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The break on immune tolerance is a common point between autoimmune diseases and the
uncontrolled effector immune responses against allo-antigens in transplantation. Among
the past years, several approaches to restore a suppressive immune state have included the
targeting of co-stimulatory/inhibitory molecules on immune cells, the promotion or blockade
of pivotal cytokines, and the extensive study on how to isolate and expand suppressive cells
with the purpose to re-infuse them in patients. To date, the availability of new technologies has
permitted to learn, in a more detailed way, the immune mechanisms carried out by suppressive
lymphocytes, together with the identification of new potential candidates to target in our
quest for immune tolerance. For example, the attractive concepts of lymphocyte plasticity and
function stability, supported by the finding of new transcription factors, have opened a new
window in the understanding of T cell differentiation, effector cell commitment and immune
regulatory function. On the other hand, the discovery of new members of the Ig superfamily
ligand, VISTA; the intriguing role of modulatory molecules like Retinoic Acid, Neuropilin-1,
Fc gamma receptors, or cytokines such as IL-33, among others, are revealing new possibilities
in the development of new strategies to conquer our obsession: immune tolerance. Here, we
gather the latest information regarding new targets and cellular processes, including an update
on current cellular therapies and the exciting coming approaches to cure autoimmunity and
permit transplant acceptance.

Citation: Pino-Lagos, K., Quezada, S., Cataldn, D. E,, Aguillon, J. C., eds. (2016). Searching for Immune
Tolerance Manipulating New Molecules and Exploiting New Concepts on Lymphocyte Biology. Lausanne:
Frontiers Media. doi: 10.3389/978-2-88919-951-8
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The Editorial on the Research Topic

Searching for Immune Tolerance Manipulating New Molecules and Exploiting New Concepts
on Lymphocyte Biology

This research topic was inspired in those still non-curable inflammatory conditions, such as autoim-
mune diseases and transplant rejection, based on the fact that immunologists worldwide are still
searching for strategies to restore long-term immune tolerance. Thus, we gathered several research-
ers whom actively base their investigation lines in novel molecules and immune cell populations that
can be exploited to design new strategies for the establishment or recovery of tolerance.

In the context of autoimmunity, intriguing is the role of interferon (IFN)-y in the pathogenesis
of multiple sclerosis (MS) and its animal model, the experimental autoimmune encephalomyelitis,
which is reviewed in two articles contained in this edition (Ottum et al.; Arellano et al.). They focus
on new evidence that help to explain the seemingly opposing effects of this cytokine over different
central nervous system cells and on different stages of the disease, giving some important clues that
can help to guide the potential therapeutic use of IFN-y in MS patients. Other cytokine that recently
has been focus of interest is IL-33, a molecule first described as an alarmin, but Gajardo-Carrasco
et al. detail the plethora of now recognized functions in which IL-33 is involved, with special atten-
tion in T cell biology, adaptive immunity, tolerance, and immunological disorders.

Continuing with an update on molecules with pivotal immune function, Le Mercier et al. and
Guo and Wang deliver us a solid snap shot on receptors and ligands with stimulatory and inhibitory
immune activity, revising both classic and newest members, their contribution to disease and how
they have been currently targeted to utilize them for therapeutic purposes. Special attention received
the new Ig family member VISTA, which is presented as an interesting modulator of the immune
response and with high potential for its exploitation in the clinic.

Similarly, the article by Iruretagoyena et al. addresses the immune regulatory aspects of vitamin
D and its importance in controlling the development of autoimmune diseases. This review has a
particular emphasis on the participation of this vitamin in the physiopathology of systemic lupus
erythematosus (SLE) and gives an update on the latest data about vitamin D supplementation in
SLE patients.

Regarding the use of immune cells with therapeutic purposes, this research topic contains five
reviews that put the spotlight over the use of dendritic cells (DCs) and regulatory T cells (Tregs) as
tools to treat immune-related conditions (including autoimmunity and transplant rejection). The
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Catalén and Pino-Lagos

New Insights in Immune Tolerance

article by Schinnerling et al. summarizes the recent advances
in the description of intracellular pathways and transcriptional
regulators that command the monocyte-derived tolerogenic
human DCs differentiation program and propose candidate
molecules that could be regarded as key in their tolerogenic func-
tions. On the other hand, Maggi et al. examine one of the putative
mechanisms of action of tolerogenic DCs; this is the induction
of hyporesponsive or anergic CD4* T cells. The authors review
recent findings in the impact of CD4* T cells anergy induction
in animal models of autoimmune diseases development and
progression, and discuss on the potential benefits of exploiting
this mechanism for therapeutic purposes in humans. Similarly,
Osorio et al. present a complete revision on DCs nature, from
their origin, lineages, differentiation process, subtypes, and physi-
ological role, linking these observations with diseases and men-
tioning current technological approaches to use them as a source
for cellular therapy. On the other hand, Safinia et al. and Gregori
et al. targeted human Tregs, describing extensively all their phe-
notypic characteristics, the different subpopulations identified
to date based on certain surface markers and their mechanisms
to drive immune suppression, and compiling simultaneously all
the results from finished and ongoing clinical trials. In addition,
both works discuss different aspects of human Tregs clinical grade
manufacture and the variables that need to be improved to perfect
the protocol, such as viability, antigen-specificity, cell expansion
efficiency, and phenotypic/functional stability.

In parallel, the original article by Ruiz et al. proposes a modi-
fied protocol to favor mixed chimerism and further transplant
acceptance in a preclinical model. Their novelty bases in the use
of antigen-specific Tregs generated in vitro in the presence of
IL-2, TGF-B, and retinoic acid (RA), in conjunction with previ-
ously established procedures as non-myeloablative irradiation
and administration of immunosuppressant drugs. This group
observed that the transfer of RA-Tregs facilitates donor-cells
engraftment and allows for the acceptance of skin allografts,
proposing the inclusion of Tregs as co-therapeutic tool. Another
article reports how Soto et al. pinpoint at another cell population,
frequently overlooked when it comes to tolerance mechanisms:
B cells. Using systemic sclerosis (SSc) as a paradigmatic autoim-
mune disease with cellular and humoral components, the authors

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Cataldn and Pino-Lagos. This is an open-access article
distributed under the terms of the Creative Commons Attribution License

describe alterations in the expression levels of activator and
inhibitor receptors on B cells from SSc patients that could con-
tribute with the hyperactivated phenotype of these cells. They also
demonstrate that IL-10-producing B cells and IL-10 secretion by
stimulated B cells are reduced in SSc patients, which can imply
that these patients have an impaired anti-inflammatory function
on regulatory B cells, a subset specifically dedicated to promote
tolerance to innocuous antigens. The restoration of the capacity of
these cells to express adequate levels of protolerogenic molecules
and regain their regulatory capability through novel or current
B cell-targeted therapies could be a promising therapy for SSc or
related autoimmune diseases.

Finally, the review by Parigi et al. brings us to a different
face of immune tolerance, the one that keep us from mounting
exacerbated immune responses against food antigens and com-
mensal microbiota. Disruptions of the tolerogenic mechanisms
displayed by a normal intestinal immune system can lead to
severe conditions, such as food allergy or inflammatory bowel
diseases. This review deals with the way how diet, breast milk, and
solid food shape the immune system of newborns and defines the
homeostasis in the intestinal microenvironment, thus conferring
risk or protection for the future development of immune medi-
ated diseases.

Overall, we achieved putting together a nice compilation on
the current molecules and cell populations that are being aggres-
sively targeted to restore immune tolerance in diseased patients.
While many efforts are put in translational immunology, basic
science immunologists continue working to satisfy these goals.
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Novel immune check-point
regulators in tolerance maintenance

Yanxia Guo ™ and Adele Y. Wang

Merck Research Laboratories, Palo Alto, CA, USA

The great success of anti-cytotoxic lymphocyte antigen 4 (CTLA4) and anti-programed
cell death protein 1 (PD1) in cancer treatment has encouraged more effort in harnessing
the immune response through immunomodulatory molecules in various diseases. The
immunoglobulin (Ig) super family comprises the majority of immunomodulatory molecules.
Discovery of novel Ig super family members has brought novel insights into the function
of different immune cells in tolerance maintenance. In this review, we discuss the function
of newly identified B7 family molecules, B7-H4 and V-domain Ig Suppressor of T cell
Activation (VISTA), and the butyrophilin/butyrophilin-like family members. We discuss the
current stages of immunomodulatory molecules in clinical trials of organ transplantation.
The potential of engaging the novel Ig superfamily members in tolerance maintenance
is also discussed. We conclude with the challenges remaining to manipulate these
molecules in the immune response.

Keywords: B7, butyrophilin, immune tolerance

Introduction

The immune system consists of various cell types to mount both innate and adaptive immunity
against pathogens. As an important component of adaptive immunity, T cell activation requires
three signals. Signal 1 is acquired through the interaction between T cell receptor (TCR) and
peptide-loaded major histocompatibility complex (MHC) molecules. Signal 2 is induced through
the interaction between co-stimulatory/co-inhibitory molecules on antigen-presenting cells (APC)
and their receptors on T cells, thus enhancing/inhibiting T cell activation. Signal 3 is mediated by
cytokines, such as IL2 to promote T cell proliferation. Co-stimulatory/co-inhibitory molecules are
the most well-studied molecules and fall into immunoglobulin (Ig) super family members, including
B7 family and tumor necrosis factor (TNF) family proteins. These molecules play essential roles in
maintaining the balance between sufficient immune response against pathogenic antigens (Ag) as
well as limited response against self-antigens or allogenic transplant graft. We identify this family of
molecules as “immune modulatory molecules.” The potential receptors and ligands for many novel
molecules remain unknown and may serve as both receptors and ligands in different cells. In this
review, we define the potential receptors/ligands of these novel molecules as “binding partners” for
simplicity.

Over the past decade, a large number of B7 and TNF family molecules have been discovered
and actively evaluated in clinic. The clinical success of anti-CTLA4 (1, 2) and anti-PD1 blocking
antibody (Ab) (3, 4) in various cancers encourages more active research and drug development
effort. This effort aims to enhance co-stimulatory or dampening co-inhibitory molecules effect to
achieve robust anti-tumor immune response. In parallel, studies are also carried out to dampen the
immune response by enhancing the effect of co-inhibitory molecules in treatment of autoimmune
or inflammatory diseases (5-7). In addition, organ transplantation is still a great challenge in
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Immune check-point regulators

the clinic as the allogenic transplant rejection is a common prob-
lem in patients. There is great need for inhibiting the host rejection
of donor organs (8). Undoubtedly, the discovery of new immune
modulatory molecules has offered new opportunities to manip-
ulate the host immune system for tolerance maintenance and
graft acceptance. In this article, we review recent discoveries of
novel Ig B7 family members VISTA and B7-H4. We also review
the butyrophilin (BTN) family members, namely “old molecules
with novel immunomodulatory functions.” Learning from the on-
going clinical trials on well-described molecules, we discuss the
potential application of these new molecules.

B7 Family

B7 family proteins are among the best-described immunomodu-
latory molecules so far. This family consists of both co-inhibitory
and co-stimulatory molecules. This family includes B7.1 (CD80),
B7.2 (CD86), CD28, CTLA4, PD1, PDI1 ligand (PDL1), PDL2,
B7RP1 (ICOSL), B7-H3, B7-H4, and VISTA. The growing list
of B7 family members offers great opportunities to modulate
immune response therapeutically in treating different diseases.
This family of molecules was reviewed elsewhere thoroughly
(9, 10). In the following section, we will discuss the progress
in understanding two new molecules in the family, B7-H4 and
VISTA.

B7-H4

B7-H4 (B7x, B7S1, VTCN1), identified in 2003 (11), is a highly
evolutionarily conserved molecule that shares 87% amino acid
identity between human and mouse. Mature B7-H4 is a 50-80 kDa
transmembrane protein with one IgV domain and one IgC
domain. The mRNA expression of B7-H4 is found on both
lymphoid and non-lymphoid tissues. However, B7-H4 protein
expression is more restricted and not expressed on ex vivo
human immune cells (T, B, DC, and monocytes), but can be
induced after in vitro stimulation. Endocrine cells in pancreas
have also been shown to express a moderate level of B7-H4.

Signaling through B7-H4 pathway leads to the inhibition of TCR-
mediated CD4" and CD8™ T cell proliferation, cell-cycle progres-
sion, and IL-2 production (11-13). In experimental autoimmune
encephalomyelitis (EAE) model, blocking B7-H4 on host cells by
a monoclonal antibody accelerates T cell responses and enhances
disease severity (11). However, B7-H4-deficient mice only mount
mildly increased Th1 response and intact cytotoxic T-lymphocyte
reactions against viral infections (14). The study indicated that
B7-H4 is a negative regulator of T cell activation but only plays
a minor role in fine-tuning T cell immunity. However, elevated
soluble form of B7-H4 in the serum of rheumatoid arthritis
(RA) patients is associated with increased disease severity. In a
collagen-induced arthritis mouse model, both overexpression of
soluble B7-H4 and genetic deletion of B7-H4 enhanced disease
severity, due to enhanced B cell, T cell, and neutrophil response
(15). This severity suggests that soluble B7-H4 acts as a decoy
molecule to block the inhibitory function of B7-H4. Further con-
firmation of the correlation between soluble B7-H4 and disease
severity in RA patients may indicate a new target pathway in
autoimmune diseases. Although soluble B7-H4-immunoglobulin
(B7-H4-Ig) fusion protein binds to activated T cells, the binding
partner for B7-H4 has not been identified and does not bind
to known CD28 family members, such as CD28, CTLA4, ICOS,
and PD1.

On the other hand, overexpression of B7-H4 on the pancre-
atic islets can protect mice from T cell-mediated autoimmunity
and these islet allograft increased survival after transplantation
(16). The immunosuppressive function of B7-H4 has also been
investigated in experimental type I diabetes models using B7-
H4-Ig. Pre-diabetic non-obese diabetes mice treated with B7-H4-
Ig displayed lower incidence of diabetes by suppressing immune
infiltrates into the islets (17). Lee et al. found that B7-H4-Ig
treatment decreased Th17 cell whereas promoting CD4 T IFNy™*
T cells development (18). These findings suggest a possible role of
B7-H4 in maintaining the balance between Thl and Th17 cells.
However, more studies are warranted to verify this observation
and elucidate the molecular mechanism. The impact of B7-H4 on
T cells is summarized in Figure 1.

B7-H4
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FIGURE 1 | B7-H4 is a co-inhibitory molecule on APC (blue) and
interacts with its unknown receptor (receptor X) on T cells (green)
to deliver negative signaling during T cell activation. Left: in the
presence of B7-H4-receptor X interaction, T cells proliferate at a lower rate
and produce lower amount of IL2 (purple), lower IFNYy (black), and higher
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IL17 (red). Middle: antagonistic anti-B7-H4 (magenta triangle) blocks the
interaction between B7-H4 and receptor X. T cells proliferate at a higher
rate and produce more IL2. Right: B7-H4 overexpression leads to lower
T cell proliferation, lower IL2 and IL17 production, and higher IFNy
production.
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In addition to the direct impact of B7-H4 inhibition on T and B
cell immune response, B7-H4 also acts as a negative regulator for
neutrophil response. B7-H4-deficient mice are more resistant to
infection by Listeria monocytogenes due to augmented neutrophil
accumulation (19). Within 3 days after infection, bacterial colonies
in liver and spleen are significantly lower in B7-H4-deficient mice
than controls, concomitant with increased number of neutrophils
in the spleen of infected mice. B7-H4 inhibits the growth of
bone marrow-derived neutrophil progenitors in vitro, demon-
strating an inhibitory function of B7-H4 in neutrophil expansion.
Enhanced neutrophil growth in B7-H4-deficient mice also occurs
in the background of recombination activation gene (RAG) knock
out mice, independent of adaptive immunity. The inhibition of
neutrophil expansion shows that B7-H4 directly regulates innate
immunity. Furthermore, Pawar et al. discovered B7-H4 expres-
sion on kidney resident cells and could be induced further with
inflammatory stimuli. In an antibody-mediated nephritis model,
B7-H4-deficient mice showed more T, B, macrophage, and neu-
trophil infiltration into kidney. In addition, macrophages in B7-
H4-deficient mice demonstrate a more inflammatory phenotype.
Whether B7-H4 modulates other immune cells remains unknown.

V Domain-Containing Ig Suppressor of
T-Cell Activation

V domain-containing Ig suppressor of T-cell activation (VISTA),
also named as PD1 homolog (PD1H), is expressed in both
hematopoietic and non-hematopoietic tissues. Among immune
cells, VISTA is highly expressed on mature CD11b"8" myeloid-
derived APCs and to a less extent on CD4", CD8*, and Tregs
(20). VISTA is a 55- to 65-kDa type I Ig membrane protein
with the extracellular domain homologous to PD-L1. In vitro,
VISTA-Ig inhibits T cell activation, proliferation, and production
of cytokines, such as IL2 and IFNYy, during anti-CD3 activation.
VISTA overexpression on APC also suppressed T cell prolifera-
tion, which was rescued by neutralizing anti-VISTA monoclonal
Ab (13F3). More importantly, VISTA overexpression on tumor
cells overcame the protective anti-tumor immunity. These studies
collectively suggest that VISTA on APC delivers negative signaling
to T cells during activation via a yet-to-identify binding partner on
T cells. The same Ab administration in vivo exacerbated disease
progression in a passive EAE model. Further studies demonstrated
that mice deficient in VISTA display normal hematopoietic devel-
opment. These mice do not succumb to obvious organ-specific
autoimmune diseases, despite chronic inflammation in multiple
organs over age. Consistently, spontaneously activated T cells
accumulate and produce inflammatory cytokines and chemokines
in aged VISTA-deficient mice (21). 2D2 T cell receptor mice
overexpress T cell receptor that recognizes myelin oligodendro-
cyte glycoprotein (MOGss-s5). VISTA deletion in 2D2 transgenic
mice significantly enhanced EAE severity. Disease progression
is due to an increase in activated encephalitogenic T cells in
the periphery and greater infiltration into the central nervous
system. The analysis of both VISTA-Ig and genetic ablation
demonstrated that VISTA is a negative check-point regulator of
T cell activation. Blocking VISTAs function promotes the pro-
inflammatory cytokines production and enhances autoimmune

diseases development under susceptible conditions. However,
another anti-VISTA Ab seemed to inhibit the progression of acute
graft-versus-host-diseases (GVHD). This inhibition indicates the
agonistic effect of this Ab in the regard of suppressing T cell
activation (22).

Even though the binding partner of VISTA remains unknown,
Flies et al. demonstrated that VISTA is a co-inhibitory receptor
on CD4" T cells. VISTA™'~ CD4" T cells showed stronger
Ag-specific proliferation and cytokine production than wild-type
CD4™" T cells. In an APC-T co-culture study, VISTA deficiency
on both APC and T cells resulted in the strongest proliferation
response, whereas VISTA-sufficient APC and T cells generated
the poorest response. VISTA deficiency on either APC or T cells
yielded an intermediate response. Taken this data together with
previous studies (20), VISTA negatively regulates T cell immunity
via direct impact on T cells by engaging different receptor/ligand
(illustrated in Figure 2). In a murine model of acute hepatitis, a
different agonistic VISTA Ab administration suppressed CD4™ T
celland NK cell-mediated acute inflammation. The data suggested
that VISTA™'~ mice showed survival benefits during GL261
glioma growth, mediated by enhanced CD4™" T cell anti-tumor
immunity (22). The bidirectional inhibition of VISTA on APC and
T cells suggests that VISTA is a valuable target for immunological
diseases. The studies in mice are reinforced by characterization
of human VISTA expression and function (23). More studies are
needed to characterize the correlation between VISTA expression
and autoimmune diseases, such as RA, to establish the rationale
for targeting VISTA in clinic. Moreover, it is worthwhile evaluat-
ing the potential of agonistic anti-VISTA Ab in tolerance induc-
tion during organ transplantation given the preclinical evidences
in GVHD. Furthermore, the identification of VISTAs binding
partner will certainly offer great insight into the molecular mech-
anism of VISTA signaling and ensure better understanding of
agonistic Ab safety in development.

Butyrophilin Family in Immune Tolerance

As B7 family member proteins, BTN family members have extra-
cellular IgV and IgC domain, but most BTN family members have
an intracellular B30.2 domain. Therefore, BTN family members
belong to the Ig superfamily. Since the discovery of BTN family

APC

T cell

— B visTA

FIGURE 2 | VISTA is a co-inhibitory molecule on both APC (blue) and
T cells (green). VISTA is expressed on APC and interacts with the partner

(receptor X) on T cells. VISTA can also be a co-inhibitory receptor on T cells
and binds to its unknown ligand (ligand Y) on APC. Both interactions deliver
negative signaling to T cell activation.
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members in the regulation of immune response, butyrophilin-
like (BTNL), family members have also been identified in both
human and mouse genome. The extracellular structural similarity
between BTN/BTNL and B7 family suggested that BTN/BTNL
family molecules may have immune regulatory functions as B7
family members. In this section, we discuss the genomic distribu-
tion, function, and clinical evidence between BTN/BTNL family
proteins and immune tolerance.

Genomic Distribution of BTNs

The first BTN member was discovered in milk in which BTN sub-
family 1 member A1 (BTN1A1) is essential for the secretion, lacta-
tion, and stabilization of milk-fat globules (24-26). Further studies
discovered more BTN proteins with immune-regulatory func-
tions. Thus far, 13 human BTNs and BTNLSs have been described.
Human BTNs include BTN1A1, BTN2A1, BTN2A2, BTN2A3,
BTN3A1, BTN3A2, and BTN3A3 (27). Human BTNLs include
BTNL2, BTNL3, BTNLS, BTNL9, BTNL10, and SKINT-like
(SKINTL). In mice, 11 genes have been identified to encode BTN
and BTNL molecules. These include BTN1A1, BTN2A2, BTNLI1,
BTNL2, BTNL4, BTNL5, BTNL6, BTNL7, BTNL9, BTNL10, and
SKINT. The majority of these proteins are diverse between human
and mice, making it difficult to study their function. As mentioned
above, the BTN family members have extracellular IgV and IgC
domains as B7 family proteins (28-31). Extracellular IgV and
IgC domains are essential for the interaction among B7 family
members. However, it remains unknown whether BTN/BTNL
family proteins bind to their counter-receptors via the IgV and IgC
domain. In addition, it remains unknown how intracellular B30.2
domain binds to other intracellular signaling proteins to deliver
the function of BTNs and BTNLs. Regarding the expression pat-
tern of BTN/BTNL family molecules, there is some inconsis-
tency among existing data when comparing mRNA with protein
expression. Abeler-Dorner et al. summarized the mRNA and
protein expression of each BTN/BTNL family member in another
review (27).

Function of Butyrophilin in T cell Immunity

The wide distributions of certain BTN/BTNLs determine the
functions of these molecules in different immune cells. As
BTN/BTNLs are expressed on APCs or T cells, studies have been
carried out to determine the function of these molecules in the T
cell immunity in vitro and in vivo. In this section, we will focus
on the function of these “old molecules” in regulation of T cell
immunity, in the regard of both conventional o T cells and Y8
T cells.

Butyrophilin in Regulation of Conventional

T Cell Response

As B7 family members, some BTN/BTNLs are co-inhibitory
whereas others are co-stimulatory in the regard of conven-
tional T cell function regulation. The function characterization
of BTN/BTNL family members depends on the administration
of recombinant protein and antagonistic/agonistic Ab in T cell
activation, differentiation, and cytokine production in vitro and
diseases progression in vivo. In the following section, we will focus
on the delineation of co-inhibitory and co-stimulatory function of
various BTN/BTNL family members.

BTNs as co-inhibitory molecules

Nguyen et al. first demonstrated the co-inhibitory role of mouse
BTNL2 in T cell immunity (32). Mouse BTNL2-Ig fusion pro-
tein inhibited anti-CD3- and anti-CD28-stimulated CD4 ™" T cell
proliferation and IL2 production via reducing activating protein-
1 (AP-1), nuclear factor of activating T cells (NFAT), and NEF-
KB activity. Arnett et al. further illustrated the upregulation of
BTNL2 in inflamed colons in the mouse Mdr1la-deficient model of
inflammatory bowel diseases. BINL2 conveys its inhibitory signal
also by counteracting the co-stimulatory effect of B7RP1 (ICOS
ligand) on T cell activation (33). No binding partner has been
successfully identified as BTNL?2 failed to bind known B7 family
proteins, such as CD28, ICOS, PD1, CTLA4, and HVEM.

