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typically, Th17 cells show a greater degree of con-
text-dependent  plasticity®™?!  associated with a
higher in vivo survival and self-renewal capacity.”
Using fate-reporter animals, IFN-y producing T cells
that appeared in the CNS of EAE mice were shown
to be almost exclusively derived from cells that for-
merly produced IL-17.?> The conversion of IL-17-
producing T cells into IFN-y producers during EAE
appears to confer an increased pathogenic phenotype
to those T cells, accompanied by downregulation of
RORyt and upregulation of T-bet. This suggests that
the tracking of RORyt expression in T cells is not
necessarily enough to identify ongoing pathogenic
responses resulting from Th17 cells in CNS autoim-
munity. In addition, the development of conventional
Th17 cells and distinct T cell subsets producing IL-17
cells requires RORyt. Deletion of RORyt results in
impaired differentiation of all types of IL-17-produc-
ing T cell subsets, as well as the impaired develop-
ment of other newly-identified immune cell subsets,
lymphoid tissue inducer (LTi) cells and a part of
type 3 innate lymphoid cells (ILC3) that also express
RORyt.**?* It is conceivable that not all of those
RORyt-positive T cells producing IL-17 are necessarily
involved in pathogenesis of CNS autoimmunity.
Therefore, identification of novel molecular marker(s)
that exclusively represent pathogenic IL-17-produc-
ing T cells is highly desirable.

EAE is a prototype autoimmune disease model
that has greatly contributed to elucidating the path-
ogenesis of MS.?® EAE can be induced in laboratory
animals by active immunization with myelin anti-
gens or by passive transfer of myelin antigen-reac-
tive T cells. Thl cells reactive to myelin basic
protein (MBP), proteolipid protein (PLP) or myelin
oligodendrocyte glycoprotein (MOG) are capable of
inducing clinical and pathological manifestations of
EAE after transfer into naive mice; thus, Thl cells
producing IFN-y have long been believed to play a
central role in the pathogenesis of MS. However,
the “Thl disease” dogma has been challenged by
contradicting results showing that gene-targeted
mice deficient in IEN-y*’?® or IFN-y receptor, and
mice deficient for IL-12 signaling, are still suscepti-
ble to EAE. Subsequently, it was shown that IL-23,
and not IL-12, is essential for the development of
EAE,” resulting in the identification of pathogenic
IL-23-dependent Th17 cells that produce the unique
inflammatory cytokine, IL-17.%° Currently, it is
widely accepted that Th17 cells play an important
role in the development of inflammatory autoim-
mune diseases either independently or collabora-
tively with Th1 cells.

© 2014 Japanese Society for Neuroimmunology

Th17 cells, NR4A2 and MS pathogenesis

What is NR4A2?

NR4A2, also known as Nurrl, is a nuclear receptor
family member that, to date has no known endoge-
nous ligand (Fig. 1). The members of the NR4A sub-
family (NR4A1/Nur77, NR4A2/Nurrl and NR4A3/
NOR-1) are mostly expressed at very low levels in a
wide variety of metabolically-demanding and
energy-dependent tissues, such as skeletal muscle,
adipose tissue, heart, kidney, liver and brain.?® On
particular stimulation, high levels of NR4A expres-
sion are induced in these tissues, reminiscent of
immediate early genes. The diversity of signals that
lead to this expression suggests that NR4A2 func-
tions in a manner highly dependent on cell type and
context. NR4A2 is primarily expressed in the CNS,
particularly in the cortex, ventral midbrain, brain
stem and the spinal cord, and it appears to have
important functions in both the development and
specific responses of dopaminergic neurons.’’>?
Therefore, many studies regarding NR4A2 have
focused on the functional analysis of NR4A2 and its
relevance to the pathology of Parkinson’s disease.
Indeed, mutations in the NR4A2 gene are well
known to be associated with familial Parkinson’s dis-
case, reflecting the essential role for NR4A2 in the
development and survival of neuronal organization
of substantia nigra.’>** In contrast, much less atten-
tion has been paid to the functional role of NR4A2
in T cells. More than a decade ago, NR4Al and
NR4A3 were shown to mediate apoptotic processes
of mature and immature T cells.>*’7 However, these
studies do not provide insight into the functional
implications of upregulated expression of NR4A2 in
T cells. Recently, NR4A2 has come into the spotlight
as a pivotal pathogenic component for modification
of inflammatory milieus of rheumatoid arthritis, ath-
erosclerosis and cancer, which will be discussed later
in more detail *®>° Conversely, NR4A2 expression
has also been implicated in reducing immune
responses, including a potential role in neuroprotec-
tion from inflammation and repression of matrix
metalloproteinases in joint inflammation, suggesting
diverse roles for this transcription factor that are
altered in a cell-type and context-dependent man-
ner, 4041

Nuclear receptors are composed of several con-
served functional domains including DNA-binding
domain (DBD) with two zinc fingers in the N-termi-
nal region of the molecule and the ligand-binding
domain (LBD) in the C-terminal region with a less
conserved structure. In the absence of specific
ligands, most of the nuclear receptors are inactive by

139

— 134 —



Th17 cells, NR4A2 and MS pathogenesis

(a)
*NR4A1; NGFI-B, Nur77
*NR4A2; Nurrl, NOT, RNR1
NR4A3; NOR1, MINOR

®) } Autoimmune diseases? ]
Atherogenesis \
Cellcycle | _ _
control

Apoptosis “ v
Neurogenesis

interactions with co-repressor proteins. On ligand
binding to a hydrophobic cleft in the LBD, a confor-
mational repositioning occurs at the C-terminal
amphipathic o-helix (H12) of the LBD that provides
a well-defined surface (activation-function 2 [AF-2})
recognized by co-activator proteins, leading to the
formation of multiprotein complex mediating gene
activation, such as histone acetylation and chroma-
tin modifications. However, NR4A2 encodes unusual
and atypical LBD that lack canonical ligand binding
properties.*? Therefore, NR4A2 is believed to be a
ligand-independent and constitutively active recep-
tor, and its activity is tightly controlled at the level
of transcription, post-transcriptional modification
and multivalent complex formation with other mol-
ecules. The DNA-binding motif for the NR4A family
members is the octanucleotide 5'-A/TAAAGGTCA
(NGFI-B response element [NBRE]), where NR4A2
binds as monomers and homodimers. The pro-opio-
melanocortin gene promoter contains another class
of transcriptional targets for homodimers: Nur-
responsive element (NurRE), with an inverted
repeat, the NBRE-related octanucleatide, AAAT(G/
A)(C/T)CA. NR4A1l and NR4A2 also bind as hetero-
dimers with the retinoid X receptor (RXR) and bind
a motif called DR-5. In addition, multivalent com-
plex formation of NR4A2 with other transcription
factors enables it to show non-canonical DNA bind-
ing.43’44

NR4A2-deficent neonates typically die at birth as a
result of a severe defect in respiratory function
despite having intact NR4A1l/3 genes, suggesting a
unique functional property for NR4A2.*>*¢ Because
of the selective expression of NR4A2 in the CNS,
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Figure 1 Versatile function of NR4A2 in a vari-
ety of biological and pathological responses.
(a) Members of the NR4A family of nuclear
receptors and their typical molecular structure,
(b) Schematic summary of the organ and tis-
sue-specific biological and pathological roles of
the NR4A2.

most of the target genes of NR4A2 known to date
are limited to its role in this region. For example,
NR4A2 is shown to play a role in the transcriptional
activation of tyrosine hydroxylase involved in the
synthesis of dopamine.*”*® Another group of NR4A2
target genes reside in those relevant to bone forma-
tion, such as osteopontin and osteocalcin.***° It is
suggested that NR4A1 and NR4A3 are expressed in
the thymus and mediate T cell receptor-mediated
T cell apoptosis, but the distribution and function of
NR4A2 in immune cells has not been extensively
studied. Accordingly, a recent report showed that
NR4A family proteins have essential roles in regula-
tory T (Treg) cell development by inducing promoter
activity of the forkhead box P3 (Foxp3) gene;>!
however, NR4A2 itself was shown to be much less
effective for transcription of the Foxp3 gene and
subsequent Treg differentiation than other NR4A
family members.>> Meanwhile, a series of reports
have suggested pivotal roles for NR4A family mem-
bers, especially the NR4A2 subtype, in inflammatory
responses, and they are aberrantly expressed in
inflamed synovial tissue of patients with rheumatoid
arthritis, psoriatic skin and atherosclerotic lesions.
Therefore, NR4A receptors might contribute to the
cellular processes that control inflammatory disor-
ders including autoimmunity.

