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Abstract

Regulatory T lymphocytes are essential to maintain homeostasis of the
immune system, limiting the magnitude of effector responses and al-
lowing the establishment of immunological tolerance. Two main types
of regulatory T cells have been identified—natural and induced (or
adaptive)—and both play significant roles in tuning down effector im-
mune responses. Adaptive CD4"Foxp3* regulatory T (iTreg) cells de-
velop outside the thymus under a variety of conditions. These include
not only antigen presentation under subimmunogenic or noninflam-
matory conditions, but also chronic inflammation and infections. We
speculate that the different origin of iTreg cells (noninflammatory ver-
sus inflammatory) results in distinct properties, including their stability.
iTreg cells are also generated during homeostasis of the gut and in can-
cer, although some cancers also favor expansion of natural regulatory T
(nTreg) cells. Here we review how i Treg cells develop and how they par-
ticipate in immunological tolerance, contrasting, when possible, iTreg
cells with nTreg cells.
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INTRODUCTION

Foxp3* regulatory T cells are essential com-
ponents of the homeostasis of the immune sys-
tem (1-3). Foxp3 is a forkhead box transcription
factor whose expression is restricted to regula-
tory T (Treg) cells, although under some cir-
cumstances conventional T (Tconv) cells can
transiently express Foxp3 (4). Null mutations
in the X-linked Foxp3 gene cause devastat-
ing autoimmune diseases in humans and mice,
showing that the suppressive function of Foxp3-
expressing cells is largely nonredundant (5-7).

This review focuses on extrathymically
derived adaptive (or induced) CD4*Foxp3*
regulatory T (iTreg) cells. We discuss their
generation, how they can be phenotypically
and functionally distinguished from thymus-
derived natural Foxp3™ regulatory T (nTreg)
cells, and their contribution to immune
tolerance. We also discuss the potential of
using iTreg cells as a therapeutic approach.
Other populations of adaptive regulatory T
lymphocytes such as Trl and Th3 cells are
not discussed in this review, even though these
Foxp3~ Treg cells were the “original” iTreg
cells. Although we use the abbreviation iTreg
throughout this article, the word “induced”
is misleading, as thymic Foxp3t Treg cells
are also induced. The word “adaptive” better
describes the induction by antigen at peripheral
sites, but the abbreviation iTreg has become
routinely used by most authors and we see no
benefitin creating a nomenclature controversy.

DIFFERENT SUBSETS OF TREG
CELLS: THYMUS-DERIVED
nTREG CELLS AND
PERIPHERY-DERIVED

iTREG CELLS

It was previously thought that Foxp3* Treg
cells could only arise from the thymus through
high-avidity interactions between MHC class I1
molecules and the T cell receptor (TCR). How-
ever, it is now widely appreciated that Foxp3*
Treg cells can also develop in the periphery
from mature conventional CD4" T cells under
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a variety of conditions (8-14). Thus, the Treg
cell populations can be divided into two major
groups: the thymus-derived Treg cells, known
as nTreg cells, and those that are extrathymi-
cally derived, known as iTreg cells. Develop-
ment of extrathymic Treg cells is favored in two
broad categories. The better understood one
is defined by T cell activation in the absence
of inflammation (sometimes mentioned in this
category as a subimmunogenic situation) (15).
Examples of this category are () the use of non-
depleting anti-CD4 antibodies, which weaken
coreceptor engagement (10); (5) “clean” antigen
deliveries by osmotic pumps (8) or intravenous
injections; () antigen presentation by antigen-
presenting cells (APCs) in the absence of matu-
ration signals (12); and () antigen presentation
in tolerogenic microenvironments such as the
mucosa of the small intestine (11). One experi-
ment that typifies this category was carried out
with chicken ovalbumin (OVA) administration
to OVA-specific TCR-transgenic mice crossed
with recombination activating gene (RAG)-
deficient and Foxp3-deficient mice. In these
mice, oral administration of antigen does not
induce Foxp3* iTreg cells because the mice are
Foxp3 deficient. However, T cells in these mice
did not become effector T cells, even though
they upregulated CD69, indicating antigen ex-
posure (14). Thus, under these noninflamma-
tory conditions, T cell stimulation can generate
iTreg cells but not effector T (Teff) cells. In
the second category of iTreg cells, inflamma-
tory conditions allow the quasi-simultaneous
development of both iTreg cells and Teff
cells in inflammatory sites, and, in fact, iTreg
cells are generated ata lower rate than Teff cells
(15) (Table 1). It looks increasingly apparent
that iTreg cells generated under noninflamma-
tory or inflammatory conditions have distinc-
tive properties.

Transcriptional Signatures of nTreg
and iTreg Cells

The different origins of n'Treg and iTreg cells,
in particular the TCR requirements in the thy-
mus, highlight potential differences between
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Table 1 Comparison between natural and induced regulatory T cells

Characteristic Natural Treg cell Induced Treg cell

Site of induction Thymus Secondary lymphoid organs/inflamed
tissues

Costimulation requirement CD28 CTLA-4

Cytokine requirement 1L-2, TGF-B3? TGF-B, IL-2, RA (potentiation)

Specificity Self-antigens

Self- and foreign antigens

Common markers

Foxp3, CD25, GITR, CTLA-4

Specific markers

Helios, Nrp1, PD-1, Swap70

Dapll, Igfbp4

Mechanism of suppression

Cell contact-dependent

Cytokine-dependent?

iTreg and nTreg cells that may be relevant to
their functions. In this section, we review recent
insights into the developmental and functional
differences between nTreg and iTreg cells.
Several groups have used microarray analy-
ses to unveil the developmental and functional
differences between nTreg and iTreg cells.
Haribhai and coworkers (16) compared the
gene expression of in vitro—generated iTreg
cells by a well-established method of TCR
stimulation in the presence of TGF-f and
IL-2 (17-19) with total Treg cells extracted
from healthy Foxp3-GFP reporter mice, a
population composed mostly of nTreg cells.
To exclude biased analysis from in vitro
activation, nTreg and Tconv cells were also
activated. iTreg and n'Treg cells were shown to
be genetically distinct even though a significant
number of genes were expressed by both
Treg subsets (16). Among the genes differ-
entially expressed, Ikzf2 (Helios) and Nrpl
(Neuropilin-1) expression were upregulated
by nTreg cells when compared with iTreg
cells. Both genes belong to the Treg genetic
signature described previously (20, 21).
Comparison of Treg cells from a number
of locations and origins showed that each Treg
type displayed singularities (22). Among the
different Treg cells, the comparison groups
included iTreg cells induced by low-dose anti-
gen delivery via DEC-205 antibody targeting
(12) and by homeostatic proliferation of Tconv
cells after transfer into lymphopenic hosts
(9). Interestingly, the profile of iTreg cells
sorted from the transferred lymphopenic hosts

resembled that of total Treg cells extracted
from healthy mice, suggesting that they were
exposed to similar environmental pressures.
Even though the profiles of total Treg cells
and in vivo—generated iTreg cells were quite
similar, some differences were noted. Among
these are Ctla4 (upregulated in DEC-205
iTreg cells) and Ebi3, a component of IL-35,
and Klrgl (upregulated in iTreg cells induced
by homeostatic proliferation) (22). The impor-
tance of these differentially expressed genes on
the function of the different Treg cell subsets
requires further evaluation.

More recently, the gene expression profile
of in vivo—generated i Treg cells was compared
with nTreg cells in a model of autoimmune
lymphoproliferative disease (23). Neonatal
Foxp3-deficient mice transferred with a com-
bination of nTreg and Tconv cells do not
develop lethal lymphoproliferative disease. In
these mice, a fraction of transferred T'conv cells
become Foxp3* iTreg cells. The advantage
of this experimental system is that both iTreg
and nTreg cells were extracted from the same
mice and, therefore, exposed to the same
environment. The gene expression profiles of
in vivo—generated iTreg and nTreg cells were
very similar, with shared expression of genes
belonging to the Treg cell signature established
by previous studies (20, 21). However, some
genes were differentially expressed; among
them, I/10 (interleukin-10) was upregulated in
iTreg cells and Gzmb (granzyme B) in nTreg
cells. It is tempting to speculate that these
differences are related to distinct suppression
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mechanisms. In contrast, the gene expression
profile of in vitro—generated iTreg cells was
very different from in vivo—generated iTreg
cells (23). In vitro, developing i Treg cells faced
a limited set of cues (T'CR signaling, TGF-f3,
and I1L-2), whereas in vivo scenarios were more
complex, especially the ones with ongoing
inflammatory responses. Paradoxically, despite
the gene expression differences, in vitro—and in
vivo—generated iTreg cells were interchange-
able regarding their suppressive effect.

Division of Labor Between nTreg
and iTreg Cells

The relative contributions of nTreg and i Treg
cells in establishing and maintaining immune
tolerance were comprehensively addressed re-
cently. It was important to determine whether
nTreg and iTreg cells had overlapping or sep-
arate roles, or if they could even act in con-
cert to achieve immune regulation. In the colitis
model developed by Powrie and colleagues (24),
transfer of naive CD4*CD45RB"&" T cells into
immunodeficient mice causes colitis, which is
cured by the transfer of total CD4*CD25*
Treg cells. Using this colitis model, Haribhai
et al. (16) showed that if the naive T cell pop-
ulation (which contains the precursors of the
disease-causing cells) had been obtained from
mice that could generate in vivo Foxp3* iTreg
cells, transfer of nTreg cells could fully res-
cue mice from colitis because, in addition to
the transferred n'Treg cells, the naive cells gave
rise to some iTreg cells in vivo. If, however,
the naive T cells had been derived from Foxp3-
deficient mice (thus unable to convert in vivo
into Foxp3™ iTreg cells), full protection could
only be achieved when the nTreg cells were co-
transferred with in vitro—generated i Treg cells.
Thus, in this colitis model, both nTreg and
iTreg cells were required for protection from
disease, supporting a division of labor between
nTreg and iTreg cells.

Subsequently, similar conclusions were
reached using a lymphoproliferative disease
model (23). The results from this study pro-
vided significant insights into the roles of i Treg
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and nTreg cells (25). First, rescue from lym-
phoproliferative disease caused by Foxp3 de-
ficiency (therefore a deficiency in both nTreg
and iTreg cells) was unequivocally dependent
onbothnTreg and i Treg cells because selective
depletion of iTreg cells, leaving the nTreg cell
compartment intact, led to incomplete rescue.
Second, differences in TCR repertoires (i.e.,
specificities) of nTreg and iTreg cells, but not
in their gene expression profile, were possibly
related to the functional complementarity (23).

The protective capacity of in vitro—
generated iTreg cells had also been noted in
some previous studies (18, 26, 27), although
others found it to be lacking (21). A recent re-
port sheds light on the issue of the suppres-
sive properties of in vitro—generated i Treg cells.
iTreg cells induced in vitro from nonobese di-
abetic (NOD) mice Tconv cells were deficient
in suppressive properties, but the same induc-
tion procedure in other mouse strains yielded
functional Treg cells (28). At the genetic level,
the NOD deficiency correlated with a cluster
of genes that included Lrrc32 (GARP), Ctla4,
and Cd73, which were underexpressed in NOD.
Interestingly, a reduction of GARP expression
was found in Treg cells from pancreas-draining
lymph nodes but not from the spleen (28). One
can speculate thatalocalized deficiencyiniTreg
cell function could contribute to disease de-
velopment in NOD mice, which, incidentally,
could explain why global Treg cell studies in
NOD mice do not show overwhelming defects.

Can We Distinguish nTreg
from iTreg Cells?

Ikzf2 (Helios), a transcription factor of the
Ikaros family, is one of the genes belonging
to the Treg cell signature (20, 21). Recently,
Helios was found to be expressed by the major-
ity of CD4"Foxp3* T cells in human periph-
eral blood mononuclear cells (PBMCs) and by
thymic and splenic Treg cells extracted from
healthy mice, but not by iTreg cells (29). Con-
trary to Foxp3, which is indispensable for Treg
cell function, Helios does notaffect the suppres-
sive ability of nTreg cells, as Helios-deficient
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Treg cells could still suppress proliferation of
Teff cells in vitro. In contrast, a brief study con-
cluded that the method of activating T cells was
a decisive factor in Helios expression on iTreg
cells, rather than in n'Treg or iTreg cell origin
(30). In this case, the authors used T cells from
TCR-transgenic RAG-deficient mice (which
lack nTreg cells) and differentiated them to
iTreg cells in vitro using TGF-f and IL-2 and
two different activation stimuli, APCs plus cog-
nate antigen or plate-bound anti-CD3 and anti-
CD28. They observed that 50-60% of iTreg
cells differentiated in the presence of APCs plus
antigen expressed Helios, whereas few or no
iTreg cells expressed Helios when generated by
anti-CD3 and anti-CD28 stimulation. A sub-
sequent study also supports the view that He-
lios expression cannot be used to distinguish
nTreg from iTreg cells, as Helios expression
could be transiently induced during T cell acti-
vation and proliferation, regardless of the T cell
population that was analyzed (31). These results
suggest that under certain circumstances i Treg
cells can express Helios. It is likely that an even
more complex situation can be found in vivo
regarding the different environments in which
iTreg cells may be generated. In any case, it ap-
pears that in unimmunized animals nTreg, but
notiTreg, cells express Helios. One problem of
using Helios as a marker is its intracellular lo-
calization, which makes it impossible to exam-
ine the fate of Helios-expressing cells without
destroying the Treg cells or creating nonphysi-
ological viral-driven expression systems. Thus,
the generation of a reporter mouse for He-
lios will facilitate the clarification of the origin
and role of Helios-positive and Helios-negative
Treg cells.