Further studies elucidated the similar co-inhibitory function
of murine BTNLI1 (34). In vitro studies showed that BTNL1-Ig
fusion protein suppressed low-concentration anti-CD3-induced
T cell activation and IL2 production by cell-cycle arrest. Like
BTNL2, BTNLI does not bind CD28, CTLA4, triggering recep-
tor expressed on myeloid cells (TREM)-like transcript 2 (TLT-2,
TREML2), B7-H3, B7-1, or other B7 family members. Antago-
nistic anti-BTNL1 Ab-induced strong Th2 response after keyhole
limpet hemocyanin (KLH) and complete Freund’s adjuvant (CFA)
immunization in vivo, demonstrated by enhanced T cell prolif-
eration and higher production of Th2 cytokines (IL-4, IL-5, and
IL-13), but lower IFNYy. Antagonistic anti-BTNL1 Ab treatment
also exacerbated EAE via promoting Th17 response. Similarly,
o.-BTNL1 Ab exacerbated Th2-mediated allergy response. These
studies indicate that BINL1 may fine tune Thl versus Th2 and
Th17 development. No potential BTNL1 binding partner has been
identified so far.

Human BTN3A1l, also known as CD277, is highly upregu-
lated in myeloid DCs and macrophages by vascular endothe-
lial growth factor (VEGF) and CCL3 in human ovarian cancer.
BTN3ALl inhibited T cell proliferation and Thl cytokine pro-
duction through preventing the upregulation of cellular caspase-
8 (FLICE)-like inhibitory protein (cFLIP) and the consequently
enhanced caspase-8 activity. Caspase-8 activity is necessary to
initiate the activation of NF-xB and promote T cell proliferation
(35). A recent study, however, extended the function of BTN3A1
beyond the co-inhibition to presenting phosphorylated antigen
(discussed in more details below).

Even though the preclinical studies highlighted the importance
of these co-inhibitory BIN/BTNLs in inflammatory diseases and
possibly graft tolerance, key issues remain for therapeutic target-
ing of these molecules. First, little is known regarding how the
negative signaling to T cell activation is conveyed by the engage-
ment with their potential binding partners. The understanding
in this regard will facilitate the identification of pharmacologi-
cal kinetics (PK) and pharmacological dynamics (PD) markers
during therapeutic Ab screening. Second, no potential binding
partners for these molecules have been identified. To enhance
the negative effect of the molecules during APC-T cell interac-
tion, it is essential to minimize unwanted effects by activating
potentially complex signaling pathway in T cells. More studies are
needed to gain better understanding of the function of these co-
inhibitory molecules in various T cell subsets differentiation and
other immune cells. This will help to determine the specific need
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of the Ab isotype or the format of BTN/BTNL-Ig fusion protein to
deliver the most effective drug with least toxicity.

BTNs as co-stimulatory molecules

Among BTN/BTNL family members, BTNL8 and BTN3A2 are
co-stimulatory molecules. There is no ortholog of human BTNL8
in mice. BTNL8 mRNA is highly expressed on neutrophils rather
than T cells or myeloid cells. BTNL8 seems to bind resting
instead of activated T cells. The administration of BTNL8-Ig
enhanced anti-CD3-stimulated human CD4™ T cell proliferation
and cytokines production, such as IFNy, TNFa, IL8, and IL10.
This study indicated that BTNL8-Ig functions at very early stage
of T cell activation (36). Surprisingly, BINL8-Ig fusion protein
enhanced Ovalbumin and alum-stimulated primary Ab response
in mice. However, no studies have illustrated the reason for
cross-species activity of BINL8-Ig. Therefore, the binding partner
of human BTNL8 may share high homology with its ortholog
in mice. BTNL3 shares high sequence similarity BTNL8 but is
expressed mainly in neutrophils. No known function of BTNL3
has been reported. In a population genetics study, Aginel et al.
identified a BTNL8-BTNL3 deletion leading to a new BTNL8*3
fusion protein (37). The sequence between intron 4 of BTNL8
and intron 4 of BTNL3 is deleted, leading to no coding sequence
changes in BTNL8-BTNL3. Thus, the fusion protein may still
be intact. Gene-expression analysis in lymphoblastoid cell lines
showed that BTNL8-BTNL3 deletion is correlated with TNF and
ERK1/AKT pathways, the key players in immune regulation.
However, function analysis needs to be done. Further studies are
warranted to elucidate the correlation between BTNL8-BTNL3
deletion and inflammatory diseases in patients.

BTN3A2 was recognized as a co-stimulatory molecule from
correlation studies in cancer patients. Earlier studies suggested
that high BTN3A2 mRNA expression was associated with a good
prognosis in relation to disease-free and overall survival in a
cohort of 55 epithelial ovarian cancer (EOC) patients (38). Further
studies in a larger cohort of 199 high-grade EOC patients con-
firmed that the protein expression of BIN3A2 in ovarian cancer
tissues is positively correlated with the intraepithelial infiltration
of CD41 and CD8T T cells (39). The validation of BIN3A2 as a
prognostic marker for EOC indicated that BTN3A2 may modulate
the infiltration of immune cells and thus the anti-cancer immu-
nity. To better understand whether BIN3A2 can be a therapeutic
target in cancer, inflammatory diseases, or transplant tolerance,
the function of BTN3A2 in specific immune cells warrants further
studies.

BTN as Antigen Presentation Molecule

A very recent study demonstrated the function of BTN3A1l
beyond the co-inhibitory and co-stimulatory roles in immune
modulation (40, 41). Human Vy9Vd2 T cells are activated
by phosphorylated antigens. Theses antigens include host
isopentenylpyrophosphate (IPP) and microbial (E)-4-hydroxy-
3-methyl-but-2-enyl pyrophosphate (HMBPP). Vavassori et al.
discovered that recombinant BTN3A1l specifically stimulated
human Vy9V62 T cells in the presence of IPP. This effect is
independent of CD1d molecule. BTN3A1l binds to IPP at a
stoichiometry ratio of 1:1 at a lower affinity (Kq=10"°M)

than the binding of MHC to peptides (Kq=10""~10"° M).
However, phosphorylated antigens can be pulsed on APCs,
indicating that they are bound by BTN3Al under assay and
physiological conditions. Direct binding between BTN3Al
and Vy9Vd2 T cells was specific and weak in the absence
of IPP. However, BIN3Al and Vy9V32 T cells binding is
facilitated by IPP engagement. This new role of BTN3AI is
far beyond co-stimulatory molecules in conventional ofy T
cells as reported previously (35). Human Vy9Vo2 T cells are
critical components of protective anti-microbial and anti-cancer
immunity that involve cells that upregulate IPP. Therefore, it is of
great value to understand how BTN3A1 modulates VY9V 32 cells
in inflammatory diseases and cancer patients. Therapeutic effect
of targeting BIN3AIl may depend on the function of Vy9V2
in specific diseases. Therapeutic targeting of BTN3Al may
potentially expand the bandwidth of immune regulation in clinic.

Function of BTN/BTNL in APC

In addition to co-inhibitory function of BTNLI T cell immunity, a
recent study focused on the function in enterocytes (42). BTNL1
is highly expressed in small intestine, particularly on all entero-
cytes in close juxtaposition with T cells. When an enterocyte-
derived cell line is transfected with Btnll, CD8a T TCRa.B+ and
CD8ootyd intraepithelial lymphocytes-induced cytokine pro-
duction was inhibited in a cell-cell contact-independent manner.
The cytokines include IL6, CXCL1, CCL4, and IL15. However,
monocyte chemoattractant protein-1 (MCP1), IFNY, and CCL2
remained unchanged by Btnll overexpression. As epithelial cells
are protective sites where infection occurs frequently, the capabil-
ity of BTNL1 to dampen the response of enterocytes to activated
intraepithelial lymphocytes may be essential for leveraging colitis
and colon cancer. The close juxtaposition between BTNLI and
cell receptor suggested that the interaction between intraepithelial
lymphocytes and enterocytes plays an essential role in sustaining
the integrity of colon tissues. Nevertheless, it remains unknown
whether BTNL1 controls the development of colon inflammation
in vivo or not. More in vivo studies using the specific deletion or
overexpression of BTNLI1 in enterocytes may facilitate the under-
standing and therapeutic targeting of BTNL1 in inflammatory
diseases and tolerance induction.

Clinical Indication of BTN/BTNL and Immune
Tolerance

The first clinical association between BTN/BTNL proteins and
immune function modulation was identified between BTNL2
mutation and sarcoidosis (43). SNP analysis of 947 indepen-
dent and familial sarcoidosis cases identified a G-A transition
constituting rs2076530, leading to a mutant protein lacking the
C-terminal IgC domain and transmembrane helix. The mutant
protein fails to localize on the cell membrane and loses co-
inhibitory function, leading to over-activated T cells and thus
overt inflammation. Several other studies reported the increased
susceptibility to autoimmune sarcoidosis and myositis in patients
bearing BTNL2 mutations (44). In addition, studies also showed
correlation between BTNL2 polymorphism and ulcerative colitis
(45-47), tuberculosis (48), RA, and systemic lupus erythematosus
(49). However, more validation studies are required to establish
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the direct correlation between BTNL2 polymorphism and disease
progression or severity. Going from bench to bedside, more efforts
should be taken to understand the role of different BIN/BTNL
family members in modulating the function of specific immune
cells in various inflammatory diseases and organ transplantation.

Like some B7 family members, different BTN family members
can also interact with unknown binding partners in different
cell types, eliciting inhibitory or stimulatory response. Thorough
search for the binding partners of these BTN/BTNL members
will certainly facilitate the therapeutic development of agonist
or antagonist Ab or BIN-BTNL/Ig fusion protein in the organ
transplant maintenance. However, as transplant rejection is rather
complicated with various immune compartments involved, more
preclinical studies are warranted with any potential therapeutic
candidate. We will discuss below the current progress of manip-
ulating the well-understood immune modulatory molecules in
clinical development and what lessons we can learn from the past.

Transplant Tolerance in Clinical Practice

Transplant tolerance is still challenging in clinical practice,
although immunosuppression drugs, such as corticosteroids, have
been widely used in transplantation practice. Orlando et al. sum-
marized that out of 461 liver transplantation patients, 163 were
successful in maintaining the graft during immunosuppression
drugs withdrawal (50). On the contrary, there is only one case
report of operational tolerance in lung transplant (51) and one in
heart transplant (52).

To meet the clinical needs for tolerance maintenance, differ-
ent treatments have been developed by depleting effector B and
T cells, and enhancing the suppressive capability of Tregs and
tolerant DCs. Clinical trials are undergoing through depletion
of T cells using a-CD52 (53) and B cell depletion by anti-CD20
(Rituximab) (NCT00568477). Recent studies also explored the
efficacy of Treg adoptive transfer (NCT02088931) and bone mar-
row transplantation (54). To target effector cells and “regulatory”
cells simultaneously, some immunomodulatory molecules seem
practical based on the current data available in cancer studies.
Below, we will discuss specifically the drug development of check-
point regulators in clinic trial and what this means for future
work.

Numerous studies are testing the clinical feasibility of tar-
geting co-stimulatory or co-inhibitory molecules to treat both
autoimmune diseases and prolong organ transplant survival.

The earliest and most well-understood pathway is CD28/
CTLA4-CD80/CD86 pathway. In this regard, CTLA4-Ig fusion
protein (abatacept) was the first immune check-point regulator
drug approved for the treatment of RA with good safety profile
(5, 6). Abatacept binds to both CD80 and CD86, thus inhibiting
both co-stimulatory CD28 and co-inhibitory CTLA4 signaling
pathway. Early clinical trials of abatacept showed no significant
benefit in symptoms of mild atopic asthma (55), multiple sclerosis
(56), or ulcerative colitis (57). However, a second generation of
CTLA-Ig fusion protein (belatacept) has a lower disassociation
rate from CD80 and CD86 (58). In a Phase III trial of renal
transplantation, patients treated with belatacept and calcinurin
inhibitor showed superior function of renal transplants and multi-
ple other clinical parameters (7, 59). However, belatacept-treated
patients also experienced a higher incidence and severity of acute
rejection episodes 1 year after transplantation than those patients
treated with calcinurin inhibitor only.

Further studies focused on antagonistic CD28 Ab (sc28AT) to
block the interaction between CD28 and CD80/CD86 without
disturbing the CTLA4 pathway. Non-human primate studies sug-
gested that the combination therapy of sc28AT and calcineurin
inhibitor induced CTLA4-dependent decrease of T cell function
and Treg promotion in the heart allografts in macaques (60). In
addition to the CD28/CTLA4 pathway, the CD40/CD154 pathway
has resurged as promising target in the clinic. Non-human primate
studies showed that non-depleting CD40 blocking Ab showed
efficacy in delaying rejection of bone marrow, islet (61), and renal
transplantation. Thus, a Phase Ila clinical trial is underway to
measure the efficacy of anti-CD40 (ASKP1240) in renal trans-
plantation (NCT01780844). The clinical trials of targeting these
pathways are summarized in Table 1.

As we learned from past experiences, different molecules may
contribute to various aspects of allograft rejection, through rest-
ing, activated, or memory T cell function regulation. Therefore,
more effort should be taken to understand the intercrossing sig-
naling pathways mediated by different molecules on APCs or
T cells. This will facilitate the identification of the appropriate
pathway to target with least side effects. The novel B7 family
members and BTN/BTNL members may play different roles than
other “old” molecules at different development stages of various
cell types. For instance, the high expression of B and T lym-
phocyte attenuator (BTLA) in y3 T cells (62) may suggest that
this molecule is important for modulating the pro-inflammatory
activities of yd T cells. More studies are warranted to determine

TABLE 1 | Summary of the key clinical trials of targeting immune modulatory molecules and specific immune cells to gain immune tolerance.

Test agent Target Clinical trial number Trial phase Disease area Reference
Campath-1H (alemtuzumab) Anti-CD52 NCT00365846 Phase Il Renal transplantation (53)
Rituximab Anti-CD20 NCT00568477 Phase I Renal transplantation N/A
Treg transfer Treg NCT02088931 Phase | Renal transplantation N/A
Abatacept CTLA4-Ig NCT00048568, NCT00420199 Phase I Rheumatoid arthritis )
Abatacept CTLA4-Ig NCT00784459 Phase Il Mild atopic asthma (55)
Abatacept CTLA4-Ig NCTO1116427 Phase /Il Multiple sclerosis (56)
Abatacept CTLA4-Ig NCT00410410 Phase llI Ulcerative colitis (57)
Belatacept CTLA4-Ig NCT00114777 Phase Il Renal transplantation (7, 59)
NCT00346151 Phase IIl
ASKP1240 Anti-CD40 NCT01780844 Phase Il a Renal transplantation N/A
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whether co-inhibitory molecules on yd T cells play a significant
role in inflammatory diseases and allograft rejection.

The manipulation of both co-stimulatory and co-inhibitory
molecules in the clinic may bring promising outcomes in control
of tolerance maintenance. The incoming data from on-going and
future clinical trials will shed light on how different co-inhibitory
molecules can be engaged to tune down the host response against
the donor transplant. More characterization is required to under-
stand the specific impact of these drugs in facilitating Treg genera-
tion and inhibiting effector function. The selection of therapeutic
AD isotypes and Ig fusion proteins takes thorough exploration to
determine the best therapeutic efficacy with least toxicity. On the
other hand, better understanding of the co-stimulatory molecules
will facilitate their function analysis in tolerance maintenance
during organ transplantation. The antagonistic Ab against the
costimulatory molecules may block the effector T and/or B cell
function by directly interfering with the ligand-receptor binding
on T cells. Alternatively, these molecules can also function via
interrogating the suppressive capability of myeloid cells. More
studies are needed to address the different functions of these
specific molecules in effector and regulatory cells.

Concluding Remarks

The discovery of various new Ig superfamily member proteins
has facilitated the clinical treatment of cancer, and tolerance
maintenance in inflammatory diseases and organ transplant. The
increasing effort on preclinical studies and drug development
toward these molecules will eventually determine the best single
agent or combinatorial approach with most desirable efficacy
and least toxicity. In our view, in-depth understanding of these
molecules in the following aspects is critical for clinical benefits.
First, in preclinical studies, it is of great importance to identify
the unknown binding partners and the down-stream signaling
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pathways mediated by engagement of both co-inhibitory and
co-stimulatory molecules. The identification of binding partners
for known molecules, such as VISTA and B7-H4, is essential
for understanding the mechanism of antagonistic or agonistic
Ab/Ig fusion protein in altering the function of various immune
cells. Shared receptor(s)/ligand(s) among different Ig superfamily
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regulators
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In the last two years, clinical trials with blocking antibodies to the negative checkpoint
regulators CTLA-4 and PD-1 have rekindled the hope for cancer immunotherapy. Multiple
negative checkpoint regulators protect the host against autoimmune reactions but also
restrict the ability of T cells to effectively attack tumors. Releasing these brakes has
emerged as an exciting strategy for cancer treatment. Conversely, these pathways can
be manipulated to achieve durable tolerance for treatment of autoimmune diseases and
transplantation. In the future, treatment may involve combination therapy to target multi-
ple cell types and stages of the adaptive immune responses. In this review, we describe
the current knowledge on the recently discovered negative checkpoint regulators, future
targets for immunotherapy.

Keywords: cancer immunotherapy, autoimmunity, negative checkpoint regulators, TIM-3, LAG-3, TIGIT, BTLA,
VISTA

Introduction

T cells are initially stimulated through the T cell receptor (TCR) by the recognition of their cognate
antigen presented by major histocompatibility complex (MHC) molecules. Optimal T cell activation
requires a “second signal” provided by cosignaling molecules. Many of these molecules are members
of the B7 family, and they act as rheostats that control the threshold for whether a given TCR interac-
tion leads to activation and/or anergy. Positive costimulatory signals promote T cell proliferation and
acquisition of effector function. CD28 is one such molecule that facilitates fulminant T-cell activa-
tion upon recognition of its ligands CD80 and CD86 at the surface of mature antigen-presenting cell
(APC). Negative checkpoint regulators (NCRs) are molecules that down-regulate immune responses
to prevent out-of-proportion immune activation, minimize collateral damage, and maintain periph-
eral self-tolerance.

The two NCRs that have been most actively studied are cytotoxic T lymphocyte (CTL)-associated
antigen 4 (CTLA-4, CD152) and programed cell death protein 1 (PD-1, CD279) (1). They regulate
immune responses at very different levels and by very different mechanisms. CTLA-4 primarily
regulates the amplitude of the early stages of T cell activation by both outcompeting CD28 in binding
CD80 and CD86, as well as actively delivering inhibitory signals to the T cell. PD-1 predominantly
regulates effector T cell activity within tissue and tumors where the immune response is ongoing.
The FDA approval of the CTLA-4 blocking antibody, Ipilimumab (Bristol-Myers Squibb) in 2011 for
the treatment of advanced melanoma, followed in September and December 2014 by the approval
of two PD-1 blocking antibodies, Pembrolizumab (Merck) and Nivolumab (Bristol-Myers Squibb)
mark the beginning of a new era for cancer immunotherapy.
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Multiple additional NCRs have been discovered in the recent
years. The complex nature of the NCR pathways is only now
being appreciated. These represent new promising targets for
therapeutic manipulation.

TIM-3

The T-cell immunoglobulin and mucin-containing protein 3
(TIM-3) was initially identified as a specific marker of fully
differentiated IFN-y producing CD4 T helper 1 (Thl) and
CD8 cytotoxic (Tcl) cells (2). TIM-3 expression is regulated
by T-bet, a Th1 transcription factor (3). In addition to T cells,
TIM-3 is also highly expressed on regulatory T cells (Tregs),
monocytes, macrophages, and dendritic cells (DCs). TIM-3
shares a common structure with the other TIM family mem-
bers consisting of an N-terminal IgV domain followed by a
mucin domain, a transmembrane domain, and a cytoplasmic
tail. TIM-3 does not contain any known inhibitory signaling
motifs but its phosphorylation on two intracellular tyrosine
residues allows for the recruitment of the Src family tyrosine
kinase Fyn and the p85 phosphatidylinositol 3-kinase (PI3K)
adaptor (4).

The S-type lectin Galectin-9 (Gal-9) has been identified as one
of TIM-3 ligands, binding the IgV domain of TIM-3 (5). Gal-9 is
a widely expressed soluble molecule upregulated by IFN-y (6).

TIM-3 Negatively Regulates Th1 and

Tc1 Responses

Binding of Gal-9 to TIM-3 causes an inhibitory signal, resulting
in apoptosis of Th1 cells and cytotoxic CD8 T cells in vitro (5, 7).

TIM-3/Gal-9 blockade generally induces hyperproliferation of
effector cells associated with increased Th1 cytokine production
(5) and increased CD8 T cell cytotoxicity (8). As a consequence,
blocking TIM-3-mediated signaling on T cells in vivo accelerates
or exacerbates Thl- and Tcl-mediated diseases. Gal-9 siRNA-
treated mice (5) and Gal-9 deficient hosts (9) present increased
symptoms of experimental autoimmune encephalomyelitis
(EAE), the mouse model of multiple sclerosis. In addition, both
TIM-3 blocking antibody and TIM-3-Ig fusion protein exacerbate
symptoms of EAE (5, 10, 11), type I diabetes in non-obese (NOD)
mice (12), and acute graft-versus-host disease (aGVHD) (13, 14).
Importantly, TIM-3 deficiency on donor T cells exacerbates EAE
and aGVHD (10, 14). On the other hand, blocking this pathway
can dampen allergen-induced airway inflammation by skewing
the Th2 response toward a Th1 type (15).

Conversely, activating the TIM-3 pathway ameliorates various
disease models. Gal-9 overexpressing mice are protected from
aGVHD (14). Recombinant Gal-9 administration suppresses
EAE (5, 9) and prolongs the survival of fully allogeneic skin or
cardiac transplants (16-18). Gal-9 expressing islets are also pro-
tected from rejection by NOD T cells (19). In all these models,
the protection conferred by Gal-9 is associated with a decrease in
IFN-y producing Th1 and/or Tc1 cells.

Taken together, these data strongly support the hypothesis that
the upregulation of TIM-3 on activated T cells and its interaction
with Gal-9 plays a critical role in attenuating and/or terminating
both CD4 Th1 and CD8 Tcl immune responses.

TIM-3 Regulates Th17/Tregs Differentiation
Whether and how TIM-3 and Gal-9 regulate Th17 cells is
unresolved. While some studies show a negative effect of Gal-9
on both Thl and Th17 development in vivo (16, 20), some
studies show an impact on Thl only (19). Gal-9 potentiates
Treg conversion, and suppresses differentiation of Th17 cells
in vitro (20, 21). As a result, Gal-9 administration ameliorates
collagen-induced arthritis (CIA) by decreasing the levels
of IFN-y and IL-17 in the joints (20). However, one study
demonstrated that Gal-9 suppression of Th17 development is
TIM-3-independent (9).

In vitro, blocking TIM-3 promotes both Thl and Thl7
cytokine production by human and mouse CD4 T cells (8, 22).
Similarly, in vivo TIM-3 blockade increases both Th1 and Th17
cells (8). However, TIM-3 blockade does not increase incidence
and severity of Th17-mediated EAE but alters the pattern of
inflammation due to differential effects on Th1 versus Th17 cells
(10). TIM-3 blockade also inhibits Treg differentiation in vitro
(8) and in vivo (12). As a result, TIM-3 deficient mice cannot be
tolerized by high-dose aqueous antigen administration (11) and
TIM-3 blockade abrogates Treg-mediated tolerance to allogeneic
islets induced by donor-specific transfusion and costimulatory
blockade (12).

Overall, evidence suggests that TIM-3 and Gal-9, possibly
independently of each other, are involved in the differential
regulation of Tregs and Th17 differentiation and contribute to T
cell tolerance. One mechanism proposed is that TIM-3 negatively
regulates IL-6 production by CD4 T cells. Therefore, blocking
TIM-3 induces IL-6 production, which then antagonizes Treg
differentiation and promotes IL-17 production by naive CD4 T
cells (8).

TIM-3 Regulates Innate Cell
Activation/Expansion

TIM-3 is highly expressed by innate immune cells including
monocytes, macrophages, and DCs, and regulates their function
in several ways.