NR4A2 in MS

MS has an autoimmune pathology that is initiated
by the development of autoimmune T cells reactive
to myelin antigens, such as MBP, MOG and PLP.
Immunologically, naive T cells differentiate into

© 2014 Japanese Society for Neuroimmunology

— 1356 —



S. Oki

encephalitogenic T cells on encountering those with
myelin autoantigens. Such encephalitogenic T cells
must be preactivated in the periphery before they
are able to penetrate into the CNS parenchyma.’*®*
Then, expansion of inflammatory processes within
the CNS is triggered by pro-inflammatory cytokines
and chemokines secreted by infiltrating autoreactive
T cells after recognizing self-antigens in a major his-
tocompatibility complex (MHC) class Il-restricted
manner in the CNS. Encephalitogenic T cells that
generate the development of MS can be composed
of both Thl and Th17 cells, and the relative contri-
butions of either of these distinct helper T cell popu-
lations might help explain the diversity of clinical
and pathological manifestations, as well as the vary-
ing responses to therapy.* However, little is known
about the helper T cell population responsible for
the development of MS partly because of a lack of
appropriate methodology to discriminate those
encephalitogenic T cells. For example, although
RORyt is a good marker to identify Th17 cells, the
aforementioned complex behavior of RORyt expres-
sion in T cells, in addition to the fact that RORyt is
also involved in lymphoid organogenesis, means that
it is necessary to find new specific marker(s) that
enable identification of pathogenic T cells in MS.
Through comprehensive gene expression profiling
analysis of RR-MS patients in remission, we previ-
ously showed that NR4A2 is selectively upregulated
in peripheral blood T cells of MS patients.'? Quanti-
tative reverse transcription polymerase chain reac-
tion analysis further revealed that NR4A2 expression
in Tcells from MS patients showed an approxi-
mately fivefold increase compared with healthy
donors. We then applied an animal model of MS to
further assess the role of the novel orphan nuclear
receptor gene on T cell function.

NR4A2 in EAE

In EAE induced in C57BL/6 mice by immunization
with a MOGss_ss peptide, NR4A2 was selectively up-
regulated in T cells of the peripheral circulation and
those infiltrating into the CNS, but NR4A2 expres-
sion was not observed in T cells from secondary
lymphoid organs, such as the spleen or draining
lymph nodes.*>!* In a kinetic analysis using reverse
transcription  polymerase chain reaction, we
observed that NR4A2 expression in peripheral circu-
lating T cells reached a maximum value 21 days
after EAE induction, and the entire expression pat-
tern of NR4A2 in peripheral blood T cells was well
correlated with the clinical severity of EAE. Mean-
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while, significant expression of NR4A2 was observed
in the CNS-infiltrating T cells from day 9, when
early signs of EAE become evident. These results
suggest that NR4A2 expression was induced in
T cells on induction of EAE, but the kinetics of
expression significantly differs between peripheral
blood T cells and CNS-infiltrating T cells. Recent
studies have shown that autoimmune Thl7 cells
producing 1L-17 play a central role in causing auto-
immune inflammation,” and analysis of fate-repor-
ter animals showed that those Th17 cells have a
tendency to change their phenotype to become IFN-
vy producing T cells in the CNS milieu of EAE mice.**
Therefore, T cells accumulating in the CNS are char-
acterized by massive production of those inflamma-
tory cytokines along with significant expression of
NR4A2. Accordingly, retroviral transduction of
NR4A2 ¢DNA into splenic CD4+ T cells in vitro aug-
mented production of IL-17 and IFN-y on restimula-
tion. Furthermore, NR4A2-expressing T cells in the
CNS of EAE animals were accumulated in those pro-
ducing IL-17 regardless of their secretion of IFN-y
(Fig. 2)."* Therefore, NR4A2 might be considered as
a useful marker to identify pathogenic Th17 cells in
target organs or peripheral circulation. In addition,
T cell expression of NR4A2 seems to have a strong
link with exposure to a certain autoantigen, as in
vive induction of NR4A2 in T cells is observed only
when immunized with self-peptide and not with a
peptide of exogenous origin, such as ovalbumin.
Interestingly, forced subcutaneous inflammation by
intradermal injection of IL-23 causes upregulation of
NR4A2 in peripheral blood T cells.'* Therefore,
T cell upregulation of NR4A2 emerges only after rec-
ognition of self-antigen that induces autoreactive
IL-17-producing cells in sifu.

It is noteworthy to point out that despite an
apparent requirement for NR4A2 in Th17 differenti-
ation in target organs, little NR4A2 expression was
detected in secondary lymphoid tissues that are the
proposed sites for T cell priming on encounter with
self-antigens and the subsequent acquisition of a
Th17 phenotype.'® In addition, NR4A2 expression
by CD4+ T cells was first observed in the target
organ, much earlier than in peripheral blood T cells.
Intriguingly, when autoreactive cells were induced
by immunization with self-antigens in the absence
of pertussis toxin administration, NR4A2 expression
was not upregulated, possibly because of impaired
access to target organs. Thus, the target organs, the
CNS in the case of EAE, might represent the site of
NR4A2 upregulation where pathogenic Th17 differ-
entiation occurs in vivo, rather than during initial
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Figure 2 Distribution of cytokine-producing T cells in the central ner-
vous system (CNS) of experimental autoimmune encephalomyelitis
(EAE) mice and their expression of NR4A2. (a) There are distinct subsets
of T cells accumulated in the CNS of EAE mice, composed of interleukin
(IL)-17-producing T cells, interferon (IFN)-y-producing T cells and double
producers. (b) NR4A2 expression by subsets of cytokine-producing
CD4+ T cells was analyzed using quantitative polymerase chain reaction
at day 15 post-EAE induction for spleen and CNS-infiltrating cells.

T cell priming in the secondary lymphoid tissues.
Cognate antigen interactions in situ are required to
permit primed T cells moving from peripheral circu-
lation to the CNS parenchyma.’*** Accordingly,
primed encephalitogenic CD4+ effector T cells trans-
ferred into naive animals rapidly infiltrated CNS tis-
sue, requiring MHC class II-dependent antigen
presentation, whereas effector T cells specific for an
irrelevant antigen did not enter CNS lesions.>*
Therefore, our data could suggest that active infiltra-
tion of encephalitogenic T cells primed in the
periphery is not sufficient for generation of CNS au-
toimmunity despite the inflammatory potential of
autoimmune responses and the potential T cell path-
ogenicity, and instead suggests that clinical induction
of autoimmune disease is dependent on local reacti-
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vation of infiltrating T cells.’® Furthermore, the dif-
ferentiation processes of pathogenic T cells in the
target organ under autoimmune conditions might
enable the upregulation of NR4A2 in CD4+ T cells
after reactivation by interactions with target organ
antigen-presenting cells expressing CNS antigens,
and the NR4A2-expressing T cells could fully repre-
sent activated pathogenic Th17 cells. Indeed, when
NR4A2 expression is prevented by administration of
NR4A2-specific siRNA in vivo, CNS-infiltrating T cells
are still observed, albeit at lower numbers, but the
Th17 responses in the target organ are markedly
reduced with a reduction in clinical EAE. Again,
although the importance of the activation of particu-
lar local responses has been previously suggested,
our data shows that pathogenic Th17 responses in
EAE result from a critical differentiation in the target
organ.'' The subsequent appearance of NR4A2
expression in the peripheral blood might represent
T cells trafficking from, rather than to, the target
organ and perhaps it is these T cells that are later
reactivated after returning to the target organ and
triggering disease relapses. Thus, NR4A2 might pro-
vide a cell marker identifying T cells, both in the tar-
get organ and circulatory systems, which have been
reactivated  during  pathogenic  inflammatory
responses in the CNS. In addition, measurement and
manipulation of NR4A2 could prove to be useful in
clinical settings. As NR4A2 expression by peripheral
blood CD4+ T cells is only observed after the initia-
tion of inflammatory Thl7 responses in the target
organ, the presence of NR4A2 expression in the
blood might be used to indicate when such
responses have developed or that they are ongoing.
It is conceivable that the status of immune activation
in a target organ might be determined by measuring
NR4A2 expression in a patient’s blood. Thus, the use
of NR4A2 as a biomarker for MS could indicate
whether T cell infiltration into the target organ has
been recently established, giving valuable insight
into disease status.