Taking advantage of pure iTreg cells gen-
erated in vivo by oral tolerance induction at
mucosal sites (11, 14), our group compared the
gene expression profiles of Foxp3* iTreg cells
generated under noninflammatory conditions
in vivo with that of total Foxp3™ Treg cells ex-
tracted from wild-type mice, which are mostly
composed of nTreg cells. In vivo-generated
iTreg cells of mucosal origin expressed lower

levels of Nrp1, Plagll, Swap70, and Tkzf2 mRNA

as well as high levels of Igftp4 and Dapll.
Among these, Nrpl encodes a surface protein
with proposed implications for Treg function
(32).

Previous analysis of gene expression pro-
files of total Treg cells compared with Tconv
cells has revealed Nrpl as a surface molecule
preferentially expressed by Treg cells (21, 33).
Moreover, retroviral transduction to induce ec-
topic expression of Foxp3 on Tconv cells led
to expression of Nrpl (21, 32, 33), suggesting
that Foxp3 controls Nrp1 expression. Nrpl was
originally described as a receptor for class IIT
semaphorins and for the heparin-binding forms
of vascular endothelial growth factor expressed
by subpopulations of neuronal and endothelial
cells known to be involved in axon guidance and
angiogenesis, respectively (34). Recently, it has
been proposed that Nrpl is highly expressed by
some cancer cells and can also act as a corecep-
tor for TGF-B, promoting the activation of its
latent form (35).

The comparison between oral antigen-
generated i'Treg cells and total Treg cells places
Nrpl as the first surface marker that distin-
guishes nTreg from i Treg cells of mucosal ori-
gin in healthy mice. The great majority of iTreg
cells originating through oral antigen adminis-
tration or other subimmunogenic procedures
do not express Nrpl, whereas thymic Foxp3+
Treg cells do (J. Weiss, M. Gobert, A.M.
Bilate, M. Curroto de Lafaille, J.J. Lafaille,
et al., unpublished observations).

Regardless of its usefulness as a marker,
Nrpl’s role, if any, in the suppressive func-
tion of Treg cells remains unclear. Conditional
knockout of Nrpl on all T cells resulted in
no defect in Treg cell generation and no overt
spontaneous inflammatory disease (36). In con-
trast, another report indicates that mice defi-
cient in Nrpl exclusively on CD4" T cells de-
veloped more severe experimental autoimmune
encephalomyelitis (EAE), and Nrpl-deficient
Treg cells could not rescue the mice from dis-
ease (37). Further studies are now required to
determine precisely the functional role of Nrp1
onnTreg cells. Italso remains to be investigated
whether Nrpl* and Nrpl~ Treg cells operate
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through different or similar mechanisms of
suppression.

Taken together, all the gene expression
studies lead to the conclusion that iTreg cells
retain the expression of some genes that are
more typical of T'conv than nTreg cells. In fact,
no gene was found to be exclusively expressed
by iTreg cells.

The use of high-throughput techniques
such as genome-wide analysis will further con-
tribute to the integration of signaling pathways
and networks with i Treg cell differentiation and
function. It will be interesting to determine
which genes are related to a possible differential
function between iTreg and nTreg cells or to
differentiation of iTreg versus Teff cells.

nTreg and iTreg Cells in Cancer

It has long been noted in animal and human
cancer that many tumors contain high propor-
tions of Foxp3™ Treg cells (38—41). In most
cases, Treg cells contribute to the establishment
of tumors by impairing the antitumor immune
response, as anti-CD25-mediated blockade of
Treg cell function improved survival and re-
duced metastases (42, 43), whereas addition of
CD4"CD25" Treg cells suppressed concomi-
tant antitumor immunity (44). However, in hu-
man colorectal cancer, a high Treg cell count
is associated with a favorable prognosis (45).
This special situation can perhaps be corre-
lated with the large concentration of bacteria in
the lower gut and the strong proinflammatory
environment it creates in the absence of Treg
cells.

The iTreg or nTreg cell origin of tumor-
infiltrating lymphocytes is controversial. Some
lines of experimentation support the in situ gen-
eration of iTreg cells (46, 47), whereas others
favor a differential migration and/or expansion
of nTreg cells (48, 49). In fact, all possibili-
ties (iTreg cell generation and enhanced nTreg
cell recruitment and proliferation) can occur
simultaneously (50).

An early experiment using transplanted tu-
mors showed extensive proliferation of Treg
cells in the tumor bed and draining lymph
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nodes, but not in the spleen. This proliferation
was dependent on T'GF-f signaling by T cells
(51). However, in these experiments it was dif-
ficult to distinguish between the proliferation
of existing nTreg cells and the tumor-induced
conversion of Tconv to iTreg cells, which can
be accompanied by proliferation (9).

Another study postulates that preexisting
human Treg cells (likely nTreg cells) migrated
into the tumors due to attraction by CCL22
presentin the tumors (48). As these were human
Treg cells, the chemokine experiments were
carried out in transwell plates and were con-
firmed by injection of human tumor cells and
human T cells into NOD-SCID mice. Anti-
CCL22 antibody treatment of the mice reduced
the recovery of human Treg cells in the tumors.
These are difficult experiments to interpret, as
many human-mouse ligand-receptor pairs are
required to be engaged for the extravasation
and migration of leukocytes. Recently, CCL22
has been shown to attract mouse Treg cells to
the pancreaticislets, thus protecting the animals
from type 1 diabetes (52). In any case, the data
of Zou’s laboratory (48) provide another po-
tential explanation for the enrichment in Treg
cells in tumors: The tumor may provide an en-
vironment in which iTreg cells are generated,
in which nTreg cells proliferate, or into which
nTreg cells are attracted.

The idea that tumor Treg cells are expanded
nTreg cells was also proposed upon analysis of
T cell repertoires. In this study, TCR reper-
toires of Treg and Tconv cells within tumors
were largely distinct (49); the authors speculate
that, had the Treg cell population in the tumor
derived from Tconv cells (which is the defini-
tion of iTreg cells), then the TCR repertoire
overlap would have been higher. However,
some TCR repertoire studies, including this
one, lack sufficient TCR representation. In
fact, the major caveat of the study is the low
number of TCR sequences analyzed. A few
hundred sequences in a given location (e.g.,
tumor Treg cells versus tumor Tconv cells)
give too narrow a representation of the TCR
repertoire, even in a restricted environment
such as a tumor. Despite the limited value of
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the aforementioned experiments to distinguish
nTreg and iTreg cells in the tumors, this work
does reaffirm that Treg cell expansion and/or
conversion in tumors is not oligoclonal. Thus,
although TCR repertoire analysis could be
used to make inferences regarding the origin
of different cell types, the number of sequences
must be very large, and the o and (3 chain
pairing issues must be considered as well.

Another approach to distinguish nTreg
from iTreg cells in the tumors made use of
the Ikaros family member Helios, which, as
discussed in the above section, is expressed by
nTreg cells (29). Due to the fact that Treg cells
from peripheral blood of patients with human
renal cell carcinoma (RCC) expressed Helios, it
was concluded that these Treg cells, which are
expanded in RCC patients, were more likely
to be nTreg cells (53). However, as discussed
above, the use of Helios expression alone to es-
tablish the origin of Treg cells does not appear
to be a sufficiently stringent criterion.

Other groups concluded that tumor Treg
cellswere iTreg cells. In one key study, thymec-
tomized and anti-CD25-treated tumor-bearing
mice developed a population of T cells that
were phenotypically and functionally indistin-
guishable from Treg cells; because of the exper-
imental design, these Treg cells were consid-
ered iTreg cells (46). However, a problem with
the design is that several groups showed that
the anti-CD25 antibody PC61 does not com-
pletely deplete Treg cells (54, 55); it function-
ally inactivates them temporarily, buta substan-
tial percentage of Treg cells remain alive. The
experiment did not therefore rigorously exclude
the possibility that nTreg cells survived and
expanded.

Another study shows that
mouse prostate tumor cells (and conditioned

important

media) could induce Foxp3 expression in
CD4"CD25" cells in a TGF-B-dependent
manner (47). In vivo, neutralization of TGF-§3
reduced the number of CD4tCD25% cells in
the tumor and decreased the tumor burden.
Although this result was taken as an indication
that tumors induced iTreg cell differentiation,
TGF-p was shown not only to induce iTreg

cells (18, 19), but also to expand preexisting
Treg cells (nTreg cells) (56, 57).

An elegant series of experiments carried
out with tumors expressing influenza hemag-
glutinin (HA) and with HA-specific TCR-
transgenic T cells allelically marked allowed
the conclusion that nTreg and iTreg cells con-
tributed independently to the pool of Treg cells
that induced tolerance in tumor-bearing mice
(50). The presence of nTreg cells did not im-
pact the generation of iTreg cells in a major
way; iTreg cell generation was determined by
the tumor microenvironment.

In conclusion, the controversy regarding the
relative roles of n'Treg and i Treg cells in tumor
immunity and tolerance persists, although sig-
nificant insight has been gained regarding dif-
ferences in Treg cell populations that can be
ascribed to the different tumor environments.
The controversy will only be solved when ade-
quate surface markers for n'Treg and i Treg cells
become available, as discussed elsewhere in this
review.

HOW ARE iTREG CELLS
INDUCED IN VIVO?

Although in vitro differentiation of T'conv cells
into Foxp3-expressing cells requires a simple
protocol (18), questions remain regarding how
iTreg cells are induced and maintained in the
periphery. This section reviews the in vivo sce-
narios in which iTreg cell generation has been
observed and the impact of iTreg cell genera-
tion on immune responses (Table 2).

Mucosal Tolerance and Generation

of iTreg Cells

More than 100 years ago, Besredka, and later
Wells and Osborne, observed that guinea pigs
fed dietary antigens could become tolerant
upon subsequent challenge with the given anti-
gen (58). These observations were extended by
Chase (59), who characterized the phenomenon
of oral tolerance to a fed antigen as a process
of immunological unresponsiveness upon chal-
lenge with that antigen (see sidebar entitled
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Table 2 In vivo scenarios in which iTreg cell generation has been observed

Scenario

Outcome

Suboptimal antigen stimulation (e.g., constant
ingestion of proteins)

Oral tolerance

Autoimmune disease (e.g., EAE), allergic disease
(e.g., asthma)

Downmodulates exacerbated effector responses,
enabling the establishment of a chronic stage;
prevents death by acute inflammation

Infection by parasites (e.g., Leishmania)

Decreases clearance of pathogen; leads to chronic

infection

Cancer Impairs tumor immunity and prevents tumor
rejection

Allotransplant Prevents allograft rejection

Oral Tolerance). A key experiment carried out
in the 1970s revealed that mice that received T
cell-enriched, but not T cell-depleted, spleno-
cytes from OVA-fed mice were rendered tol-
erant to OVA but not to an unrelated antigen
(58). The importance of the mucosal route to
generate tolerance was emphasized when anti-
gen administration by intravenous or intraperi-
toneal route was not as effective as the oral route
(60, 61).
Since then, much attention has been placed
DO11.10: on the mechanisms underlying oral tolerance
OVA-specific TCR induction. Among these are deletion and/or
BCR: Bcell receptor  anergy of antigen-specific T cells (62-64),
immune deviation (65, 66), and suppression
by Treg cells (67, 68). Feeding OVA to
OVA-specific TCR (DO11.10)-transgenic
mice led to expansion of CD4*CD25* T cells.
These expanded Treg cells, when transferred
to wild-type recipients, were able to suppress
immune response in vivo (67). Oral tolerance
experiments were also carried out after transfer
of DO011.10-transgenic T cells into wild-type
mice (69). Thus, oral tolerance leads to expan-

ORAL TOLERANCE

Oral tolerance was described in the beginning of the twentieth
century as a static process of immunological nonresponsiveness
to dietary antigens. It is now widely accepted as an active process
of regulation of immune responses to fed antigens upon challenge
with the same antigen by parenteral route.
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sion and/or generation of Treg cells. However,
questions remained as to whether Treg cells
were induced de novo from conventional
CD4"Foxp3~ T cells or expanded from the
existing pool of Foxp3™ nTreg cells, and also
whether iTreg cell induction was possible in the
absence of n'Treg cells. To address these issues,
itis necessary to have mice thatlack nTreg cells
while harboring Tconv cells. To obtain such
mice, our laboratory used the now customary
method of crossing T'CR-transgenic mice with
RAG-deficient mice (70). We could clearly
demonstrate that oral administration of OVA to
OVA-specific TCR-transgenic RAG-deficient
mice led to de novo induction of OVA-specific
Foxp3™ iTreg cells from CD4*Foxp3~ Tconv
cells. These iTreg cells could efficiently
suppress the main features of asthma (11).
Subsequently, we crossed the D011.10 RAG-
deficient mice [also carrying B cell receptor
(BCR) knockin heavy and light chains specific
for HA] with Foxp3-deficient scurfy mice, and
demonstrated that oral tolerance could not be
induced in the absence of iTreg cells (14).

