein 1 or 2, 5-OP-RU 5-(2-oxopropylideneamino)-6-D-ribitylamin-
ouracil, CLP, ETP early thymic progenitors, DN double negative, DP
double positive, SP single positive, MAIT mucosal-associated invari-
ant T cell, iNKT invariant natural killer T cell, tTreg thymic regula-
tory T cell, PLZF promyelocytic leukemia zinc finger, FoxP3 Fork-
head box protein3, ND not determined

protein level in TECs of germ-free compared to SPF mice
[81]. However, this study has not found significant differ-
ences in thymocytes numbers and their subsets (DN, DP,
SPCD4, and SPCDS). SPF mice used in the studies were
generated by fostering the newborn germ-free pups by SPF
mothers. Nucleotide-binding oligomerization domain pro-
tein 1 (NOD1) is a pattern recognizing receptor sensing
PGN-derived molecules and NOD1 is expressed in myeloid
and epithelial cells. Nakajima et al. found that mean fluo-
rescence intensity (MFI) and mRNA expression of AIRE
were significantly reduced in mTECs that were derived from
the germ-free mice as compared to SPF. This suggests that
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commensals are important for augmenting AIRE expres-
sion in mTECs. In a separate experiment, the authors found
that SPF NOD1-deficient mice displayed a reduced AIRE
expression in TECs as compared to NOD1-expressing WT
mice. These results suggest, though this experiment was not
performed in germ-free conditions, the recognition of micro-
bial components by TECs is important for AIRE expres-
sion [81]. The Receptor Activation of Nuclear factor Kappa
B Ligand (RANKL) produced by thymocytes binds to the
RANK receptor on mTECs, and this binding enhances the
expression of AIRE [82-84]. Nakajima et al. also showed
AIRE expression in TECs was mediated by upregulation of
RANKL in the thymocytes in response to NOD-1 ligand
Staphylococcal enterotoxin B [81]. Both NOD1 and 2 are
involved in promoting the positive selection of SP CD8 thy-
mocytes. NOD1 and 2-deficient mice showed a reduction in
SP CDS cells in the thymus as compared to wild-type mice
and this reduction was due to the intrinsic requirement of
NOD ligands recognition by NODI1 or 2 for efficient TCR-
mediated extracellular signal-regulated kinase (ERK) phos-
phorylation, which is a key element for T cell differentiation
and proliferation [85].

The effect of the human commensal microbe Lactoba-
cillus reuteri on the thymus has also been studied in mice
[86, 87]. L. reuteri, originally isolated from human breast
milk, has been used in probiotics. L. reuteri might have a
beneficial effect in infectious and non-infectious gastroin-
testinal tract disorders in mice and humans [88, 89]. The
use of L. reuteri in probiotics increased thymus size and
cellularity mainly by upregulating transcription factor fork-
head box protein N1 (FoxN1) in the TECs of C57BL/6
ApcMIN (APNM"*+) mutant mice that are predisposed to
develop cancer-associated cachexia (wasting syndrome) due
to higher levels of IL-6 [86]. FoxN1 induces the differentia-
tion of TECs by regulating the expression of numerous tran-
scription factors that are essential for thymus organogenesis
[90-93]. However, this study has not addressed whether L.
reuteri has any effect on enhancing the generation and sur-
vival of DP thymocytes, Tregs development, or increasing
T cell repertoires in C57BL/6 ApcMIN (APNMIY*) or in
wild-type C57BL/6 mice. Also, this study has not used any
other probiotic microbes/bacteria as a control to rule out the
observed effect is specific to L. reuteri.

The microbiota composition impacts the development
of immune cells and their functions. In addition, maternal
microbiota not only impacts the fetal and postnatal immune
development [19, 94, 95] but also modulates fetal thymic and
Treg development [79, 96]. Increased intake of dietary fibers
during pregnancy and lactation in mice increased SCFA in
the serum, which in turn favored tTreg differentiation in the
offspring mainly via G protein-coupled receptor 41-medi-
ated upregulation of AIRE in the mTEC. High percentages
of FoxP3* tTregs were found in the spleen and thymus of
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offspring derived from high-fiber diet (HFD)-fed SPF mice
as compared to low-fiber diet-fed mice [79]. However, it is
unclear whether the high frequencies of tTregs in offspring
are due to fetal exposure to the maternal SCFA or the direct
exposure of offspring to the mother’s HFD-altered micro-
biota after the birth as the study did not use any auxotrophic
commensals in pregnant mothers or germ-free controls.