In some circumstances, TIM-3 acts as a negative regulator of
myeloid cell activation. Monney et al. first showed that a blocking
TIM-3 antibody induces increased activation of macrophages (2).
In addition, TIM-3 blockade during the innate immune phase of
the response to coxsackievirus B3 (CVB3) infection exacerbates
inflammatory heart diseases (23).

TIM-3 expression on macrophages can dampen TLR4-
mediated inflammatory reactions and damage (24). Moreover,
expression of TIM-3 and TLR4 is reciprocally regulated (25,
26). TIM-3 blockade enhances macrophage responsiveness to
LPS stimulation, exacerbates sepsis (24), and enhances ischemia
reperfusion injury damage in mouse liver transplantation
(27). In these cases, the effect of TIM-3 blockade is depend-
ent on intact TLR4 expression. TIM-3 overexpression on
macrophages as observed in chronic hepatitis C virus (HCV)
infection, or by transgenic overexpression, is associated with
diminished cytokine production upon stimulation (24, 26).
However, TIM-3 overexpressing macrophages in hepatocel-
lular carcinoma patients promote tumor cell growth via IL-6
production (28).
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On the other hand, several studies have indicated that TIM-3
can promote activation and inflammatory cytokine production by
innate immune cells. Triggering the TIM-3 pathway on DCs and
monocytes via Gal-9 treatment or agonistic anti-TIM-3 antibody
synergizes with TLR ligands to promote their activation (29).
Gal-9 alone promotes the secretion of proinflammatory cytokines
by TIM-3 expressing human and mouse monocytes and DC
(30). In addition, Gal-9 treatment reverses immune suppression
in tumor-bearing hosts and enhances survival by promoting the
maturation of TIM-3 expressing DCs thus promoting adaptive
immunity (31). These apparently contradictory results might be
explained by a differential effect of TIM-3 on macrophages versus
DCs. Other binding partners for TIM-3 and/or Gal-9 can also
mediate this differential effect. In addition, the fact that TIM-3
and Gal-9 can act as both receptors and ligands with regard to
signaling has to be taken into account.

Several reports have indeed established that there is a
reciprocal signal transmitted to the Gal-9 expressing innate
immune cell. Therefore, a TIM-3-Ig fusion protein often used
as a blocking reagent may trigger a signal to Gal-9 expressing
cells independently of its blocking of TIM-3. For example, the
interaction of Gal-9 expressed on macrophages with TIM-3
expressed on Th1 enhances their bactericidal activity. This effect
can be mimicked on macrophages by treatment with TIM-3-Ig
(32, 33). Importantly, this effect is lost in Gal-9-deficient mac-
rophages (32). Kuchroo et al. created TIM-3 Tg mice where
TIM-3 overexpression is controlled by the human CD2 promoter
and restricted to T cells. These mice display dampened T cell
immunity resulting in increased tumor progression that is linked
to the expansion of granulocytic myeloid-derived suppressor
cells (MDSCs). Thus, TIM-3 expressed on T cells is sufficient to
trigger a signal via Gal-9 in MDSCs and promote their expansion
(34). In conclusion, both TIM-3 and Gal-9 are expressed and can
signal in innate immune cells. Thus, cis and trans interactions
might occur and the final effect results from the integration of all
of these signals (35).

Additional Ligands and Partners for TIM-3 and
Gal-9

As mentioned above, TIM-3 and Gal-9 may each have multiple
binding partners. Several studies have found that Gal-9 may act
through counter structures that are not TIM-3. First, Gal-9-
mediated cell death of Thl cells is not completely abolished in
TIM-3-deficient cells (5). In addition, Gal-9 induces proinflam-
matory cytokine production by T helper cells, suppresses Th17
development, and induces plasma cell apoptosis in a TIM-3-
independent manner (9, 36, 37). A recent study also reported
that TIM-3 does not act as a binding partner for Gal-9 on human
T cells (38).

Early crystal structure studies of TIM-3 have revealed a Gal-9
independent ligand-binding surface in the IgV domain (39)
and several TIM-3 additional binding partners have since been
uncovered. Like other members of the TIM family, TIM-3 also
binds phosphatidylserine (PtdSer), exposed at the surface of
apoptotic cells (40). Binding to PtdSer by TIM-3 mediates the
uptake of apoptotic cells by TIM-3 expressing phagocytes such as
CD8a DC and appears crucial for the clearance of apoptotic cells

in vivo (41). TIM-3 blockade thus prevents uterine macrophages
from clearing apoptotic cells and the resulting local inflammation
increases fetal resorption (42).

TIM-3 also interacts with the high-mobility group protein B1
(HMGBI). This interaction prevents the trafficking of nucleic
acids into endosomes and decreases stimulation of endosomal
TLR pathways thereby preventing tumor recognition by TIM-3
expressing DCs and promoting tumor escape (43).

Finally, TIM-3 has recently been described to interact
with the carcinoembryonic antigen cell adhesion molecule 1
(CEACAM-1) in both cis and trans through their N-terminal
domains. CEACAM-1 endows TIM-3-mediated inhibitory func-
tion by facilitating TIM-3 surface expression (44). In conclusion,
TIM-3 and Gal-9 can both use multiple binding partners mediat-
ing various outcomes in both T cells and innate immune cells
unraveling a very complex functional role.

TIM-3 Regulates T Cell Exhaustion

TIM-3 expression has been described to mark the most dysfunc-
tional CD8 T cells in various chronic viral infections in both
human and mice such as human immunodeficiency virus (HIV),
HCYV, and lymphocytic choriomeningitis virus (LCMV) (45-47).
This state of T cell dysfunction, called T cell exhaustion, caused
by chronic antigenic stimulation is characterized by the failure
to respond further, proliferate, and exert effector functions such
as cytotoxicity and cytokine secretion in response to antigen
stimulation. These cells as discussed thereafter, often co-express
other inhibitory molecules.

Similarly, TIM-3 and PD-1 are co-expressed on most CD4 and
CD8T cellsinfiltrating solid tumors or in hematologic malignancy
in mice and these cells are dysfunctional (48, 49). TIM-3 and
PD-1 expression is also upregulated on exhausted tumor-specific
CD8 T cells in the blood of melanoma and lymphoma patients
(50, 51). In both chronic viral infection and cancer, blocking
TIM-3 ex vivo or in vivo increases the functionality of exhausted
T cells and synergizes with PD-1 blockade to restore viral control
(46, 52) or to inhibit tumor growth (48, 49).

TIM-3 expression on tumor-infiltrating lymphocytes (TILs)
also defines highly suppressive Tregs in both human and mouse
tumors (53-55). As a result, TIM-3 blockade and Treg depletion
have a synergistic effect on tumor growth inhibition (54).

LAG-3

The lymphocyte-activated gene-3 (LAG-3, CD223) is a surface
molecule highly homologous to CD4 in structure, but with
less than 20% identity at the amino acid level (56). Like CD4,
LAG-3 binds to MHC class Il molecules, but with a much higher
affinity (57).

LAG-3 is expressed on activated CD4 and CD8 T cells, and
on activated Tregs (58) and Tr1 cells (59, 60). It is also expressed
on a subset of NK cells (61) B cells (62) and plasmacytoid DCs
(63). In resting T cells, LAG-3 is localized and degraded within
the lysosomal compartments (64, 65). After stimulation, LAG-3
is rapidly translocated to the cell surface where its expression
is regulated by two TCR-induced metalloproteases, ADAM10
and ADAM17. LAG-3 cleavage from the cell surface by these
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metalloproteases allows for normal T-cell activation (66).
As a result, LAG-3 is only transiently expressed at the surface
of activated T cells stimulated in acute conditions, although it
remains high on T cells stimulated within tolerizing environ-
ments (58, 67).

LAG-3 associates with the TCR:CD3 complex following TCR
engagement and negatively regulates signal transduction (68). A
single lysine residue (K468) within a conserved “KIEELE” motif
in the cytoplasmic tail of LAG-3 is essential for interaction with
downstream signaling molecules and inhibitory function (69).

LAG-3 Prevents Autoimmunity in Mice

LAG-3 deficiency alone does not induce autoimmunity in
non-autoimmune-prone mouse strains (70-72) and does not
induce major alterations in T cell development or function but
a reduced NK cell cytotoxicity (70). Probably for that reason,
LAG-3-deficient mice present a reduced ability to control tumor
growth (72). However, LAG-3 blockade or LAG-3 deficiency
accelerates diabetes in the predisposed NOD mice (71, 73). In
addition, combined LAG-3 and PD-1 deficiency induces mas-
sive autoimmune conditions and early death in several different
genetic backgrounds (71, 72). These clearly identify LAG-3 as a
non-redundant negative T cell regulator.

LAG-3 Negatively Regulates T Cell Activation
Multiple evidences suggest that LAG-3 signaling directly inhibits
primary activation of T cells in vitro and in vivo.

LAG-3 blockade induces increased proliferation and cytokine
production by T cells activated in vitro (74, 75). In vivo, LAG-3-
deficient T cells exhibit a delay in cell cycle arrest resulting in a
larger memory T cell pool following simian virus (SV) infection
(76). LAG-3-deficient donor T cells also induce more severe
aGVHD due to increased proliferation and enhanced effector
functions (77).

LAG-3 also plays both a direct role and an indirect role in
maintaining the tolerogenic state of CD8 T cells in vivo. LAG-3
deficiency on CD8 T cells prevents the development of transgenic
CD8 T cell tolerance, these cells are exposed to cognate self-Ag (78).
In a different model of CD8 T cell tolerance induced by allogeneic
bone marrow transplantation and costimulation blockade, LAG-3
blockade also abrogates donor-specific CD8 T cell tolerance (79).
However, in this system, LAG-3 is not intrinsically required on
CD8 but must be expressed by other cells.

LAG-3 Regulates the Induction and Suppressive
Ability of Tregs and Tr1 Cells

LAG-3 is a marker of IL-10 producing Trl cells in both mice
and humans (59, 60). Importantly, LAG-3 is one of the most
overexpressed genes on CD4 transgenic T cells stimulated within
a tolerizing environment (58, 78).

LAG-3 likely plays a crucial role in Trl induction and its
function as ectopic LAG-3 expression in CD4 T cells confers
a suppressive activity and blocking LAG-3 inhibits the sup-
pressive function of Trl cells in vitro and in vivo (58). LAG-3
crosslinking on human T cells also induces a functional unre-
sponsiveness that can be reversed by IL-2, consistent with a Tr1
phenotype (80).

LAG-3 is also highly expressed by activated natural Tregs
(58). LAG-3 plays a role in modulating Treg induction/
expansion as LAG-3 deficiency on T cell or LAG-3 blockade
prevents Treg conversion in favor of a THI skewing (81).
The importance of LAG-3 for Treg-mediated suppression is
controversial. In one study, LAG-3-deficient Tregs cannot
suppress homeostatic proliferation (82), whereas two other
studies showed no difference in LAG-3-deficient or -sufficient
Tregs to suppress homeostatic proliferation and aGVHD (77,
81). It is possible that LAG-3 is necessary for Treg-mediated
suppression at high Effector/Treg ratios while being dispensa-
ble at lower ratios.

In these last two studies, LAG-3 expression on conventional
T cells however, regulated their susceptibility to Treg-mediated
suppression. LAG-3-deficient T cells undergo increased homeo-
static expansion when transferred in a lymphopenic host (82)
and LAG-3 blockade also increases homeostatic expansion but
only if Tregs are present (81). This involves a novel Treg-mediated
suppression mechanism following MHC class II acquisition by
Tregs through trogocytosis and subsequent inhibition of LAG-3
expressing conventional T cells (77). Thus, LAG-3 appears as a
crucial molecule involved in both the development and function
of suppressive T cells.

LAG-3 Regulates Innate Cell Activation

Similar to other NCRs, LAG-3 is bidirectional in its signaling
capacity and modulates DC activation by inducing downstream
signaling via MHC class II molecules. LAG-3 expressed on
activated T cells induces DC maturation with the production of
TNFa and IL-12 in vitro. As a result, LAG-3 blockade in DC:T
cell cocultures, prevents DC activation, and inhibits rather than
increases T cell proliferation (83). This T-cell-mediated effect on
DC can be mimicked by soluble LAG-3-Ig fusion protein (84). As
a result, LAG-3-Ig acts as an adjuvant increasing Th1 and cyto-
toxic T cell responses to soluble antigen in vivo (85). Similarly,
LAG-3-Ig administered together with irradiated tumor cells
induces tumor regression and increases tumor cell-specific CD8
T cell responses (86). However, during Treg:DC interactions,
LAG-3 engagement with MHC class II inhibits DC activation.
In this case again, LAG-3-mediated signaling is not required but
its binding to MHC II molecules initiates an inhibitory signaling
pathway that suppress DC maturation (87). MHC II engagement
through LAG-3 or crosslinking induces several pathways that
have to be finely regulated to lead to cell activation or inhibition
(88). Additional signals differentially expressed by activated T
cells and Tregs such as CD40L might also influence the outcome
of this interaction (83).

Additional LAG-3 Ligands

As for other NCRs, two other binding partners for LAG-3 have
been described which are expressed in the tumor microenvi-
ronment: the Liver sinusoidal endothelial cell lectin (LSECtin)
and Galectin-3 (Gal-3). Engagement of LAG-3 by LSECtin
expressed in melanoma cells inhibits IFNy production by
effector T cells and increases IL-10 production by Tregs (89).
Gal-3, a galactoside-binding soluble lectin is expressed in sev-
eral cell types and involved in a broad range of physiological
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and pathological processes. Gal-3 binds to LAG-3, and LAG-3
expression is necessary for Gal-3-mediated suppression of
tumor-specific CD8 T cells. Gal-3 deficiency on both T cells
and the host improves tumor-specific CD8 T cell response
suggesting both cis and trans interactions between the two
molecules (90).

LAG-3 Regulates T Cell Exhaustion in Cancer
and Chronic Infections

In addition to PD-1 and TIM-3, LAG-3 is also upregulated and
maintained in exhausted T cells in both chronic viral infections
and cancer. LAG-3 is upregulated on virus-specific CD8 T cells in
chronic LCMYV infection. A functional role of LAG-3 in exhaus-
tion is suggested by the fact that LAG-3 blockade synergized with
PD-1 blockade to reverse exhaustion and improve viral control
(91). LAG-3 expression on HIV-specific CD4 and CD8 T cells
is also correlated with disease progression. Interestingly in HIV
patients, LAG-3 and PD-1 are expressed on distinct subsets of
exhausted T cells (92). LAG-3 and PD-1 are co-expressed on TILs
in ovarian and on tumor-specific CD8 T cells in the blood of ovar-
ian cancer patients (93). LAG-3 and PD-1 are also co-expressed
on CD4 and CDS8 TILs in various mouse tumor models (72).
LAG-3 blockade alone does not always reverse the exhausted
phenotype but can synergize with PD-1 blockade to improve
effector functions and control viral load (91, 92) or induce tumor
regression (72, 93).

TIGIT

The T cell immunoreceptor with Ig and ITIM domains (TIGIT/
Vstm3/WUCAM/VSIGY) is a novel member of the immuno-
globulin super family (IgSF). TIGIT was recently identified by
two independent groups through a genomic search for genes
specifically expressed in T cells and bearing a structure similar to
other immunomodulatory receptors (94, 95). TIGIT is a type 1
transmembrane protein containing an IgV extracellular domain
and an immunoglobulin tail tyrosine (ITT)-like phosphorylation
motif followed by an immunoreceptor tyrosine-based inhibitory
motif (ITIM) in the cytoplasmic tail.

TIGIT pairs with CD226/DNAM-1 (DNAX Accessory
Molecule-1) to form an emerging pathway that has striking
similarities to the CTLA-4/CD28 pathway. CD226 and TIGIT
bind the same set of ligands, the two nectin-family members
poliovirus receptor (PVR) (CD155/Necl-5/Tage4) and poliovirus
receptor-related 2 PVRL2 (CD112), and compete with each other
(96). Both ligands are members of the nectin-like family, are
widely expressed outside the hematopoietic system on fibroblasts
and endothelial cells, and are involved in cell adhesion and motil-
ity. Notably, PVR is overexpressed in several tumor cells types (97,
98) and can be induced by Ras activation and genotoxic stress (99,
100). PVR is also induced by TLR ligand-activated APCs (101).
Whereas CD226 is widely expressed on most immune cells (102),
TIGIT is absent on naive T cells, but is expressed on activated and
memory T cells, Tregs (94) and on NK cells and NKT cells (95) in
mice and humans. Human TIGIT engagement by PVR induces a
tyrosine phosphorylation on the ITT domain. This results in the
recruitment of the phosphatase SHIP1 through different cytosolic

adaptors leading to inhibition of phosphatidylinositol 3-kinase
(PI3K), MAPK, and NF-kB signaling (103, 104). In mice, phos-
phorylation of either the ITT or the ITIM domain is sufficient for
TIGIT-mediated inhibition (105).

CD226 Costimulates NK and T Cell Responses
PVR recognition by CD226 potentiates CD8 T cell and NK cell
cytotoxicity toward tumor cells (97, 106, 107). Notably, CD226 is
a crucial costimulatory molecule for CD8 T cells when activated
by non-professional APC such as B cells but is dispensable when
T cells are activated by professional APCs (108). As a result,
CD226-deficient mice have impaired anti-tumor and antiviral T
cell responses (109, 110). Upon engagement, CD226 is phospho-
rylated and interacts with LFA-1 inducing their recruitment to
lipid rafts (111-114). CD226 deficiency thus impairs immuno-
logical synapse formation between CD8 T cells and target cells
preventing the deliverance of the cytotoxic payload necessary
for target cell killing (115). CD226 also regulates CD4 T cell
expansion and cytokine production. CD226 blockade decreases
Th1 differentiation and suppresses EAE while PVR deficiency
decreases Th2 polarization (101, 102).

The polymorphism variant Gly306Ser of CD226 has been
associated with susceptibility to multiple autoimmune diseases
such as SLE, autoimmune thyroid disease, Type 1 diabetes, MS,
and Celiac disease (116, 117).

TIGIT Has T-Cell-Intrinsic Inhibitory Function

Several reports attest that TIGIT negatively regulates T cell
activation. While TIGIT deficiency alone does not induce overt
autoimmunity, TIGIT pathway blockade exacerbates several
immune diseases. TIGIT-deficient mice are more susceptible to
EAE (118) and blocking TIGIT results in more rapid CIA and
EAE diseases onset (96). TIGIT deficiency also induces neuro-
logical dysfunction in EAE susceptible, myelin oligodendrocyte
glycoprotein (MOG)-specific TCR transgenic 2D2 mice (118).
Finally, TIGIT-deficient T cells induce more severe GVHD (96).

Conversely, increased TIGIT function on T cells has been
shown to ameliorate a variety of autoimmune disease models
in mice. Soluble TIGIT decreases CIA and mice overexpressing
TIGIT in T and B cells are protected against EAE (96). Lentiviral
overexpression of TIGIT in CD4 T cells decreases their ability to
mediate bone marrow damage and lengthens survival time in a
mouse model of aplastic anemia (119).

The mechanism of TIGIT-mediated T cell inhibition is
unclear. Some evidences suggest that TIGIT can directly inhibit
T cell activation. In vitro, TIGIT engagement by an agonistic anti-
body decreases both human and mouse T cell activation when
stimulated with anti-CD3 and anti-CD28 (119, 120). Conversely,
TIGIT knockdown increases T cell proliferation and effector
cytokine production while decreasing IL-10 production (119).
This suggests that the negative downstream signaling via TIGIT
could arrest T cell activation. However, TIGIT can also indirectly
inhibit T cell activation by opposing the CD226-mediated posi-
tive costimulatory signal either through ligand competition or
CD226 inhibition. As evidence, when T cells are activated with
PVR transfected artificial APCs, a blocking TIGIT antibody
increases T cell proliferation while soluble TIGIT-Ig decreases
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it (96). TIGIT deficiency or blockade also increases T cell prolif-
eration to anti-CD3 and PVR-Ig stimulation. Importantly, when
T cells are activated in the presence of PVR, TIGIT-mediated
inhibition seems dependent on CD226, as CD226 blockade
annihilates the positive impact of TIGIT blockade (121). FRET
studies indicate that TIGIT and CD226 directly interact at the cell
surface and that this interaction impairs CD226 homodimeriza-
tion and function (121).

TIGIT Regulates DC Immunostimulatory
Function

As mentioned before, most immunoregulatory molecules func-
tion in a bidirectional way and TIGIT also induces a reciprocal
signal in PVR expressing APC. PVR engagement on DC with
TIGIT-Ig induces IL-10 while suppressing pro-inflammatory
cytokines production such as IL-12. Upon TIGIT ligation, PVR is
phosphorylated and elicits downstream signaling in DCs, which
then inhibits T cell responses by producing IL-10. In addition,
TIGIT blockade exacerbates T cell responses only in the presence
of DC. Finally, TIGIT-Ig-mediated inhibition of delayed type
hypersensitivity (DTH) reactions in vivo is dependent of IL-10
(94). All these suggest that TIGIT negative regulation of T cell is
indirect and mediated at least in part through modification of the
immunostimulatory function of APCs.

In addition, TIGIT also exerts a direct inhibitory role on APCs
as TIGIT-deficient APCs are better at promoting T cell prolifera-
tion. The maximal APC-induced T cell proliferation is achieved
by combining both deficient T cells and deficient APCs suggest-
ing that TIGIT has synergistic roles on T cells and APCs (118).

TIGIT Negatively Regulates NK Cell Effector
Function

Inaddition to T cell inhibition, TIGIT negatively regulates NK cell
cytotoxicity and cytokine production. TIGIT blockade increases
NK cell cytotoxicity toward PVR expressing targets. Interestingly,
TIGIT inhibition is dominant over the coactivation mediated by
CD226 on NK cells (95, 105) whereas the net effect of PVR-T-
cell interaction appears costimulatory (96). This might be due to
additional inhibitory mechanisms preventing NK cytotoxicity.
Indeed, NK cells also express CD96, another inhibitory recep-
tor that also competes with CD226 for PVR binding (122). In
addition, only co-blockade of TIGIT and MHC class I increases
NK-mediated cytotoxicity against fibroblasts. TIGIT may thus
represent an “alternative self” mechanism for MHC class I inhi-
bition, preventing damage to self-tissue (95). Using mutants of
TIGIT transfected into a YTS NK cell line and PVR transfected
7721.221 target cells, Fan et al. deciphered the mechanisms
involved in TIGIT-mediated inhibition of NK cells. In these cells,
direct TIGIT-mediated negative downstream signaling results in
impaired granule polarization (104) and IFN-y production (103).

TIGIT Promotes Treg Differentiation and Defines
Activated, Highly Suppressive Tregs

TIGIT transcription is directly regulated by FoxP3 (123). TIGIT
promotes inducible Treg differentiation as TIGIT deficiency
decreases Treg conversion in vitro. Conversely, T cells overexpress-
ing TIGIT generate greater frequencies of Tregs (124). In vivo,

TIGIT expression defines a subset of activated natural Tregs with
superior suppressive capacity in both humans and mice (125).
TIGIT-expressing Tregs express higher amount of PD-1, CTLA-4,
LAG-3, and TIM-3 and produce more IL-10 and Fibrinogen-like
protein 2 (Fgl2). Notably, Fgl2 production is induced by TIGIT
engagement and is responsible for the increased suppressive
ability of TIGIT Tregs. These Tregs specifically suppress Thl
and Th17 responses in vivo, while promoting Th2 responses in
an Fgl2-dependent manner (124). In human, co-expression of
TIGIT and Fc receptor-like protein 3 (FCRL3) identifies Helios +
memory Tregs (125, 126). Thus, as other NCRs, TIGIT is critically
involved in Treg development and suppressive function.

TIGIT Regulates T Cell Exhaustion

Similar to PD-1, TIM-3, and LAG-3, TIGIT is upregulated on
exhausted T cells in both chronic viral infections and cancer
(121). A gene signature-based approach identified TIGIT expres-
sion as a marker for tumor-associated T cells. The TIGIT:CD3
ratio is increased on T cells in multiple human tumors compared
to the corresponding normal tissues indicating that TIGIT is
specifically upregulated in tumor-infiltrating T cells. Indeed,
TIGIT is highly expressed on CD8 T cells co-expressing PD-1
infiltrating non-small cell lung carcinoma (NSCLC) and colo-
rectal carcinoma (CRC) as well as several mouse tumor models.
TIGIT is also elevated on CD4 and CD8 T cells in the blood of
cancer patients. Whereas PD-L1 or TIGIT blockade alone have
little effect, PD-L1 and TIGIT co-blockade dramatically improves
CD8-mediated control of tumor growth leading to complete
rejection in the majority of mice. Importantly only PD-L1 and
TIGIT co-blockade elicit IFNy and TNFa production by CD8
TILs (121).