In the experiments described above, one
could selectively preclude the development of
nTreg cells, allowing (or not) iTreg cell gen-
eration. Recently, Rudensky’s laboratory gen-
erated mice deficient for three conserved non-
coding DNA sequence (CNS) elements at the
Foxp3 locus (71). Although CNS3-deficient
mice had a drastic reduction in thymic nTreg
cells, the peripheral Treg cell compartment
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appeared to be intact. However, CNSI-
deficient mice had normal numbers of thymic
Treg cells but defective generation of iTreg
cells. Contrary to what was observed in CNS3
knockout mice, overt disseminated lymphopro-
liferative disease was not seen in CNS1 knock-
out mice (71), suggesting that iTreg cells are
not essential to maintain immune homeostasis.
However, one can anticipate that CNS1 knock-
out mice would display impaired regulation of
responses to foreign antigens, such as allergens
and infections.

Role of Intestinal Microbiota in
Tolerance Induction

The microbiota of the gut is very diverse,
containing, at a minimum, over 100 different
species of bacteria that make up to 10! to-
tal bacteria in the colon (72, 73). The gut-
associated lymphoid tissue (GALT) is the
largest immune organ present in the body; it
harbors many different subsets of lymphocytes,
including Treg cells (74). Therefore, different
bacteria species may differently stimulate the
numerous lymphocytes that reside within the
gut (75-77).

As mentioned above, antigen administration
by mucosal route is more efficient in inducing
tolerance than are systemic routes such as intra-
venous and intraperitoneal. The question that
follows is why the mucosae seem to be ideal
places for the establishment of immune toler-
ance. Several reports suggest that the commen-
sal gut microbiota plays an important role in
shaping the immune system (73), including the
generation of an appropriate environment for
the development of oral tolerance to food aller-
gens (78). Studies with mice devoid of the com-
mensal microbiota [e.g., germ-free (GF) mice]
have provided significant insight into the im-
portance of the intestinal microbiota. GF mice
were less susceptible to the development of oral
tolerance to OVA than were mice reared in
specific pathogen—free (SPF) facilities (79-82).
However, in another study, oral tolerance could
be induced in GF mice to the same extent as in
SPF mice (83). In vitro data suggest that Treg

cells from GF mice are less suppressive than
Treg cells from SPF mice (84), but this was not
confirmed in another study (85). The discrep-
ancies between the different reports could be
related to the “absolute” GF nature of animal
colonies believed to be GF and, for the SPF
mice used to compare with GF mice, the com-
position of the intestinal microbiota in different
SPF facilities (76). An additional consideration
of experiments carried out with GF mice is that
the mice may have altered immune responses
due to altered lymphoid structures and lympho-
cyte composition, such as a reduced number of
Peyer’s patches (86) and intraepithelial lympho-
cytes (87, 88) as well as decreased frequency of
Foxp3™* Treg cellsin the colon (89) and of Th17
cells in the small intestine (76).

One way to address the effect of the micro-
biota on Treg cell biology is to colonize GF
mice with a single species or specific groups of
commensal microorganisms. The first of such
studies has recently been reported. The bac-
teria Bacteroides fragilis may induce iTreg cell
generation in the intestines of otherwise GF
mice (90). B. fragilis-induced Treg cells pro-
duced IL-10 and were able to protect against
colitis. In a follow-up study, the same lab pro-
posed that polysaccharide A, present in the cell
wall of B. fragilis, directly triggers TLR2 signal-
ing on Treg cells, allowing efficient coloniza-
tion by this bacteria and suppression of Th17
cell responses in the gut (91). A caveat of the
aforementioned studies is that B. fragilis is not
part of the microbiota of SPF mice.

More recently, an elegant report showed
that the gut commensal bacteria Clostridium
specifically promote Treg cell accumulation
in the colon of mice in a TGF-p-dependent
fashion (89). These Treg cells stimulated by
Clostridium seemed to have arisen from Tconv
cells, given that a significant fraction of Treg
cells found in the colon of otherwise GF mice
colonized with Clostridium do not express the
transcription factor Helios, discussed above
in this review. Atarashi’s data (89) were fur-
ther corroborated by Lathrop’s recent report
(92) showing that at least some of the TCR
from colonic Treg cells are specific for colonic
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bacteria and also express low levels of He-
lios. Although these experiments strongly sug-
gested that bacterium-specific Treg cells were
iTreg cells, their thymic origin could not be
excluded. Forced expression of these colonic
bacterium-specific TCR in immature thymo-
cytes did not result in significant thymic nTreg
cell development, demonstrating that colonic
Treg cells arise in the periphery from Tconv
cells. It would be interesting to determine
whether Foxp3~ Tconv cells, when transferred
to GF RAG-deficient mice, could convert into
Foxp3* iTreg cells upon colonization with
Clostridium. The molecular basis of Clostridium-
iTreg cell induction is not known. Interest-
ingly, a deficiency in MyD88, Rip2, or Card9,
pathways known to be activated by bacterial
products, had no impact on Treg cell expansion
in the colon upon Clostridium colonization.

Colonization of mice with a specific, yet
complex, microbiota called altered Schaedler
flora (ASF) can induce de novo generation of
iTreg cells and promote expansion of nTreg
cells in the colon but not in peripheral lym-
phoid organs (93). ASF-induced Treg cells,
like most Treg cells found in the colon of
ASF-colonized mice, lacked Helios expression
(a proposed marker of nTreg cells, discussed
above). In addition, cell transfer experiments
showed thata proportion of CD4*Foxp3~ cells
became Foxp3™ Treg cells in the colon of
mice colonized with ASF (93). Treg cell induc-
tion/expansion in GF mice colonized with ASF
was partially dependent on TLR signaling as
MyD88/TICAM-1 (also known as Trif) doubly
deficient mice had decreased frequency of Treg
cells in the colon. However, some Treg cells
could still develop in the absence of these path-
ways, suggesting that TLR-independentsignal-
ing is also involved in colonic Treg cell gener-
ation and/or expansion.

iTreg Cells and Inflammation

The generation of iTreg cells has been ob-
served in a variety of inflammatory disease
models, such as asthma, arthritis, colitis, dia-
betes, and EAE, and also in allotransplantation.
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Inflammation induced by immunization with
antigen emulsified in adjuvants or by transfer
of pathogenic Teff cells may also promote, to
some extent, the conversion of naive T'conv into
iTreg cells. Infections by some pathogens can
also promote the generation of iTreg cells. This
section reviews the main inflammatory situa-
tions in which iTreg cell generation has been
observed (or not) and the consequences of de-
veloping such iTreg cells for disease outcome
(see Figure 1).

Our laboratory has developed two mouse
models of inflammation; in these models, dis-
ease occurs because of the absence of nTreg
cells, allowing us to study the impact of iTreg
cell generation on the course of spontaneous
EAE and chronic asthma. The basis of both ex-
perimental systems is a strict allelic exclusion of
TCR chains encoded by endogenous TCR loci
(through cross with RAG-deficient or TCRxf3-
deficient mice).

We immunized RAG-deficient OVA-
specific TCR-transgenic mice and HA-specific
BCR knockin mice with the cross-linked
cognate antigens adsorbed in Alum adjuvant.
A single immunization led to a hyper IgE
response (94). Subsequent challenges via nasal
route resulted in lung inflammation typical
of asthma, with the concomitant induction
of a significant number of iTreg cells (14).
These iTreg cells, generated in the activated
environment, were not present at an early
enough stage to prevent asthma, but they
had a beneficial role in the reduction of the
degree of chronic inflammation, the level of
IgE, and the appearance of tertiary lymphoid
structures in the lungs (14). Most likely,
inflammatory cytokines secreted by Teff cells
and activated APCs prevented full Treg cell
activity. For example, IL-6 prevents Treg
cell differentiation/expansion in inflammatory
settings (95), and blockade of IL-6 induces
Treg cell expansion in an asthma model (96).

iTreg cells are also generated during in-
flammation in the context of autoimmune dis-
eases. Spontaneous EAE occurs because mice
lack nTreg cells but harbor myelin basic pro-
tein (MBP)-specific Tconv cells. The disease
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iTreg cells generated during inflammation help limit disease progression. During the course of inflammation
caused by (#) allergic (e.g., asthma) or (b) autoimmune (e.g., EAE) disease, antigen-specific iTreg cells are
generated later on and help control damage caused by Thl, Th17, and Th2 cells.

displays three stages: subclinical, with a rapidly
developing inflammation in the central nervous
system but no neurologic signs; acute, with a
clinically progressing disease; and chronic, a
lengthy phase in which mice remain relatively
stable (97). Soon after disease onset, MBP-
specific Foxp3™ Treg cells can be readily found
in the central nervous system, at much higher
frequencies than in secondary lymphoid organs.
When the generation of iTreg cells was pre-
vented through the cross with Foxp3-deficient
mice, disease onset was not accelerated signifi-
cantly, but once mice displayed first signs of dis-
ease, they rapidly progressed to death, whereas
Foxp3-sufficient mice, though also sick, mostly
survived and established a chronic stage.

Similarly, using a RAG' TCR-transgenic
model for spontaneous arthritis (K/BxN)
crossed to Foxp3-deficient scurfy mice, a faster
onset of disease was observed, and disease
affected joints that were normally not af-
fected (98). Owing to the use of RAG™ TCR-
transgenic K/BxN mice, which have nTreg
cells, the observed effects of Foxp3* cells could
not be ascribed to either iTreg or nTreg cells.

Interestingly, a study using an EAE model
induced by myelin oligodendrocyte glyco-
protein (MOG) immunization with complete
Freund’s adjuvant (CFA) and pertussis toxin
(PT) failed to observe conversion of naive T
cells into iTreg cells (99). In this report, the
mice already had a normal complement of
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nTreg and iTreg cells prior to immunization.
Moreover, myelin antigens in the context of
CFA emulsions and PT generate Treg cells in
the thymus (100), a result likely to incite further
mechanistic studies. Unlike the CFA-created
environment, the inflamed central nervous sys-
tem milieu of spontaneous EAE favors the gen-
eration of iTreg cells, as it probably occurs in
other natural inflammatory conditions.

Generation of iTreg cells has also been ob-
served in other inflammatory contexts. In a
model of lymphoproliferative disease in mice
carrying a Foxp3 deficiency, the conversion rate
of naive T cells into Foxp3™ iTreg cells was
estimated to be 10-15% (23). In the colitis
model, some labs observed iTreg cell gener-
ation whereas others did not. In one report,
a significant fraction of naive T cells trans-
ferred to RAG-deficient mice converted into
Foxp3* iTreg cells [about 10% of total CD4*
cells recovered from mesenteric lymph nodes
(mLN)] (16). Similar to the asthma experiments
described above, even though these colitis-
induced iTreg cells were not sufficient to pre-
vent disease, the disease outcome was improved
compared with the situation in which colitis was
induced by naive T cells unable to convert into
iTreg cells. Once again, in this context, Foxp3™*
iTreg cells were generated concomitantly with
Teff cells and were probably outcompeted by
the latter. In contrast, an early report describes
lack of conversion of Foxp3* iTreg cells from
the naive T cell pool transferred into irradiated
RAG-deficient hosts (101). This is surprising
because homeostatic proliferation has now be-
come one of the established methods to gener-
ate Foxp3* iTreg cells in vivo. Differences in
the microbiota, the irradiation of the hosts, or
even the sensitivity of the Foxp3 reporter strains
could explain the discrepancies.