Regulation of IL-21 by NR4A2 in autoimmunity

IL-21 is a pleiotropic cytokine primarily produced by
activated T cells.”’” IL-21 plays a pivotal role in CD4+
T cell differentiation, the survival of both CD4+ and
CD8+ T cells, and the effector function of cytotoxic
T cells.’®*® In addition, IL-21 is crucial for B cell
survival and differentiation, leading to proper devel-
opment of antibody-producing cells secreting mature
immunoglobulins.®’ Intriguingly, IL-21 is shown to
have a strong link to inflammation and autoimmune
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diseases,®* such as patients with systemic lupus ery-
thematosus (SLE),*>** inflammatory bowel diseases
(IBD)®>°® and type 1 diabetes (T1D),*”*® or in ani-
mal models for SLE,*’ IBD,*® T1D?° and rheumatoid
arthritis (RA).”! Although follicular helper T cells are
known as professional IL-21-producing CD4+ T cells,
IL-21 is also produced by Th17 cells.”* The primary
role for IL-21 in mouse Th17 cells is the expansion
of developing Th17 cells.'” 1L-6 can induce the pro-
duction of IL-21 by Th17 cells, and in turn, 1L-21
acts in an autocrine manner to induce the expres-
sion of IL-23R on Th17 cells and further stabilize the
Th17 phenotype.”> The requirement of IL-21 for
Th17 cell development in vivo is still controversial, as
some reports show that Thl7 cells can develop in
the absence of IL-21,7%7° whereas other reports
show that the generation of Th17 cells is impaired in
the absence of 1L-21.7*7¢77 This is partly due to the
redundant role of IL-6 and IL-21, in which Th17 cell
differentiation in vivo under a strong inflammatory
milieu with massive IL-6 production would conceal
the effects of IL-21.7%77 Interestingly, the amount of
IL-21 production induced by Th17 differentiation is
strongly reduced by transfection of NR4A2-specific
SiRNA into differentiating Th17 cells in vitro. We fur-
ther showed that the sequential upregulation of IL-21
and c-Maf, followed by the induction of IL-23R and
IL-17 transcripts during Th17 differentiation, was
abolished when NR4A2 expression was prevented by
siRNA treatment. Therefore, one consequence of pre-
venting NR4A2 upregulation during Th17 differentia-
tion in vitro is an absence of IL-21 secretion. The
essential role of NR4A2 expression in Th17 differenti-
ation through regulation of IL-21 is shown by the fact
that the addition of exogenous IL-21 led to IL-23R
upregulation, subsequently vyielding normal IL-17
secretion. The precise mechanisms of the NR4A2-
mediated regulation of IL-21 in Th17 cell develop-
ment in vivo have not yet been elucidated, but it is
postulated that NR4A2 might regulate T cell produc-
tion of IL-17 in vive by controlling signaling pathways
intrinsic for effective Th17 cell differentiation (Fig. 3).

One obvious mechanism by which IL-21 drives
autoimmunity is by supporting the expansion,
promotion and survival of pathogenic helper T cell
subsets. Accordingly, it is well known that autoim-
mune-prone mice produce more IL-21 compared
with resistant strains,>”°® and that the level of IL-21
production is well correlated to the progression of
autoimmune diseases.®® As aforementioned, IL-21
has a strong link to inflammation and organ-specific
or systemic autoimmune diseases including SLE,
IBD, T1D, and RA. Regarding the possible link of the
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Figure 3 Multistep differentiation pracesses of T helper 17 (Th17) cells.
T cell receptor stimulation of naive T cells in the presence of transform-
ing growth factor (TGF)-p and interleukin (IL)-6 triggers initial Th17 cell
differentiation. Th17 cells acquiring c-Maf expression produce IL-21,
which augments Th17 cell amplification in an autocrine manner. [L-21
induces expression of the IL-23 receptor on the surface of differentiating
Th17 cells that renders them responsive to IL-23. Exogenous 1L-23 stabi-
lizes the Th17 phenotype to secrete IL-17 and confers its effector func-
tion. RORyt, retinoic acid-related orphan receptor yt.

IL-21-Th17 axis to human CNS autoimmunity, such
as MS, the proportion of memory Th17 cells and the
IL-17 level are both shown to be much higher in
patients with MS and neuromyelitis optica (NMO).”®
Accordingly, CNS-infiltrating cells expressing IL-21
were observed in both acute and chronic active
white matter MS lesions in which IL-21 expression
was restricted to CD4+ helper T cells.® Furthermore,
therapeutic treatment with alemtuzumab causes sec-
ondary autoimmunity in a subset of MS patients
who selectively show higher levels of serum IL-21,
possibly through excessive T cells apoptosis and cell
cycling after alemtuzumab-mediated lymphocyte
depletion.”® Interestingly, there are a couple of
reports suggesting a significant correlation between
IL-21 and NMO. First, production of IL-6 and IL-21 by
CD4+ T cells ex vivo is shown to be directly associated
with neurological disability in NMO patients.®° In
addition, higher concentrations of serum IL-21 were
observed in NMO patients,®! and concentrations of
IL-21 protein in cerebrospinal fluid were significantly
elevated in NMO patients, suggesting a positive
correlation with humoral immunity.®?> Therefore,
regulation of the IL-21-Th17 cell axis through
NR4A2-mediated intervention holds considerable sig-
nificance not only for MS, but also for NMO and other
related neuroimmunological diseases.
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Figure 4 Effect of systemic administration of
NR4A2-specific small interfering RNA (siRNA) on
experimental autoimmune encephalomyelitis
(EAE). NR4A2-specific or control siRNA was sta-

bilized in a collagen matrix and administered
intravenously to EAE mice either at the time of
(preventive administration) or 10 days after

(therapeutic administration) myelin oligoden-
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drocyte glycoprotein (MOG) immunization. CFA,
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NR4A2 as a possible target for MS therapy

NR4A2 expression is associated with the generation
of autoimmune Th1l7 responses, and NR4A2 appears
to control Thl17 differentiation. We then aimed to
prevent NR4A2 upregulation in vivo by systemically
administering NR4A2-specific siRNA stabilized in a
collagen matrix.'* Both clinical EAE and NR4A2
expression in T cells were significantly reduced, with
peak disease delayed by 10 days (Fig. 4). In addition,
IL-17 production, but not IFN-y production by CD4+
T cells infiltrating the CNS, was also reduced.
NR4A2 siRNA-treatment prevented the accumula-
tion of CD4+ T cells, particularly those secreting
IL-17 into the CNS. Furthermore, equivalent num-
bers of IL-17-producing T cells in the CNS were
observed between the control and the NR4A2 siR-
NA-treated mice at the delayed onset of clinical
EAE. The late onset of EAE could be attributed to
degradation of the siRNA, as administration of the
siRNA at the onset of EAE significantly prevented
the induction of clinical EAE. These findings suggest
that the absence of NR4A2 expression during active
autoimmune disease reduces clinical symptoms of
EAE and Th17 responses. Therefore, NR4A2 might
prove to be a potent therapeutic target for the treat-
ment of MS and other Thl7-mediated autoimmune
diseases.