The influence of maternal microbial products, particularly
SCFA, on the organogenesis of thymus and generation of
tTregs has also been recently studied under preeclampsia
condition in humans. Preeclampsia is a pregnancy-associ-
ated immune disorder that affects maternal—fetal tolerance.
Consequently, offspring are predisposed to atopic and car-
diovascular diseases [97-99]. Reduced thymus diameter in
the fetus is considered as one of the parameters to predict
preeclampsia and its adverse effect on the fetal or postna-
tal immune system in humans [100, 101]. An important
study by Hu et al. has shown the link between low maternal
serum acetate and reduced fetus thymic size, cellularity, and
architecture as well as tTreg development in preeclampsia.
Importantly, longitudinal monitoring from infancy to early
childhood of the children born to preeclamptic mothers indi-
cated a persistently reduced naive Tregs during the first four
years of early life, suggesting the importance of maternal
commensal metabolites on tTregs development [96]. This
study also investigated the influence of maternal acetate
on the development of fetal T cell development by feeding
germ-free pregnant mice with acetate. The supplementation
of acetate in the drinking water during pregnancy increased
total CD4™" T cells and promoted stable expression of AIRE
in mTECs of offspring [96].

A recent study in murine models showed the role of
microbiota in the development of microbiota-specific T
cells in the thymus [80]. The colonization of Segmented
Filamentous Bacteria (SFB)-negative SPF mice (young vs
adult) with SFB or Escherichia coli (E. coli) led to the traf-
ficking of microbial-specific antigens from the intestine to
thymus by CX3CR1" DCs. Antigen presentation by these
DCs induced the expansion of microbiota-specific T cells
in the thymus as measured by SFB-3340 protein-specific
tetramer. The expansion of antigen-specific T cells in the
thymus was predominantly found in young mice that were
colonized with SFB than in adult mice. Interestingly, SFB
colonization into TCR transgenic mice (expressing SFB-
specific TCR) also increased the total number of thymic
CD4* T cells. The expanded antigen-specific T cells were
not regulatory in nature (did not express FoxP3 and CD25)
but expressed variable levels of CD44 and CD69, which
is indicative of their positive selection and antigen experi-
ence. The study has used mice expressing green fluores-
cent protein (GFP) under the control of the Rag2 gene pro-
moter, which identifies recent thymic emigrants (RTE) in
the periphery [102]. Importantly, in Rag2-GFP mice, this



The impact of the gut microbiota on T cell ontogeny in the thymus

Page7of 14 221

study found that the expanded thymic SFB-specific CD4* T
cells were GFP*CD737, indicating that these are likely not
recirculating mature T cells but rather RTEs [80].

Together, from the above discussion, it is clear that the
intestinal microbiota and its molecules and metabolites influ-
ence T cell and Treg development mainly in two ways, (a)
enhancing the expression of two transcription factors, AIRE
and FoxN1, in TECs and (b) inducing the proliferation of
antigen-specific T cells. The effect of different microbial
metabolites or molecules on the development of unconven-
tional and conventional T cells found in different studies is
listed in Table 1.

The effect of microbiota on unconventional T cell
development

MALIT cells are present in lower numbers in the thymus,
spleen, lung, and colon of germ-free mice as compared to
SPF mice, suggesting the involvement of foreign antigens
in their selection and development [56, 60, 78]. Coloniza-
tion of germ-free mice with a human or SPF microbiota was
able to restore the MAIT cells to SPF levels but not to the
higher levels as found in humans [103, 104]. A recent study
reported that vitamin B2 precursors derived from the intesti-
nal commensals get transferred to the thymus and presented
by DP thymocytes to drive the positive selection of MAIT
cells [78]. Besides, in germ-free mice, heat-stable antigen
(HSA)-expressing immature MAIT cells (HSA*CD44")
were very low, and only a few cells reached a mature stage
(HSA™ CD44%) while expressing optimal levels of PLZF,
suggesting a very few matured MAIT cells could be devel-
oped against self-antigens in germ-free mice. Further,
these mice contain low levels of RORyt™ MAIT17. Most
importantly, cohousing of germ-free mice with SPF mice
resulted in increased frequencies of MAIT cells, particu-
larly MAIT17, first in the thymus, and later in the spleen
and lungs, suggesting the importance of commensals for the
development of MAIT17 cells in the thymus [78]. Thus,
this work demonstrates that commensal products, such
as the derivatives of vitamin B2, influence the gut barrier
homeostasis by guiding the maturation of MAIT cells in
the thymus.