iTreg Cells and Infections

A variety of chronic infections by parasites, bac-
teria, and viruses have been associated with an
increased frequency of Treg cells at inflamma-
tory sites and/or at draining lymph nodes. The
generation of iTreg cells during infection may
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be facilitated by high amounts of TGF-f se-
creted by several cell types at the infected site
(102); some pathogens can also secrete a TGF-
3 homolog (103) that may directly contribute
to iTreg cell generation. Treg cells generated
during infections, similar to the autoimmune
and allergy contexts described above, may en-
able the establishment of a chronic phase, lim-
iting immune-mediated tissue damage but also
impairing complete clearance of the pathogen.
Mice infected with Leishmania major show
an increased accumulation of Treg cells in
the dermis. Cell transfer experiments using
CD4*CD25% or CD47CD25" cells firmly
established that although the CD25~ fraction
mediates sterile immunity to L. major, the
CD25™ fraction leads to a chronic infection, in
an IL-10-dependent manner (104). However,
sterile immunity is accompanied by impaired
immunity to reinfection, indicating that the
balance between Teff and Treg cells is tightly
regulated. The situation is similar in other
parasitic infections. For instance, mice infected
with the nematodes Heligmosomoides polygyrus
and Brugia malayi display increased numbers
of Foxp3™ Treg cells, possibly iTreg cells, that
can efficiently suppress proliferation of Teff
cells (13, 105-107). Both parasites are able to
establish long-lasting chronic infection in im-
munocompetent hosts. In bacterial infections,
iTreg cells may also play an important role.
Pathogen-specific Foxp3* Treg cells have been
identified in infections by Listeria monocytogenes
(108) and Helicobacter pylori (109). At least in the
case of H. pylori infection, the presence of Treg
cells correlated with a reduced response to
H. pylori antigens in vitro, a phenomenon that
could contribute to the lack H. pylori clearance
and establishment of chronic infections.
Infections by several viruses can also induce
Treg cell expansion and/or de novo generation
that could be detrimental or beneficial (102).
Mucosal infection by herpes simplex virus 2
(HSV-2) induces accumulation of Treg cells
in draining lymph nodes and genitalia. In this
model, in vivo ablation of Treg cells resulted in
accelerated disease and decreased virus clear-
ance (110). These outcomes were attributed
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to the impaired migration of plasmacytoid
dendritic cells (DCs), natural killer (NK) cells,
and Teff cells to the site of infection, suggesting
that, perhaps paradoxically, Treg cells con-
tribute to pathogen elimination by promoting
efficient recruitment of other immune cells.
Similarly, acute infection by respiratory syncy-
tial virus (RSV) induced accumulation of Treg
cells in the draining mediastinal lymph nodes
and lungs, and depletion of Treg cells before
infection resulted not only in exacerbated dis-
ease severity but also in delayed virus clearance
(111). Disease severity could be attributed to
an increased infiltration of virus-specific CD8"
Teft cells that produce high amounts of IFN-y
and TNF-«, whereas delayed virus clearance
could be the result of a slow migration of
Teff cells. The paradigm of HSV-2 and
RSV is less clear in hepatitis B (HBV) or C
(HCV) infections. Although increased Treg
cell numbers have been observed in human
carriers of HBV or HCV (112-114), their
role in immunopathology is less clear. Reports
suggest that Treg cells could either contribute
to liver damage or reduce it. There is, however,
agreement that during HBV or HCV infec-
tion, Treg cells inhibit Teff cell response, and
therefore impair virus clearance (115, 116).

In some infection models, iTreg cell gen-
eration has not been observed. Microenviron-
ments in some acute infections may not fa-
vor the conversion of iTreg cells. This could
be due to secretion of inflammatory media-
tors such as the cytokines IL-6 and IL-12,
which inhibit Treg cell conversion and expan-
sion (95, 100, 117). For instance, after acute
infection by OVA-expressing L. monocytogenes,
OVA-specific naive T cells expanded but did
not convert into iTreg cells (118). In the con-
text of L. major infection, CD4tCD25~ T cells
also did not convert into Foxp3* iTreg cells,
butinstead CD4"CD25* nTreg cells expanded
and accumulated in the draining lymph node
(119). Another study shows that wild-type mice
orally infected with a high inoculum of Toxo-
plasma gondii displayed a significant decrease
in Treg cells in peripheral lymphoid organs
and in the gut, and die within 10 days post

infection (120). Furthermore, even in condi-
tions that promoted i Treg cell generation (e.g.,
oral tolerance by OVA feeding), iTreg cells
were not generated; instead, OVA-specific T
cells transferred to infected mice orally treated
with OVA converted into Thl cells due to the
highly inflamed environment provoked by the
acute infection. Collectively, these data indi-
cate thatiTreg cell generation during infection-
induced inflammation is a highly regulated pro-
cess, and we are only now beginning to under-
stand the interplay between the many opposing
forces.

ROLE OF ANTIGEN-
PRESENTING CELLS IN iTREG
CELL GENERATION

Generation of iTreg cells depends on produc-
tive antigen presentation by APCs in a microen-
vironment rich in TGF-f and IL-2. Attention
has been placed on the role of DCs in the
generation of iTreg cells (see Figure 2). DCs
comprise a heterogeneous group of cells with
heterogeneous abilities of antigen processing
and presentation (121). Moreover, DCs thatare
present in different tissues are conditioned by
the local milieu and may acquire singular prop-
erties that could enhance or impair their ca-
pacity to influence iTreg cell conversion. The
complex relationship between DCs and Treg
cells has recently been demonstrated: Deple-
tion of DCs led to decreased Foxp3™* Treg cells
and increased Thl and Th17 cell responses
(122). Conditional deletion of MHC class 11
molecules on DCs also led to decreased fre-
quency of Treg cells, suggesting that antigen
presentation by DCs was essential for Treg cell
homeostasis.

Even though most APC types at steady state
are capable of inducing iTreg cells, DCs excel in
this process; induction of iTreg cells was more
efficiently accomplished by splenic DCs than
by DC-depleted APCs (123). It has been sug-
gested that antigen presentation by immature
DCs leads to iTreg cell conversion, whereas
mature DCs promote Thl or Th17 cell con-
version (124, 125); activation-induced changes
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Establishment of oral tolerance by induced Treg cells and special dendritic cells (DCs). The gut mucosa is constantly exposed to an
array of antigens, including antigens from the diet and from the intestinal microbiota. DCs present in the lamina propria sample
antigens from the lumen and present them to conventional T cells (T'conv cells) present in the lamina propria and mesenteric lymph
nodes. A special subset of DCs expressing CD103 produce retinoic acid (RA) and, together with TGF-f3, promote the conversion of
Tconv cells into induced Treg (iTreg) cells, whereas CD103~ DCs promote conversion of Tconv cells into effector T cells such as Th1
and Th17 cells. iTreg cell proliferation is further promoted by a subset of macrophages present in the lamina propria that express the
chemokine receptor CX3CR1 and produce IL-10. iTreg cells induced in mesenteric lymph nodes express gut-homing receptors such as
the chemokine receptor CCR9 and the integrin o437, which allow their migration to the lamina propria. iTreg cells promote
tolerance by keeping in check exacerbated Th1 and Th17 cell responses.
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on DCs may, therefore, directly affect their
ability to promote i Treg cell conversion. How-
ever, another study reports that both immature
and mature DCs are equivalentin their capacity
to induce iTreg cells in the presence of TGF-3
(123). Besides maturation stimuli triggered by
different TLR ligands and cytokines, intrinsic
features of DCs seem to influence iTreg cell
conversion. For instance, splenic CD8" DCs
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but not CD8~ DCs induced iTreg cell differ-
entiation in the absence of exogenous TGF-f3
(126), suggesting that the ability of CD8" DCs
to promote iTreg cell generation is related to
endogenous TGF-f production. CD8" DCs
are the major DC subset that expresses the C-
type lectin receptors DEC-205 and DNGR-
1 (also known as Clec9). Interestingly, low-
dose antigen targeting through DEC-205 or
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DNGR-1 led to iTreg cell conversion in the
absence of proliferation (12, 127). Therefore,
the combination of subimmunogenic stimula-
tion and endocytic receptor-mediated antigen
processing seems to favor i Treg cell generation.

The environment at the gut mucosa is par-
ticularly permissive for the generation of i Treg
cells (128). As discussed above, the GALT ap-
pears to be the ideal place for the establish-
ment of tolerance. Cell transfer experiments
using congenic markers and RAG-deficient
hosts showed that a fraction of polyclonal
CD4*Foxp3~ T cells converted into Foxp3*
iTreg cells and accumulated in the small intes-
tine lamina propria (SI LP) (129). OVA treat-
ment by the oral route also induced conver-
sion of OVA TCR-specific naive T cells into
iTreg cells, and the ST LP harbored the highest
frequency of these converted i Treg cells (129).
Thus, DCs present in the gut, conditioned by
the microenvironment, may have special abil-
ities to generate iTreg cells (see Figure 2).
Indeed, CD103% DCs extracted from the SI
LP and from mLN excel in converting CD4*
naive T cells into Foxp3* iTreg cells in the ab-
sence of exogenous TGF-f3 (129, 130). The en-
hanced ability of gut and mLN CD103* DCs
in promoting iTreg cell generation is related
to the production of the vitamin A metabo-
lite retinoic acid (RA) by this DC subset. In
contrast, CD103~ DCs produce proinflamma-
tory cytokines (130). Besides CD103" DCs,
SI LP macrophages can also convert naive T
cells into Foxp3* iTreg cells, whereas SI LP
CD11b*CD11c" conventional DCs promote
Th17 cell differentiation; conversion is also de-
pendent on RA and TGF-f (131).

RA was shown to be a key player in tilt-
ing the balance toward iTreg cell differenti-
ation in vitro (128). Although the presence
of exogenous RA potentiated TGF--induced
iTreg cell differentiation in vitro, antagoniz-
ing RA receptor signaling led to Th17 cell
differentiation (128). Besides favoring iTreg
cell conversion, RA produced by DCs also in-
duced the expression of gut-homing receptors
such as the integrin 47 and the chemokine
receptor CCR9 on lymphocytes (132, 133).

However, in vivo studies on the role of RA
in iTreg cell differentiation point in a differ-
ent direction. New evidence suggests that, in
vivo, RA boosts effector responses by activat-
ing a proinflammatory cascade in DCs (134—
136). Mucosal responses to infection as well
as vaccination were severely impaired in mice
made deficient in RA either by being fed a vi-
tamin A-deficient diet or by genetic ablation
of RA receptor (RAR) « (134, 138). In a skin
transplantation model, blockade of RARw im-
paired not only T cell migration into the al-
lograft but also effector function (measured by
secretion of IFN-y and IL-17) and allograft re-
jection (135). Lastly, RA, together with IL-15,
induced DC activation in a c-Jun N-terminal
kinase (JNK)-dependent manner. These acti-
vated DCs secreted the proinflammatory cy-
tokines IL.-12 and IL-23 and were no longer
able to convert naive T cells into Foxp3* iTreg
cells, butinstead promoted Th1 cell differentia-
tion (136). Furthermore, IL.-23 was proposed to
acton T cells to inhibit Foxp3 expression (137).

One can hypothesize that the dual effect of
RAR signaling on immune responses is a con-
sequence of environmental pressures to which
the gut is exposed daily. Under noninflamma-
tory conditions, RAR signaling augmentsiTreg
cell differentiation, which helps to maintain in
check what would otherwise be exacerbated
immune responses against commensal bacte-
ria and food antigens. In contrast, in conditions
created by pathogens that cause DC activation,
RAR signaling, possibly together with other in-
flammatory stimuli, triggers effector responses.

The GALT is essential for the establish-
ment of oral tolerance, and DCs derived from
this location can efficiently induce iTreg cells.
Within 48 h of antigen administration via the
oral route, dividing T cells can be found in
mLN and can transfer tolerance to a third party
(68). Moreover, oral tolerance is abrogated in
mice lacking mLN but is intact in mice lacking
Peyer’s patches (139), showing the crucial role
of mLN on oral tolerance. However, it was
not clear whether iTreg cells were generated
in mLN, where migratory CD103* DCs from
the gut drain, or converted in situ in the gut
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lamina propria. A recent report showed that,
indeed, iTreg cells are induced in mLN, but an
expansion phase in the SI LP is indispensable
for establishment of mucosal tolerance (140).
This expansion was promoted by CX3CR1*
macrophages present in the SI LP, unveiling a
role not only for DCs but also for macrophages
in the process of oral tolerance induction.