In mice chronically infected with the Clone 13 strain of LCMV,
TIGIT is highly expressed by PD-1"¢" exhausted T cells and
TIGIT blockade acts synergically with PD-1 blockade to improve
CD8 T cell effector function and viral control. TIGIT conditional
knock down in T cells also improves antiviral T cell response and
viral control. However, as mentioned above, TIGIT inhibition of
T cells seems mediated by CD226 disruption as CD226 blockade
annihilates the curative impact of TIGIT and PD-L1 co-blockade
on both tumor growth and chronic infection (121). Interestingly,
CD226 expression is downregulated on virus-specific CD8 T
cells in both human HIV and mouse LCMV chronic infection
reinforcing the proposition that the costimulatory pathway medi-
ated by CD226 is disrupted in chronically exhausted T cells (127).

BTLA

B and T lymphocyte attenuator (BTLA) was identified as another
NCR in the IgSF structurally related to CTLA-4 and PD-1 (128,
129). BTLA expression is limited to lymphoid tissues, with
highest expression on B cells, but also significant on both aff
and Y8 T cells, mature DCs, and macrophages (128, 129). BTLA
is expressed on naive T cells, transiently upregulated upon
TCR engagement, but is down regulated on fully activated T
cells. However, in similarity with LAG-3, BTLA remains high
on T cells rendered anergic in vivo (130). Its absence on fully
activated T cells distinguishes it from other B7 family members
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like PD-1 and CTLA-4 (130, 131). Unique for a IgSF member
protein, is the counter-receptor that BTLA binds. BTLA binds to
the herpesvirus entry mediator (HVEM), which is a member of
the tumor necrosis factor receptor superfamily (TNFRSF) (132,
133). HVEM is expressed on T cells, B cells, NK cells, DCs, and
myeloid cells (133). HVEM was originally described as a receptor
for HSV glycoprotein D, but interacts with multiple other ligands
in addition to BTLA, including CD160 and LIGHT. CD160 is
another negative receptor on T cells (134), while LIGHT is a
costimulatory molecule. Crosstalk across protein families and the
use of multiple binding partners by each protein are indicative of
the widespread complexity of the system of negative checkpoint
regulation. Like PD-1and CTLA-4, BTLA contains two conserved
ITIMs in its cytoplasmic tail (129). BTLA engagement is associ-
ated with phosphorylation at those two ITIMs motifs resulting in
the association of the Src homology domain 2 (SH2)-containing
protein tyrosine phosphatases SHP-1 and SHP-2 (128, 129, 135)
with either the TCR or the BCR.

BTLA Negatively Regulates T Cell Activation
Invitro studies demonstrate a direct negative activity of BTLA on
T cell proliferation and cytokine production. BTLA-deficient T
and B cells show enhanced proliferation in response to anti-CD3
and anti-IgM respectively (128, 129). Retroviral overexpression
of BTLA in DO11.10 cells or agonist BTLA antibody suppresses
anti-CD3-induced IL-2 production (129, 135). In addition,
HVEM-Fc fusion protein inhibits T cell proliferation in
response to multiple agonists (132). Interestingly, BTLA signal-
ing induced by agonist antibody can act on T cell proliferation as
far as 16 hours after TCR engagement, suggesting that the criti-
cal point of impact is during the later, more stable T cell-APC
interactions (135).

BTLA Regulates Peripheral Tolerance

BTLA deficient mice gradually develop elevated anti-self anti-
bodies, an increased number of activated CD4 T cells in the
periphery and inflammatory cell infiltration of multiple organs.
This can progress to development of a hepatitis-like disease and
overall reduced survival (136). Consistent with this breakdown
in peripheral tolerance, BTLA-deficient mice are resistant to
the induction of T cell tolerance to an oral antigen or to high-
dose antigen administration (137). In addition, BTLA-deficient
ovalbumin-specific OT-I CD8 T cells cannot be tolerized by
encounter with their cognate antigen in vivo and cause diabetes
in RIP-mOVA recipient mice (137). BTLA-deficient mice also
present increased susceptibility to EAE (129) and mice deficient
in either BTLA or HVEM present heightened T cell and NKT cell
responses to Con A and exhibit increased morbidity and mortal-
ity to Con A-mediated T cell-dependent autoimmune hepatitis
(138, 139). Conversely, BTLA engagement leads to the induc-
tion of tolerance. An agonistic BTLA antibody prolongs heart
allograft survival by suppressing alloreactive T cell responses and
inducing IL-10-producing Tregs (140). In addition, a single dose
of agonist BTLA antibody prevents the development of GVHD if
given at the time of transplantation (141). In these models, BTLA
engagement seems to favor the expansion of Tregs over T effector
cells, adjusting the balance toward tolerance.

BTLA Regulates Innate Immunity

More recent studies have shown that BTLA is also able to
regulate multiple lineages of cells within the innate immune
system. BTLA-deficient mice on the RAG-deficient background
are less susceptible to Listeria Monocytogenes infection (142).
The authors reported that the loss of BTLA in the CD8a DC
compartment prevents Listeria expansion within these cells. It is
known that CD8a 4+ DCs are necessary for Listeria expansion
and dissemination within the host. In wild-type mice, BTLA
normally suppresses Fas/FasL signaling in DCs to allow high
levels of Listeria to grow and thereby induce potent protective
CD4 and CD8 responses. In BTLA-deficient DCs, where Fas/FasL
is enhanced, Listeria burden is reduced as is the adaptive immune
response keeping it in check. Therefore, BTLA can exert direct
immunoregulatory effects within the DC compartment.

Possessing both a rearranged specific TCR and rapid innate
functions, yd T cells are poised between the innate and adaptive
arms of the immune response. BTLA appears to play a major role
in both their homeostasis and function. The pool of y8 T cells is
maintained through competition for survival signals from IL-7 or
IL-15.Iny8 T cells, IL-7 increases BTLA levels on the cell surface,
which in turn, restricts their expansion and negatively regulates
IL-17 and TNFa. BTLA-deficient mice thus exhibit enhanced
disease in a Y8 T cell-dependent model of dermatitis whereas an
agonistic BTLA antibody reduces inflammation (143).

A particular role for BTLA has been described for Vy9Va2 T
cells. This subset is thought to have functions in tumor immune
surveillance. In human Vy9Vd2 T cells, BTLA interaction with
HVEM-Fc fusion protein negatively regulates Vy9Vd2 T-cell
proliferation to both TCR-dependent and -independent activa-
tion. During TCR-mediated activation, BTLA clusters to the TCR
and decreases phosphorylation of ZAP-70 and Erk1/2. BTLA
blockade increases TCR signaling and restores the ability of
human Vy9V82 T cells to react to HVEM expressing lymphoma
cells (144). Although these suppressive activities show similarity
to PD-1 and CTLA-4, the primarily naive and central memory
expression of BTLA distinguishes it from these immunoregula-
tors, and gives BTLA its own niche.

Inatransfer model of colitis, HVEM expressed on a radioresist-
ant cell population interacting with BTLA was found to be critical
in preventing inflammation (145). Surprisingly, BTLA expression
on the donor T cells had a minor impact, and BTLA expression
was more important in the recipient RAG-deficient mice. These
data suggest that these molecules should be examined outside of
the usual T cell-APC focus.

BTLA as a Ligand Demonstrates T Cell
Pro-Survival Function

A wealth of reports demonstrates a negative receptor function for
BTLA. However, like many of the immunoregulatory molecules
that can act as both receptors and ligands, BTLA also appears
to induce a reciprocal positive pro-survival signal in HVEM-
expressing T cells. Indeed, BTLA has been implicated in sustain-
ing the survival of HVEM-expressing effector and memory T
cells in various mouse models (145-147). Particularly, during
vaccinia virus infection, HVEM expression on T cells and BTLA
expression on the host are both necessary for the development of
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a protective response. In this model, BTLA expressed by APCs
functions as a ligand that delivers positive signals in trans to
HVEM expressing T cells (147).

An important point is that T cells express both HVEM and
BTLA and several reports also demonstrate that BTLA expression
by T cells is also critical for their survival. In a GVHD model,
transfer of BTLA-deficient donor cells results in an impaired
anti-host response due to a loss in donor T cell survival (148).
Similarly, BTLA-deficient T cells do not induce increased colitis
when transferred into RAG-deficient mice because of an impaired
accumulation (145). A positive correlation hasalso been described
between BTLA expression and the ability of human T cells to
generate recall responses to the Mycobacterium tuberculosis
antigen Ag85B (149). Sakoda et al. confirmed these findings and
showed that expression of the extracellular domain of BTLA is
sufficient to restore the survival of BTLA-deficient T cells during
GVHD, further demonstrating the role of BTLA on T cells as a
ligand in this model (150). BTLA-deficient T cell survival is also
rescued with BTLA-Fc fusion protein (150, 151). Cellular BTLA
and BTLA-Fc induce the recruitment of TNF receptor-associated
factor 2 (TRAF2) to HVEM, promoting NF-kB activation and cell
survival (151). Importantly, BTLA function as a ligand to induce
pro-survival signal in GVHD is associated with its expression on
donor T cells but not on recipient cells (150). A BTLA-HVEM
interaction in cis on T cell could explain these findings. However,
one report demonstrates that HVEM-BTLA cis interaction com-
petitively inhibits HVEM activation by ligands expressed in the
surrounding microenvironment rather suggesting a bystander
T:T trans interaction involved in the BTLA-HVEM-mediated
survival effect (152).

BTLA Negatively Regulates Tumor Immunity
HVEM is expressed in 26 of 40 melanoma cell lines and
moderately to strongly expressed on 75% of human mela-
noma metastases (153). BTLA and PD-1 are co-expressed on
tumor-specific CD8 T cells in melanoma patients (153, 154)
and these cells are dysfunctional (154). However, contrary to
PD-1, BTLA upregulation seems to occur independently of
the functional exhaustion driven by high antigen load (154).
BTLA can be downregulated by vaccination with peptide and
CpG oligodeoxynucleotides with a resulting loss of sensitivity
to HVEM-mediated suppression of cytokine production (153).
Importantly, BTLA blockade synergizes with PD-1 and TIM-3
blockade in enhancing proliferation and cytokine production
by tumor-specific T cells in vitro indicating a non-redundant
role for BTLA (154). Similarly, BTLA blockade combined with
active immunization enhanced anti-tumor immunity (155)
and can lead to regression of large adenocarcinomas in mice
(156). However, as discussed above, the effect of BTLA may not
be completely negative. BTLA expressing TILs appear more
proliferative to IL-2. This may be because BTLA expression is
higher on newer central memory type cells that are less likely to
be exhausted. In addition, BTLA positive cells present reduced
sensitivity to activation-induced cell death. These data indicate
that BTLA may extend the life of TILs, but also maintain qui-
escence (157).

VISTA

The V-domain Ig suppressor of T cell activation (VISTA) also
known as PD-1 homolog (PD-1H) has recently been identified by
our group and others as a novel NCR in the IgSE. VISTA is a type
I transmembrane protein with a single IgV domain with sequence
homology to the IgV domains of the members of CD28 and B7
families (158, 159). VISTA cytoplasmic tail domain contains two
potential protein kinase C binding sites as well as proline residues
that could function as docking sites, suggesting that VISTA could
potentially function as both a receptor and a ligand. VISTA does
not contain ITIM-like motifs. Modeling algorithms have sug-
gested homology to either PD-1 (158) or PD-L1 (159). The counter
structures interacting with VISTA have not been identified yet.
Unlike PD-L1, VISTA expression is restricted to the hemat-
opoietic compartment. It is constitutively and highly expressed
on CD11b myeloid cells such as neutrophils, monocytes, mac-
rophages, and DCs, and expressed at lower levels on naive CD4 and
CD8 T cells and Tregs both in humans (160) and mice (158, 159).

VISTA Regulates Peripheral Tolerance

The negative regulatory function of VISTA is clearly demon-
strated in deficient mice. VISTA-deficient mice demonstrate
an age-related proinflammatory signature, with elevated serum
cytokines, spontaneous T cell activation, and chronic multi-
organ inflammation. Nonetheless, single VISTA deficiency as
well as VISTA/PD-1 and VISTA/PD-L1 double deficiencies do
not induce overt autoimmunity in the absence of other predispos-
ing factors (161-163).

However, VISTA deficiency on the 2D2 transgenic EAE
susceptible background dramatically increases disease inci-
dence and severity with 60% of mice dying by 2-3 months of
age (163). Combined deficiency of VISTA and PD-1 further
increases disease penetrance to 90% (162). On a non-susceptible
background, VISTA blockade also accelerates EAE onset and
severity (159).

VISTA appears to function both as a negative receptor on
T cells and as a ligand expressed on APCs interacting with an
unknown receptor on T cells. As evidenced, in a passive transfer
model of EAE, VISTA deficiency on both T cells and host con-
tribute to the control of autoimmunity with the most aggressive
disease obtained by transferring VISTA-deficient pathogenic
T cells into VISTA-deficient hosts. VISTA expression on the
host, however, appears to contribute more than that on T cells
as VISTA-deficient hosts always present accelerated disease
regardless of the status of the T cells transferred (163). In vitro,
maximal antigen-specific proliferation is achieved when both
APCs and T cells are deficient, again supporting that VISTA
on both T cells and APCs contributes to the inhibition of T cell
proliferation via specific pathways (161).

VISTA as a Ligand Negatively Regulates T Cell
Activation

Several findings suggest that VISTA negatively regulates T cell
responses by acting as a ligand that interacts with an unknown
receptor on T cells. A soluble VISTA-Ig fusion protein inhibits
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human and mouse CD4 T cell proliferation and cytokine produc-
tion in vitro by suppressing early TCR activation (159, 160). A
single dose of VISTA-Ig fusion protein prevents the development
of GVHD in mice if given at the time of transplantation (158).
When expressed on APCs, VISTA decreases antigen-specific T
cell proliferation. VISTA blockade thus increases proliferation
when T cells are stimulated with VISTA expressing myeloid APCs.
Moreover, ectopic expression of VISTA on tumor cells interferes
with protective anti-tumor immunity and allows increased tumor
growth in vaccinated hosts (159).

VISTA as a Receptor Negatively Regulates T Cell
Activation

Several findings also suggest a direct negative role of VISTA
as a receptor on T cells. VISTA-deficient T cells respond by
increased antigen-specific proliferation and cytokine production
when compared to WT T cells in vitro and in vivo. On the other
hand, VISTA engagement by an agonistic antibody suppresses
antigen-specific proliferation when T cells are activated by
VISTA-deficient APCs (161). In this system, because the APCs
are deficient, VISTA on T cells functions independently of APCs
to suppress T cell responses.

As a receptor on T cells, VISTA seems critical for the regula-
tion of allogeneic responses. While an agonistic anti-VISTA
antibody potently suppresses GVHD in mice (158), it does not
prevent GVHD induced by VISTA-deficient donor T cells (164).
In addition, VISTA-deficient T cells induce exacerbated GVHD
with increased donor T cell expansion and decreased survival.
However, VISTA-deficient recipient do not present aggravated
GVHD, indicating that VISTA expression on recipient cells
(APC) had little effect on the regulation of allogeneic T cells in
this disease model (164).

VISTA Regulates Treg Differentiation and
Suppressive Function

VISTA is also highly expressed by a subset of Tregs and like most
NCRs seems to contribute to their differentiation and suppres-
sive function. VISTA-Ig fusion protein promotes the induction
of both human and murine Tregs in vitro (160, 165) and VISTA
blockade decreases the generation of tumor-specific Tregs in vivo
(165). This suggests that as a ligand, VISTA can promote Treg
generation.

Some evidence suggests that VISTA may also be involved in the
suppressive function of Tregs. First, VISTA expression is highly
upregulated on tumor-infiltrating Tregs, indicating that VISTA on
Tregs could play a role in suppressing tumor-specific immunity.
In addition, VISTA blockade can reverse Treg-mediated suppres-
sion in vitro. However, VISTA blockade reverses suppression by
both low VISTA expressing Tregs and high VISTA expressing
Tregs and also increases the proliferation of T cells in the absence
of Tregs, indicating that it might not be directly involved in Treg-
mediated suppression. In this system, VISTA could function both
as a receptor on T cells and a ligand expressed by Tregs (165).

VISTA Regulates Myeloid Cell Activation

As mentioned, VISTA is highly expressed by myeloid cells. Its
expression can be further upregulated on human monocytes by
TLR ligands as well as IL-10 and IFNy. Overexpression of VISTA
is observed in monocytes from chronically HIV-infected patients.
Heightened VISTA expression correlates with immune activation
and CD4 depletion (166). Enforced VISTA overexpression on
human monocytes/macrophages induces spontaneous secretion
of multiple inflammatory cytokines at levels similar to fully
activated monocytes. The process requires signaling via VISTA
as cytokine secretion is abrogated by deletion of the cytoplasmic
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domain of VISTA. Interestingly, VISTA overexpression on HIV
patients’ monocytes also enhances their ability to stimulate
IFNYy production by HIV-specific T cells. Furthermore, VISTA
inactivation decreases the antigen presentation ability. In this
pathological situation, VISTA positive regulation of myeloid cells
seems to overcome the negative signal to T cells (166). Thus, in
addition to acting as a ligand for T cells, VISTA acts as a receptor
on myeloid cells to regulate their activation.

VISTA Negatively Regulates Anti-Tumor
Immunity

VISTA is highly expressed on tumor-infiltrating leukocytes.
Importantly, it is overexpressed on MDSCs and Tregs, suggest-
ing that VISTA plays a role in tumor evasion from the immune
system (165). Indeed, VISTA-deficient mice present elevated
tumor-specific immune response and are more responsive to
immunization against tumor antigens (163) as well as radio-
therapy treatment (161). However, VISTA deficiency alone is not
sufficient to reduce tumor growth (163).

VISTA blockade also alters the suppressive character of
the tumor microenvironment, reducing MDSCs, increasing
DC activation and enhancing the proliferation and the effec-
tor function of tumor-infiltrating CD4 and CD8 T cells. The
enhanced tumor-specific immunity results in delayed tumor
growth in multiple tumor models (165). However, as most
monotherapies, anti-VISTA is not sufficient to lead to complete
tumor rejection. When combined with a peptide vaccine, VISTA
blockade shows synergistic efficacy leading to complete tumor
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IL-33 is a known member of the IL-1 cytokine superfamily classically named “atypical”
due to its diverse functions. The receptor for this cytokine is the ST2 chain (or IL-1RL1),
part of the IL-1R family, and the accessory chain IL-1R. ST2 can be found as both
soluble and membrane-bound forms, property that explains, at least in part, its wide
range of functions. IL-33 has increasingly gained our attention as a potential target to
modulate immune responses. At the beginning, it was known as one of the participants
during the development of allergic states and other Th2-mediated responses and it is
now accepted that IL-33 contributes to Th1-driven pathologies as demonstrated in
animal models of experimental autoimmune encephalomyelitis (EAE), collagen-induced
arthritis, and trinitrobenzene sulfonic acid-induced experimental colitis, among others.
Interestingly, current data are placing IL-33 as a novel regulator of immune tolerance
by affecting regulatory T cells (Tregs); although the mechanism is not fully understood,
it seems that dendritic cells and myeloid suppressor-derived cells may be cooperating
in the generation and/or establishment of IL-33-mediated tolerance. Here, we review
the most updated literature on IL-33, its role on T cell biology, and its impact in immune
tolerance.

Keywords: IL-33, T cells, tolerance, transplantation

Introduction

In 2005, IL-33 was first described as a member of the IL-1 family using computational sequence
analysis, which revealed the existence of a p-trefoil-fold structure in its C-terminal domain, a charac-
teristic feature of IL-1 family members such as IL-1p and IL-18 (1). In the same work, it was also found
that IL-33 interacts with the IL-1 family receptor ST2, previously described as an orphan receptor
expressed on Th2 cells and mast cells. When activated with IL-33, ST2 promotes Th2 cell responses
over Th1 responses (1), and negatively regulates TLR-IL-1R receptor signaling (2).

IL-33 is known as an alarmin because of its high expression in endothelial and epithelial cells
exposed to tissue damage or pathogen encounter, in addition to its accumulation in the nucleus of those
cells, similar to other alarmin members of the IL-1 family such as HMGBI and IL-1 (3). Therefore,
upon injury or infection, IL-33 is released from the nucleus of endothelial cells to the extracellular
space where it can signal and activate immune cells, such as mast cells, eosinophils, basophils, natural
killer cells, and T cells (as many other functions described in this review) (Figure 1) (4).
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Human IL-33 is a 30 kDa protein that shares 54% amino acid
identity with its mouse homolog (5). Along its 270 amino acid
sequence, we can describe a distinctive C-terminal IL-1-like
cytokine domain of the IL-1 cytokine family and a central domain
(1). IL-33 lacks a clear signal peptide, but it is synthesized with
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FIGURE 1 | IL-33 diversity of functions.

an N-terminal pro-peptide containing a nuclear localization
domain (3, 6), which seems to be essential to IL-33 function
in vivo because specific deletion of this nuclear domain (using
a knock-in mouse model) results in a systemic, ST2-dependent,
non-resolving lethal inflammation due to constitutive release of
IL-33 into the circulation (7).

As other members of the IL-1 family, IL-33 can suffer
post-translational modifications resulting in two different
forms: the full-length protein (prolL-33) and the processed
or “mature” form (mIL-33). mIL-33 is formed after proIL-33
cleavage in its N-terminal domain, but the cleavage sequence
is different compared to other members of the IL-1 family,
such as prolL-1f and IL-18 (8) (Figure 2). In the extracellular
space, IL-33 binds to its membrane receptor ST2 activating
the MyD88-dependent pathway, which is involved in cytokine
secretion, cell activation, and differentiation (9). IL-33 can
also bind to the soluble form (sST2) of its receptor, which
corresponds to a decoy receptor that captures IL-33, avoiding
or blocking intracellular signaling (10). Recently, it has been
highlighted that the two forms of IL-33 (proIL-33 and mIL-33)
are biologically active and they can trigger different immune
responses (11).

The nuclear localization of IL-33 led to study a possible role in
controlling gene expression, as discussed below.

IL-33 as a Transcription Factor

Asmentioned, IL-33 sequence does not contain a clear signal peptide,
suggesting an (ancestral) intracellular localization. This observation
suggests that IL-33 has a role as intracellular factor. Based on the
similarities of IL-33 with other members of the IL-1 cytokine family,
and the high-mobility group box-1 (HMGBI) protein, Carriere and
colleagues studied the sequence, molecular, and cellular function
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FIGURE 2 | Model of IL-33 protein, with its two principal domains and functions.
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of IL-33. In the first set of experiments, the group confirmed IL-33
nuclear localization, and interestingly, this location overlapped with
high concentrations of DNA, suggesting that endogenous IL-33 binds
to heterochromatin. This observation was confirmed using GFP-
tagged IL-33 constructs, which, in addition, indicated that IL-33 binds
to mitotic chromatin (12). Sequence and mutagenic experiments
indicated that the N-terminal section of the protein is necessary for
nuclear targeting, binding to heterochromatin and mitotic chromo-
somes, specifically the homodomain-like helix-turn-helix segment.
Making the association that heterochromatin relates with unreachable
or unexposed DNA, the investigators assayed IL-33 gene expression
regulatory properties using a luciferase-based reporter system and
showed that IL-33 acts as a repressor factor (12). In another report,
it was described that endogenous IL-33 interacts physically with the
transcription factor NF-kB. By performing co-immunoprecipitation
experiments and microscopy, the investigators demonstrated that
IL-33 binds to a free and activated NF-kB. In other words, IL-33 does
not interact with kB (13). Supporting Carrieres report, this group
also found that IL-33 N-terminal sequence interacts with NF-«B,
reducing its binding to DNA and repressing NF-kB transcription
factor activity, as shown in EMSA and luciferase-based reporter
experiments. Altogether, these reports indicate that endogenous
IL-33 acts as a transcription factor (Figure 1).