The role of microbiota on the ontogeny of iNKT cells
was studied almost 20 years ago by Park, S.H. et al.in mice.
The study found that iNKT cells do not alter in their fre-
quency, phenotype, and functions in germ-free C57BL/6
mice as compared to SPF mice [105]. The analysis of iNKT
cells was done in the study before the advent of CD1d
tetramer and based on the expression of the NK1.1, CD4,
and afTCR, which do not reflect the true frequencies of
iINKT cells. However, recent studies also reiterated the same
findings in germ-free mice [61, 78, 106]. The development
of iNKT cells in the thymus was unaffected in the absence of

the microbiota in germ-free mice, but their frequencies were
increased in the small intestine and colon with less mature
and hypo-responsive phenotype, suggesting the role of com-
mensal-derived antigens in iNKT functions. Although MAIT
and iNKT cells share similarities in thymic differentiation,
their dependency on gut microbiota-derived antigens for
their development differs in that MAIT cells rely on micro-
bial metabolite but not iNKT cells [78, 105]. This suggests
that their development could be mainly dependent on CD1d-
mediated self-antigens presentation by DP thymocytes.

Unlike unconventional T cells iNKT, MAIT, and yd T
cells), ILCs do not express unique antigen-specific receptors
or undergo clonal selection, but they do transcriptionally and
functionally mirror «pTCR T cell subsets. ILCs react rapidly
to the stimuli of infected or injured tissues by releasing an
array of cytokines, which exert immune responses that are
directed against infection or injury. ILCs are divided into
four subsets: the conventional lineage consists of T-bet- and
Eomes-expressing cytotoxic NK cell subsets and the ILC-1,
ILC-2, and ILC-3 subsets, which express T-bet, GATA-3,
and RoRyt and secrete IFNy, type 2 cytokines (IL-4, IL-5
and IL-13), and IL-17, respectively [107-109]. A common
multilineage progenitor that differentiates into ILC subsets
expresses the signature transcription factor, PLZF, which is
also expressed by iNKT and MAIT cells [110-112]. Intes-
tinal microbes influence the function of the innate immune
system in early life [19, 113]. In the periphery, the influence
of the gut microbiota on the frequencies of ILC subsets is
widely studied in germ-free mice as well as in mice treated
with antibiotics [114—-116]. In the thymus, a recent study
revealed a pivotal role of intestinal microbes, particularly
PSA-expressing Bacteroides fragilis, in the development
of ILC precursors in the thymus [29]. In this study, germ-
free mice were monocolonized with PSA-expressing and
PSA-deficient B. fragilis. PSA-expressing B. fragilis mono-
colonization restored thymic and splenic cellularity to the
levels of SPF mice, but PSA-deficient B. fragilis did not.
Interestingly, this study found a higher percentage of PLZF*
thymocytes in PSA-expressing B. fragilis colonized mice
compared to germ-free mice or mice colonized with PSA-
deficient B. fragilis. The deletion of plasmacytoid dendritic
cells (pDCs) in BDCA2-DTR mice reduced the levels of
PLZF* innate-like cells in the thymus compared to wild-
type mice. Therefore, migratory pDCs were considered to
be the major entero-thymic communicators, though the pre-
cise mechanism involved in the transportation of intestinal
microbial components was not described [29].

The transcription factor PLZF is expressed by several
innate T cell lineages, including iNKT, ILC precursors,
MAIT, and Vy1.1/V86.3* NKT cells [73, 110112, 117]. Its
expression provides IFNy and IL-4 secretion ability to these
cells and their migration from the thymus to non-lymphoid
tissues. Interleukine-2 (IL-2) inducible T cell kinase (Itk) is
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a member tyrosine kinases family, expressed in both naive
and activated T cells, and is participated in TCR signaling.
Therefore, Itk-gene-deficient (Itk™" ~) mice present decreased
T cell numbers and proliferation in the periphery due to
impaired TCR-induced Ca®* mobilization in the absence of
Itk [118]. Interestingly, these mice harbor increased numbers
of PLZF-expressing innate CD4*PLZF* T cells (apTCR
unconventional T cells) in the thymus and their development
in the thymus was independent of CD1d or MR1. The treat-
ment of Itk~’~ mice with antibiotics decreased the frequen-
cies of innate CD4*PLZF" T cells in the thymus, suggesting
their expansion is dependent on the gut microbiota [111].