It is well known that methotrexate significantly
suppresses expression of NR4A2 in patients with
active psoriatic arthritis.?> Accordingly, the expres-
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sion level of NR4A2 after treatment with methotrex-
ate is well-correlated to the disease activity score.
Therefore, intervention of NR4A2 activity with
chemical compounds might provide a potential strat-
egy for future treatment of MS. In addition, the fact
that NR4A2 mutations are associated with familial
Parkinson’s disease has led to significant interest in
the identification of selective low-molecular-weight
modulators that are helpful for analyzing the mode
of action of the NR4A subfamily.*> A growing num-
ber of NR4A2 modulators with unique chemical
structures have also been described.**®” Further-
more, the antineoplastic and anti-inflammatory
drug, 6-mercaptopurine, has been shown to activate
NR4A2 through modulation of the cellular content
of purine nucleotides.®® A number of typical and
atypical antipsychotic drugs, such as haloperidol,
chlorpromazine, clozapine and so on, induce the
transcription of NR4A2, even though they are all
developed to augment NR4A2 activity.®**° There-
fore, therapeutic application of NR4A2 inhibitors or
NR4A2 modifiers converted from those NR4A2 acti-
vators through modification of chemical structure
might be considered for possible future treatment of
RR-MS.

Future perspective

EAE is a versatile experimental model useful for
analyzing the immunopathological, neuropathologi-
cal and therapeutic aspects of MS, including inflam-
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Figure 5 Possible behavior of NR4A2-expressing T helper 17 (Th17) cells during the course of multiple sclerosis/experimental autoimmune encephalo-
myelitis (EAE). On encountering the myelin antigen, naive T cells are primed to differentiate into effector T cells, such as Th17 cells in secondary lym-
phoid tissue. Then, those effector T cells are recruited to the central nervous system (CNS) and restimulated with antigen presented by local antigen
presenting cells, resulting in upregulation of NR4A2 expression in pathogenic Th17 cells. Th17 cell-mediated local inflammation causes recruitment of
inflammatory effector cells to the CNS, leading to immunopathogenic symptoms of multiple sclerosis/EAE. The subsequent appearance of NR4A2
expression in the peripheral blood could represent T cells trafficking from the target organ. At the later phase of EAE, T cells might egress the target
organ to peripheral circulation and perhaps it is these T cells that are reactivated thereafter in the target organ triggering disease relapses. Therefore,
NR4A2 could provide a good biomarker for identifying pathogenic T cells in both the target organ and in circulation. APC, antigen-presenting cells;

CCL2, chemokine (C-C motif) ligand 2.

mation, demyelination, axonal damage, and after gli-
osis, the resolution of inflammation, remyelination
and drug screening. Given the data showing that
NR4A2 is selectively upregulated in the peripheral
blood T cells of RR-MS patients, we have shown a
strong link between NR4A2-expressing Thl7 cells
and their pathogenic role in CNS autoimmune
inflammation through the analysis of EAE (Fig. 5),
suggesting that NR4A2 represents a promising thera-
peutic target for MS and other autoimmune diseases.
In addition, there are other inflammatory CNS dis-
eases with distinct, but overlapping with the RR-MS,
phenotype, such as NMO, progressive forms of MS
and related demyelinating diseases.”® Therefore, fur-
ther analysis of RR-MS as an NR4A2-expressing
Th17-mediated autoimmune disease will provide
helpful clues for understanding the pathogenesis of
CNS autoimmunity.
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SUMMARY

Foxp3* T cells play a critical role for the maintenance
of immune tolerance. Here we show that in mice,
Foxp3* T cells contributed to diversification of gut
microbiota, particularly of species belonging to Fir-
micutes. The control of indigenous bacteria by
Foxp3* T cells involved regulatory functions both
outside and inside germinal centers (GCs), consist-
ing of suppression of inflammation and regulation
of immunoglobulin A (IgA) selection in Peyer’s
patches, respectively. Diversified and selected IgAs
contributed to maintenance of diversified and
balanced microbiota, which in turn facilitated the
expansion of Foxp3*™ T cells, induction of GCs,
and IgA responses in the gut through a symbiotic
regulatory loop. Thus, the adaptive immune system,
through cellular and molecular components that
are required for immune tolerance and through the
diversification as well as selection of antibody reper-
toire, mediates host-microbial symbiosis by control-
ling the richness and balance of bacterial commu-
nities required for homeostasis.

INTRODUCTION

The main function of the immune system is to protect the host
against pathogens, such as bacteria or viruses. However, un-
like the systemic immune system, the gut immune system
does not eliminate microorganisms but instead nourishes rich
bacterial communities and establishes advanced symbiotic re-
lationships (Sutherland and Fagarasan, 2012). Not only are the
gut bacteria essential for nutrient processing, production of vi-
tamins, and protection against pathogens (through competition

152 Immunity 47, 152-165, July 17, 2014 ©2014 Elsevier Inc.

for space and nutrients), but the development and maturation
of the immune system depends on these bacteria (Fagarasan
et al., 2010; Geuking et al., 2011; Hooper et al., 2012; Suther-
land and Fagarasan, 2012). The primary individual microbiota
(Mb) composition probably reflects the maternal hand-over
during or immediately after birth (Kau et al., 2011; Nicholson
et al., 2012). However, the subsequent shaping of the microbial
landscape is probably driven by complex interactions with the
host immune system, through a network of regulatory compo-
nents involving both the innate and adaptive immune system
(Fagarasan et al., 2010; Hooper et al., 2012; Maynard et al,,
2012).

Our previous studies demonstrated that the absence of immu-
noglobulin A (IgA) (the major effector molecule of the adaptive
immunity in the gut) or the impaired IgA selection in germinal
centers (GCs) due to deregulated T cell control severely affects
the balance of gut bacterial communities, resulting in massive
activation of the whole body immune system (Fagarasan et al.,
2002; Kawamoto et al., 2012; Suzuki et al., 2004; Wei et al.,
2011). The absence of a subset of Foxp3* T cells induced by
bacterial antigens also modifies the composition of gut Mb by
evoking mucosal T helper 2 (Th2) cell-mediated inflammation
(Josefowicz et al., 2012). Interestingly, the Foxp3* T cells induce
GC and IgA responses by generating GC T cells (Tsuji et al.,
2009), and their depletion causes a rapid loss of specific IgA
responses in the intestine (Cong et al., 2009). Together, all these
observations point to the existence of a Foxp3-IgA axis in main-
taining the balance of gut Mb. It remains unclear, however, how
these specific arms of the adaptive immune system mediate
host-microbial interactions in the gut.

We show that Foxp3* T cells, by acting in both GC-indepen-
dent and -dependent manners, repress inflammation and sup-
port IgA selection in the GCs of Peyer’s patches (PPs), resulting
in diversification of gut Mb. Balanced and diverse Mb stimulates,
in turn, the host immune system by promoting the expansion of
Foxp3* T cells and induction of GC and IgA production in the gut
through a symbiotic regulatory loop.
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RESULTS

Reduced Diversity of Gut Microbiota in

Immunodeficient Mice

We evaluated the impact of acquired immunity on gut Mb by
analyzing various mice that partially or completely lack cellular
and structural components of the adaptive immune system in
gut. We found that mice lacking both B and T cells (Rag?™),
and as such having just rudimentary PPs, have considerably
less diverse bacterial communities compared with Rag7*/" litter-
mates or with wild-type (WT) mice raised in the same facility (Fig-
ure S1A available online). Not only the Rag?™~ mice, but also
mice lacking only B cells ({ghm™") or T cells (Cd3e™), and thus
lacking GCs, also had reduced bacterial diversity and different
phylogenetic structures of bacterial communities compared
with their heterozygous littermates or WT mice (Figures S1A
and S1B). The results indicate that the adaptive immune system
and its functionally organized follicular structures (i.e., PPs with
GCs) facilitated diversification and influenced the structures of
bacterial communities in gut.