CELL METABOLISM AND iTREG
CELL GENERATION

A connection has been proposed between cell
metabolism and Treg cell differentiation (141).
The process of differentiation (and activa-
tion) of T cells is a very metabolically ac-
tive one, comparable only to cancer cells.
To generate enough energy during activa-
tion/differentiation, CD4" T cells use the gly-
colytic pathway. In this context, the mammalian
target of rapamycin (mTOR) plays a fundamen-
tal role. Indeed, rapamycin is used as an im-
munosuppressant drug to control transplant re-
jection. However, the mechanism of rapamycin
action was not completely understood. Initially,
it was suggested that rapamycin inhibited pro-
liferation of Teff cells and/or promoted their
death. Another possibility was that it promoted
iTreg cell induction/expansion or a combina-
tion of effects on Teff and Treg cells. A skin al-
lograft model showed that rapamycin induced
the conversion of CD4"Foxp3~ T cells into al-
lospecific Foxp3™ iTreg cells that were able to
preventskin graft rejection (142); there was also
selective death of Teff cells. Whether Teff cell
death was directly induced by rapamycin or was
influenced by iTreg cells was not assessed. The
effects of rapamycin on T cells were also evalu-
ated in conditions other than transplants. Cell
transfer experiments of OVA-specific T cells
into wild-type mice demonstrated that iTreg
cell induction is augmented when recipients
are treated with rapamycin, regardless of the
dose of antigen the animals receive (143). Taken
together, these data suggest that inhibition of
mTOR signaling promotes iTreg cell conver-
sion and expansion. To directly evaluate the
role of mTOR signaling in T cell differenti-
ation, Powell’s lab (144) generated conditional
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mTOR knockout mice with CD4-Cre. In vitro,
mTOR-deficient T cells failed to differenti-
ate into Thl, Th2, and Th17 cells. In vivo,
mice carrying mTOR-deficient T cells failed
to respond to vaccinia virus infection, an in-
fection that triggers a strong Th1 cell-type re-
sponse. In addition, the authors observed that
T cell stimulation in the absence of mTOR re-
sulted in the accumulation of Foxp3* Treg cells
(144). Conversion occurred in the absence of
exogenous TGF-p, but the process was nev-
ertheless dependent on TGF-f, as its block-
ade resulted in decreased frequency of Foxp3™*
Treg cells. Corroborating these findings, rap-
amycin was shown to increase the sensitivity
of T cells to TGF-B, and thus could pro-
mote iTreg generation even in the presence
of low amounts of TGF- (145). In addition,
inhibition of the phosphatidylinositol 3-kinase
(PI3K)-protein kinase B (Akt) pathway also en-
hanced Treg differentiation, but in a TGF-{3-
independent manner. In this in vitro system,
rapamycin could induce epigenetic modifica-
tions in the Foxp3 promoter that resulted in
enhanced Foxp3 activity (146).

Another metabolic  sensor, hypoxia-
inducible factor-1 (HIF-1), has also been
implicated in the balance between Thl7
and Treg cell differentiation programs. In
vitro, hypoxic conditions favored Th17 cell
differentiation and inhibited Foxp3 iTreg cell
differentiation (147, 148). In vivo, HIF-1-
deficient mice harbored a significantly higher
frequency of Treg cells than did wild-type mice
and were resistant to EAE induction. More-
over, rapamycin inhibited the expression of
HIF-1« in Th17 cells, indicating that mTOR
pathway is necessary for HIF-1wx activity (148).
Collectively, these findings suggest that T
cell differentiation programs respond actively
to metabolic cues. A better understanding of
these signals could lead to the design of new
therapeutic approaches.

iTREG CELLS IN CLINICAL
SETTINGS

Clinical trials using iTreg cells for therapeutic
purposes are in the initial but promising steps
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(149-151). This section reviews the recent ad-
vances of Treg cell therapy, focusing on new
perspectives for the use of iTreg cells to treat
diseases.

The major approach utilized thus far has
been to expand ex vivo populations of preexist-
ing Treg cells (of which most are nTreg cells)
from human peripheral blood under good man-
ufacturing practices and to give them back to
patients (152-154). The results are promising:
Xenogeneic models of graft-versus-host disease
(GVHD) showed that ex vivo—expanded nTreg
cells could prevent GVHD, although high ra-
tios of Treg to Teff cells were necessary. Re-
cently, expansion of Treg cells from umbilical
cord blood was also described, and these cells
were safe in a phase I trial of 23 patients (40).

Although Treg cell therapy holds great
promise, it also raises some concerns. One ma-
jor concern is that during the expansion of
a total Treg cell population, some of the T
cells convert back into Teff cells and could ex-
ert pathogenic effector functions. Because it
has been reported that a fraction of ex vivo—
expanded Treg cells lose Foxp3 expression,
which is related to a lower suppressive function,
it will be important to determine what factors
influence Treg cell instability in Treg cell cul-
tures. Perhaps the improvement of the start-
ing Treg cell populations to be expanded will
prove to be crucial. In murine systems, nTreg
cells are less plastic than iTreg cells. There-
fore, for human therapy, it may be beneficial to
start Treg cell cultures with pure nTreg cells.
Another caveat of the therapeutic use of Treg
cells is the contamination by Teff cells that ex-
press the same surface markers as nTreg cells
(155). In addition, a fraction of human Teff
cells transiently expresses Foxp3 upon activa-
tion, but these cells are not suppressive.

Protocols for ex vivo expansion of human
nTreg cells are laborious and expensive, as mul-
tiple rounds of expansion are necessary from the
1-3% present in peripheral blood. Therefore,
some groups have focused on generating iTreg
cells from the pool of circulating Tconv cells,
which are much more abundant. To optimize
the conditions for iTreg cell generation, several

groups started to include rapamycin in the gen-
eration/expansion protocols because this drug
has been shown to specifically prevent Teff cell
expansion while allowing Treg cell prolifera-
tion (144, 156, 157). Generation of iTreg cells
from a pool of naive T cells from human pe-
ripheral blood has proven to be very efficient;
the total numbers of cells obtained was 50 times
higher than the standard protocols. Moreover,
iTreg cell populations generated and expanded
in the presence of TGF-f, and rapamycin con-
tained fewer cells that produce the prototypical
effector cytokines IFN-y and IL-17. Suppres-
sion of xenogeneic GVHD by iTreg cells gen-
erated in the presence of rapamycin was com-
parable to nTreg cell suppression (158). These
results provide a new ground for a phase I trial
for GVHD treatment using in vitro-generated
iTreg cells.

In mouse models, n'Treg and iTreg cells are
phenotypically different and display comple-
mentary suppressive activity (14-16, 23). As in
the mouse, the pool of human circulating Treg
cells likely contains both nTreg and i Treg cells,
although given the clean environment of most
animal facilities, the dominance of nTreg over
iTreg cells is unlikely to be so evident in the
blood of older humans. In the near future, it will
be important to distinguish these two popula-
tions to achieve customized therapy that specif-
ically targets nTreg or iTreg cells.

Lastly, at the early stages of development in
this field, patients undergoing Treg cell ther-
apy must be carefully monitored for negative
impacts on the outcome of some infectious and
malignant diseases.

PERSPECTIVES

One of the major issues still not completely
solved in Treg cell biology is the lack of
markers that precisely distinguish nTreg from
iTreg cells. It appears that Foxp3* iTreg cells
are quite different if they are generated under
subimmunogenic conditions (oral tolerance,
systemic antigen with no adjuvants, osmotic
pumps, DEC-205 targeting) or under inflam-
matory conditions (EAE, chronic asthma,
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arthritis, etc.), further complicating the iden-
tification of iTreg cells as an entity. Gene ex-
pression analyses have failed thus far to identify
a single molecule that is expressed exclusively
by iTreg cells and not by n'Treg or Tconv cells.
Thus, the heterogeneity of Treg cell popu-
lations may not only reflect the origin (thymus
versus periphery) of Treg cells, but also be the
consequence of the milieu. For instance, differ-
ent Treg cell subsets express different homing
receptors depending on the environment they
are exposed to, resulting in different properties
(159). Within i'Treg cells, their origin in inflam-
matory or noninflammatory environments may
be a defining property, as indicated above.
Given the natural self-reactivity of nTreg
cells, the issue of whether Treg cells can be-
come effector cells (and vice versa) has received
considerable attention and has generated con-
troversy. Recent reviews addressed this subject
(117, 160, 161). In the context of nTreg and
iTreg cells, it is generally accepted that nTreg
cells are more stable (less plastic) than iTreg
cells. DNA methylation studies at the Foxp3

SUMMARY POINTS

locus have shown that nTreg cells are more
demethylated (162, 163). The partial methyla-
tion of the Foxp3 locus in iTreg cells may ex-
plain why it would be more likely to shut down
Foxp3 expression in iTreg cells than in nTreg
cells. Thus, the discrepancies regarding Treg
cell plasticity could be partially explained by the
relative proportion of nTreg and iTreg cells in
each of the different studies.

Finally, as we fill some of the gaps in the
Treg cell biology, new questions emerge: What
is the relationship between the specificity of
iTreg cells and the range of responses they can
suppress? Do nTreg and iTreg cells recognize
different epitopes? What is the impact of the
TCR repertoire of iTreg and nTreg cells in the
immune responses? Do iTreg and nTreg cells
use the same or different mechanisms of sup-
pression? To what extent do the mechanisms
of suppression depend on the microenviron-
ment? Addressing these questions in the near
future will contribute to a more complete un-
derstanding of this T cell subset and enhance
the potential for clinical applications.

1. iTreg cells generated in the peripheral lymphoid organs contribute to the circulating pool
of total Treg cells and may differently impact the regulation of the immune response.

2. nTreg and iTreg cells may be phenotypically distinct, have different specificities, and

have complementary functions in vivo.

3. Mucosal tolerance depends on the generation of iTreg cells.

4. Intestinal commensal bacteria promote the generation of iTreg cells.

5. iTreg cells can be generated under inflammatory and noninflammatory (subimmuno-

genic) conditions; the biological properties of these subtypes of iTreg cells may be

different.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that

might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Dr. Daniel Mucida for valuable suggestions to this manuscript. The research on regula-
tory T cells in the Lafaille laboratory was funded by grants from the NIH/NIAID (RO1AI41647,

Bilate o Lafuille



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

R56AI188553), the National Multiple Sclerosis Society (RG4299-A), the Crohn’s and Colitis Foun-
dation of America (CCFA 1923), and the Leona M. and Harry B. Helmsley Charitable Trust.
A.M.B. was a recipient of the PEW Latin American postdoctoral fellowship.

LITERATURE CITED

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hori S, Nomura T, Sakaguchi S. 2003. Control of regulatory T cell development by the transcription
factor Foxp3. Science 299:1057-61

Fontenot JD, Gavin MA, Rudensky AY. 2003. Foxp3 programs the development and function of
CD4TCD257* regulatory T cells. Nat. Immunol. 4:330-36

. Khattri R, Cox T, Yasayko SA, Ramsdell F. 2003. An essential role for Scurfin in CD4"CD25" T

regulatory cells. Nat. Immunol. 4:337-42

. Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Landeghen M, etal. 2003. Induction of FoxP3

and acquisition of T regulatory activity by stimulated human CD4"CD25~ T cells. 7. Clin. Investig.
112:1437-43

. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, etal. 2001. The immune dysregulation,

polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat.
Genet. 27:20-21

. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, etal. 2001. X-linked neonatal diabetes mellitus,

enteropathy and endocrinopathy syndrome is the human equivalent of mouse scurfy. Naz. Genet. 27:18—
20

. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, et al. 2001. Disruption of a new

forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative disorder of the scurfy
mouse. Nat. Genet. 27:68-73

. Apostolou I, von Boehmer H. 2004. In vivo instruction of suppressor commitment in naive T cells.

7. Exp. Med. 199:1401-8

. Curotto de Lafaille MA, Lino AC, Kutchukhidze N, Lafaille JJ. 2004. CD25~ T cells generate

CD25%Foxp3* regulatory T cells by peripheral expansion. 7. Immunol. 173:7259-68

Cobbold SP, Castejon R, Adams E, Zelenika D, Graca L, et al. 2004. Induction of foxP3* regulatory T
cells in the periphery of T cell receptor transgenic mice tolerized to transplants. 7. Immunol. 172:6003-10
Mucida D, Kutchukhidze N, Erazo A, Russo M, Lafaille JJ, Curotto de Lafaille MA. 2005. Oral tolerance
in the absence of naturally occurring Tregs. 7. Clin. Investig. 115:1923-33

Kretschmer K, Apostolou I, Hawiger D, Khazaie K, Nussenzweig MC, von Boehmer H. 2005. Inducing
and expanding regulatory T cell populations by foreign antigen. Nat. Immunol. 6:1219-27

Finney CA, Taylor MD, Wilson MS, Maizels RM. 2007. Expansion and activation of CD4TCD25*
regulatory T cells in Heligmosomoides polygyrus infection. Eur. F. Immunol. 37:1874-86

Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y, Yee H, Lafaille JJ. 2008. Adap-
tive Foxp3™ regulatory T cell-dependent and -independent control of allergic inflammation.
Immunity 29:114-26

Curotto de Lafaille MA, Lafaille JJ. 2009. Natural and adaptive Foxp3™ regulatory T cells: more of the
same or a division of labor? Immunity 30:626-35

Haribhai D, Lin W, Edwards B, Ziegelbauer ], Salzman NH, et al. 2009. A central role for induced
regulatory T cells in tolerance induction in experimental colitis. 7. Immunol. 182:3461-68

Zheng SG, Gray JD, Ohtsuka K, Yamagiwa S, Horwitz DA. 2002. Generation ex vivo of TGF-{3-
producing regulatory T cells from CD4"CD25™ precursors. 7. Immunol. 169:4183-89

Chen W, Jin W, Hardegen N, Lei KJ, Li L, et al. 2003. Conversion of peripheral CD4"CD25™ naive
T cells to CD4*CD25" regulatory T cells by TGF- induction of transcription factor Foxp3. 7. Exp.
Med. 198:1875-86

Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, Neurath MF. 2004. Cutting edge: TGF-f3
induces a regulatory phenotype in CD4*CD25~ T cells through Foxp3 induction and down-regulation
of Smad7. 7. Immunol. 172:5149-53

www.annualreviews.org  Induced CD4* Foxp3™ Treg Cells

14. Describes the two
pathways of iTreg cell
generation:
noninflammatory (oral
tolerance) and
inflammatory (asthma).

75T



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

22. A comprehensive
microarray analysis of
gene expression in
several Treg cell types.

23. A good example of
division of labor
between nTreg and
iTreg cells.

29. Proposes Helios as a
marker of nTreg cells.

752

20.