During T cell ontogeny, YOTCR T cells are the first T cells
to appear in the thymus in mice and humans with the ability
to secrete copious amount IFNy [30, 31]. These cells primar-
ily participate in immune protection and immune regulation
of neonates because of their tropism to epithelial tissues.
Unlike afpTCR T cells, ydTCR T cells do not completely
dependent on MHC-I or II restricted antigen recognition.
yOTCR T cells respond to a variety of stimuli, including toll-
like receptors (TLRs). The protective role and frequencies of
yOTCR T cells in the intestinal surface are greatly impacted
by microbiota [119]. However, until now, the role of the
microbiota and microbiota-derived molecules or metabolites
in the ontogeny of yOTCR T cells in the thymus is not well
understood.

Potential routes for the transportation of microbial
components to the thymus

The absorbed molecules and metabolites from the gut micro-
biota circulate and migrate into various distant lymphoid
organs and tissues, including the thymus. Almost 40 years
ago, seminal work by Raviola and Karnovsky, using different
molecular sizes of electron opaque tracers, has demonstrated
that blood-borne antigens can reach the thymic corticomed-
ullary space by venules but not the thymic cortex region as
it is surrounded by impermeable capillaries [120]. Recently,
a study by Uchimura et al. used '°C radio-labeled E. coli
HA107 to assess the penetration of microbial metabolites
in host tissues. Interestingly, it was found that (at both 2 h
and 18 h after gavage) a wide range of '*C-labeled bacte-
rial metabolites had penetrated almost all fluids and organs,
including the thymus [121].

The blood-thymus barrier permits low molecular weight
proteins or particles, but not high molecular proteins, to
enter the thymus [122, 123]. Consequently, blood-borne
antigens get trapped in the perivascular system of the thymic
medulla where they get presented by thymic stromal cells,
mainly TECs. In addition, the thymic medulla conduit sys-
tem—the structure of collagen fibers surrounded by base-
ment membrane is enwrapped by thymic stromal cells—cre-
ates a specific milieu for the development of thymocytes

where small blood-borne molecules get captured by TECs
[124]. Passage of blood-borne antigens to thymus is well
defined in recent studies where peptides and proteins were
used for intravenous administrations to follow their migra-
tion to the thymus; intravenously injected ovalbumin pep-
tides and hen egg-white lysozyme entered the thymus and
induced clonal deletion of thymocytes in TCR transgenic
models [125-127]. Thus, commensal antigens, metabolites,
or products can potentially enter the thymic environment via
the blood—thymus barrier or by the conduit system where
APCs, such as epithelial cells and DCs, could present the
antigens into thymocytes, thereby influencing the ontogeny
of T cells.

Another potential mode of transportation of microbial
molecules from the gut to the thymus is by DCs, particu-
larly by pDCs and CX3CR1* DCs. pDCs are known to pro-
duce type 1 interferon in response to viral infections and are
defined as CD11c*, CD4", MHC-II*, and BTLA™ (mouse,
B220%*, BST2", SiglecH", Ly6C*; human, CD303* CD304™")
cells. Although they play an important role in viral immunity
in the periphery, pDCs induce tolerance by deleting auto-
reactive thymocytes and favoring the generation of Tregs
in the thymus [128-131]. CCR9 is a chemokine receptor
involved in the homing of progenitor T cells into the thy-
mus and also T cells into the small intestine [132, 133].
Tolerogenic (immature) pDCs present in the lymphoid tis-
sues express CCR9, demonstrating their potential to migrate
into the thymus [133, 134]. Consistent with this, pDCs carry
soluble blood-borne antigens from the periphery into the
thymus, and their antigen presentation contributes to the
deletion of antigen-specific thymocytes [129, 135, 136].
In the thymus, mTEC cells express many but not all TSA
in an AIRE-dependent manner. pDCs are known for their
increased endocytic activity, and hence, they could present
many peripheral endocytosed antigens, including TSA and
innocuous antigens derived from microbiota [137]. Studies
have found that pDCs play an important role in exposing thy-
mocytes to commensal antigens or metabolites, and impact
the development of thymocytes [29, 129]. From these obser-
vations, it is possible, yet to be tested, that pDCs carrying
commensal peptide antigens could have a role in inducing
central tolerance either by eliminating commensal-reactive
thymocytes or by inducing commensal-specific Tregs in the
thymus.