Foxp3™* T Cells Are Required for Maintenance of Diverse
Microbial Communities in Gut

Given that the PPs are enriched in B cells that interact mainly with
CD4* T cells, we next asked which CD4* T cell subset(s)
contribute to diversity and composition of gut Mb. For this, we
transferred distinct CD4™ T cell populations (naive CD4* T cells
and Foxp3* T cells) into Cd3e™ mice, and the Mb were as-
sessed 10-12 weeks after the injection. The transfer of naive
CD4* T cells alone (isolated from the spleen and peripheral
lymph nodes of WT mice) considerably decreased bacterial
diversity even below that observed in Cd3e™ mice (Figure 1A).
The change was associated with gut inflammation caused by
expansion of T cells with inflammatory properties (Figures 2A,
2B, and 2E). Therefore, in mice, similar to humans, the inflamma-
tory environment due to deregulated T cell populations did not
afford the maintenance of complex bacterial communities (Man-
ichanh et al., 2006; Nishikawa et al., 2009; Ott et al., 2004).
Furthermore, the transfer of naive CD4* T cells failed to increase
bacterial diversity even in the absence of overt inflammation (i.e.,
in mice treated with anti-IL-12p40 that had considerably reduced
expansion of inflammatory T cells and no signs of wasting dis-
ease or colitis) (Figures S1C-S1G). The cotransfer of naive
CD4* T cells along with Foxp3™ T cells led to reconstitution of
the microbial diversity to levels observed in WT mice (Figure 1A).
Not only the diversity but also the phylogenetic structures of
bacterial communities become more similar to WT mice when
naive CD4" T cells were transferred together with Foxp3*
T cells (Figure 1B). In fact, the transfer of Foxp3™ T cells alone
increased bacterial diversity and modified the composition of
Mb in Cd3e™" mice almost to the degree found in WT mice (Fig-
ures 1A and 1B). Strikingly, the Foxp3* T cells facilitated the
diversification of Firmicutes, particularly of nonpathogenic Clos-
tridia belonging to cluster IV and XIVa, which were recently
reported to be effective inducers of Foxp3* T cells in the gut (Fig-
ure 1C; Atarashi et al., 2011, 2013). Thus, not only can Firmicutes
induce Foxp3 expression, but Foxp3* T cells can in turn feed-
back to Mb facilitating the maintenance and diversification of
these major spore-forming bacteria. Taken together, the pres-

ence of Foxp3* T cells was required for the establishment of
complex bacterial communities in both inflammatory and nonin-
flasnmatory environments in the gut.

Requirement for Foxp3* T Cells Acting as Tir Cells for
Gut Microbiota Regulation

Foxp3* T cells could exert their regulatory effect on Mb in
multiple ways. They could do it simply by preventing the ex-
pansion of Foxp3™ T cells and their excessive production of
cytokines and therefore by controlling inflammation in a GC-
independent manner (Izcue et al.,, 2006; Josefowicz et al.,
2012). Alternatively, the Foxp3™ T cells could act through their
regulatory roles on PP GCs and IgA synthesis, by becoming
T follicular regulatory (Tfr) (CXCR5"PD1"Foxp3*) and T follic-
ular helper (Tfh) (CXCR5"PD1"MFoxp37) cells, as previously re-
ported (Chung et al, 2011; Cong et al, 2009; Linterman
et al.,, 2011; Tsuji et al., 2009; Wollenberg et al., 2011). The
transfer of Foxp3* T cells into Cd3e™ Aicda™ mice (which
lack both T cells and antibodies others than IgM), failed to in-
crease Mb diversity even though the cells expanded well and
generated considerably more GCs, including Tth and Tir cells
in PPs (Figures 1D and 1E). This observation strongly suggests
that the Foxp3* T cells contributed to shape the Mb and sup-
ported the gut mutualism by regulation of IgA production in
the intestine.

The generation of both Tfr and Tth cells depends on activation
and induction of Bcl6 expression (Chung et al., 2011; Johnston
et al., 2009; Linterman et al., 2011; Nurieva et al., 2009; Yu
et al., 2009). To discriminate between the regulatory functions
outside and inside the GCs, we performed experiments with
Foxp3* T cells sufficient or deficient for Bcl6 expression isolated
from WT mice and Bc/6”™Y® mice, respectively, in which the
function of Bcl6é was inactivated by yellow fluorescent protein
(YFP) insertion (Kitano et al., 2011). Thus, naive CD4* T cells
were cotransferred at a 1:1 ratio with CD4*CD25" T cells (more
than 98% of which expressed Foxp3) from WT mice (hereafter
CD25*WT T cells) or from Bcl6"™¥® mice (hereafter CD25*
BcleY™Y® T cells) into Cd3e™™ mice. In the presence of naive
CD4" T cells, both CD25% WT T celis and CD25*BcleYP®
T cells had a similar expansion and maintenance of Foxp3
expression (Figure S2A). Furthermore, both CD25* WT T cells
and CD25*Bcl6"™¥™® T celis prevented the expansion of naive
T cells in the gut and there were no signs of mucosal inflamma-
tion or wasting disease in these transferred mice (Figures 2A-
2D). Accordingly, the production of cytokines like IFN-y and
TNF-o. was reduced whereas that of IL-10 was increased in
the presence Foxp3* T cells, regardless of their Bcl6 expression
(Figure 2E). Both groups of mice remained protected from
inflammation even 6 months after the transfer (Figures
S3A-S3C). Therefore, in the gut, Foxp3™ T cells controlled the
expansion of naive CD4* T cells and their production of proin-
flammatory cytokines, independently of Bcl6 expression. How-
ever, CD25*Bcl6Y™¥P T cells failed to normalize the bacterial
diversity, which remained considerably lower than that observed
in the presence of CD25* WT T cells (Figure 2F). The phyloge-
netic structures of bacterial communities in mice transferred
with naive CD4* T cells together with CD25*Bcl6YPY® T cells,
although distinct from mice transferred with naive CD4* T cells
alone, remained different from those in mice cotransferred with
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Figure 1. Increased Diversity of Firmicutes
by Foxp3™ T Celis

(A and D) Diversity of bacterial species (>97%
identity) as indicated by Chao1 rarefaction mea-
sure based on 1-3,000 sequences.

(B) Unweighted UniFrac plot, comparing phyloge-
netic differences between microbial communities,
clustered by principal coordinate analysis (PCoA).
(C) Phylogenetic analysis of OTUs associated with
the presence of Foxp3* T cells. OTUs were defined
and quantified by QIIME, followed by t test ana-
lyses between the Foxp3-deficient group (naive
CD4* T cells transferred mice) and the Foxp3-
sufficient group (Foxp3" T cells transferred alone
or along with naive CD4" T cells). OTUs with sta-
tistically significant difference (p < 0.05) are shown.
The results of nontransferred Cd3e™ or
Cd3e™Alcda™ mice transferred with Foxp3* cells
are shown in parallel. The 168 rBNA sequences of
statistically different OTUs (p < 0.05) were used to
construct the phylogenetic tree. The sequences of
other Clostridia bacteria used for the tree were
obtained from known genome sequences or ribo-
somal database project. The calculation was per-
formed with the MEGA v.5.1 package and the
neighbor-joining method with a bootstrap of 500
replicates. Circle size correlates with the relative
abundance of each OTU. Large circles, medium
circles, and small dots indicate >1%, <1%, and
0%, respectively.

(E) The percentage of CD4"* T cells in the gut and
the numbers of indicated cell populations in
Cd3e™" and Cd3e™Aicda™" mice transferred with
Foxp3* cells.

Mean = SEM for four to seven mice per group.
Two-tailed unpaired Student'’s t test was used to
compare between (A} WT and Cd3e™ + naive
CD4* T cells and between (D and E) Cd3e™ and
Cd3e™"Aicda™ mice transferred with Foxp3*
cells; **p < 0.001, ™p < 0.01, *p < 0.05, N.S,, no
significant difference. See also Figure S1.
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Figure 2. Foxp3* T Cell Migration into PP GCs Is Critical for Regulation of Microbiota

(A) Total numbers of CD4* T cells isolated from LILP and SILP.

(B) Hematoxylin-eosin staining sections of LI from Cd3e™ mice transferred with indicated CD4* T cells. Note that CD25* T cells prevented the massive infiltration
of inflammatory cells regardless of their Bcl6 expression. At least four mice per group were analyzed and representative data are shown.

(C) The change of body weight (presented as percent of original weight) of Cd3e™" mice transferred with indicated CD4* T cells. Mean + SEM for three to five mice
per group.

(D) Colitis score for Cd3e™" mice transferred with indicated T cells. Each point represents an individual mouse.