21.

22.

23.

24.

25.
26.

27.

28.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sugimoto N, Oida T, Hirota K, Nakamura K, Nomura T, etal. 2006. Foxp3-dependent and -independent
molecules specific for CD25+CD4" natural regulatory T cells revealed by DNA microarray analysis.
Int. Immunol. 18:1197-209

Hill JA, Feuerer M, Tash K, Haxhinasto S, Perez J, et al. 2007. Foxp3 transcription-factor-dependent
and -independent regulation of the regulatory T cell transcriptional signature. Immunity 27:786-800
Feuerer M, Hill JA, Kretschmer K, von Boehmer H, Mathis D, Benoist C. 2010. Genomic defini-
tion of multiple ex vivo regulatory T cell subphenotypes. Proc. Natl. Acad. Sci. USA 107:5919-24
Haribhai D, Williams JB, Jia S, Nickerson D, Schmitt EG, et al. 2011. A requisite role for
induced regulatory T cells in tolerance based on expanding antigen receptor diversity. Immunity
35:109-22

Mottet C, Uhlig HH, Powrie F. 2003. Cutting edge: cure of colitis by CD4*CD25* regulatory T cells.
7. Immunol. 170:3939-43

Bilate AB, Lafaille JJ. 2011. It takes two to tango. Immunity 35:6-8

Huter EN, Punkosdy GA, Glass DD, Cheng LI, Ward JM, Shevach EM. 2008. TGF- 3-induced Foxp3*
regulatory T cells rescue scurfy mice. Eur. . Immunol. 38:1814-21

Huter EN, Stummvoll GH, DiPaolo RJ, Glass DD, Shevach EM. 2008. Cutting edge: antigen-specific
TGF B-induced regulatory T cells suppress Th17-mediated autoimmune disease. 7. Immmunol. 181:8209—
13

D’Alise AM, Ergun A, Hill JA, Mathis D, Benoist C. 2011. A cluster of coregulated genes deter-
mines TGF-B-induced regulatory T-cell (Treg) dysfunction in NOD mice. Proc. Natl. Acad. Sci. USA
108:8737-42

. Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, et al. 2010. Expression of Helios,

an Ikaros transcription factor family member, differentiates thymic-derived from peripherally
induced Foxp3™' T regulatory cells. 7. Immunol. 184:3433-41

Verhagen J, Wraith DC. 2010. Comment on “Expression of Helios, an Ikaros transcription factor
family member, differentiates thymic-derived from peripherally induced Foxp3™ T regulatory cells.”
F- Immunol. 185:7129-30

Akimova T, Beier UH, Wang L, Levine MH, Hancock WW. 2011. Helios expression is a marker of
T cell activation and proliferation. PLoS ONE 6:¢24226

Sarris M, Andersen KG, Randow F, Mayr L, Betz AG. 2008. Neuropilin-1 expression on regulatory
T cells enhances their interactions with dendritic cells during antigen recognition. Inzmunity 28:402-13
Bruder D, Probst-Kepper M, Westendorf AM, Geffers R, Beissert S, et al. 2004. Neuropilin-1: a surface
marker of regulatory T cells. Eur. 7. Immunol. 34:623-30

Neufeld G, Cohen T, Shraga N, Lange T, Kessler O, Herzog Y. 2002. The neuropilins: multifunctional
semaphorin and VEGF receptors that modulate axon guidance and angiogenesis. Trends Cardiovasc. Med.
12:13-19

Glinka Y, Stoilova S, Mohammed N, Prud’homme GJ. 2011. Neuropilin-1 exerts co-receptor function
for TGF-B-1 on the membrane of cancer cells and enhances responses to both latent and active TGF-.
Carcinogenesis 32:613-21

Corbel C, Lemarchandel V, Thomas-Vaslin V, Pelus AS, Agboton C, Romeo PH. 2007. Neuropilin 1
and CD?25 co-regulation during early murine thymic differentiation. Dev. Comsp. Immunol. 31:1082-94
Solomon BD, Mueller C, Chae W], Alabanza LM, Bynoe MS. 2011. Neuropilin-1 attenuates autoreac-
tivity in experimental autoimmune encephalomyelitis. Proc. Natl. Acad. Sci. USA 108:2040-45

Wilke CM, Wu K, Zhao E, Wang G, Zou W. 2010. Prognostic significance of regulatory T cells in
tumor. Int. 7. Cancer 127:748-58

Nishikawa H, Sakaguchi S. 2010. Regulatory T cells in tumor immunity. Int. 7. Cancer 127:759-67
Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, et al. 2011. Infusion of ex vivo expanded
T regulatory cells in adults transplanted with umbilical cord blood: safety profile and detection kinetics.
Blood 117:1061-70

Quezada SA, Peggs KS, Simpson TR, Allison JP. 2011. Shifting the equilibrium in cancer immunoediting:
from tumor tolerance to eradication. Immmunol. Rev. 241:104-18

Onizuka S, Tawara I, Shimizu J, Sakaguchi S, Fujita T, Nakayama E. 1999. Tumor rejection by in vivo
administration of anti-CD25 (interleukin-2 receptor &) monoclonal antibody. Cancer Res. 59:3128-33

Bilate o Lafuille



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shimizu J, Yamazaki S, Sakaguchi S. 1999. Induction of tumor immunity by removing CD257CD4* T
cells: a common basis between tumor immunity and autoimmunity. 7. Immunol. 163:5211-18

Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn ME, Sakaguchi S, Houghton AN. 2004. Con-
comitant tumor immunity to a poorly immunogenic melanoma is prevented by regulatory T cells.
7. Exp. Med. 200:771-82

Ladoire S, Martin F, Ghiringhelli F. 2011. Prognostic role of FOXP3* regulatory T cells infiltrating
human carcinomas: the paradox of colorectal cancer. Cancer Immunol. Immunother. 60:909-18
Valzasina B, Piconese S, Guiducci C, Colombo MP. 2006. Tumor-induced expansion of regulatory T
cells by conversion of CD4"CD25~ lymphocytes is thymus and proliferation independent. Cancer Res.
66:4488-95

Liu VC, Wong LY, Jang T, Shah AH, Park I, et al. 2007. Tumor evasion of the immune system by
converting CD4*CD25~ T cells into CD4"CD25" T regulatory cells: role of tumor-derived TGF-f3.
7. Immunol. 178:2883-92

Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, et al. 2004. Specific recruitment of regulatory T cells
in ovarian carcinoma fosters immune privilege and predicts reduced survival. Nat. Med. 10:942-49
Hindley JP, Ferreira C, Jones E, Lauder SN, Ladell K, et al. 2011. Analysis of the T-cell receptor
repertoires of tumor-infiltrating conventional and regulatory T cells reveals no evidence for conversion
in carcinogen-induced tumors. Cancer Res. 71:736-46

Zhou G, Levitsky HI. 2007. Natural regulatory T cells and de novo-induced regulatory T cells
contribute independently to tumor-specific tolerance. 7. Immunol. 178:2155-62

Ghiringhelli F, Puig PE, Roux S, Parcellier A, Schmitt E, et al. 2005. Tumor cells convert immature
myeloid dendritic cells into TGF-B-secreting cells inducing CD4TCD25% regulatory T cell prolifera-
tion. 7. Exp. Med. 202:919-29

Montane J, Bischoff L, Soukhatcheva G, Dai DL, Hardenberg G, et al. 2011. Prevention of murine
autoimmune diabetes by CCL22-mediated Treg recruitment to the pancreatic islets. 7. Clin. Investig.
121:3024-28

Elkord E, Sharma S, Burt DJ, Hawkins RE. 2011. Expanded subpopulation of FoxP3™ T regulatory cells
in renal cell carcinoma co-express Helios, indicating they could be derived from natural but not induced
Tregs. Clin. Immunol. 140:218-22

Kohm AP, McMahon JS, Podojil JR, Begolka WS, DeGutes M, et al. 2006. Cutting Edge: Anti-CD25
monoclonal antibody injection results in the functional inactivation, not depletion, of CD4*CD25" T
regulatory cells. 7. Immunol. 176:3301-5

Zelenay S, Demengeot J. 2006. Comment on “Cutting edge: anti-CD25 monoclonal antibody injection
results in the functional inactivation, not depletion, of CD4+*CD25% T regulatory cells.” 7. Immunol.
177:2036-38

Peng Y, Laouar Y, Li MO, Green EA, Flavell RA. 2004. TGF-f3 regulates in vivo expansion of Foxp3-
expressing CD4+CD25" regulatory T cells responsible for protection against diabetes. Proc. Natl. Acad.
Sci. USA 101:4572-77

Huber S, Schramm C, Lehr HA, Mann A, Schmitt S, et al. 2004. Cutting edge: TGF-f3 signaling is
required for the in vivo expansion and immunosuppressive capacity of regulatory CD4+CD25" T cells.
7. Immunol. 173:6526-31

Richman LK, Chiller JM, Brown WR, Hanson DG, Vaz NM. 1978. Enterically induced immunologic
tolerance. I. Induction of suppressor T lymphocytes by intragastric administration of soluble proteins.
7. Immunol. 121:2429-34

Chase MW. 1946. Inhibition of experimental drug allergy by prior feeding of the sensitizing agent. Proc.
Soc. Exp. Biol. Med. 61:257-59

Hanson DG, Vaz NM, Maia LC, Hornbrook MM, Lynch JM, Roy CA. 1977. Inhibition of specific
immune responses by feeding protein antigens. Int. Arch. Allergy Appl. Immunol. 55:526-32

Vaz NM, Maia LC, Hanson DG, Lynch JM. 1977. Inhibition of homocytotropic antibody responses in
adult inbred mice by previous feeding of the specific antigen. 7. Allergy Clin. Immunol. 60:110-15
Gutgemann I, Fahrer AM, Altman JD, Davis MM, Chien YH. 1998. Induction of rapid T cell activation
and tolerance by systemic presentation of an orally administered antigen. Immunity 8:667-73

www.annualreviews.org  Induced CD4* Foxp3™ Treg Cells

50. Explains the nTreg
and iTreg cell origin of
tumor-associated Treg
cells.

753



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

754

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Chen'Y, Inobe J, Marks R, Gonnella P, Kuchroo VK, Weiner HL. 1995. Peripheral deletion of antigen-
reactive T cells in oral tolerance. Nature 376:177-80

Van Houten N, Blake SF. 1996. Direct measurement of anergy of antigen-specific T cells following oral
tolerance induction. 7. Immunol. 157:1337-41

McMenamin C, McKersey M, Kuhnlein P, Hunig T, Holt PG. 1995. v& T cells down-regulate primary
IgE responses in rats to inhaled soluble protein antigens. 7. Immunol. 154:4390-94

Alpan O, Bachelder E, Isil E, Arnheiter H, Matzinger P. 2004. ‘Educated’ dendritic cells act as messengers
from memory to naive T helper cells. Nat. Immunol. 5:615-22

Zhang X, Izikson L, Liu L, Weiner HL. 2001. Activation of CD257CD4" regulatory T cells by oral
antigen administration. 7. Immunol. 167:4245-53

Hauet-Broere F, Unger WW, Garssen ], Hoijer MA, Kraal G, Samsom JN. 2003. Functional CD25~
and CD25% mucosal regulatory T cells are induced in gut-draining lymphoid tissue within 48 h after
oral antigen application. Eur. J. Immunol. 33:2801-10

Thorstenson KM, Khoruts A. 2001. Generation of anergic and potentially immunoregulatory
CD25%7CD4 T cells in vivo after induction of peripheral tolerance with intravenous or oral antigen.
F. Immunol. 167:188-95

Lafaille JJ, Nagashima K, Katsuki M, Tonegawa S. 1994. High incidence of spontaneous autoimmune
encephalomyelitis in immunodeficient anti-myelin basic protein T cell receptor transgenic mice. Ce/l
78:399-408

Zheng Y, Josefowicz S, Chaudhry A, Peng XP, Forbush K, Rudensky AY. 2010. Role of conserved
non-coding DNA elements in the Foxp3 gene in regulatory T-cell fate. Nature 463:808-12

Guarner F, Malagelada JR. 2003. Gut flora in health and disease. Lancer 361:512-19

Round JL, Mazmanian SK. 2009. The gut microbiota shapes intestinal immune responses during health
and disease. Nat. Rev. Immunol. 9:313-23

Faria AM, Weiner HL. 2005. Oral tolerance. Irmmunol. Rev. 206:232-59

Gaboriau-Routhiau V, Rakotobe S, Lecuyer E, Mulder I, Lan A, et al. 2009. The key role of segmented
filamentous bacteria in the coordinated maturation of gut helper T cell responses. Inmunity 31:677-89
Ivanov II, Frutos Rde L, Manel N, Yoshinaga K, Rifkin DB, et al. 2008. Specific microbiota direct the
differentiation of IL-17-producing T-helper cells in the mucosa of the small intestine. Cell Host Microbe
4:337-49