The CX3CR1* DCs can be found in the intestine and
continuously patrol the surrounding environment and cap-
ture luminal antigens through dendritic extensions [138,
139]. A recent study by Zegarra-Ruiz et al. found the role
of CX3CR1* DCs in the transportation of microbial DNA
and antigens from the intestine into the thymus. The study
detected the microbial DNA related to a broad range of
microbial phyla (for example, SFB or E. coli) in the thy-
mus and other organs (liver and heart) of SPF mice, using
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16s rDNA sequencing. The 16s rDNA found in the thymus
overlapped with fecal microbial phyla. The oral antibiotics
treatment in mice reduced the bacterial DNA load in dif-
ferent organs, including the thymus [80]. The depletion of
CX3CR1* DCs and also ablation of MHCII antigen pres-
entation on CX3CR1" DCs in mice reduced the level of
bacterial 16s rDNA and reduced microbiota-specific T cell
expansion in the thymus, respectively, suggesting the role
of CX3CR1* DCs in trafficking gut-microbial molecules
into the thymus [80]. This finding on the role of CX3CR1*
DCs is novel but in contrast to well-recognized functions
of thymic APCs (TEC and DCs) where they are involved in
clonal deletion and induction of tTregs instead of inducing
proliferation of T cells in an antigen-specific manner.

TLRs are expressed on various immune cells, includ-
ing TECs, resident or circulating DCs, and thymocytes.
Recently, Voboril et al. [140] showed that CD11c¢* DC,
mTEC" (TLR2, 3, 4, 5, and 9), and mTEC'®" (TLR2, 3, and
9) express different TLRs at various levels. For example,
TLRY is highly expressed in mTEC™. Notably, this study
revealed that the recognition of TLR9 ligands by mTECs
(TLR/MyD88 signaling activation) is important for the gen-
eration of tTregs. This effect was mediated by TLR-induced
chemokine production by mTECsS that led to the recruitment
of CD14* monocytes (CD14*moDC) from the periphery.
CD14*moDC differentiated into CD14" Signal regulatory
proteina (Sirpa)* conventional type 2 DC (cDC2: CD14*
Sirpa*cDC2). Furthermore, MyD88-deficient TECs failed
to exhibit the recruitment of CD14*moDCs, resulting in
reduced tTreg output and functionality. These findings illus-
trate the importance of sensing TLR ligands by mTECs in
the thymus.

Open questions in the field and concluding
remarks

Early-life exposure to microbiota is important for a balanced
regulation and education of the innate and adaptive immune
systems [141, 142]. This is also evident for the thymus with
recent emerging work in the field. It will be important to bet-
ter understand to what extent the influence of the microbiota
on T cells ontogeny in the thymus has an impact on health
and diseases, such as autoimmune diseases or inflamma-
tory bowel diseases for example. TCR repertoire analyses
of colonic T cells indicated that colonic T cells utilize a
different TCR repertoire than T cells from other second-
ary lymphoid organs at steady state and this repertoire is
affected by broad-spectrum antibiotics, suggesting a role of
intestinal bacteria in shaping the TCR repertoire [143, 144].
Based on these findings one could hypothesize that there are
differences in the peptide repertoire presented in the thymi
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of SPF and germ-free mice, resulting in different peripheral
TCR repertoires, which might be more diverse in SPF mice.