(E) Frequency of IFN-y*, TNF-*, and IL-10"CD4" T cells from SILP of Cd3e™ mice transferred with the indicated CD4* T cell subsets or from WT mice.
Means + SEM for four to six mice per group.

(F) Diversity of bacterial species as indicated by Chao1 rarefaction measure based on 1-3,000 sequences in Cd3e™~ mice transferred with indicated CD4* T cell
subsets; four mice per group were analyzed.

(G) Communities clustered by principal coordinates analyses of the unweighted and weighted UniFrac distances (which measure qualitative and quantitative
differences between microbial communities, respectively).

(H) Species diversity (numbers of OTUs/3,000 sequences) in cecal contents from WT or Cd3e™" mice 10-12 weeks after the transfer of indicated CD4* T cell
subsets. Mean = SEM from four to seven mice per group.

Two-tailed unpaired Student’s t test was used to compare between the indicated mouse groups and (A and E) Cd3e™" mice transferred with naive CD4™ T cells,
©) Cd3e™" mice transferred with naive T cells along with CD25* WT T cells or CD25*Bcl6™Y® T cells, (D) other transferred mouse groups, (F) Cd3e™ mice
transferred with naive CD4™ T cells together with CD25* WT T cells, or (H) WT mice; ***p < 0.001; **p < 0.01; *p < 0.05; N.S., no significant difference. See also
Figure S2.
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CD25" WT T cells (Figure 2G). Thus, we observed a pronounced
reduction in diversity of Firmicutes in Cd3e™™ mice cotransferred
with CD25*Bci6YPY® T cells compared with mice cotransferred
with CD25* WT T cells or WT mice (Figure 2H). The decrease in
Firmicutes diversity was mostly due to the excessive expansion
of species belonging to Lachnospiraceae, which induced an
overall shift in bacterial communities with an increase in the ratio
of Firmicutes to Bacteroidetes (2.05 and 0.73 in mice cotrans-
ferred with CD25*Bcl6"™Y® T cells and CD25" WT T cells,
respectively) (Figures 82B and S2C). Taken together, the results
indicate that the maturation and differentiation of Foxp3* T cells
into GC Tir or Tth cells, which depends on Bcl6 expression, was
important for maintaining symbiosis with gut Mb.

Foxp3* T Cells Regulate Both Quantities and Qualities
of ilgAs
The cotransfer of naive T cells with either CD25*Bcl6"™Y® T cells
or CD25* WT T cells equally induced GCs in PPs, but with very
different features (Figure 3A). Thus, the mice that received naive
CD4* T cells and CD25*Bcl6?™Y® T cells almost completely
lacked Tfr cells yet contained many Tfh cells mostly derived
from the naive CD4* T cells (Figures 3A and 3B). In contrast,
the mice that received naive CD4" T cells with CD25% WT
T cells had GCs with apparently more Tfr cells and fewer Tth cells
(some of them also generated from CD25" WT T cells upon
downregulation of their Foxp3 expression) (Figures 3A, top and
middle, and 3B). Interestingly, the production of IL-21 by PP
T cells was considerably reduced in mice cotransferred with
CD25"Bcl6"™¥® T cells, suggesting that the presence of
Foxp3* T cells in GCs might regulate cytokine production by
Tth cells (Figure 3B).

Strikingly, although there were no obvious differences in IgA*
B cells in PPs (Figures 3B and 3C), the frequencies and
numbers of IgA plasma cells in the small intestine lamina prop-
ria (SILP) were much decreased in mice cotransferred with
CD25*Bcl6Y PP T cells (Figures 3C and 3D). More importantly,
the IgAs produced in the absence of Bcl6 expression by
Foxp3* T cells had a decreased affinity maturation index, sug-
gesting defective selection in the GCs, in agreement with pre-
vious observations (Figure 3D; Linterman et al., 2011). In
contrast, the CD25" WT T cells cotransferred with naive CD4*
T cells reconstituted the SILP of Cd3e™ mice with high
numbers of apparently well-selected IgA plasma cells (Figures
3C and 3D). Thus, Foxp3™ T cell presence in the GCs was crit-
ical for regulating both the qualities and frequencies of IgAs in
the gut.

Quality of lgAs Regulates Diversity of Microbiota
Because GC and IgA regulation by Foxp3* T cells appeared to
contribute considerably to shaping of gut Mb, we next evaluated
the bacteria-coating properties of IgAs elicited in the presence
or absence of Foxp3* T cells. Therefore, we stained fecal bacte-
ria-bound IgA with antibodies recognizing both IgA heavy (Vy)
and light (Vk) chains and established a setting and acquisition
mode that allowed a clear separation of IgA-coated bacteria
(Figures 4A, S4A, and S4B). In the absence of Foxp3™ T cell
regulation, the proportion of IgA-coated bacteria increased, as
did the overall intensity of IgA staining (Figures 4A and S4B), a
feature also observed in-patients with inflammatory bowel dis-
eases (IBD) (van der Waaijj et al., 2004). This abundantly coated
bacteria profile could reflect differences in the bacterial commu-
nities (i.e., large-size bacteria giving stronger signals) or differ-
ences in IgA qualities and their binding properties. To distinguish
between these possibilities, we sequenced and analyzed
bacteria that were sorted as IgA™9, IgA™, and IgA™ from the
feces of Cd3e™ mice transferred with different populations of
CD4* T cells or from control (WT) mice (Figure S4A). The identi-
fied species from noncoated or coated bacterial fractions (we
consider one operational taxonomic unit [OTU] as one species)
were used for principal coordinate analysis (PCoA) (Figure 4B).
WT mice and Cd3e™ mice transferred with Foxp3* T cells
exhibited a similar profile in which all fecal bacteria or IgA™®®
groups were substantially separated from IgA™? or IgA"M
groups or from cecal bacteria. In contrast, in the absence of
Foxp3* T cell regulation (i.e., naive CD4* T cells transferred
alone or along with CD25*Bc/6Y®Y® T cells), there was no clear
distinction among IgA™?, IgA™, and IgA™ fractions (Figure 4B).
This was confirmed by plotting in Venn graphs, in which the
size of circles in the Venn graph reflects the diversity of bacterial
species for each fraction (Figures 4C, S4C, and S4D). In mice
with Foxp3* T cell regulation, a smaller percentage of bacterial
species overlapped among all the IgA™, IgA™, and IgA™9 frac-
tions, and IgA™ fraction exhibited higher diversity, compared
with those in mice without Foxp3* T cell regulation (Figures
4G, 4D, and S4C).

The less-overlapping profiles correlated with a higher affinity
selection index of IgAs, whereas the largely overlapping profiles
associated with reduced affinity selection index of IgAs (Fig-
ure 3D). To test whether selected and nonselected IgAs differ-
ently coat the same bacteria, equal amounts of IgA elicited in
the presence or absence of Foxp3™* T cells were tested for bind-
ing in vitro against several defined anaerobic bacterial strains
isolated from mouse gut. As shown in Figures S4E and S4F,

Figure 3. Foxp3* T Cell Migration into PP GCs Is Critical for IgA Selection

(A) Representative sections of PPs in Cd3e™~ mice transferred with naive CD4* T cells together with CD25* WT T cells or CD25"Bcl6¥™¥® T cells stained as
indicated and revealing GC B cells and T cells. T cells derived from naive CD4* T cells appeared in yellow, and the CD25*-derived T cells are stained in green only.
The arrows in upper panels indicate the presence of Foxp3-derived Tth cells, while the arrows in middle panels indicate Tfr cells. Smaller arrows indicate reduced
levels of Foxp3 by some Tir cells.

(B) The percentage and total numbers of the indicated cells in PPs of Cd3e™ mice transferred with naive CD4* T cells together with CD25*WT T cells or
CD25*Bcl6¥®Y® T cells. Mean + SEM for three to five mice per group.