Ivanov I, Atarashi K, Manel N, Brodie EL, Shima T, et al. 2009. Induction of intestinal Th17 cells by
segmented filamentous bacteria. Ce// 139:485-98

Prioult G, Nagler-Anderson C. 2005. Mucosal immunity and allergic responses: lack of regulation and/or
lack of microbial stimulation? Inmunol. Rev. 206:204-18

Ishikawa H, Tanaka K, Maeda Y, Aiba Y, Hata A, et al. 2008. Effect of intestinal microbiota on the
induction of regulatory CD25% CD4" T cells. Clin. Exp. Immunol. 153:127-35

Moreau MC, Gaboriau-Routhiau V. 1996. The absence of gut flora, the doses of antigen ingested and
aging affect the long-term peripheral tolerance induced by ovalbumin feeding in mice. Res. Immunol.
147:49-59

Rask C, Evertsson S, Telemo E, Wold AE. 2005. A full flora, but not monocolonization by Escherichin
coli or lactobacilli, supports tolerogenic processing of a fed antigen. Scand. 7. Immunol. 61:529-35

Sudo N, Sawamura S, Tanaka K, Aiba Y, Kubo C, Koga Y. 1997. The requirement of intestinal bacterial
flora for the development of an IgE production system fully susceptible to oral tolerance induction.
F. Immunol. 159:1739-45

Walton KL, Galanko JA, Balfour Sartor R, Fisher NC. 2006. T cell-mediated oral tolerance is intact in
germ-free mice. Clin. Exp. Immunol. 143:503-12

Ostman S, Rask C, Wold AE, Hultkrantz S, Telemo E. 2006. Impaired regulatory T cell function in
germ-free mice. Eur. 7. Immunol. 36:2336-46

Min B, Thornton A, Caucheteux SM, Younes SA, Oh K, etal. 2007. Gut flora antigens are not important
in the maintenance of regulatory T cell heterogeneity and homeostasis. Eur. 7. Immunol. 37:1916-23
Shroff KE, Cebra JJ. 1995. Development of mucosal humoral immune responses in germ-free (GF)
mice. Adv. Exp. Med. Biol. 371A:441-46

Bilate o Lafuille



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Umesaki Y, Setoyama H, Matsumoto S, Okada Y. 1993. Expansion of «f3 T-cell receptor-bearing
intestinal intraepithelial lymphocytes after microbial colonization in germ-free mice and its independence
from thymus. Inmunology 79:32-37

Suzuki H, Jeong KI, Itoh K, Doi K. 2002. Regional variations in the distributions of small intestinal
intraepithelial lymphocytes in germ-free and specific pathogen-free mice. Exp. Mol. Pathol. 72:230-35
Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, et al. 2011. Induction of colonic
regulatory T cells by indigenous Clostridium species. Science 331:337-41

Round JL, Mazmanian SK. 2010. Inducible Foxp3™ regulatory T-cell development by a commensal
bacterium of the intestinal microbiota. Proc. Natl. Acad. Sci. USA 107:12204-9

Round JL, Lee SM, Li J, Tran G, Jabri B, et al. 2011. The Toll-like receptor 2 pathway establishes
colonization by a commensal of the human microbiota. Science 332:974-77

Lathrop SK, Bloom SM, Rao SM, Nutsch K, Lio CW, et al. 2011. Peripheral education of the
immune system by colonic commensal microbiota. Nature 478:250-54

Geuking MB, Cahenzli ], Lawson MA, Ng DC, Slack E, et al. 2011. Intestinal bacterial colonization
induces mutualistic regulatory T cell responses. Immmunity 34:794-806

Curotto de Lafaille MA, Muriglan S, Sunshine MJ, Lei Y, Kutchukhidze N, et al. 2001. Hyper im-
munoglobulin E response in mice with monoclonal populations of B and T lymphocytes. 7. Exp. Med.
194:1349-59

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. 2006. Reciprocal developmental pathways for
the generation of pathogenic effector TH17 and regulatory T cells. Nature 441:235-38

Doganci A, Eigenbrod T, Krug N, De Sanctis GT, Hausding M, etal. 2005. The IL-6R « chain controls
lung CD4*CD25" Treg development and function during allergic airway inflammation in vivo. 7. Clin.
Investig. 115:313-25

Furtado GC, Marcondes MC, Latkowski JA, Tsai J, Wensky A, Lafaille JJ. 2008. Swift entry of myelin-
specific T lymphocytes into the central nervous system in spontaneous autoimmune encephalomyelitis.
F. Immunol. 181:4648-55

Nguyen LT, Jacobs J, Mathis D, Benoist C. 2007. Where FoxP3-dependent regulatory T cells impinge
on the development of inflammatory arthritis. Arthritis Rheum. 56:509-20

Korn T, Reddy J, Gao W, Bettelli E, Awasthi A, etal. 2007. Myelin-specific regulatory T cells accumulate
in the CNS but fail to control autoimmune inflammation. Naz. Med. 13:423-31

Zelenay S, Bergman ML, Paiva RS, Lino AC, Martins AC, et al. 2010. Cutting edge: intrathymic
differentiation of adaptive Foxp3™ regulatory T cells upon peripheral proinflammatory immunization.
7 Immunol. 185:3829-33

Wan YY, Flavell RA. 2005. Identifying Foxp3-expressing suppressor T cells with a bicistronic reporter.
Proc. Natl. Acad. Sci. USA 102:5126-31

Belkaid Y, Tarbell K. 2009. Regulatory T cells in the control of host-microorganism interactions. Anmnu.
Rev. Immunol. 27:551-89

Gomez-Escobar N, Gregory WF, Maizels RM. 2000. Identification of 7gh-2, a filarial nematode homolog
of Caenorbabditis elegans daf-7 and human transforming growth factor {3, expressed in microfilarial and
adult stages of Brugia malayi. Infect. Immun. 68:6402-10

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL. 2002. CD4*CD25™" regulatory T cells
control Leishmania major persistence and immunity. Nature 420:502-7

Elliott DE, Setiawan T, Metwali A, Blum A, Urban JF Jr, Weinstock JV. 2004. Heligmosomoides polygyrus
inhibits established colitis in IL-10-deficient mice. Eur. 7. Immunol. 34:2690-98

McSorley HJ, Harcus YM, Murray J, Taylor MD, Maizels RM. 2008. Expansion of Foxp3* regulatory
T cells in mice infected with the filarial parasite Brugia malayi. . Immunol. 181:6456-66

Grainger JR, Smith KA, Hewitson JP, McSorley HJ, Harcus Y, et al. 2010. Helminth secretions
induce de novo T cell Foxp3 expression and regulatory function through the TGF-{ pathway.
F. Exp. Med. 207:2331-41

ErteleJM, Rowe JH, Johanns TM, Lai JC, McLachlan JB, Way SS. 2009. Selective priming and expansion
of antigen-specific Foxp3~ CD4* T cells during Listeria monocytogenes infection. J. Immunol. 182:3032—-
38

www.annualreviews.org  Induced CD4* Foxp3™ Treg Cells

89. A good example of
iTreg cells induced by a

commensal bacterium.

92. Shows that TCR
repertoire of colonic
Treg cells is shaped by
the intestinal

microbiota.

107. Shows that a
helminth infection can
induce iTreg cell
generation.

755



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

756

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Lundgren A, Suri-Payer E, Enarsson K, Svennerholm AM, Lundin BS. 2003. Helicobacter pylori-specific
CD4+ CD25"gh regulatory T cells suppress memory T-cell responses to H. pylori in infected individuals.
Infect. Immun. 71:1755-62

Lund JM, Hsing L, Pham TT, Rudensky AY. 2008. Coordination of early protective immunity to viral
infection by regulatory T cells. Science 320:1220-24

Fulton RB, Meyerholz DK, Varga SM. 2010. Foxp3* CD4 regulatory T cells limit pulmonary im-
munopathology by modulating the CD8 T cell response during respiratory syncytial virus infection.
7. Immunol. 185:2382-92

XuD, FuJ, Jin L, Zhang H, Zhou C, et al. 2006. Circulating and liver resident CD4+*CD25™ regulatory
T cells actively influence the antiviral immune response and disease progression in patients with hepatitis
B. 7. Immunol. 177:739-47

Franzese O, Kennedy PT, Gehring AJ, Gotto J, Williams R, et al. 2005. Modulation of the CD8"-T-
cell response by CD4" CD25™" regulatory T cells in patients with hepatitis B virus infection. 7. Virol.
79:3322-28

Barboza L, Salmen S, Goncalves L, Colmenares M, Peterson D, et al. 2007. Antigen-induced regulatory
T cells in HBV chronically infected patients. Virology 368:41-49

Smyk-Pearson S, Golden-Mason L, Klarquist J, Burton JR Jr, Tester IA, et al. 2008. Functional
suppression by FoxP3TCD4TCD25Meh regulatory T cells during acute hepatitis C virus infection.
7. Infect. Dis. 197:46-57

Rushbrook SM, Ward SM, Unitt E, Vowler SL, Lucas M, et al. 2005. Regulatory T cells suppress in
vitro proliferation of virus-specific CD8" T cells during persistent hepatitis C virus infection. 7. Virol.
79:7852-59

Zhou L, Chong MM, Littman DR. 2009. Plasticity of CD4" T cell lineage differentiation. Immunity
30:646-55

Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG, Rudensky AY. 2005. Regulatory T cell
lineage specification by the forkhead transcription factor foxp3. Immunity 22:329-41

Suffia IJ, Reckling SK, Piccirillo CA, Goldszmid RS, Belkaid Y. 2006. Infected site-restricted Foxp3™
natural regulatory T cells are specific for microbial antigens. 7. Exp. Med. 203:777-88

Oldenhove G, Bouladoux N, Wohlfert EA, Hall JA, Chou D, et al. 2009. Decrease of Foxp3™ Treg cell
number and acquisition of effector cell phenotype during lethal infection. Immunity 31:772-86
Kamphorst AO, Guermonprez P, Dudziak D, Nussenzweig MC. 2010. Route of antigen uptake differ-
entially impacts presentation by dendritic cells and activated monocytes. 7. Immunol. 185:3426-35
Darrasse-Jeze G, Deroubaix S, Mouquet H, Victora GD, Eisenreich T, et al. 2009. Feedback control of
regulatory T cell homeostasis by dendritic cells in vivo. 7. Exp. Med. 206:1853-62

Yamazaki S, Bonito AJ, Spisek R, Dhodapkar M, Inaba K, Steinman RM. 2007. Dendritic cells are
specialized accessory cells along with TGF- for the differentiation of Foxp3TCD4™ regulatory T cells
from peripheral Foxp3 precursors. Blood 110:4293-302

Mahnke K, Qian Y, Knop J, Enk AH. 2003. Induction of CD4"/CD257 regulatory T cells by targeting
of antigens to immature dendritic cells. Blood 101:4862—69

Belkaid Y, Oldenhove G. 2008. Tuning microenvironments: induction of regulatory T cells by dendritic
cells. Immunity 29:362-71

Yamazaki S, Dudziak D, Heidkamp GF, Fiorese C, Bonito AJ, et al. 2008. CD8TCD205™ splenic
dendritic cells are specialized to induce Foxp3™ regulatory T cells. 7. Immunol. 181:6923-33

Joffre OP, Sancho D, Zelenay S, Keller AM, Reis e Sousa C. 2010. Efficient and versatile manipulation of
the peripheral CD4*+ T-cell compartment by antigen targeting to DNGR-1/CLECY9A. Eur. 7. Inmunol.
40:1255-65

Mucida D, Park Y, Kim G, Turovskaya O, Scott I, et al. 2007. Reciprocal TH17 and regulatory T cell
differentiation mediated by retinoic acid. Science 317:256-60

Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, etal. 2007. Small intestine lamina propria dendritic
cells promote de novo generation of Foxp3 T reg cells via retinoic acid. 7. Exp. Med. 204:1775-85
Coombes]JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, etal. 2007. A functionally specialized
population of mucosal CD103* DCs induces Foxp3™ regulatory T cells via a TGF- and retinoic acid-
dependent mechanism. 7. Exp. Med. 204:1757-64

Bilate o Lafuille



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B. 2007. Lamina propria macrophages
and dendritic cells differentially induce regulatory and interleukin 17-producing T cell responses.
Nat. Immunol. 8:1086-94

Iwata M, Hirakiyama A, Eshima Y, Kagechika H, Kato C, Song SY. 2004. Retinoic acid imprints gut-
homing specificity on T cells. Immunity 21:527-38

Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle R]. 2007. All-trans retinoic acid mediates enhanced
T reg cell growth, differentiation, and gut homing in the face of high levels of co-stimulation. 7. Exp.
Med. 204:1765-74