A Multifaceted Cytokine
IL-33 and APCs

In addition to the role in the activation of the immune responses,
IL-33 has also different roles in T cell polarization by modulat-
ing APCs. For example, IL-33 promotes the expansion of APCs,
principally dendritic cells (DCs), by stimulating the secretion
of basophils-derived GM-CSF (14). In a different study, Rank
and colleagues found that DCs express high levels of intracel-
lular ST2, and that the in vitro treatment of DCs with IL-33
induces the secretion of IL-6, upregulates the expression levels
of MHC-II and CD86, and triggers the polarization of naive
T cells toward a Th2 phenotype (15). Similarly, Besnard and
colleagues showed that IL-33 exposure induces the recruitment
and activation of DCs in the lung, and their posterior migration
to lymph nodes for antigen presentation in an allergic airway
inflammation model (16). Alternatively, an indirect role of IL-33
on DCs was described by Duan and colleagues, who showed that
IL-33 indirectly modulates intestinal DCs phenotype toward a
tolerogenic profile given by the expression of CD103+CD11c+
(17). Supporting this potential tolerogenic effect, it was recently
shown that IL-33 promotes IL-2 secretion by DCs, favoring the
expansion of Foxp3+ Tregs cells (18).

IL-33 and CD4+ T Cells

Alothasbeen described about the abilities of IL-33 to modulate the
immune response. One of our particular interests is the capacity
to direct CD4+ T cells polarization to different phenotypes, with
the purpose to manipulate immunity under pathogenic conditions,
favoring a healthy state. In this line, we believe IL-33 is a good
candidate to exploit, and here we review IL-33 effects on different
T cells subsets (Table 1).

IL-33 on Th1/Th17

The context in which IL-33 is present influences directly the
kind of immune response triggered. Thus, in certain cases, IL-33
can induce a Thl- or Th17-type response (Figure 1). These
outcomes participate in the development and establishment of
inflammatory responses that usually relate to diseases, such as
autoimmunity, or to detrimental inflammatory responses such as
graft-versus-host disease (GvHD) for the case of transplantation.
Because of this, to understand the conditions when this cytokine
would induce an inflammatory response over a tolerogenic
one, it is essential when considering candidates for therapeutic
interventions.

We believe that IL-33 versatility has contributed to the
contradictory studies using animal models. For example, in the
experimental autoimmune encephalomyelitis (EAE) model,
some investigators have reported that IL-33 blockade during the
developing stage of MOG-induced EAE reduces the severity of
the disease, in part, due to the inhibition of MOG-dependent
IL-17 and IFN-y production. Unexpectedly, the treatment with
exogenous IL-33 increased the severity of the disease by enhancing
the production of these cytokines. Conversely, the treatment with
an anti-IL-33 antibody reversed the symptoms and improved the
state of the mice (19). In contrast with these findings, Jiang and
colleagues observed an improvement in EAE mice after IL-33 treat-
ment (20). When comparing both works, we identified differences
that may contribute to obtain such contradictory results as the
immunization (MOG peptide) site/location, timing, and peptide
amount. Nevertheless, the kinetics and severity of the disease are
equal in both cases. In addition, IL-33 treatment differs in both
works; Li et al. injects the mice every other day, since day 0-18
with 50 pg/kg; while Jiang’s group treat the mice with 1 pg total
from day 12 to 20 after immunization. These differences, especially
in the treatment, can be related to the different results obtained,
leading us to think that the effect given by IL-33 is time dependent
and may affect different cell populations in each case. The IL-33
receptor ST2 can be expressed on astrocytes in the nervous system
(37); thus, a potential impact of this cytokine on glial cells is very
likely and may vary with the inflammatory state of them.

Similar to the EAE model, conflicting data are also reported
for rheumatoid arthritis (RA). For example, some studies indicate
that IL-33 is prejudicial for this disease because it induces a
Th17-type response, which aggravates the symptoms (21, 22). In
collagen-induced arthritis (CIA), it has been described that IL-33
has similar effects, developing a strong autoimmune response
mediated by Th17 cells (22). According to these data, the blockade
of ST2 helps to diminish the severity of CIA through a decrease
in the production of IFN-y and IL-17 (21, 23). However, other
authors state that the role of IL-33 in this specific disease is not
relevant. For example, Talabot-Ayer and colleagues showed in
models of CIA and antigen-induced arthritis (AIA) that IL-33
knock-out mice develop the disease despite the lack of IL-33.
They conclude that IL-33 does not play an essential role for the
development of the disease, but it may contribute to the inflam-
matory environment (24).

Other disease linked to IL-33 is asthma. When IL-33 expression
is deregulated, Th2 cells, mast cells, basophils, and others cells get
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TABLE 1 | IL-33 effects in T cells.

Cell type Experimental model Observations Reference
CD4 Thi/Thi7 EAE IL-33 blockade during MOG-dependent development reduces disease severity by decreasing (19)
IFN- y and IL-17
Treatment with exogenous IL-33 increases disease severity through IFN-y and IL-17 secretion
alL-33 treatment improves symptoms
EAE IL-33 treatment improves symptoms (20)
RA, CIA IL-33 induces Th1 and Th17 responses (21-23)
ST2 blockade reduces severity by diminishing IFN-y and IL-17 production
CIA, AIA Presence of IL-33 did not affect development of the disease (24)
OVA-induced allergic asthma IL-33 induces the secretion of IL-6 and IL-1p from mast cells, promoting Th17 differentiation (25)
CD4 Th2 Experimental atherosclerosis IL-33 upregulates serum levels of Th2 cytokines and enriches for CD4+ST2+ T cells (26)
Innate immunity IL-33 acts on mast cells, basophils, eosinophils, type 2 innate lymphoid cells (ILC2), which (22, 27-29)
promotes the secretion of Th2 cytokines, favoring Th2 polarization
CD4 Tregs Chronic colitis Treatment with IL-33 reduces disease symptoms through a decrease on IFN-y production, (17, 30, 31)
switching from a Th1 to a Th2 type response
IL-33 affects directly Tregs in mice
IL-33 expands Tregs Foxp3+ST2+
EAE IL-33-treated mice show an increase in Tregs and M2 macrophages (20)
Atherosclerosis IL-33 prevents the development of atherosclerosis in Apo3~~ mice (26, 32)
IL-33 treatment produces an increment in IL-4, IL-5, and IL-13 production and a decrease in
IFN-y levels
IL-33/ST2 axis is involved in the development of the disease
Transplantation Heart-transplanted mice treated with IL-33 show increased graft survival (33)
IL-33 treatment increases the number of CDIlb + GRIint MDSC and Tregs, in addition to a
less IL-17 production and elevated levels of IL-5, IL-13, and IL-10
cD8 IL-33 is up-regulated in CD8+ T cells (34)
ST2 expression is T-bet-dependent
IL-33 plus IL-12 enhance CD8+ T cell effector phenotype
Lymphocytic choriomeningitis IFN-y, ST2, and IL-33 expressions were upregulated after infection (35)
virus
Herpesvirus IL-33 signaling is necessary for an effective CTL response (35)
Tumor Tumor-derived IL-33 inhibits tumor growth and blocks the entrance of tumor-infiltrating (36)

lymphocytes (TILs)

Mice-bearing IL-33-secreting tumor have more activated and differentiated CD8+ T cells,
which is related to T-bet and Eomes expression

activated triggering the expression of cytokines and chemokines
that characterizes the disease (38). However, in a model of OVA-
induced allergic asthma, the authors described a predominant
Th17-type response, which is induced by the activation of ST2/
IL-33 signaling on mast cells. The authors observed that mast cells
from IL-33-treated mice produced IL-1p and IL-6, collaborating
with Th17 cells development (25).

These few examples show us the pleiotropic abilities of this
cytokine, which can direct CD4+ T cells differentiation to Thl
and Th17, causing and participating in different inflammatory
states and diseases.

IL-33 on Th2

As mentioned earlier, IL-33 can also modulate Th2 type responses
(Figure 1) in addition to its effect on Thl cells. In vitro and
in vivo data suggest that IL-33 indirectly promotes Th2 responses

functioning as a chemoattractant for this type of cells (39, 40).
Other studies demonstrated that IL-33 could directly act on
CD4+ST2+ Th2 cells promoting the secretion of IL-4, IL-5,
and IL-13 (40-42). IL-33 has shown a protective role in the
ApoE™"~ experimental atherosclerosis mice model, increasing
serum levels of Th2-type cytokines, and enriching ST2+CD4+
T cells in lymph nodes (26). These observations indicate that
IL-33 affects Th2 cell cytokine production in a TCR-independent
fashion. Moreover, IL-33 promotes Th2-type responses by signal-
ing on other immune cells rather than CD4+ T cells. In this case,
it has been reported that IL-33 induces mast cells activation,
maturation, and cytokine production such as IL-5,IL-6, IL-8, and
IL-13 (22, 27, 43). In addition to this, IL-33 can also modulate
Th2 immunity by acting on basophils, eosinophils, and more
recently described, on newly identified type-2 innate lymphoid
cells (ILC2), which includes nuocytes, natural helper cells, and
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innate helper type-2 cells. On these cells, IL-33 promotes IL-5
and IL-13 secretion (29, 42, 43-45).

Taking all together, there are sufficient indications supporting
the role of IL-33, either directly or indirectly, in Th2-mediated
immune responses.

IL-33 on Tregs

In addition to the evidence mentioned above, it is reported that
IL-33 can also expand and promote Tregs accumulation, among
other effects, helping to establish tolerance (Figure 1). Different
animal models support this evidence, from autoimmunity to organ
transplantation settings.

For the case of autoimmunity, one of the models studied is
chronic colitis. In this approach, the investigators observed that
mice treated with exogenous IL-33 manifested a decrease in disease
symptoms, which was associated to a down-regulation on IFN-y
production. This intervention on the cytokine environment led
to a shift of the T helper response, from Th1 to Th2, reducing
inflammation in the intestine (30). This work demonstrated the
capacity of IL-33 to modulate immune responses in this organ, but
it does not imply necessarily a direct role for Tregs. However, in
another model of colitis, which is induced by trinitrobenzene sul-
fonic acid (TNBS), the protective role of IL-33 was also observed.
In this case, the authors evaluated the contribution of Tregs by
depleting these cells in IL-33-treated diseased animals, obtaining
aloss in protection compared to non-depleted animals or, in other
words, Tregs contribute to IL-33-mediated protection (17). One
could argue that IL-33 may or may not be acting on CD4+ T cells
because ST2 is expressed by a wide range of cells; nevertheless, a
Treg-dependent response is seen demonstrating that CD4+ T cells
can rapidly react (directly or not) to IL-33 stimulation. Supporting
these findings, Schiering and colleagues described that IL-33
treatment expands Tregs, increasing Foxp3 and ST2 expression
in the spleen of mice with ongoing colitis. In this report, IL-33
treatment did not disturb effector T cell function, but adoptive
transfer experiments indicated that IL-33 acts on thymic Tregs
(natural Tregs, nTregs) rendering a stable phenotype by “fixing”
Foxp3 expression (therefore better suppressors) (31).

Since the expression of ST2 is widely distributed in cells of the
nervous system, the role of IL-33 signaling has been also studied in
the EAE model (46). In this experimental setting, IL-33 treatment
incremented the frequency of Tregs and polarized macrophage
phenotype toward M2 type in the spinal cord of EAE mice (20).

Furthermore, in atherosclerosis, a typical Th1-type pathology
in which the frequency and function of Tregs are reduced, it was
observed that IL-33 treatment of Apo3~~ mice with a high-fat
diet (model for this disease) prevented the development of ath-
erosclerotic plaques, which is the first symptom of this disease.
In addition, the authors obtained an increment on IL-4, IL-5,
and IL-13 production, leading to a decrease in IFN-y production,
resulting in a overall switch from Thl to a protective Th2-type
response (26). A couple of years later, Wasserman and colleagues
observed, in the same model, that mice under IL-33 treatment were
unable to increase the number of cells with regulatory properties
as wild-type controls (32). They also observed a poor expression
of ST2 on CD4+ T cells from sick mice, which may be a reason for
the unresponsiveness to exogenous IL-33 (and the little increase

of Tregs under this treatment). However, the lack of membrane-
bound ST2 is explained by a mayor concentration of soluble ST2
(quantified by ELISA), which is a decoy receptor that avoids the
downstream signaling when IL-33 is bound, preventing response
to the cytokine (32). Altogether, this evidence suggests that the
IL-33/ST2 axis is involved in the development of atherosclerosis,
and proposes that a problem on IL-33 signaling may affect the
ability of the organism to respond adequately to an unbalance of
the organism homeostasis.

With respect to the transplantation field, in 2011, Brunner
and collaborators showed that periodic IL-33 treatment of heart-
transplanted mice resulted in an extended graft survival (33). This
observation was associated to an increment in CD4+Foxp3+ Tregs
population, which modulates the response to the graft. Also, the
CD11b + Grlint myeloid suppressor-derived cells (MDSCs) were
augmented, contributing to the acceptance of the graft. Another
interesting point made in this study is the complete change in
the cytokine pattern: mice treated with IL-33 showed a decreased
of IL-17A production, but an increase of IL-13, IL-5, and IL-10
production of in vitro-cultured, purified graft-infiltrating cells (33).
With these data, the authors associated the improvement on graft
survival with a Th2-type response, which favors the induction of
regulatory cell populations such as Tregs and MDSCs.

In this same topic, our own group has seen an increment in
CD4+FoxP3+ T cells in mice grafted with semi-allogeneic skin
transplant and treated with IL-33, which is also related to a better
state of the graft, a blockade in IFN-y and IL-17 production and
increased skin graft survival.

The information above shows that IL-33 participates in the
induction of tolerance by targeting CD4+ T cells and some APC
populations, orchestrating an immune response to favor an
immunoregulatory status of the organism.

The data from all models (autoimmunity and transplantation)
indicate that IL-33 is involved or may act at different stages of the
immune response resulting (most likely) in a protective immunity
for the organism.

IL-33 and CD8+ T Cells

The first role of IL-33 in immunity was linked to the innate-type
response. But later, several reports showed that IL-33 is able to
modulate adaptive immunity, mainly by acting directly on CD4+
T cells. Until 2009, the role of IL-33 on cytotoxic CD8+ T cells (Tc
cells) was totally unknown. The first study elucidating a potential
function of IL-33 on this T cell population was reported by Yang
and collaborators. His work focused on the contribution of IL-33,
in a TCR-dependent and -independent fashion, on human and
murine CD8+ T cell biology in vitro. First, they performed gene
arrays analysis on murine type-I Tc cells and found that IL-33 was
one of the genes highly upregulated (34). Since IL-33 affects Thl,
Th2, and Th17 differentially, the investigators stimulated Tc cells
under type-1, -2, and -17 conditions, and measured ST2 mRNA.
The results indicated that ST2 is up-regulated on Tcl and Tcl7
cells, but IL-4 inhibited ST2 mRNA on Tc2 cells. Interestingly, ST2
expression on Tcl seems to be dependent on T-bet, as shown in
experiments using T-bet KO CD8+ T cells. Conversely, exogenous
IFN-v did not alter ST2 expression neither at mRNA nor at the
protein level (34). Considering that ST2 expression depends on
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TCR stimulation and T-bet, the authors evaluated the contribution
of exogenous IL-33 on CD8+ T cell biology. According to the data
reported above, IL-33 plus IL-12 upregulated IFN-y, T-bet, and
Blimp-1 expression on Tcl1 cells, downregulating Eomes and IL-7R
levels (T cell memory-associated molecules), without affecting the
production of Granzymes or Perforins. Taking together, IL-33 and
IL-12 enhance effector phenotype on CD8+ T cells (34). As in
Thl cells, these results are partially dependent on Gadd45b, a
protein involved in CD4+ T cell arrest and differentiation (34).
Another interesting report focused on identifying molecules
involved in the induction of anti-viral responses. In this work,
mice were infected with lymphocytic choriomeningitis virus
(LCMYV), and their splenocytes were harvested to analyze gene
expression changes triggered by LCMV infection. From a panel
of cytokines and other molecules, IFN-y and IL-33 were the most
up-regulated ones, in addition to ST2 (35). IL-33 contribution to
anti-LCMV response was evaluated infecting II-337~, IlIrlI-Fc,
and IlIrlI7~mice, resulting in an impairment of the cytotoxic T
lymphocyte (CTL)-mediated response. In a similar approach, ST2-
deficient animals infected with murine herpes virus 68 (MHV-
68) presented elevated viral titers, which it was reversed when
administering exogenous IL-33, suggesting that IL-33 signaling
is necessary for virus clearance or an effective CTL response. This
hypothesis was finally proved performing bone marrow chimera
experiments, in which only wild-type CTLs were responsive to
LCMYV infection versus the ST2-deficient counterpart, given in
part by areduced survival and the lack of granzyme Band CD107a
expression (important molecules involved in cytotoxicity) by the
deficient cells (35). On the other hand, this experimental approach
permitted to identify the non-hematopoietic compartment as the
main source of IL-33 during viral infection. Finally, a very recent
manuscript describes the role of IL-33 on tumor immunology.
In this report, the investigators engineered two tumor cell lines
to over-express (and secrete) IL-33. When injected into mice,
the IL-33-producing tumor grew less, and the tumor infiltrating
lymphocytes (TILs) were more abundant than in mice injected
with control tumor cells. Moreover, when TILs were characterized,
CD8+ T cells were enriched as in controls, but they displayed
a more activated and differentiated phenotype given by elevated
expression of the transcription factors T-bet and Eomes, higher
IEN-y secretion, and granzyme B production, demonstrating that
IL-33 controls CD8+ T cells differentiation and effector function,
which can be manipulated for anti-tumor therapy (36).

Taken together, the findings described above indicate that not
only CD4+ T cells get triggered by IL-33 but also CD8+ T cells,
supporting the idea that IL-33 may modulate T cell-dependent
functions, which in turn can be reflected on the nature of the
adaptive immune response.

Future Perspectives

The information above clearly manifests the variety of roles that
IL-33 exerts in the immune system, considering both innate and
adaptive types of responses. To manipulate and translate IL-33
functions to treat disease and restore immune homeostasis or
tolerance, we need to understand in a more detailed way the
IL-33 participation during autoimmunity and graft rejection.

Current studies using animal models show that IL-33 is present
in the inflammatory response triggered during disease, but
extensive studies are required using cells and tissue from patients.
Recapitulating the roles of IL-33 in human settings can open new
opportunities to design immunological therapies. Of our interest
is the field of Tregs, where IL-33 positively impacts their biology,
by mainly expanding or increasing their number in vivo. Is this
response also observed on human Tregs? Are patient’s Tregs sensi-
tive to IL-33 treatment? Is ST2 expression altered during disease?
AreIL-33-expanded Tregs able to migrate to inflamed tissue? Many
questions are still unsolved.

At present, there are some biological therapies that target
cytokines for treating diseases; thus, a similar approach can be
used for IL-33. Similar to IL-33, IL-2 therapy was sought to enrich
for Tregs, since this cytokine acts as a growth factor for T cells.
In an animal model of diabetes, low dose of IL-2 promoted Treg
accumulation and function, and favored a switch in cytokine
milieu given by a reduction on IFN-y production. Interestingly,
this low dose of IL-2 did not alter the frequency of other cell types
(including effector T cells), but Treg number (47). In humans,
IL-2 administration has also showed benefits, such as an increase
in functional Treg numbers and a reduction in inflammatory
signs [GVHD and vasculitis patients (48, 49)]. Alternatively, an
antibody anti-TNFa was designed to treat RA. This cytokine is
normally produced in response to local injury; however, it drives
an exacerbated inflammation producing tissue damage when
secreted in excess. In RA, TNF-« is present in the synovial fluid
from patients. At date, there are five biological inhibitors approved
by the FDA, three of them are monoclonal antibodies (infliximab,
adalimumab, and golimumab); Etanercept is a fusion protein of
two TNFR2 receptor extracellular domains plus the Fc fragment
of human immunoglobulin 1, and Certolizumab is a humanized
Fab fragment conjugated to polyethylene glycol (50). Although
the patient life quality improves, they are not an effective treat-
ment due to a loss of effectiveness or severe secondary effects,
such as higher risk to serious infections or lymphoma (50). Other
treatments targeting cytokines or their receptors include the
anti-IL-6R antibody. This approach was developed considering
the high amounts of IL-6 in the synovial fluid of patients. The
receptor for this cytokine, IL-6Ra is found in a wide range of
cells, including T cells, monocytes, activated B cells, neutrophils,
and hepatocytes (51). Recently, a monoclonal treatment has been
proved (Tocilizumab), which is capable to block IL-6R, producing
an improvement in the symptoms. The main problems with this
therapy are the secondary effects associated with its use. Since
IL-6 is a very pleiotropic cytokine, many tissues and/or organs get
affected, including elevated propensity to infections, malignant
tumors, changes in the blood and lipid profile, hepatic problems,
and cardiovascular danger (52).

Until date, specificity is the main obstacle for the application of
this type of approaches, considering that (all) cells expressing or
producing the cytokine and its receptor could get triggered by the
administered drug. Therefore, when thinking in the possibility to
use IL-33 for human treatment, we need to be specific regarding its
target, because of its wide effects on cell types and, consequently, in
the microenvironment. This phenomenon is related to the signal-
ing pathways triggered during the encounter between the cytokine
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and its receptor. For this reason, a better knowledge on IL-33
signaling and its interaction with others molecules are really
necessary. Based in the different responses observed in a same
animal model for diseases, we could think that dosage, timing,
microenvironment, and state of the disease are key variables that
may affect the final outcome of IL-33 treatment; thus, determin-
ing when these factors are aligned to favor a polarization to Tregs
(for autoimmunity or block graft rejection) would be useful to
act positively in the patient.

Lastly, the administration method is not less important. For
delivery of sensitive molecules, such as cytokines, an interest-
ing solution is the use of novel technologies. Nanomedicine
supports the control, repair, and improvement of the human
biological system working from the molecular level, and it has
been proposed as a possible solution for the controlled release
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The ability of dendritic cells (DCs) to trigger tolerance or immunity is dictated by the
context in which an antigen is encountered. A large body of evidence indicates that anti-
gen presentation by steady-state DCs induces peripheral tolerance through mechanisms
such as the secretion of soluble factors, the clonal deletion of autoreactive T cells, and
feedback control of regulatory T cells. Moreover, recent understandings on the function of
DC lineages and the advent of murine models of DC depletion have highlighted the contri-
bution of DCs to lymphocyte tolerance. Importantly, these findings are now being applied
to human research in the contexts of autoimmune diseases, allergies, and transplant
rejection. Indeed, DC-based immunotherapy research has made important progress in
the area of human health, particularly in regards to cancer. A better understanding of sev-
eral DC-related aspects including the features of DC lineages, milieu composition, specific
expression of surface molecules, the control of signaling responses, and the identification
of competent stimuli able to trigger and sustain a tolerogenic outcome will contribute to
the success of DC-based immunotherapy in the area of lymphocyte tolerance. This review
will discuss the latest advances in the biology of DC subtypes related to the induction of
regulatory T cells, in addition to presenting current ex vivo protocols for tolerogenic DC
production. Particular attention will be given to the molecules and signals relevant for
achieving an adequate tolerogenic response for the treatment of human pathologies.

Keywords: dendritic cells, DC-based immunotherapy, tolerance, Foxp3, regulatory T cells

INTRODUCTION

Dendritic cells (DCs) are key controllers of innate and adaptive immunity and central regulators
of immune tolerance (1). These functions are mainly due to the capacities of DCs to capture and
process antigens and respond to pathogen- and self-derived danger signals in peripheral tissues.
Additionally, migratory abilities allow competent DCs to mobilize into draining secondary lymphoid

Abbreviations: APCs, antigen-presenting cells; cDCs, conventional dendritic cells; DCs, dendritic cells; GILZ, glucocorticoid-
induced leucine zipper; iDCs, inflammatory dendritic cells; IL, interleukin; iTregs, inducible regulatory T cells; MHC, major
histocompatibility complex; pDCs, plasmacytoid dendritic cells; PD-L1, programed cell death ligand-1; PRRs, pattern recogni-
tion receptors; RA, retinoic acid; TGF-, transforming growth factor beta; TLR, toll-like receptor; TolDCs, tolerogenic dendritic
cells; Tregs, regulatory T cells.
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organs where they engage, in the presence of specific cytokines,
antigen-specific naive CD4* and CD8* T cells, thus triggering the
activation, proliferation, and migration of these cells to peripheral
tissues (2, 3).