(C) Flow cytometric profiles of cells from PPs and SILP. B2207IgA* gate represent plasma cells. Numbers on plots indicate the frequency of cells in the gate.
(D) Total numbers and affinity maturation index of [gA-producing cells from the SILP of WT, Cd3e™", and Cd3e™" transferred with indicated CD4" T cell subsets.
Two to three mice per group, around 50 sequences per mouse were analyzed. Repg, replacement in CDR1 and CDR2; S, silent mutations in both CDRs and in
framework regions 1 to 3 (FWR1-3).

Two-tailed unpaired Student’s t test was used to compare between the indicated mouse groups and (B) Cd3e
with CD25™ WT T cells or (D) WT; **p < 0.001; N.S., no significant difference. See also Figure S3.

"~ mice transferred with naive CD4* T cells together

Immunity 47, 152-165, July 17, 2014 ©2014 Elsevier Inc. 157
— 149 —



Immunity
Regulation of Microbiota by Foxp3 and IgA

A Cd3e™" tranferred with:
Naive T + Naive T +
wr Naive T CD25*WT T cp2stBeie!PYP T
27 35
& 11

B SN TEY — T
N I B 3 S U S e
9 / R | = ® = | "
§ I | :‘i JETTo 3 € S g' § - . f{_‘\ 'ty : A O Cecum
o | Y U oo | e N o ™~ e . o NS ) i o Al
z gy ¥ = A el o0 £ % - w e lg & PPLT PPl neg
g e e o8] IR EHE o RAE R 7 IgA .
A |
i 4, | & P i’ o e on g |1 ’ 4 lgat eces
RV \D..",,’I N )é. A . v’/ - IQAN
PC1 (66.19%) PC1 (60.95%) PC1 (70.27%) PCA (55.87%) PC1 (44.26%)
C
2 IgA"ed
% jgant
2 lgAhi

M Naive T+ CD25 WT T
B Naive T + CD25" Beis/ PV 1

Figure 4. Specific igA Coating Contributes Maintenance of Microbiota

(A) Representative flow cytometric profiles of fecal bacteria stained as indicated from WT or Cd3e™ mice transferred with indicated CD4" T cell subsets. Sorting
gates for IgA™? (IgA-Igi"), IgA™ (lgA™Igk™), or IgA™ (igATigk™) are indicated.

(B) Communities clustered by principal coordinate analyses of weighted UniFrac distance of 16S rRNA sequences from total cecal and fecal bacteria, and the
IgA™S, IgA™, and IgA™ sorted bacterial fractions from WT or Cd3e™ mice transferred with indicated CD4* T cell subsets.

(C) Venn diagrams showing the frequencies of bacterial species (OTUs) from the IgA™9, IgA™, and IgA™ sorted bacterial fractions from WT or Cd3e™ mice
10-12 weeks after the transfer of the indicated CD4* T cell subsets. Data represent one of three to four experiments with consistent results. Numbers
represent percentages.

(D) The frequency of OTU overlap among IgA™®9, IgA™, and IgA™ sorted bacterial fractions from WT or Cd3e™~ mice 10-12 weeks after the transfer of the indicated
CD4* T cell subsets. Mean + SEM from three to four mice per group. Two-tailed unpaired Student’s t test was used to compare between WT and the indicated
mouse groups; *p < 0.05; N.S., no significant difference.

See also Figure 54,

/e

the nonselected IgAs from mice transferred with naive CD4*
T cells or CD25%Bcl6"™Y® T cells had higher coating capacity
than the IgAs from mice transferred with Foxp3* T cells. These
results suggest that the IgAs generated and selected in the pres-
ence of GC Foxp8* T cells coated moderately and rather specif-
ically a large diversity of bacterial species. This coating might
contribute to maintenance rather than elimination of indigenous
bacteria to keep the diversity.

158 Immunity 47, 152-165, July 17, 2014 ©2014 Elsevier Inc.

Regulation of Immune System by Microbiota

We hypothesized that the presence of very diverse bacterial spe-
cies would facilitate the perpetual induction of GCs and IgA and
the maintenance of Foxp3* T cell pool in the gut. To test this
hypothesis, we performed Mb transplantation experiments.
Thus, germ-free (GF) mice were gavaged with Mb harvested
from feces of Cd3e™~ mice transferred with Foxp3* T cells (here-
after Foxp3Mb) or naive CD4* T cells (hereafter Naive4Mb). Mb
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harvested from nontransferred Cd3e™~ mice (CD3Mb) served as
control. The mice were analyzed 2 weeks later. In the PPs, colo-
nization with Foxp3Mb resulted in increase of B cells and T cells,
and their activation and differentiation into GC B cells and Tth
cells, respectively (Figures 5A, 5C, S5A, and S5B). Interestingly,
the Foxp3Mb induced preferential switching of GC B cells from
IgM to IgA, the characteristic gut GC signature. In contrast,
Naive4Mb or CD3Mb induced fewer GCs and Tfh cells, with
the Naive4Mb supporting B cell class switching to IgG1 rather
‘than to IgA, because of increased IL-4 production by CD4*
T cells located in the PPs of these mice (Figures 5A and 5C). In
the SILP, Foxp3Mb generated many more IgA-producing cells
and Foxp3* T cells compared with CD3Mb or Naive4Mb (the
latter inducing not Foxp3 but rather T cells secreting IL-4, IL-
17, or TNF-o) (Figures 5B, 5D, and S5C). Importantly, the
induction of these two characteristic gut homeostatic responses
(IgA and Foxp3) by Foxp3Mb associated with a considerably
higher diversity of bacterial species compared with mice trans-
planted with NaiveMb or CD3Mb (Figures 5E and 5F). Because
most species correlating with the induction of IgA and Foxp3™*
T cells were Firmicutes (Figure S5D) and this phylum contains
many spore-forming bacteria, we next performed gavage exper-
iments with the spore fraction from Foxp3Mb (SporeFoxP3Mb).
Colonization of GF mice with Spore™*P*M® induced GC B cells
and Tfh cells that facilitated preferential switching to IgA in the
PPs (Figures 5A, 5C, and S5B) and increased the IgA plasma
cells compartment and favored the generation or expansion of
Foxp3* T cells in the LP (Figures 5B, 5D, and S5C).

To further evaluate the link between Mb and gut Foxp3*
T cells, we changed the experimental strategy slightly. We first
inoculated GF Cd3e™ mice with Foxp3Mb or Naive4Mb and
1 week later transferred Foxp3* T cells into these mice (Fig-
ure 6A). The T cell expansion and B cell responses were as-
sessed 2 weeks after the cell transfer. As shown in Figures
S6A and S6B, Foxp3Mb helped the expansion of Foxp3*
T cells in MLN and LP of the Sl and LI more vigorously than
NaivedMb. In the PPs, Foxp3Mb but not Naive4Mb facilitated
the activation and differentiation of Foxp3* T cells into Tth cells
with GC and IgA-inducing properties (Figures 6A and 6B; Tsuji
et al., 2009). Thus, Foxp3Mb promoted maturation of the gut
immune system and exhibited robust Foxp3 and IgA-supportive
properties in gut.

Dominant Immune-Regulatory Role of Foxp3iib
To further evaluate the features of Foxp3Mb in more competitive
settings, we performed experiments with specific-pathogen-free
(SPF) young mice. Thus, 3-week-old WT mice were colonized by
fur painting with Foxp3Mb. Adult WTMb, CD3Mb, or Naive4Mb
mice were used for comparison. Strikingly, even in competitive
situations, the Foxp3Mb (or a similarly complex and balanced
adult WTMb) had IgA-inducing properties (Figure 7A). Indeed,
compared with noninfected mice, the Foxp3Mb induced a sub-
stantial increase in frequencies and numbers of GCs and IgAs
in PPs (Figures 7A and 7B). Naive4Mb or CD3Mb induced activa-
tion and IgA differentiation in PPs, but to a much more limited
" degree than Foxp3Mb or WTMb. Yet, the IgA production was
increased when Naive4Mb was mixed with Foxp3Mb (Figures
7A and 7B). The results clearly demonstrated the prevalent
IgA-inducing properties of Foxp3Mb. They also confirmed the

potential of Mb selected and maintained by the immunocompe-
tant host to dominantly regulate postnatal maturation of the
immune system.