In addition, it is also important to better understand the
role of epitope/peptide mimicry between a commensal-
derived and self-antigen on T cell ontogeny. The commensal
microbiota is the source of an enormous amount of peptide
antigens. A handful of studies demonstrated the presence
of peptide mimicry between gut microbiota and autoanti-
gens that are targeted in autoimmune diseases [145-147].
For instance, E. coli express a peptide mimic to pyruvate
dehydrogenase complex-E2 (PDC-E2) of humans that acti-
vates CD4" and CD8™ T cell response and promote primary
biliary cholangitis (PBC) [148, 149]. Similarly, Bacteroides
thetaiotaomicron expresses a peptide mimic to myosin heavy
chain 6 (MYH6) a motor protein in humans that activates
CD4* T cell response and promotes cardiomyopathy [147].
Recent studies also demonstrated that pDCs and CX3CR17*
DC:s are involved in the transportation of commensal-related
molecules/proteins from the intestine to the thymus [29, 80].
Therefore, it would be interesting to understand the conse-
quences of the presentation of commensal peptide mimics
to autoantigens on T cell ontogeny. Such presentation would
lead to either (a) the proliferation of antigen-specific T cells
as found in Ref. [80], (b) negative selection of T cells, or
(c) tTreg cells development. These consequences would be
dependent on numerous factors, such as the amount of pep-
tide/protein transported into the thymus, the affinity of the
peptide presented on APCs, the type of APCs involved in
the antigen presentation, and the genetics of the host. Nota-
bly, this new paradigm would challenge the existing dogma
of central tolerance and T cell development in the thymus
where the presentation of self-antigens by thymic APCs is
considered to be paramount in T cell ontogeny.

It is also important to consider the role of the microbiota
at other body sites, such as the skin or airways. A recent
study found the transportation of commensal-derived mol-
ecules from the skin to the thymus [78]. Application of the
vitamin B2 precursor derivative 5-OP-RU onto intact skin
of mice resulted in activated thymic and splenic MAIT
cells. Therefore, one can also speculate that peptides or
commensal molecules present on the skin and in the air-
ways can reach the thymus and affect the development of T
cells. A detailed understanding of the cellular and molecular
mechanisms involved in this putative phenomenon would be
required to design novel therapies to treat various autoim-
mune diseases or inflammatory conditions.

A number of diverse natural ligands, such as riboflavin-
based and folic acid-based ligands and synthetic analogs,
such as uracil analogs, that bind to MR 1 have been identified
[150, 151]. These ligands can induce both weak and potent
activation of MAIT cells. Because vitamin B2 precursors
derived from intestinal commensal bacteria have been shown
to be involved in positive selection of MAIT cells in the
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thymus [78], it would be interesting to understand the role
of other natural MR 1 ligands, for instance, folic acid-based
ligands. Likewise, a variety of soluble mediators, such as
TLR ligands, retinoic acid, and lactate, are also produced by
intestinal commensal bacteria. There are receptors expressed
to sense these microbial molecules or mediators on differ-
ent cells in the thymus, including thymic resident DCs,
mTECs, cTECs, as well as thymocytes (both conventional
and unconventional T cell precursors) [140, 152]. A detailed
understanding of various microbial molecules on the various
thymic cell types would further improve our knowledge of
how our intestinal microbiota shapes host immunity.

Furthermore, T cells complete their maturation in the
periphery in secondary lymphoid organs after egressing
from the thymus as recent thymic emigrants (RTEs). Matu-
ration into mature naive (Mn)T cells in the periphery takes
about 2-3 weeks. RTEs are hypo-functional versions of
mature T cells because they possess the diminished prolif-
erative capacity and produce lower levels of cytokines, such
as IL-2, IFNy, TNFa, IL-4, and IL-17 under Th1 and Th17
polarizing conditions. There are many cell-intrinsic and
-extrinsic factors, such as DCs and intact lymphoid structure,
that play important role in the transition of RTEs into MnT
cells [153-156]. However, there are currently no studies that
have addressed the role of intestinal commensals bacteria
on the maturation of RTEs in secondary lymphoid organs.

In conclusion, recent discoveries in the field of the gut-
thymus axis have uncovered the role of commensals in the
development of both conventional and unconventional T
cells. This opens up many new questions, such as whether
there is any effect on the development and maturation of
thymic APCs particularly on resident DCs and cortical and
medullary TECs by commensal-derived metabolites reach-
ing the thymus for example. Germ-free and gnotobiotic
infrastructure in combination with the ability to geneti-
cally manipulate not only the host (mouse) but also com-
mensal bacteria will allow us to experimentally address
these questions.
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