It has become increasingly clear in recent years that DCs
are a heterogeneous population of leukocytes. Various distinct
DC subtypes have been identified, including plasmacytoid DCs
(pDCs), conventional DCs (cDCs), and inflammatory DCs
(iDCs), the last of which display most of the archetypical features
of DCs and originate from circulating monocytes during inflam-
mation (4-7). The ¢cDC subtype can be divided further, with
mice presenting the CD8a*/CD103* and CD11b* subsets (8),
and the human counterparts that express the markers BDCA-3
and BDCA-1, respectively (5). Even though DC subtypes share
common features, such as activation in response to pathogen
recognition, each DC population has specialized functions (4).
For example, pDCs produce type I interferon for viral immunity
(9, 10), and iDCs display antimicrobial functions by producing
the tumor necrosis factor (TNF) and the inducible nitric oxide
synthase during infections (5, 11). In the case of cDCs, these cells
are highly efficient at coupling innate and adaptive immunity (8).
Moreover, the CD8a*/CD103* ¢DC subset excels in the cross-
presentation of antigens to cytotoxic CD8* T cells, while CD11b*
cDCs efficiently prime naive CD4* T cells (12).

Despite the identification of the DC lineages, it is currently
unclear if there is a DC subtype with dedicated tolerogenic func-
tions. Indeed, rather than a specialized population, evidence indi-
cates that most DC subtypes can promote lymphocyte tolerance
through T cell deletion, T cell anergy induction, and regulatory T
cells (Tregs) induction (13). Furthermore, the tolerogenic features
of DCs can be influenced by the microenvironment, expression
of specific receptors that favor antigen presentation in subimmu-
nogenic conditions, activation of specific intracellular signaling
responses, and by pharmacological modulation, among other
factors. A better understanding of these mechanisms will sup-
port the development of DC-based therapies that induce specific
Tregs, which can be applied in the treatment of immune system
pathologies that display over-activation against self-antigens as
well as for the treatment of transplant rejection.

For the purpose of this review, we will provide an overview of
the function of DCs in the establishment of lymphocyte tolerance,
with focus on Tregs induction. We will also provide perspectives
on the mechanisms that could be exploited to induce tolerogenic
DCs (TolDCs) in the context of human immune diseases.

CONTRIBUTION OF DCs TO THE
INDUCTION OF NATURAL AND
PERIPHERAL Tregs

Dendritic cells have long been candidates for immunotherapy
(14). In mice, these cells can be used to efficiently expand
antigen-specific or polyclonal Tregs in autoimmune, transplant,
and graft-versus-host diseases, among other immunological
disorders (15-18). With the advent of intravital microscopy, the
in vivo interactions between DCs and Tregs in lymphoid organs
have been visualized (19). Related to this, some studies have

found that endogenous Treg-DC interactions in the lymph node
last longer than those established between DCs and conventional
T cells in steady-state or during inflammation (20), thus high-
lighting the relevance of Treg and DC contacts in physiological
conditions.

The establishment of central tolerance in the thymus
predominantly depends on medullary thymic epithelial cells,
which express the autoimmune regulator AIRE, a transcription
factor required for the presentation of tissue-specific antigens to
thymocytes (21, 22). In this context, the role of DCs in central
tolerance appears limited, as demonstrated by studies showing
that the thymic T cell compartment is unimpaired in mice
displaying constitutive ablation of DCs (23, 24). However and
despite these findings, it has been suggested that DCs could
play a non-redundant role in the induction of natural Tregs
(nTregs) (23, 25, 26). An advanced study of the T cell receptor
repertoire in thymocytes showed that bone marrow-derived
antigen-presenting cells (APCs), which include DCs, substan-
tially contribute to the composition of the nTreg T cell receptor
repertoire (26). Interestingly, CD8a* ¢DCs can acquire and
present autoimmune regulator-dependent antigens derived from
medullary thymic epithelial cells to nTregs (26).

In addition to sustain nTreg selection, DCs can promote nTreg
development in the thymus via the CD27-CD70 costimulation
axis (27). Expression of CD70 on epithelial cells and DCs, par-
ticularly those of the CD8a* subset, contributes to nTreg survival
(27). Thus, there is growing evidence indicating that DCs could
be actively involved in promoting thymic Treg development.
Nevertheless, it remains to be discovered if the repertoire, fre-
quency, and function of nTregs are dependent on a specialized
DC subset.

In secondary lymphoid organs and in non-lymphoid tissues,
the dynamics of DC and Treg populations are closely intertwined
(28). This notion is derived from observations in Foxp3P°™® mice,
in which the depletion of Tregs leads to a notable increase in DCs
frequency (29). The mechanism by which Tregs exert control
over DC expansion is not fully understood, but it does depend
on the cytokine FIt3L, a crucial regulator of DC commitment (8,
30). In fact, in vivo FIt3L treatment results in more DCs and a
concomitant increase in the number of inducible Tregs (iTregs)
(31). In contrast, FIt3”~ mice show a 10-fold reduction in cDCs
together with lower Treg cell counts (28). Even though evidence
suggests that Flt3L leads to Treg expansion via a DC-dependent
mechanism, this cytokine may also influence additional myeloid
cell types, which in turn could impact Treg homeostasis inde-
pendently of DCs. Nevertheless, data acquired from models of
acute DC depletion, as triggered by administering a diphtheria
toxin to CD11c-DTR mice, also demonstrated a two- or threefold
reduction of iTregs (28, 32). These findings indicate that DCs are
active regulators of Treg numbers in vivo.

Also in peripheral tissues, the maintenance of Tregs is depend-
ent on costimulation by DCs. Despite some reports indicating that
the absence of CD80/86 molecules on DCs leads to higher expres-
sion of Foxp3 (33), additional work has revealed that interactions
mediated by CD80 and CD86 on APCs with the CD28 receptor
on T cells are key for maintaining iTregs (34-37). These studies
have been recently revisited in experiments using CD11c DTA
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mice (38), which constitutively lack DCs (32). Findings demon-
strate that the absence of CD80/86 in the CD11c* compartment
results in a reduction of peripheral Tregs (32). Thus, in addition
to major histocompatibility complex (MHC)-II molecules (28),
iTreg maintenance critically relies on the expression of costimula-
tory molecules by DCs (32).

Another mechanism through which DCs can maintain Treg
functions is via expression of the programed cell death ligand-1
(PD-L1) molecule. Interaction between PD-L1 on DCs and PD-1
receptor on T cells promotes the expression of Foxp3* Tregs,
whereas blocking PD-L1 in vivo curtails Treg conversion during
tumor challenge (39). Furthermore, the PDL1/2-PD1 interaction
between DCs and Treg cells prevents autoimmunity of the central
nervous system (40). In addition to the activation molecules, the
migratory abilities of DCs may be relevant in promoting T cell
tolerance. Indeed, migratory DCs have superior abilities than
resident DCs to induce Treg development for the same antigen
(41), which may be important to consider in the design of
DC-based therapies.

Altogether, these findings indicate that DCs promote the
induction of natural and iTregs via a variety of mechanisms that
include the expression of multiple costimulatory and coinhibitory
signaling pathways, the secretion of regulatory factors, migration,
and the ability to present antigens. The advent of innovative
models for selective ablation of cDCs using discriminating mark-
ers, such as the zinc finger transcription factor, zDC or the DC
receptor, DNGR-1 (42, 43), will provide invaluable information
toward addressing the role of DC lineages in the establishment of
lymphocyte tolerance.

CONTRIBUTION OF DC SUBTYPES TO
T CELL TOLERANCE

Current understanding dictates that antigen presentation in the
absence of pathogen/danger detection leads to T cell tolerance of
self or non-self antigens (4, 13). Nevertheless, continuing discov-
eries on the complexity and diversity of the DC network make
it necessary to reassess current knowledge of DC subsets in the
establishment of T cell tolerance. In particular, markers histori-
cally attributed to DCs, such as MHC-II and the integrin CD11c,
do not actually discriminate among DC subpopulations and often
overlap with additional members of the mononuclear phagocyte
system, including monocytes and macrophages, especially under
inflammatory conditions (44). Through the discovery of specific
DC markers and a review of DC lineages based on ontogeny,
researchers will be able to better understand the contribution of
DC subtypes to Treg development in a variety of scenarios.

CD8a*'/CD103* cDCs

Conventional DCs expressing the CD8a* marker can be found
in lymphoid organs while cDCs located in non-lymphoid tissues
express the marker CD103*, with the exception of a subpopula-
tion of DCs in the intestine (5, 7, 45, 46). The CD8a*/CD103+
subsets share a common origin and function and depend on the
transcription factors Batf3, IRF8, and Id2 for development (6,
8, 44, 46-48). Given the ability of these subsets to cross-present

antigens, CD8a* and CD103* DCs are traditionally associated
with the cross-priming of pathogens- and tumor-derived antigens
to CD8* T cells (5). Moreover, in the absence of inflammation,
CD8a*/CD103* DCs can also regulate the induction of Tregs and
mediate T cell tolerance (8, 21). Functionally, splenic CD8a* DCs
are superior at inducing Foxp3* T cell differentiation than CD8a~
DC counterparts due to their ability to produce transforming
growth factor beta (TGF-B) (39, 49). Furthermore, CD8x* cells
have demonstrated proficient abilities to induce iTregs in in vivo
studies of antigen targeting via the expression of antibodies spe-
cific to endocytic receptors, such as the C-type lectins DEC205
and DNGR-1 (50, 51). These results indicate that CD8a* DCs can
be manipulated to induce iTreg differentiation in vivo by means
of antigen delivery.

In tissues, CD8ar*/CD103" DCs related to the gut-associated
lymphoid tissue (GALT) are critically involved in oral tolerance
and in inducing the de novo differentiation of Foxp3* T cells (52).
However, the ability of CD8ar*/CD103* DCs to induce iTregs in vivo
is not exclusive, as indicated by studies in batf3~~ mice, which lack
the CD8a*/CD103* DC subsets but display normal frequencies of
intestinal Tregs, indicating that additional APCs can compensate to
safeguard Treg homeostasis in the intestine (45).

CD11b* cDC

Conventional DCs expressing CD11b* are found across lymphoid
organs and non-lymphoid tissues, but their function in tolerance
has been challenging to address, partially since these cells express
markers that are shared with macrophages and monocytes, such
as CD11¢c, MHC-II, and CD11b (7). Nevertheless, in inflamed
skin, dermal CD11b* DCs display a marked ability to induce
Foxp3* T cells (53). Furthermore, the capacity of DCs to mediate
Treginduction in the dermis is attributable to the CD11b*CD103~
subtype (54). These findings indicate that CD11b* DCs can
regulate the homeostasis of Tregs in the skin.

Nevertheless, and as noted for CD103* DCs, the selective abla-
tion of CD11b* DCs does not alter Treg frequencies, indicating
that these cells may be sufficient but not necessary for Treg cell
homeostasis (55). The discovery of new surface molecules allow-
ing for the distinction of bona fide CD11b* DCs such as CD24,
CD64, and MerTK will provide relevant information on this cell
type in Treg induction.

Plasmacytoid DCs

Plasmacytoid dendritic cells found in the bone marrow and
lymphoid organs, which express the markers CD11c, B220,
Siglec-H, and BST2, depend on the E2-2 transcription factor for
development (7) and produce large amounts of type I interferon
in response to viral recognition (7). Although the involvement
of pDCs in antigen presentation to T cells is a matter of debate
(56), MHC-II-restricted antigen presentation by pDCs promotes
Foxp3™ T cell expansion that results in protection against experi-
mental autoimmune encephalomyelitis (57). Furthermore, pDCs
with dietary antigens can mediate oral tolerance via CD4* and
CD8* T cells (58) and induce tolerance to vascularized cardiac
allografts via the generation of Foxp3* T cells (59). In humans,
pDCs isolated from blood induce Foxp3* T cells (60), which is
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attributed to the expression of the enzyme indoleamine 2,3-diox-
ygenase, PD-L1, and the inducible costimulator-ligand (10, 61,
62). In addition, pDCs residing in the human thymus drive
nTreg development ex vivo (63), and stimuli such as cytosine-
phosphate-guanine and the thymic stromal lymphopoietin have
shown to promote this function (64). These findings indicate
that human pDCs have the potential to be used as tools for Treg
induction. In contrast to human counterparts, murine pDCs
display limited abilities to induce Tregs (10). On the other hand,
antigen targeting to the human BDCA-2 molecule in B6.BDCA2
transgenic mice results in antigen-specific tolerance and an
increased Tregs/T effector ratio (65).

Altogether, current evidence indicates that pDCs strongly
contribute to Treg homeostasis and could be attractive candidates
for immunotherapy treatments against several conditions, such
as transplant rejection, autoimmune diseases, and cancer (66).

Inflammatory DCs
Inflammatory dendritic cells present during infection/inflam-
mation, are derived from monocytes, and express the markers
CD11c, MHC-II, CD11b, and CD64. iDCs release large amounts
of inflammatory cytokines upon pathogen recognition, including
TNF and the inducible nitric oxide synthase (7). Moreover, iDCs
drive Th1- and Th17-mediated immunity, a feature also recorded
in humans (67). Given that these cells are not present in steady-
state conditions, their role in maintaining Treg homeostasis
in vivo is not fully understood. Nevertheless, in vitro models of
DC generation have been widely used. DCs stimulated by the
granulocyte macrophage colony-stimulating factor (GM-CSF),
plus or minus interleukin (IL)-4, induce large numbers of cells
that resemble those originated under inflammatory contexts (8,
68), and these cells have been broadly used as tools to differenti-
ate Tregs ex vivo (15, 69). However, recent findings indicate that
GM-CSEF-derived DCs are composed by a heterogeneous mixture
of macrophages and DCs, which are indistinguishable through
quantification of CD11c and MHC-II expression (70). It is also
currently unclear which population is mediating Treg induction.
Thus, current data indicate that while DCs facilitate the induc-
tion of Tregs, there is no strict dependency on any DC lineage to
sustain this function. Rather, it seems that several immune cell
types, depending on the scenario, can contribute to the regulation
of Treg cell homeostasis.

ROLE OF EXOGENOUS AND
ENDOGENOUS TRIGGERS OF
TOLEROGENIC DCs

The ability of DCs to favor Treg homeostasis and restrict T cell
immunity can be fine-tuned by several extracellular and intracel-
lular factors. These factors include microenvironmental features,
the expression of surface molecules, and the selective activation of
specific signaling pathways that promote Treg induction. In addition,
TolDCs have been generated and studied in contexts of pharmaco-
logical modulation. The aspects that contribute to the programing
of DCs in regards to triggering T cell tolerance are described below.

Microenvironment

The homeostasis of Tregs can be specifically regulated depend-
ing on location, metabolism of dietary products, or exposure
to microbes or tumors (71, 72). In the microenvironment of
a tumor, cancer cells can produce suppressive factors that
promote DCs to induce Tregs that can, in turn, contribute
to tumor progression (71). For example, DCs isolated from
tumor-bearing animals are programed by cancer cells to pro-
mote Treg proliferation via TGF-p production (73). Moreover,
apoptotic cells resulting from physiological processes are
potent inducers of tolerance via DCs (74). Interestingly, early
traslocation of annexin A1 contributes an essential tolerogenic
property to apoptotic cells, conferring their ability to suppress
DC activation and cellular immunity (75). Annexin Al on
apoptotic cells critically interferes with TLR signaling path-
ways upstream of NFkB activation and, in turn, preventing
antigen-specific T cell responses (75). In addition, clearance of
dead cells by DCs, which requires dedicated receptors such as
DEC205 (76), results in the induction of Tregs (77). In in vivo
models, the apoptotic cargo is preferentially captured by the
CD8a* lineage of DCs, which are able to mediate tolerance to
cell-associated antigens (78).

Another characteristic site for Treg presence is the gut (52,
71, 72,79, 80). Here, GALT-CD103* DCs specialize in the syn-
thesis of retinoic acid (RA) and are the cell type predominantly
responsible for Treg generation (52, 79). RA is a metabolite of
vitamin A that regulates Treg induction by enhancing TGF-f-
induced conversion of CD4* T cells to Foxp3* T cells (33, 81, 82).
Specifically, RA sustains the differentiation of Foxp3* T cells by
acting in cis on naive T cells or in trans by relieving the inhibition
exerted by CD4* memory T cells on iTreg development (33, 81,
82).CD103* DCs isolated from the small intestine lamina propria
can synthesize RA and secrete bioactive TGF-p at levels sufficient
to trigger Treg differentiation (52, 71). Notably, the effect of RA in
promoting Tregs is not restricted to the intestine. In the skin, RA
production is attributed to dermal CD11b* DCs, which trigger
de novo iTreg differentiation with higher efficiency than CD103*
counterparts (54). Even though the tissue-associated signals that
lead to RA production by distinct DC subsets in the gut and
skin are unclear, these findings indicate that the ability to induce
iTregs is not an attribute of a dedicated DC subtype and that the
outcome of the immune response is dictated by the integration of
multiple environmental cues.

In a physiological context, DCs may also contribute to the
maintenance of Treg homeostasis through the induction of
tolerance to commensal microbiota (83, 84). Although the
predominating standpoint is that DCs activated with microbes
via pattern recognition receptors (PRRs) provide the signals
necessary to elicit T cell immunity, it has been also reported
that Tregs can arise in non-sterile conditions. This notion is
supported by studies in germ-free mice, which display reduced
Tregs frequency (85, 86). In fact, certain intestinal bacteria,
including Clostridium strains and the human commensal bacte-
ria Bacteroides fragilis, have been found to promote Treg devel-
opment (85, 87). These findings open new avenues for studying
the role of DCs in Treg homeostasis in the context of microbe
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recognition, particularly against commensal and/or symbiotic
microbiota. However, extensive studies must be carried out to
reveal the mechanisms by which these particular microbes are
able to induce Tregs and prevent T cell immunity or even Treg
plasticity. Identification of these particular signatures would be
greatly relevant to the advancement of DCs use in the treatment
of diseases as there are additional microbial compounds, such as
the fungal f-glucan curdlan, that trigger reprograming of Tregs
into Th17 cells, which may result in immunity rather than toler-
ance depending on the conditions (88).

The in vivo identification of microbial-derived components
that can trigger Tregs is an emerging field with many prospects
related to clinical immunology. Along these lines, it remains to
be determined whether the effects of commensal microbiota are
indeed mediated by DC subtypes.

SURFACE MOLECULES AND ACTIVATION
OF SIGNALING RESPONSES

Dendritic cell function can be modulated by the expression
of surface molecules and activation of signaling cascades
responsible for promoting Treg cells. In addition to the endo-
cytic receptors such as DEC205 that can be exploited for Treg
induction, certain surface molecules can confer tolerogenic
properties to DCs. On one hand, expression of the TGF-f
activating integrin avp8 by DCs is required for efficient Treg
induction (89, 90). In fact, mice deficient in avf38 in DCs have
decreased abilities to generate iTregs. This limitation causes
autoimmunity and colitis in mice (89, 90), indicating that
TGEF-f processing by DCs is a key feature for maintaining Treg
homeostasis.

0 \ Q

NS,

VL

Tolerogenic cell death
Necrotic/apoptotic cells

Self Ags
Disease-related Ags

@

a
i3y, BN,
o
e

14
+

Endocytic
receptors

Cancer cell-
produced IL-10

Pharmacological Stimuli
Dexamethasone

VitD3

Rapamycin

Commensal PAMPs

\ Glycolysis
inhibition

¥
- &
' Y Antigen-

processing
machinery A

E-cadherin

2-deoxyglucose
(2-DG)

Latent TGF-B

Retinoic

%
®o Acid

Vitamin A

FIGURE 1 | Stimuli and mechanisms that induce the generation of TolDCs. Several stimuli can trigger different intracellular mechanisms that reprogram
TolDCs to induce Tregs. TLR2 triggering results in Treg induction (91). These include activation via TLR2, expression of av integrin for activation of TGF-p, and

expression of endocytic receptors responsible to divert the antigenic cargo for presentation in tolerogenic contexts. Furthermore, the inhibition of glycolysis upon
TLR stimulation by 2-deoxyglucose, promotes Treg induction (93). Moreover, the ubiquitin-editing protein A20 is a crucial regulator of TLR-driven DC activation
responsible for preventing autoimmunity (94). PRR-independent mechanisms of DC activation, such as through E-cadherin and B-catenin, lead to the induction of
IL-10-producing T cells with autoimmune competency (95). Likewise, expression of the retinoic-acid synthesizing enzyme 2 (RALDH2) in DCs allows the synthesis
and secretion of RA, a crucial regulator of Treg homeostasis (80, 81). Furthermore, additional physiological stimuli associated with the induction of tolerance, such as
apoptotic bodies, have double functions: (j) their internalization by DCs induces tolerance itself; and (i) these are a broad source of self-antigens that can be loaded
onto MHC-II molecules and presented to CD4+* T cells (77). Additionally, specifically selected malignant cells produce IL-10, which is considered a mechanism of
immune evasion since this cytokine inhibits MHC-I expression on cancer cells and strongly induces a tolerogenic phenotype on DCs by inducing IL-10 expression in
a paracrine manner (96). Finally, pharmacological stimuli are able to trigger different transcription factors (e.g., GILZ, mTOR) that activate tolerogenic-associated
protein expression on DCs (97, 98).
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On the other hand, evidence indicates that signaling via PRRs
in DCs also contributes to the establishment of lymphocyte toler-
ance via Tregs (Figure 1). Toll-like receptor 2 (TLR2) expression
in DCs couples innate immunity to the induction of Foxp3*
T cells through activation of IL-10 and the RA-metabolizing
enzyme retinaldehyde dehydrogenase 2 (91). Importantly, TLR2
signaling in DCs mediates suppression against autoimmunity
via the induction of Tregs (91). In addition to TLR2, additional
PRRs can induce IL-10 in DCs, also leading to the induction
of Treg responses. The modulation of IL-10 secretion by DCs
via the DC-SIGN receptor has been associated with Foxp3*
expression in naive T cells in a murine model of nephrotoxic
nephritis (92). Moreover, a monoclonal antibody to P-selectin,
which also interacts with DC-SIGN, induces IL-10 secretion
in human DCs that, in turn, contribute to the induction of
CD4*CD25*Foxp3* T cells (92).

Regulators of PRR signaling in DCs can also dictate the
balance between T cell tolerance and immunity. The ubiquitin-
editing enzyme A20, an anti-inflammatory protein involved in the
attenuation of NF-xB signaling downstream of TLRs, is a crucial
regulator of immune tolerance (Figure 1) (94). DC-specific dele-
tion of A20 results in autoimmunity and systemic inflammation
in mice, demonstrating the role of this protein as a key regulator
in DC tolerance, which may be important to consider for clinical
applications.

On the other hand, DCs able to induce Tregs can also be
generated in the absence of PRR engagement. For instance, the
maturation of DCs in response to the disruption of cell-to-cell
interactions through the blockade of E-cadherin results in
the induction of Tregs (95). This form of DC activation seems
partially dependent on P-catenin (99). Interestingly, p-catenin
signaling in DCs may also be a key controller of tolerance (83).
The expression of f-catenin in DCs regulates the expression of
RA, TGF-f, and IL-10 (Figure 1) (83). Importantly, selective
ablation of PB-catenin in CD11c-expressing cells leads to reduced
Foxp3* Tregs in the intestine (83), highlighting the contribution
of specific signaling pathways in programing TolDCs. In this
context, there are ongoing efforts aiming to identify gene expres-
sion signatures that distinguish between PRR-activated DCs and
mature homeostatic DCs. These studies may shed light on the
regulatory gene networks relevant to TolDC programing (5).

Besides changes in gene expression, the process of DC activa-
tion also involves a metabolic reprograming required to elicit T
cell immunity. This process includes a rapid increase in glycolysis,
which is essential to fulfill the biosynthetic and bioenergetic
demands of activated DCs (93, 100). Inhibition of glycolysis in
activated DCs through 2-deoxyglucose, an inhibitor of hexoki-
nase, biases DCs to induce Foxp3* T cells (93). This observation
suggests that gaining better insights into the metabolic programs
of steady-state versus activated DCs may be useful toward
ultimately programing TolDCs for therapeutic use. In humans,
TolDCs are characterized by increased catabolic pathway signal-
ing, oxidative phosphorylation, mitochondrial oxidative activity,
and fatty acid oxidation, as compared to activated DCs. In fact,
the inhibition of fatty acid oxidation prevents the functioning of
TolDCs and partially restores T cell stimulatory capacity (101).
These data suggest that interfering with metabolic checkpoints

in DC maturation may be an interesting strategy for programing
TolDCs for therapeutic purposes.