DISCUSSION

In this manuscript we have revealed that (1) differentiation of
Foxp3* T cells into Tir cells is required for the IgA’s selection in
GCs; (2) the amount and quality of IgAs directly influence the
diversity and phylogenetic structure of bacterial communities;
(8) rich and balanced Mb induce maturation of the gut immune
system by promoting Foxp3* T cells and IgAs; and (4) in turn,
the Foxp3* T cells and IgAs, through controlled diversification
of stimulatory bacterial species, establish a self-regulatory loop
mediating host-bacterial mutualism. Thus, it appears that the
adaptive immune system contributes to the maintenance, rather
than elimination, of complex microbial communities that prob-
ably enrich the genomic and metabolic capacity of the host,
which is required for gut homeostasis and health.

Multiple studies revealed the importance of balanced Mb for
the maintenance of gut barrier and immune homeostasis. Biased
expansion of certain bacterial species impairs epithelial barrier
and induces excessive activation of the immune system and
generation of T cell subsets with inflammatory properties (Fagar-
asan et al., 2010; Kamada et al., 2013; Kawamoto et al., 2012;
Littman and Pamer, 2011). Furthermore, reduced microbiome
richness when accompanied by inflammatory phenotypes also
associates with obesity, insulin resistance, and dyslipidemia
(Karlsson et al., 2013; Le Chatelier et al., 2013; Qin et al.,
2012). We demonstrated that the acquired arm of the immune
system impacts considerably the diversity and phylogenetic
structure of microbial communities in the gut.

We showed that Foxp3* T cell migration and differentiation
into Tfr cells in the GCs is critical for IgA selection. The lack of
Tir cells associates with increased number of Tth cells that
license not only the mutated, presumably high-affinity, but also
the germline and less mutated (and presumably poly- and/or
self-reactive) B cells to emerge from the GCs, as previously re-
ported (Baumjohann et al., 2013; Good-Jacobson et al., 2010;
Kawamoto et al., 2012; Linterman et al., 2011; Vinuesa et al.,
2013). In the absence of Tfr cell regulation, Tth cells had skewed
helper properties (e.g., due to production of different cytokines).
The Tfh cell phenotype in GCs lacking Tir cells may reflect
not only the lack of direct suppressive effects of Tfr cells on
Tth cells, but also the downstream events resulting from dereg-
ulation of GCs.

Thus, it is highly likely that defective selection of IgAs leading
to microbial changes would affect the generation of bacterial
metabolic products that are required for induction of gut effector
T cell subsets, like Foxp3*, RORyt*, or Foxp3*RORyt* T cells
(Atarashi et al., 2011, 2013; Ivanov et al., 2009; Lochner et al.,
2008; Zhou et al., 2008). For example, short-chain fatty acids
(SCFAs), especially butyric acid, derived from fermentation of di-
etary fibers by certain bacterial species (e.g., Clostridia), appear
to facilitate the induction and expansion of Foxp3* T cells in gut
through epigenetic changes (Arpaia et al., 2013; Furusawa et al.,
2013; Smith et al., 2013). We also observed that a reduced bac-
terial diversity in Cd3e™ mice coincided with lower intestinal
amounts of SCFAs (including acetate, propionate, or butyrate)
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Figure 5. Foxp3-Regulated Microbiota Induces Maturation of Gut Immune System

(A-D) Flow cytometric profiles of (A) PP cells and (B) SILP stained as indicated and total numbers of indicated cell populations from (C) PPs and (D) SILP of GF
mice gavaged with fresh microbiota obtained from Cd3e™" mice transferred with naive CD4* T cells (Naive4Mb) or Foxp3* T cells (Foxp3Mb), or nontransferred
Cd3e™" mice (CD3Mb) as control. Gavage with spore fraction obtained from Foxp3Mb is also shown. Feces were obtained 10-12 weeks after T cell transfer. Mice
were analyzed 2 weeks after bacterial transplantation. Data represent one of the three experiments with consistent results. At least four mice per group were
analyzed.

(legend continued on next page)
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Figure 6. Foxp3-Regulated Microbiota Has
Foxp3-Supportive Properties

(A) Scheme of the transfer experiment with GF
Cd3e™ mice and flow cytometric profiles of cells
isolated from PPs of GF Cd3e™ mice gavaged
with fresh microbiota obtained from transferred
mice and injected with Foxp3* T cells as indicated
in scheme and stained for the indicated markers.

Numbers indicate the frequency of cells in the
gate. Data represent one of the two experiments
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with consistent results. At least four mice per
group were analyzed.

(B) Total numbers of CD4* T, Foxp3* T, Tth, GC B,
and IgA* B cells in PP obtained from the indicated
mice. Mean + SEM in bar graphs for four mice per

group. Two-tailed unpaired Student’s t test
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and that these levels recovered upon reconstitution of mice with
Foxp3* T cells and normalization of Mb (data not shown). Addi-
tional microbial-derived metabolites are probably modulating
other subsets of T cells, which upon activation and interaction
with B cells could convert into GC Tth cells with distinct helper
characteristics (Hirota et al., 2013; Takahashi et al., 2012; Tsuji
et al., 2009).

The Foxp3-IgA module probably involves complex feedback
and feed-forward loops between Mb and immune cells that
extend well beyond mucosal immune system (Fagarasan et al.,
2002; Suzuki et al., 2004; Wei et al., 2011). For example, when
Foxp3 control of GCs was missing (i.e., Cd3e™" mice cotrans-
ferred with naive and CD25*Bcl6¥™¥® T cells), we observed a
higher ratio of Firmicutes to Bacteroidetes even in the absence
of overt inflammation. This shift associates with a considerable
increased body weight, suggesting alterations in energy harvest
and metabolism (Turnbaugh et al., 2008). In contrast, in the
complete absence of Foxp3™* T cells, there was a pronounced
reduction of Firmicutes, which together with expansion of Pro-
teobacteria could account for the decreased weight observed
in such mice with overt inflammation (Elson and Cong, 2012).

We revealed that reduced diversification and affinity matura-
tion of IgAs in the GCs associated with abundant coating of

GF Cdze™ + Foxp3™ T gavaged with:

was used to compare between these groups;
*p<0.01; *p < 0.05; N.S., no significant difference.
See also Figure S6.

bacteria with largely nonspecific IgAs
and reduced diversity and skewed gut
Mb. Conversely, diversified and well-
selected IgA repertoires in GCs associ-
ated not only with specific bacteria
coating but also with rich and balanced
bacterial communities. These obser-
vations suggest that bacteria coating
by highly diversified and selected IgAs
contributes to maintenance rather than
elimination of indigenous bacteria, thus increasing the diversity
and stability of Mb. It is accepted that IgA can control infection
by coating pathogenic bacteria and preventing their contact to
the gut epithelium, a process called immune exclusion (Strug-
nell and Wijburg, 2010). However, IgA coating of commensal
bacteria might promote changes in the bacteria itself, such as
modification in the bacterial gene expression (Peterson et al.,
2007), influencing their metabolic processes as well as their
biogeography, proliferation, and survival within the gut. There
might be multiple mechanisms (which may work differently de-
pending on the bacteria type, its growth stage and location,
and available dietary components) by which IgA binding con-
trols the Mb, but these remain to be elucidated in future
studies.

Our study raises the question as to whether different types
of Mb are “seen” differently by the immune system and, if
so, whether they trigger distinct type of immune responses.
We found that a complex and balanced Mb promptly elicits
immune responses with typical mucosal characteristics,
namely induction of GCs with IgA-supporting properties, and
induction or expansion of CD4* T cells, especially of Foxp3™
T cells. In contrast, a poor and skewed Mb provokes responses
with mixed mucosal and systemic characteristics (i.e., GC

O FoxpaMmb
Naive4Mb

(E and F) Diversity of bacterial species (>97% identity) (E) and numbers of OTUs/3,000 sequences (F) in cecal contents from GF mice gavaged with the indicated
microbiota; mean + SEM from four to six mice per group. Two-tailed unpaired Student’s t test was used to compare between the GF mice gavaged with Foxp3Mb
and the indicated mouse groups; **p < 0.001; *p < 0.05; N.S., no significant difference.

See also Figure S5.
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