Hall JA, Cannons JL, Grainger JR, Dos Santos LM, Hand TW, et al. 2011. Essential role for retinoic
acid in the promotion of CD4* T cell effector responses via retinoic acid receptor «. Immunity 34:435-47
Pino-Lagos K, Guo Y, Brown C, Alexander MP, Elgueta R, et al. 2011. A retinoic acid-dependent
checkpoint in the development of CD4" T cell-mediated immunity. 7. Exp. Med. 208:1767-75
DePaolo RW, Abadie V, Tang F, Fehlner-Peach H, Hall JA, et al. 2011. Co-adjuvant effects of retinoic
acid and IL-15 induce inflammatory immunity to dietary antigens. Nasure 471:220-24

Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua D], etal. 2010. Interleukin-23 drives intestinal
inflammation through direct activity on T cells. Immunity 33(2):279-88

Kaufman DR, De Calisto J, Simmons NL, Cruz AN, Villablanca EJ, et al. 2011. Vitamin A deficiency
impairs vaccine-elicited gastrointestinal immunity. 7. Immunol. 187:1877-83

Spahn TW, Weiner HL,, Rennert PD, Lugering N, Fontana A, et al. 2002. Mesenteric lymph nodes are
critical for the induction of high-dose oral tolerance in the absence of Peyer’s patches. Eur. 7. Immunol.
32:1109-13

Hadis U, Wahl B, Schulz O, Hardtke-Wolenski M, Schippers A, et al. 2011. Intestinal tolerance
requires gut homing and expansion of FoxP3 " regulatory T cells in the lamina propria. Immunity
34:237-46

Powell JD, Delgofte GM. 2010. The mammalian target of rapamycin: linking T cell differentiation,
function, and metabolism. Immunity 33:301-11

Gao W, LuY, El Essawy B, Oukka M, Kuchroo VK, Strom TB. 2007. Contrasting effects of cyclosporine
and rapamycin in de novo generation of alloantigen-specific regulatory T cells. Am. J. Transplant. 7:1722—
32

Kang J, Huddleston SJ, Fraser JM, Khoruts A. 2008. De novo induction of antigen-specific
CD4"CD25%Foxp3* regulatory T cells in vivo following systemic antigen administration accompa-
nied by blockade of mTOR. 7. Leukoc. Biol. 83:1230-39

Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, et al. 2009. The mTOR kinase differentially
regulates effector and regulatory T cell lineage commitment. Immmunity 30:832-44

Gabrysova L, Christensen JR, Wu X, Kissenpfennig A, Malissen B, O’Garra A. 2011. Integrated T-cell
receptor and costimulatory signals determine T'GF-3-dependent differentiation and maintenance of
Foxp3™ regulatory T cells. Eur. J. Immunol. 41:1242-48

Sauer S, Bruno L, Hertweck A, Finlay D, Leleu M, et al. 2008. T cell receptor signaling controls Foxp3
expression via PI3K, Akt, and mTOR. Proc. Natl. Acad. Sci. USA 105:7797-802

Dang EV, Barbi J, Yang HY, Jinasena D, Yu H, et al. 2011. Control of T1117/T g balance by hypoxia-
inducible factor 1. Cell 146:772-84

Shi LZ, Wang R, Huang G, Vogel P, Neale G, et al. 2011. HIFlalpha-dependent glycolytic path-
way orchestrates a metabolic checkpoint for the differentiation of TH17 and Treg cells. 7. Exp. Med.
208(7):1367-76

Roncarolo MG, Battaglia M. 2007. Regulatory T-cell immunotherapy for tolerance to self antigens and
alloantigens in humans. Naz. Rev. Immunol. 7:585-98

Riley JL, June CH, Blazar BR. 2009. Human T regulatory cell therapy: take a billion or so and call me
in the morning. Immunity 30:656-65

Edinger M, Hoffmann P. 2011. Regulatory T cells in stem cell transplantation: strategies and first clinical
experiences. Curr. Opin. Immunol. 23:679-84

Trzonkowski P, Bieniaszewska M, Juscinska J, Dobyszuk A, Krzystyniak A, et al. 2009. First-in-man
clinical results of the treatment of patients with graft versus host disease with human ex vivo expanded
CD4TCD25tCD127~ T regulatory cells. Clin. Immunol. 133:22-26

www.annualreviews.org  Induced CD4* Foxp3™ Treg Cells

140. Proposes a
two-step model for oral
tolerance induction.

757



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

158. Establishes an
efficient protocol for
human iTreg cell
generation and
expansion.

758

153.

154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

Hippen KL, Merkel SC, Schirm DK, Sieben CM, Sumstad D, et al. 2011. Massive ex vivo expansion of
human natural regulatory T cells (Tregs) with minimal loss of in vivo functional activity. Sci. Transl. Med.
3:83ra41

Hippen KL, Riley JL, June CH, Blazar BR. 2011. Clinical perspectives for regulatory T cells in trans-
plantation tolerance. Semin. Immunol. 23:462-68

Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, etal. 2009. Functional delineation and differentiation
dynamics of human CD4" T cells expressing the FoxP3 transcription factor. Immunity 30:899-911
Battaglia M, Stabilini A, Roncarolo MG. 2005. Rapamycin selectively expands CD4TCD25*FoxP3*
regulatory T cells. Blood 105:4743-48

Tresoldi E, Dell’Albani I, Stabilini A, Jofra T, Valle A, et al. 2011. Stability of human rapamycin-
expanded CD4"CD25" T regulatory cells. Haematologica 96:1357-65

Hippen KL, Merkel SC, Schirm DK, Nelson C, Tennis NC, et al. 2011. Generation and large-
scale expansion of human inducible regulatory T cells that suppress graft-versus-host disease.
Am. J. Transplant. 11:1148-57

Campbell DJ, Koch MA. 2011. Phenotypical and functional specialization of FOXP3" regulatory T
cells. Nat. Rev. Immunol. 11:119-30

Hori S. 2011. Regulatory T cell plasticity: beyond the controversies. Trends Immunol. 32:295-300
Bailey-Bucktrout SL, Bluestone JA. 2011. Regulatory T cells: stability revisited. Trends Immunol. 32:301—
6

Floess S, Freyer J, Siewert C, Baron U, Olek S, et al. 2007. Epigenetic control of the foxp3 locus in
regulatory T cells. PLoS Biol. 5:¢38

Polansky JK, Kretschmer K, Freyer J, Floess S, Garbe A, et al. 2008. DNA methylation controls Foxp3
gene expression. Fur. J. Immunol. 38:1654-63

Bilate o Lafuille



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

Contents

Decisions About Dendritic Cells: Past, Present, and Future
Ralph VL. Steinman ................ ... 0o 1

The Basel Institute for Immunology
Fritz Melchers ... ... 23

Regulation of Immune Responses by mTOR
Jonathan D. Powell, Kristen N. Pollizzi, Emily B. Heikamp,

and Maureen R. Horton ... 39

Sphingosine-1-Phosphate and Lymphocyte Egress from Lymphoid Organs

Fason G. Cyster and Susan R. Schwab ...........................cccccciiiiiii 69
Selection of Self-Reactive T' Cells in the Thymus

Gretta L. Stritesky, Stephen C. Fameson, and Kristin A. Hogquist ....................... 95
Adaptive Immunity to Fungi

Marcel Wiithrich, George S. Deepe, 7r., and Bruce Klein ............................... 115
Microbial Translocation Across the GI Tract

Jason M. Brenchley and Daniel C. Donek ...........................cccccoiiiiiiiiiin, 149
The Response to and Repair of RAG-Mediated DNA Double-Strand Breaks

Beth A. Helmink and Barry P. Sleckman ...............................cccciiiiiiin.. 175

VLR-Based Adaptive Immunity
Thomas Boehm, Nathanael McCurley, Yoichi Sutob, Michael Schorpp,
Masanori Kasabara, and Max D. Cooper .........................cccciiiiiiiiiiiiii.. 203

Immune Regulatory Function of B Cells
Claudia Mauri and Anneleen Bosma ............. ... . . .. . . . .. 221

Lung Dendritic Cells in Respiratory Viral Infection and Asthma: From
Protection to Immunopathology
Bart N. Lambrecht and Hamida Hammad ... ............................cccc... 243

Tolerance of Infections
Fanelle S. Ayres and David S. Schneider ... 271

microRNA Regulation of Inflammatory Responses
Ryan M. O’Connell, Dinesh S. Rao, and David Baltimore .............................. 295

R
Annual Review of

Immunology

Volume 30, 2012



Annu. Rev. Immunol. 2012.30:733-758. Downloaded from www.annualreviews.org
by WIB6063 - Medizinische Hochschule Hannover (MHH) on 10/29/13. For personal use only.

X

Reflex Principles of Immunological Homeostasis
Ulf Andersson and Kevin J. Tracey ....................cccciiiiiiiiiiiiiiiiiiiiei, 313

Chromatin Topology and the Regulation of Antigen Receptor Assembly
Claudia Bossen, Robert Mansson, and Cornelis Murre ....................cccccccccve... 337

Siglecs and Immune Regulation
Shiv Pillai, Ilka Arun Netravali, Annaiah Cariappa, and Hamid Mattoo ............. 357

Monogenic Autoimmunity
Mickie H. Cheng and Mark S. Anderson ..., 393

Germinal Centers
Gabriel D. Victora and Michel C. Nussenzweig ...................cccoviiiiiiiiiiiin... 429

Neutrophil Function: From Mechanisms to Disease
Borko Amulic, Christel Cazalet, Garret L. Hayes, Kathleen D. Metzler,
and Arturo Zychlinsky ... ... .. 459

Signaling by Myeloid C-Type Lectin Receptors in Immunity and
Homeostasis
David Sancho and Caetano Reis e Sousa ......................c.cccciiiiiiiiii. 491

Regulatory T Cells: Mechanisms of Differentiation and Function
Steven Z. Josefowicz, Li-Fan Lu, and Alexander Y. Rudensky .......................... 531

Pathogenesis of Human B Cell Lymphomas
Arthur L. Shaffer 111, Ryan M. Young, and Louis M. Staudt ........................... 565

Autophagy and the Immune System
Petric Kuballa, Whitney M. Nolte, Adam B. Castoreno, and Ramnik J. Xavier ....... 611

Innate Lymphoid Cells: Emerging Insights in Development, Lineage
Relationships, and Function
Hergen Spits and Tom Cupedo ..., 647

Cancer and Inflammation: An Old Intuition with Rapidly Evolving New
Concepts
Giiorgio Trinchieri ......... ..o 677

Transcriptional and Epigenetic Control of T Helper Cell Specification:
Molecular Mechanisms Underlying Commitment and Plasticity
Yuka Kanno, Golnaz Vabedi, Kiyoshi Hirahara, Kentner Singleton,
and Jobn J. O’Shea ............... 707

Induced CD4*Foxp3* Regulatory T Cells in Immune Tolerance
Angelina M. Bilate and Fuan §. Lafaille ... 733

The Microbiome in Infectious Disease and Inflammation
Kenya Honda and Dan R. Littman ...........................cccccceiiiiiiiiiiiii, 759

Contents



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Immunology
Online
	Most Downloaded Immunology
 Reviews 
	Most Cited Immunology
Reviews 
	Annual Review of Immunology
Errata 
	View Current Editorial Committee

	All Articles in the Annual Review of Immunology, Vol. 30

	Decisions About Dendritic Cells: Past, Present, and Future
	The Basel Institute for Immunology
	Regulation of Immune Responses by mTOR
	Sphingosine-1-Phosphate and Lymphocyte Egress from Lymphoid Organs
	Selection of Self-Reactive T Cells in the Thymus
	Adaptive Immunity to Fungi
	Microbial Translocation Across the GI Tract
	The Response to and Repair of RAG-Mediated DNA Double-Strand Breaks
	VLR-Based Adaptive Immunity
	Immune Regulatory Function of B Cells
	Lung Dendritic Cells in Respiratory Viral Infection and Asthma: FromProtection to Immunopathology
	Tolerance of Infections
	microRNA Regulation of Inflammatory Responses
	Reflex Principles of Immunological Homeostasis
	Chromatin Topology and the Regulation of Antigen Receptor Assembly
	Siglecs and Immune Regulation
	Monogenic Autoimmunity
	Germinal Centers
	Neutrophil Function: From Mechanisms to Disease
	Signaling by Myeloid C-Type Lectin Receptors in Immunity and Homeostasis
	Regulatory T Cells: Mechanisms of Differentiation and Function
	Pathogenesis of Human B Cell Lymphomas
	Autophagy and the Immune System
	Innate Lymphoid Cells: Emerging Insights in Development, Lineage Relationships, and Function
	Cancer and Inflammation: An Old Intuition with Rapidly Evolving New Concepts
	Transcriptional and Epigenetic Control of T Helper Cell Specification: Molecular Mechanisms Underlying Commitment and Plasticity
	Induced CD4+Foxp3+ Regulatory T Cells in Immune Tolerance
	The Microbiome in Infectious Disease and Inflammation