PHARMACOLOGICAL MODULATION OF
TolDCs

The phenotypic plasticity of DCs can be modulated by a variety
of stimuli with different nature and origin (Figure 1). Although
there is currently no absolute consensus about the phenotype
and characteristics of TolDCs, several studies support the notion
that these cells must be able to induce a Foxp3* Treg phenotype
from naive T cells (83, 84, 102, 103). From a clinical perspec-
tive, DC activation can be pharmacologically altered to obtain
DCs capable of mediating T cell tolerance. Several cytokines,
anti-inflammatory, and immunosuppressive drugs trigger a
tolerogenic phenotype by interfering with checkpoints of DC dif-
ferentiation and activation. These include glucocorticoids, vitamin
D, aspirin, rapamycin, rosiglitazone, heme oxygenase-1 inducers,
and andrographolide, among others (104-112). In addition, the
ability of different cytokines to generate TolDCs has been tested,
with IL-10 and TGF-f found as the most effective factors. DCs
cultured in the presence of IL-10 and or TGF-f trigger anergy
in naive and memory T cells and are also able to activate T cells
with an IL-2"", IFN-y"¥, and IL-10"e" Foxp3* profile (10, 113). In
fact, IL-10 is also involved in the differentiation of Foxp3* Tregs
in human in vitro models (11).

Regarding the pharmacological modulation of DCs in human,
different protocols have been developed by adapting strategies
used in mouse cells. Dexamethasone, vitamin D3, and rapa-
mycin, in conjunction with the GM-CSF and IL-4, are the most
used reagents in the ex vivo differentiation of peripheral blood
monocytes into TolDCs (114). Dexamethasone, a glucocorticoid
widely used to treat autoimmune diseases and graft rejection,
mantains an immature DC phenotype that is associated with low
expression of human leukocyte antigen II and co-stimulatory
molecules. In addition, dexamethasone-treated DCs maintain
expression of the chemokine receptor CCR7, suggesting that these
DCs may retain migratory skills, a characteristic necessary for
use in immunotherapy (115-117). Interestingly, dexamethasone
stimulation in DCs also upregulates the glucocorticoid-induced
leucine zipper (GILZ) protein and promotes the differentiation
of antigen-specific CD25™8"Foxp3*CTLA-4/CD152* and IL-10-
producing Tregs able to inhibit CD4* and CD8* T cell responses
(118). In fact, GILZ expression by DCs is an important regu-
lator of Tregs (97). CD11c-GILZM transgenic mice, which
overexpress GILZ in the CD1lc compartment, display an
accumulation of Foxp3* Tregs in spleen and in central and
peripheral lymphoid organs of aged animals (97).

For its part, vitamin D3 (1,25-dihydroxyvitamin Ds) promotes
a tolerogenic phenotype in human monocyte-derived DCs via
the activation of glucose metabolism. This effect is mediated by
the PI3K/Akt/mTOR pathway, which controls the induction and
maintenance of tolerogenic functions in DCs, stimulating the
generation of Tregs (98, 119). In turn, rapamycin, an antibiotic of
the macrolide family that possesses immunosuppressive proper-
ties, inhibits the maturation and effector functions of DCs. Indeed,
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murine rapamycin-treated DCs are inferior stimulators of synge-
neic T cells that do not alter antigen uptake or in vivo homing to
lymphoid tissue (111). Additionally, rapamycin treatment inhibits
the ability of DCs to produce IL-12 and TNFa and can induce the
proliferation of CD4*CD25%Foxp3* Tregs (108, 120).

Taken together, the current evidence strongly supports that
TolDCs generated by a single or combination of drugs could be an
effective therapeutic approach to induce antigen specific Tregs in
a variety of scenarios. In this regard, IL-10 and rapamycin appear
to be the most suitable agents for generating TolDCs that could
be applied in the treatment of human diseases.

DC-BASED IMMUNOTHERAPY AND THE
INDUCTION OF TOLERANCE: WHERE
ARE WE?

Over the last decade, different DC-based immunotherapies
have been used to stimulate immune responses, and some have
shown objective clinical benefits in patients with different types
of cancer (121-125). Currently, several immunotherapeutic
approaches are being studied, including for autoimmune condi-
tions, allergies, and transplant rejection. All of these pathologies
require permanent induction of T cell tolerance, as triggered by
TolDC and orchestrated by proficient Treg functions. Indeed, the
main target of TolDC immunotherapy should be the induction
of tissue/organ infiltrating Tregs. Clinical data on TolDC-based
immunotherapies remain limited, and the majority of studies
are in preclinical stages. These studies focus on the development
of safe and well-tolerated TolDCs with an anti-inflammatory
phenotype and a preferential capacity to induce Tregs (126-128).

Regarding allergy treatments, atopic diseases are largely
dominated by T helper type 2 immune responses that lead to
an accumulation of eosinophils, immunoglobulin E produc-
tion, and the sensitization of tissue mast cells (129). In ex vivo
models, TolDCs... have shown to suppress the T helper type
2 immune response by inducing/expanding IL-10-expressing
CD25%Foxp3*LAG-3*CTLA-4* Tregs (130). Moreover, in vitro
dexamethasone-induced human TolDCs are able to generate
IL-10-expressing T cells specific for the Hev b5 antigen, a princi-
pal latex allergen (128).

On the other hand, autoimmune diseases are an issue of public
health due to their heterogeneity and diverse clinical manifesta-
tions. Several studies in murine models of rheumatoid arthritis
have demonstrated the efficacy of TNF-, IL-10-, and dexameth-
asone-treated TolDCs to treat collagen-induced arthritis, an
experimental model for inflammatory joint diseases (131-133).
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In fact, the first prospective phase I clinical trial in patients with
rheumatoid arthritis was recently concluded (134). In this trial,
patients treated with autologous modified TolDCs and pulsed
with citrullinated peptide antigens showed changes in the Treg/T
effector ratio, where in 11 out of 15 treated patients, there was
at least a 25% reduction in CD4*CD25*CD127* T effector cells.
However, Tregs increased by >25% in only 5 out of 15 treated
patients (134). Importantly, this clinical trial has demonstrated
the safety of this therapeutic approach as well as its effects on
patients’ immunological parameters.

CONCLUSION

In conclusion, and despite the substantial advances made in
recent years regarding the development and function of TolDCs,
it remains to be determined whether this knowledge can be
applicable to the clinic. The ultimate success of TolDC-based
therapies will be dictated by gaining in-depth understanding of
the mechanisms by which TolDCs suppress autoreactive lympho-
cytes and induce Tregs; and by obtaining better insights regarding
the mechanisms by TolDC suppress autoimmunity, allergies, and
transplant rejection. These aspects include the stability/commit-
ment of generated TolDC, especially in an in vivo inflammatory
milieu, among others.

In addition, as there is no current consensus about which stimuli
would be more reliable in inducing a committed TolDC phenotype,
it is highly plausible that specific combination of these triggers,
or even an additional stimuli yet to be identified, are needed to
reach this phenotype. A third aspect to be addressed is the clear
identification of specific receptors and the downstream signaling
pathways that can be triggered in DCs to induce Treg responses.
In this context, studies using high-throughput approaches (e.g.,
proteomics and genomics) will be of great help to identify the
crucial genes/proteins networks involved in programing TolDCs
suitable for Treg induction. This knowledge will assuredly facilitate
the near-future design of reliable and clinically effective TolDCs for
the treatment of several human diseases and conditions.
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The interaction between dendritic cells (DCs) and T cells is crucial on immunity or tolerance
induction. In an immature or semi-mature state, DCs induce tolerance through T-cell
deletion, generation of regulatory T cells, and/or induction of T-cell anergy. Anergy is
defined as an unresponsive state that retains T cells in an “off” mode under conditions
in which immune activation is undesirable. This mechanism is crucial for the control of
T-cell responses against self-antigens, thereby preventing autoimmunity. Tolerogenic DCs
(tDCs), generated in vitro from peripheral blood monocytes of healthy donors or patients
with autoimmune pathologies, were shown to modulate immune responses by inducing
T-cell hyporesponsiveness. Animal models of autoimmune diseases confirmed the impact
of T-cell anergy on disease development and progression in vivo. Thus, the induction of
T-cell hyporesponsiveness by tDCs has become a promising immunotherapeutic strategy
for the treatment of T-cell-mediated autoimmune disorders. Here, we review recent
findings in the area and discuss the potential of anergy induction for clinical purposes.

Keywords: tolerogenic dendritic cells, T-cell anergy, regulatory T cells, hyporesponsiveness, immunotherapy,
autoimmune diseases

Introduction

Effective peripheral tolerance mechanisms are required to eliminate circulating autoreactive T cells
and thereby prevent undesired immune responses against self-antigens. The key players in this
process are dendritic cells (DCs) that induce tolerance by different control mechanisms such as T-cell
deletion, generation of regulatory T cells (Tregs), and/or induction of anergy (1-3). This tolerogenic
role of DCs has aroused the interest for their ex vivo generation and their application as therapeutic
tool to restore tolerance in autoimmune conditions or allergy.

Interaction between DCs and T cells occurs through three independent signals: (i) recognition
of peptide-MHC complexes presented on DCs via specific TCR on T lymphocytes, (ii) binding
of costimulatory molecules expressed on DCs to their respective receptors on T cells, and (iii)
polarizing cytokines secreted by DCs (4). When presentation of antigen peptides by DCs occurs
in the absence of costimulation, T cells become anergic (5). Anergy is a hyporesponsive state that
retains T cells in an “off” mode under conditions in which immune activation is undesirable, as for
the recognition of self-antigens and the maintenance of steady state. Understanding this process has
become the focus of interest for the design of therapeutic strategies to silence autoreactive T cells in
autoimmune diseases.
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It has been reported that tolerogenic dendritic cells (tDCs)
generated from monocytes of patients with multiple sclerosis (6),
type 1 diabetes (T1D) (7), or rheumatoid arthritis (RA) (8) are
able to induce a stable hyporesponsive state in CD4" T cells in
an antigen-specific manner. In animal models of experimental
autoimmune encephalomyelitis (EAE) (9) and collagen-induced
arthritis (CIA) (10), inoculated tDCs induced antigen-specific
T-cell anergy and thereby impeded disease progression.
Furthermore, it has been reported that tDCs were capable of
inducing donor-specific hyporesponsiveness and prolonging car-
diac allograft survival in mouse models of transplantation (11, 12).

The current review takes a closer look at recent findings on T-
cell anergy induced by tDCs and discusses the potential of T-cell
anergy for clinical applications to control undesired immune
responses mediated by CD4™ T cells.

Tolerogenic Dendritic Cells and the
Modulation of T-Cell Responses

Dendritic cells are professional antigen-presenting cells that are
able to initiate and shape T-cell responses (13). Whether DCs
induce T-cell immunity or tolerance is determined by their mat-
uration state. Mature DCs are considered to be immunogenic
as they display high levels of MHC-class II and costimulatory
molecules on their surface (14) as well as a proinflammatory
cytokine secretion profile (15), equipping them with the capacity
to efficiently present antigen and provide activating signals to
CD4™ T cells, thus promoting their polarization toward T helper
(Th) type 1, Th2, or Th17 cells. In contrast, immature DCs express
low levels of MHC-II and costimulatory molecules and are mainly
localized in blood and non-lymphoid tissues, where they act as
sentinels specialized in capturing and recognizing antigens. A
small proportion of DCs, termed semi-mature DCs, undergo par-
tial maturation under steady-state conditions, resulting in upreg-
ulation of antigen presenting and lymph node homing capacity
while proinflammatory cytokine secretion remains absent (16).
Both immature and semi-mature DCs are regarded as tolerogenic
because of their ability to favor T-cell differentiation to IL-10-
secreting cells with regulatory properties (17). There are distinct
mechanisms by which tDCs prevent T-cell responses against self-
antigens in vivo, including deletion of autoreactive T cells, devia-
tion of the T-cell cytokine secretion profile, generation of Tregs,
and/or induction of anergy (1-3, 18). During the last decade,
research has focused on the in vitro generation of tDCs with
a stable phenotype. Human DCs are generated from peripheral
blood monocytes cultured in the presence of GM-CSF and IL-
4, and laboratory strategies to induce a tolerogenic phenotype
include the addition of cytokines, such as IL-10 or TGF-B (19);
pharmacological modulation by vitamin D3, rapamycin, or dex-
amethasone (20); or genetic modifications, such as IL-10 gene
transduction; and silencing of CD40, CD80, or CD86 expres-
sion by RNA interference (21). Additional activation of tDCs by
lipopolysaccharide (LPS) or its non-toxic analog monophospho-
ryl lipid A (MPLA) has been shown to improve their antigen-
presenting capacity and to induce the expression of chemokine
receptors that enable migration to secondary lymph nodes (22).
Regardless of the strategy used for their generation, tDCs exhibit
common characteristics such as low expression of costimulatory

molecules, a decreased antigen-presenting capacity, and an anti-
inflammatory cytokine secretion profile (20, 23, 24) and have been
reported to inhibit the proliferation and activation of allogeneic
and antigen-specific CD4™ T cells (22), to promote the differen-
tiation into IL-10-secreting Tregs (20, 25), and to render T cells
anergic (19).

Additionally, generation of murine DCs from bone marrow
(BMDCs) has been described using GM-CSF alone or in com-
bination with IL-4 (26, 27) or Fms-like tyrosine kinase 3 (Flt3)
(26). In a similar fashion of human DCs, a tolerogenic pheno-
type can be induced in murine DCs using different cytokines,
pharmacological agents, or genetic modifications.

Recently, Helft and coworkers (2015) showed that the classical
method to generate BMDCs using GM-CSF (28) produces
heterogeneous CD11ct MHCIIT populations that comprise
conventional BMDCs, induced by GM-CSF (GM-DCs), and
monocyte-derived macrophages, induced by GM-CSF (GM-
Macs), that display distinct immune functions in vitro and in vivo
(29). In the procedure of GM-DCs generation, many laborato-
ries commonly employ magnetically enriched or FACS-sorted
CD11ct assuming incorrectly that this DC population is homo-
geneous and that any cell-to-cell variation is the result of different
maturation state (30, 31).

Despite this discovery, the modulatory effects of ex vivo-
generated tolerogenic BMDCs, produced under GM-CSF proto-
col, have been extensively studied on CD4" T cells in murine
models of autoimmune diseases and transplantation. These tDCs
were shown to inhibit destructive immune responses in models
of bone marrow and organ transplantation (32, 33) and to exert
beneficial effects in mice with CIA (34, 35), diabetes (36), and
EAE (37). Thus, although the classic mouse BMDCs generation
protocol results in a heterogeneous population, their immune
modulatory effects have been successfully demonstrated for a long
time by several authors.

T-Cell Regulation or Anergy ?

T-cell anergy is induced when negative signals outweigh the acti-
vatory signals provided by antigen-presenting cells. Originally,
anergy was defined as unresponsive state induced in T cells that
recognize antigen in the absence of costimulatory signals (38),
usually provided by the binding of CD28 on T cells to its ligands,
namely B7 molecules, expressed on DCs (39). Consequently, pro-
liferation and cytokine production of T cells are impaired upon
reencountering the same antigen (38). It has been observed that
this hyporesponsive state could be reversed in the presence of IL-2
and that signaling through the IL-2 receptor prevented the estab-
lishment of anergy in the absence of costimulation, which is con-
sistent with the in vitro definition of anergy (40). In contrast, the
definition of in vivo anergy has been more difficult and presents
characteristics that differ from in vitro induced anergy such as the
failure of exogenous IL-2 to reverse the anergy state (41).

Anergy can also be induced by coinhibitory signals through
CTLA-4 (cytotoxic T lymphocyte-associated protein 4) or PD-1
(programmed cell death 1) receptors (42-44). CTLA-4 interacts
with B7 molecules, preferentially with CD80, while PD-1 binds
to PD-L1 and PD-L2 ligands on DCs. Moreover, tissue-derived
adenosine, acting via the adenosine A2A receptor (A2AR),
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represents another important negative regulator of T-cell activa-
tion, able to promote long-term anergy even in the presence of
costimulation (45).

Further studies show that anergy induction and maintenance
depend on the presence of “anergy-associated factors” (2) such as
GRAIL (gene related to anergy in lymphocytes), Cbl-b (Casitas
B-cell lymphoma-b), and Itch (itchy homologue E3 ubiquitin
protein ligase) (2), as well as the transcription factors Egr (early
growth response) type 2 and 3 (46). GRAIL, CbI-b, and Itch are
E3 ubiquitin ligases involved in cell signaling and protein ubiqui-
tination and are modulated via the calcium/calcineurin pathway
(47, 48).

Gene expression studies performed after TCR stimulation in
the presence or absence of costimulation revealed upregulation of
GRAIL in anergic CD4T T cells (49). The role of CbI-b was iden-
tified by comparing the proliferative response of peripheral T cells
from Cbl-b knockout mice and wild-type mice. Peripheral T cells
from Cbl-b knockout mice hyperproliferated (50), suggesting that
loss of Cbl-b impairs the induction of a T-cell hyporesponsive state
associated with tolerance (51). T cells from Itch-deficient mice
were shown to be resistant to anergy induction, sustaining the role
of Itch in the promotion of a hyporesponsive state (47).

Egr2 was demonstrated to be the major transcription factor
for anergy induction both in vitro and in vivo (52), and its over-
expression was shown to inhibit T-cell activation (46, 53). Egr2
and Egr3 direct the expression of anergy-inducing genes either in
cooperation with the transcription factor NFAT (nuclear factor of
activated T cells) (48) or in an independent manner. The proteins
encoded by those Erg-regulated genes (e.g., Grail, Cbl-b, and Itch)
are required to induce a functional unresponsiveness state through
downregulation of TCR signaling by inactivation or degradation
of signaling molecules (54).

It has been observed that some of the anergy-associated factors
and pathways are also involved in the generation of Tregs (55)
(Table 1). For example, GRAIL is up-regulated in CD4"CD25™
Tregs too, and its expression is linked to their regulatory activity
(56). Cbl-b and Itch also regulate the development of Foxp3™
Tregs in the periphery by modulating key components of TCR
and TGF- signaling pathways (57). Moreover, Egr2 is a cen-
tral transcription factor for IL-10-secreting regulatory T cells

TABLE 1 | Comparison of anergic T cells and regulatory T cells.

Anergic T cells versus regulatory T cells

Characteristic Egr2 Foxp3
transcription factor

Suppressor activity Controversial Yes
Cytokines None/IL-10 IL-10, TGF-B
Proliferative responses No Yes

Role of costimulation Absence required Is required

Stability Stable in the presence of Stable; plasticity under
the specific antigen certain conditions
Shared phenotype GRAIL
markers Cbl-b
Itch
CTLA-4
LAG-3

expressing lymphocyte activation gene 3 (LAG-3) (58). Likewise,
it has been reported that NFAT proteins are not only involved
in the induction of T-cell anergy (59) but also mediate the sup-
pressive function of Tregs by forming a cooperative complex with
Foxp3 (60). Finally, A2AR signaling has been shown to induce
T-cell anergy as well as Foxp3™* and LAG-3" Tregs in vivo (45).

At the same time, it has been reported that anergic T cells can
also acquire functions of Tregs. In an in vivo model of peripheral
tolerance, antigen-specific anergic T cells were shown to secrete
high levels of IL-10, suggesting that these anergic cells could act as
Tregs (61). Steinbrink observed that anergic T cells, induced by IL-
10-treated DCs, were able to suppress the activation and function
of T cells in an antigen-specific manner (62). In this model, sup-
pression was linked to CTLA-4-dependent cell cycle arrest (63).
In another study, Pletinckx and colleagues showed that immature
DCs were capable of converting anergic CD4 ™ T cells into Foxp3-
IL10™ Tregs through engagement of CD28 and CTLA-4 (64).

T-cell anergy and Tregs induction are crucial mechanisms for
the reestablishment of tolerance (9, 10, 65, 66), and although
presenting different phenotypic and functional characteristics
(Table 1), both mechanisms have in common the expression
regulation of some genes, such as Pd-1 (67, 68), Icos (55), Lag3
(55), Ctla-4 (55, 67), Egr2 (55, 67), Grail (49, 56), Cbl-b (57),
and Itch (57). Regarding the therapeutic potential of strategies
inducing either anergy or Tregs, the question arises whether one
or the other mechanism is more effective. Due to their capacity to
efficiently suppress effector T-cell responses, Tregs were assumed
to be the protagonists in tolerance induction. Deficiency or altered
function of Tregs is associated with increased severity and activity
of autoimmune disease (69). However, there is evidence that
Foxp3™ Tregs may convert into proinflammatory Th17 cells in a
proinflammatory cytokine environment (70, 71). This plasticity or
instability of Tregs is a disadvantage for their therapeutic applica-
tion. On the other hand, the induction of a hyporesponsive state in
T cells has proven to be stable and autoantigen-specific, enabling
silencing of self-reactive T cells in autoimmune diseases (9, 10,
72-74). The possibility that these anergic T cells can acquire sup-
pressive capacities would strengthen their therapeutic potential to
control undesired immune responses.

Therapeutic Potential of T-Cell Anergy

The assumption that rendering autoreactive cells hyporespon-
sive might be a strategy to reestablish tolerance in conditions of
autoimmunity and transplantation has prompted several preclin-
ical studies to evaluate this approach in rodent models of multiple
sclerosis, T1D, RA, and transplantation.

It has been previously reported that tDCs, modulated with
vitamin D3 and loaded with myelin peptides, induce hyporespon-
siveness of autologous myelin-specific T cells from multiple scle-
rosis patients in vitro (6). Mansilla and colleagues demonstrated
the preventive and therapeutic effect of administering vitamin
D3-modulated BMDCs stimulated with LPS and pulsed with
encephalitogenic myelin oligodendrocyte glycoprotein (MOG)
peptide in vivo in the EAE mouse model (9). Splenocytes
from mice that received those tDCs showed reduced MOG-
specific proliferation and increased IL-10 production. Another
study by Zappia and coworkers reported that administration of
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mesenchymal stem cells (MSCs), multipotent stromal cells with
immunomodulatory properties, ameliorated EAE through the
induction of T-cell hyporesponsiveness (72). In this model, MSCs
inhibited the proliferative response of T cells from spleen and
lymph nodes to MOG peptide and polyclonal stimuli, without
increasing the frequency of Tregs. In accordance with previ-
ous reports, T-cell anergy was abrogated upon administration of
IL-2 (31).

Regarding T1D, it has been shown that tDCs modulated with
IL-10 and TGF-P and loaded with the pancreatic islet autoantigens
insulin or glutamic acid decarboxylase 65 (GAD65) were able
to induce antigen-specific hyporesponsiveness in CD4™ T cells
from patients in vitro (7). In a transfer model of T1D, admin-
istration of vitamin D3-treated DCs, loaded with the disease-
relevant antigen BDC2.5 mimotope, induced antigen-specific
hyporesponsiveness of autoreactive CD4™ T cells in vitro and
in vivo (73). Using a transgenic mouse model of T1D, based on
the concomitant expression of influenza hemagglutinin (HA) in
B cells of the pancreas (under control of the insulin promoter)
and of an HA-specific MHC class II-restricted TCR, it has been
demonstrated that myeloid-derived suppressor cells (MDSCs)
pulsed with HA peptide, effectively suppressed HA-specific T-
cell responses against pancreatic islet cells and thus prevented the
development of diabetes. In this study, Gr-1TCD115" MDSCs
were obtained from syngeneic colon cancer MCA26 and from
syngeneic lung carcinoma (74). The beneficial effect exerted by
MDSCs involved the induction of T-cell hyporesponsiveness and
the generation of Tregs.

Concerning RA, Harry and coworkers showed that tDCs from
healthy donors and RA patients generated in the presence of dex-
amethasone, vitamin D3, and MPLA, and loaded with tuberculin
purified protein derivative (PPD), induced only poor antigen-
specific proliferation and production of IFN-y and IL-17 by
autologous T cells, even when T cells were previously primed
by PPD-loaded mature DCs (8). In a mouse model of CIA, the
same investigators showed that semi-mature BMDCs modulated
with dexamethasone, vitamin D3, and LPS, and pulsed with
the arthritogenic antigen collagen type II (CII), migrated to the
inflamed articulation and reduced progression of arthritis (75).
In this model, injection of those tDCs led to diminished CII-
specific proliferation within splenocytes and decreased numbers
of pathogenic Th17 cells while increasing the proportion of IL-10-
producing CD4™" T cells. In another study performed by Popov
and coworkers, the administration of tDCs, modulated with
the NF-xB inhibitor LF 15-0195 and pulsed with CII, delayed the
onset of CIA and reduced the severity of the disease through the
conversion of CII-specific T cells to a hyporesponsive state (10).

In a mouse model of transplantation, Fas ligand (FasL)-
transfected murine BMDCs, displaying a tolerogenic phenotype,
were able to inhibit allogeneic mixed leukocyte reaction
in vitro and induced alloantigen-specific hyporesponsiveness
in vivo dependent on FasL/Fas receptor interaction (11). The
transfer of FasL-transfected tDCs significantly prolonged
the survival of fully MHC-mismatched vascularized cardiac
allografts by favoring the development of alloantigen-specific
hyporesponsiveness (11). Another study demonstrated that
dexamethasone-modulated and LPS-activated tDCs induce

donor-specific T-cell hyporesponsiveness against the allograft
and thereby prolong survival of cardiac allografts (12).

These in vivo studies support the suitability of strategies to
induce antigen-specific T-cell anergy for the reestablishment of
tolerance in patients with autoimmune disorders or transplants.

Currently, a number of clinical trials are being conducted.
Giannoukakis et al. demonstrated safety of tDCs in T1D patients
(76). In the study by Benham et al., tDCs from RA patients gen-
erated with BAY11-7082 and pulsed with citrullinated peptides
showed a significant reduction of IL-6 response to vimentin in
ex vivo antigen-specific T-cell proliferation assays. Effector T cells
decreased after treatment and the underlying mechanism might
include deletion or anergy in response to antigen recognition
(77). Another study by Harry et al. is intended to assess safety,
feasibility, and acceptability of Dex-VitD3-treated tDCs therapy
(8). Additionally, the ability to modify antigen-specific pathogenic
responses is also being evaluated using vaccines of synthetic pep-
tides representing T-cell epitopes, such as Hsp90 on T1D patients
(78), contributing to preservation of -cell function and glycemic
control, and dnaJP1 on RA patients (79), showing a reduction in
the percentage of TNF-producing T cells.

Further mechanistic studies are needed in order to determine
the efficacy of antigen-specific therapies for autoimmunity and
the role of T-cell anergy.

Concluding Remarks

Suppression of antigen-specific T-cell responses either through
the expansion of Tregs or the induction of anergy represents an
attractive immunotherapeutic approach to target autoreactive T
cells in autoimmune diseases. Despite the differences, both tol-
erance mechanisms share some fundamental signaling pathways
and regulate the expression of common genes. The generation of
Tregs has hitherto been the focus of interest; however, Tregs can
exert unspecific regulation and may be prone to conversion into
proinflammatory Th17 cells. In contrast, the induction of a stable
hyporesponsive state appears to be a promising strategy to specif-
ically silence self-reactive T cells in autoimmune diseases without
undesired adverse effects. In vitro experiments confirmed that
anergy induction efficiently prevents responses against disease-
associated autoantigens in CD4™ T cells of patients with autoim-
mune pathologies, including multiple sclerosis, T1D, or RA.
In vivo, anergy induction in autoreactive CD4™ T cells has been
proven to control disease onset and progression in murine models
of autoimmune diseases. The possibility that anergic T cells can
also acquire suppressive capacities supports their fundamental
role in the control of immune responses. Thus, T-cell anergy is
an effective mechanism to eradicate aberrant T-cell responses to
“self” and its induction by tDCs provides a promising therapeutic
strategy for the reestablishment of self-tolerance in patients with
autoimmune diseases.
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The induction of donor-specific transplant tolerance is one of the main goals of modern
immunology. Establishment of a mixed chimerism state in the transplant recipient has
proven to be a suitable strategy for the induction of long-term allograft tolerance; how-
ever, current experimental recipient preconditioning protocols have many side effects,
and are not feasible for use in future therapies. In order to improve the current mixed chi-
merism induction protocols, we developed a non-myeloablative bone-marrow transplant
(NM-BMT) protocol using retinoic acid (RA)-induced alloantigen-specific Tregs, clinically
available immunosuppressive drugs, and lower doses of irradiation. We demonstrate
that RA-induced alloantigen-specific Tregs in addition to a NM-BMT protocol generates
stable mixed chimerism and induces tolerance to allogeneic secondary skin allografts in
mice. Therefore, the establishment of mixed chimerism through the use of donor-specific
Tregs rather than non-specific immunosuppression could have a potential use in organ
transplantation.

Keywords: alloreactive regulatory T cells, mixed chimerism, transplant tolerance, organ transplantation, non-
myeloablative conditioning

INTRODUCTION

Achieving transplant tolerance as a means to improve the outcome of organ transplantation is one of
the main challenges of modern immunology. Current immunosuppressive drug regimens succeed in
preventing acute organ rejection; however, they fail to induce long-term operational tolerance and
cannot prevent chronic rejection (1-3).

The generation of mixed chimerism has become an attractive alternative to achieving the induc-
tion of long-term tolerance to allografts (4, 5). Mixed chimerism is defined as the coexistence of
donor and recipient hematopoietic cell precursors in a pre-conditioned allogeneic bone-marrow
transplant (BMT) recipient (4-6). There is robust evidence showing that the induction of mixed
chimerism allows the generation of alloantigen-specific tolerance in animal models (7-11) and
humans (12-15).

Abbreviations: APCs, antigen-presenting cells; BMT, bone-marrow transplant; NM-BMT, non-myeloablative bone-marrow
transplantation; RA, retinoic acid; RA-iTregs, retinoic acid-inducible regulatory T cells; TBI, total body irradiation; Tregs,
regulatory T cells.
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However, the generation of mixed chimerism requires
myeloablative preconditioning protocols that can be risky and
ethically unfeasible for application on patients who are eligible
for a transplant. Different types of regimens have been designed
to reduce the myeloablation necessary for the establishment of
mixed chimerism (16, 17). Many of them use non-myeloablative
doses of total body irradiation (TBI) (18, 19), either alone or in
combination with the administration of immunosuppressive
drugs (20), depleting antibodies (21-23), and/or co-stimulation
blockers (7, 24). The inhibition of CD40/CD40L pathway is criti-
cal to induce mixed chimerism without T cell depletion (7, 25,
26). Nevertheless, CD40/CD40L pathway inhibition has been
associated with thromboembolic complications (27, 28), and its
approval for clinical use remains doubtful.

The use of cellular therapy, which mediates immune toler-
ance in an antigen-specific manner, may reduce the degree of
immunosuppression or co-stimulation blockade necessary for
the establishment of mixed chimerism to a minimum. Regulatory
T cells have been widely studied for their potential use in this
type of therapies. These cells prevent autoimmune and inflam-
matory diseases, regulate immune responses against viral,
bacterial, or parasitic infections, and can also restrain responses
directed toward tumors or transplanted tissues (29-33). Two
different types of Tregs have been described; natural Tregs
CD4 + CD25 + Foxp3 + (nTregs), which are generated in the
thymus, and induced Tregs CD4 4+ CD25 + Foxp3 + (iTregs),
which develop in the periphery from naive CD4 + T cells. Both
subsets of Tregs mediate their suppression in an antigen-specific
manner (34).

Regulatory T cells have been used in several different cell
therapies to treat experimental pathological models. These cells
have been shown to prevent graft-versus-host disease (35), delay
allograft rejection (36-38), and also provide protection for auto-
immune disease therapies (39). Most of the protocols expand the
existing pool of Treg cells, through the use of CD3 + CD28+ beads
to obtain sufficient number of Treg to use in cellular therapy (40,
41). However, the polyclonal expansion of Tregs could generate a
pool of cells with a wide spectrum of specificities.

Our group (41, 42) and others (35) have previously demon-
strated the role of retinoic acid (RA) in enhancing the differ-
entiation of CD4 + T cell to iTregs (42, 44-46). We developed
a protocol to generate iTregs from naive T cells in presence of
allogeneic CD11c-enriched antigen-presenting cells (APCs), RA,
and TGF-p. These, allogeneic RA-iTregs express several immuno-
suppressive molecules on the surface, have a potent suppressive
capacity, show a stable phenotype, and avoid alloantigen-specific
skin transplant rejection (42).

In this study, we sought to determine whether allogeneic
RA-iTregs could improve current preconditioning protocols
of BMT to establish mixed chimerism and induce donor-
specific tolerance (25, 43). To test this, we generated a new
non-myeloablative bone-marrow transplant (NM-BMT) protocol
using allogeneic RA-iTregs, together with Rapamycin, Abatacept
(CTLAA4Ig), combined with low-dose TBI. This protocol allows
the generation of stable mixed chimerism that induces tolerance
to allogeneic skin grafts without the administration of additional
immunosuppressive drugs.

MATERIALS AND METHODS

Animals

Six to 12-week-old C57BL/6 (Donor, H-2b), BALB/c, and B10.BR
(Recipients, H-2d and H-2k, respectively) mice were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). Animals
were kept in an animal facility under standard housing guide-
lines. The animal work was carried out under the institutional
regulation of Fundacion Ciencia & Vida and was locally approved
by an ethical review committee.

Antibodies and Reagents
The characterization of Tregs and the analysis of different
populations in blood from NM-BMT mice were performed by
flow cytometry using the following antibodies: anti-H2K® FITC
(AF6.88.6), anti-H2K® PE (SF1-1.1), anti GITR FITC (DTA-1),
anti-CD19 APC-H7 (1D3), and anti-CD25 FITC (7D4) from BD
Pharmingen (Franklin Lakes, NJ, USA); anti-CD4 FITC (RM4-5),
anti-CD4 PE-Cy5 (RM4-5), anti-CD25 PE (PC61.5), anti-CD25
APC (PCel, 5), anti-CD8a PE-Cy7 (53-6.7), anti-GR1 PE-Cy7
(GL7), anti-FoxP3 PE-Cy7 (FJK-16s), anti-CD4 APC (6K1.5),
anti-CD3 APC (17A2), and anti-CD16/32 (2.4G2) from eBiosci-
ence (San Diego, CA, USA); and anti-CD4 PE (RM4-5) and anti-
F4/80 APC-Cy7 (BM8) from BioLegend (San Diego, CA, USA).
Recombinant human TGF-f1 was purchased from eBiosci-
ence (San Diego, CA, USA), mouse recombinant IL-2 from R&D
System (Minneapolis, MN, USA), and RA from Sigma-Aldrich
(St Louis, MO, USA).

Non-Myeloablative Bone-Marrow

Transplant
BALB/c mice were irradiated with high-energy photons using
the Oncor Impression PlusLinear Accelerator (Siemens, Munich,
Germany). Mice received 3 Gy of TBI 1 day before BMT (day —1).
Groups of age-matched recipient mice received three doses
of Rapamycin (LC Laboratories, Woburn, MA, USA) (5 mg/
kg) at day —1, 0, and 2 (25). At day 0, BALB/c mice received a
dose of 20 X 10° bone-marrow (BM) cells from C57BL/6 mice
with or without 2.2 X 10° of RA-iTregs generated from BALB/c
mice. On day 2, recipient mice received a single dose (24 mg/
kg) of Abatacept (CTLA4Ig) (Orencia, Bristol-Myers Squibb
Pharmaceuticals, Princeton, NJ, USA).

Generation and Isolation of Retinoic
Acid-Induced Regulatory T Cells

Alloantigen-specific RA-iTregs were generated following
published protocols (43, 44). Briefly, RA-iTregs were gener-
ated by stimulating naive T cells from BALB/c mice (sorted as
CD4 + CD25—-CD62LhiCD44low) in the presence of C57BL/6
APCs plus RA (10 nM), TGF-f (2 ng/ml), and IL-2 (10 ng/ml).
After 6 days of culture, RA-iTregs were further purified by cell
sorter as CD44 CD25hi cells using a FACSAria II Cell Sorter (BD
Bioscience, San Diego, CA, USA). The purity of the RA-iTregs
preparation was always over 95%. Polyclonal RA-iTregs were
generated by stimulating naive T cells from BALB/c mice in the
presence of BALB/c APCs plus anti-CD3 mAb RA (10 nM), TGF-
beta (2 ng/ml), and IL-2 (10 ng/ml).
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The phenotype of RA-iTreg was determined by flow cytometry
(FACS Canto II, BD Bioscience, San Diego, CA, USA). The analy-
sis was carried out using the Flow]Jo version 8.7 software (Tree
Star Inc. Ashland, OR, USA). Intracellular Foxp3 staining was
done using the Foxp3 staining Kit (eBioscience, San Diego, CA,
USA) following the manufacturer’s instructions.

Skin Transplantation

For skin transplant experiments, we used C57BL/6 (H-2") mice
as skin donors and BALB/c (H-2¢) mice as transplant recipients.
Skin transplantation was performed 4 weeks post BM transplant.
The recipient mice were anesthetized with 3% XEVORane
(Abbot, Buenos Aires, IL, Argentina). Full thickness tail skin from
mismatched C57BL/6 mice of ~1 cm X 1 cm was transplanted
on the left lateral flank of recipient mice. Mice were bandaged
for 10 days, and the acceptance or rejection of the graft was ana-
lyzed by macroscopic visual inspections at short time intervals.
Rejection was determined when transplanted skin formed a dry
scar (44, 45, 49, 50).

Chimerism Analysis by Flow Cytometry

To evaluate mixed chimerism, we measured the presence of
donor MHC-I positive cells in blood and expressed it as the
percentage of donor MHC-I positive cells over total leukocyte
lineage. The percentages of the different donor populations were
determined by labeling the cells with anti-CD3, anti-CD4, anti-
CDS8, anti-CD19, anti-GR1, and anti-F4/80 in combination with
donor MHC-I antibody. We performed the analyses on 3, 4, 7, 10,
13, and 16 weeks after NM-BMT.

ELISPOT Assays

Splenocytes were recovered from BALB/c recipients 110 to
120 days after skin graft transplantation. These cells were re-
stimulated for 24 h with previously irradiated (30 Gy) allogeneic
(C57BL/6) or syngeneic (BALB/c) splenocytes. To measure the
frequency of IFN-y, IL-4-, and IL-17-producing cells, we used the
mouse ELISPOT Ready-SET-go Kit (eBioscience San Diego, CA,
USA) according to the manufacturer’s instructions. The frequen-
cies of cytokine-secreting cells were expressed as the number of
cytokine-producing cells per 1 X 10° responder cells. All assays
were done in triplicate.

In vitro MLR Suppression Assay

CD4+ CD25—responder T cells (5 x 10*) were sorted from BALB/c
mice and labeled with CellTrace Violet dye (Life Technologies). As
stimulator cells, we used 1 X 10° previously irradiated splenocytes
(30 Gy) from C57BL/6 (allogeneic), B10.BR (third-party) or
BALB/c (syngeneic) mice. The responder and stimulator cells were
co-cultured at different ratios with CMTMR-labeled RA-iTreg
or with anti-CD3 mAb. After 5 days, CellTrace Violet dilution in
responder cells was analyzed by flow cytometry.

Statistical Analysis

Statistical analyzes were performed using Prism program for
Macintosh, version 4.0b (GraphPad Software Inc.). In order
to establish the statistical distribution of the results, we used
the Shapiro-Wilk normality test. Depending on the sampling

distribution, a non-parametric Mann-Whitney test, a parametric
Student’s t-test, or one-way ANOVA was used. The graft survival
curves are shown using a Kaplan-Meier analysis and the statisti-
cal significance was estimated by LogRank test. p-values <0.05
were considered statically significant. The data are presented as
mean =+ error standard (SEM).

RESULTS

Donor-Specific RA-iTreg Together with a
NM-BMT Protocol Induces Stable Mixed
Chimerism

In a previous study, we generated donor-specific retinoic acid-
induced Tregs (RA-iTregs) and used these cells to prevent skin
allograft rejection in an immunodeficient Ragl—/— mouse
model (42). However, it remained to be established whether
these donor-specific RA-iTregs were also able to generate mixed
chimerism and allow transplantation tolerance in immuno-
competent mice. To test this, we designed a NM-BMT protocol
that may be translated to clinical use. This NM-BMT protocol
consists of 3 Gy TBI (at day —1), three doses of Rapamycin
(5 mg/kg at day —1, 0, and 2), and a single dose of Abatacept
(CTLAA4Ig) (24 mg/kg at day +2). Additionally, some of the
recipient mice received a single dose of RA-iTregs at day 0 (see
diagram on Figure 1A).

Next, we sought to study the ability of allospecific Tregs to
induce mixed chimerism. For this, we stimulated naive T cells
obtained from BALB/c mice (H-2¢) with allogeneic APCs from
C57BL/6 mice (H-2) in the presence of TGF-f, RA, and IL-2.
Figure SIA in Supplementary Material shows that RA-iTregs
generated after 6 days of culture express several markers related
to Treg function such as CTLA4, LAG3, CD73, CD39, GARP,
CD103, and GITR. Then, we tested whether these RA-iTregs
could specifically inhibit the allogeneic response. As shown in
Figure S1B in Supplementary Material, RA-iTregs specifically
inhibited the proliferation of T cells cultured with C57BL/6
APCs but not cultures done with third-party APCs (B10.
BR). Moreover, allogeneic RA-iTregs are more efficient than
polyclonal RA-iTregs at inhibiting the proliferation of T cells
in mixed leukocyte reactions (Figure S2 in Supplementary
Material).

To study the ability of these allospecific RA-iTregs in promot-
ing mixed chimerism, donor H-2K" cells in peripheral blood
samples of NM-BMT mice were assessed by flow cytometry. As
shown in Figure 1B, mice receiving RA-iTregs presented donor-
derived (H-2K"*) cells compared with the group that did not
receive RA-iTregs. This result demonstrates that RA-iTregs can
generate mixed chimerism in our NM-BMT protocol.

To evaluate the stability of mixed chimerism generated by a
single dose of RA-iTregs, we determined over time the presence
of H-2K® cells in peripheral blood of mice. Figure 1C shows that
the group that did not receive RA-iTregs presented lower levels
of chimerism, disappearing by 7 weeks after BMT. By contrast,
mice treated with RA-iTregs displayed a statistically significant
percentage of mixed chimerism up to 16 weeks post BMT, indi-
cating that a single dose of RA-iTregs is sufficient to induce a
stable mixed chimerism.
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FIGURE 1 | Alloantigen-specific RA-iTregs allow the generation of stable mixed chimerism in NM-BMT mice. (A) Schematic representation of NM-BMT
regimen. BALB/c mice received NM-BMT regimens that consisted in the administration of low doses of irradiation (3 Gy of TBI at day —1), together with co-stimulation
blockade with Abatacept (CTLA4Ig) (24 mg/kg at day 2), and three doses of Rapamycin (5 mg/kg at days —1, 0, and 2). At day O, mice received 20 x 10°
bone-marrow cells from C57BL/6 mice and 2.2 x 10° BALB/c RA-iTreg cells or PBS. (B) Chimerism at 3 weeks post-transplantation was analyzed by the presence of
H-2K® positive cells in blood. (C) Kinetics of mixed chimerism, analyzed as the presence of H-2K® positive cells in peripheral blood samples from NM-BMT mice
treated with (o) or without (e) RA-iTregs. The statistical one-way ANOVA test was used. Bars represent the SE. The data represent seven independent experiments.
Rapa, Rapamycin; Aba, Abatacept; RA-iTregs, retinoic acid-induced Tregs cells; BMT: Bone-marrow transplantation. **p < 0.0001; **p < 0.001; *p < 0.01.

Weeks post bone marrow transplant

Next, we evaluated reconstitution of the chimera with
multi-lineage donor leukocytes. For this, we analyzed CD4+
and CD8+ T cell subsets, B lymphocytes (CD19+), monocytes
(F4/80+), and granulocytes (GR-1+) by flow cytometry in blood
samples at different time points post NM-BMT (Figures S3A,B
in Supplementary Material). We observed increasing percentages
of T lymphocytes, with a similar contribution from CD4+ and
CD8+ T cells. The levels of B cells were maintained over time
and represented a substantial percentage of total chimerism.
Furthermore, we observed granulocyte and monocyte reconstitu-
tion. However, in contrast to lymphoid cells, myeloid cells showed
a decrease over time. Therefore, we observed that the mice sub-
jected to NM-BMT in combination with RA-iTregs repopulated
all cellular hematopoietic lineages from donor precursors.

RA-iTregs Together with NM-BMT Prolong
Allograft Survival

To determine whether chimeras obtained with RA-iTregs induce
tolerance mechanisms in BALB/c recipient mice, we performed
allogeneic skin grafts using C57BL/6 mice as skin donors.
Transplants were done 4 weeks after the initiation of the non-
myeloablative protocol. We separated recipient mice into three
groups: non-treated mice, NM-BMT mice, and RA-iTreg treated
NM-BMT mice. Figure 2A shows the presence of skin and black
hair at the site of the transplant 100 days after skin transplant

in RA-iTreg-treated mice. Mice that received only NM-BMT
quickly rejected the allograft as shown by the scar at the site of
operation. Figure 2B shows that Treg-treated NM-BMT mice
showed a significant increase (p < 0.0001) in the survival of the
transplanted skin, exceeding 100 days post-transplant, without
the need for any additional immunosuppression. Therefore,
mixed chimeras generated with the combination of NM-BMT
and RA-iTregs induce tolerance mechanisms that allow the
acceptance of allogeneic skin grafts.

RA-iTregs Together with NM-BMT Inhibit
Allogeneic-Induced Th1 Cellular
Responses

The main factors involved in organ rejection are cellular immune
responses mediated by Th1 and Th17 cells (46, 47). It has been
reported that the induction of mixed chimerism promotes Th2
responses that favor alloimmune tolerance (53). Thus, we inves-
tigated by ELISPOT assays the type of alloimmune response pro-
duced by RA-iTregs-treated NM-BMT mice at the end of the skin
transplant protocol. For this, splenocytes from transplanted mice
were co-cultured for 24 h with syngeneic or allogeneic splenocytes
on pre-coated ELISPOT plates to analyze IFN-y-, IL-4, and IL-17
secreting cells. We used as controls splenocytes from NM-BMT
mice that rejected the skin transplant. As shown in Figure 3, we
observed a strong Th1 response, as measured by IFN-y secretion,
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To study the mechanism of tolerance induction in RA-iTreg-

treated NM-BMT mice, we evaluated the presence of CD4 +
CD25 + FoxP3+ Tregs derived from donor precursors cells (H-2°)
in these mice. As shown in Figure 4, 100 days after skin transplant,
we found donor-derived H-2° + CD4 + CD25 + FoxP3+ Tregs
in blood and spleen of NM-BMT mice treated with RA-iTregs.
When we correlated the presence of donor Tregs with skin
transplant acceptance or rejection (Figure 4B), we observed that
some mice that accepted allogeneic skin transplant presented
donor Tregs in spleen and blood. However, we could not detect
donor Tregs in blood and spleen in mice that rejected allogeneic
skin.

DISCUSSION

In this work, we developed a protocol using RA-iTregs to induce
mixed chimerism. Here, we combine RA-iTregs with a NM-BMT
avoiding the need of CD40/CD40L signaling inhibition. This
NM-BMT protocol consisted of a low dose of TBI (3 Gy), three
doses of the immunosuppressive drug Rapamycin, and one dose
of co-stimulation blockade using Abatacept (CTLA4Ig). We dem-
onstrate that the use of RA-iTregs with this non-myeloablative
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preconditioning setting promotes mixed chimerism and signifi-
cantly extends the survival of allogeneic skin graft.

CD4 + CD25 + Foxp3+ Tregs have been used previously to
generate mixed chimerism and alloimmune tolerance in two dif-
ferent reports (25, 43). Joffre’s group induced mixed chimerism
by using donor-specific Tregs obtained through the expansion of
splenic CD4 + CD25 + Foxp3+ cells with allogeneic dendritic
cells and IL-2 in combination with 5 Gy TBI (43). Despite the
positive results they obtained, the use of high-dose irradiation is
critical and limits future application in humans (48, 49). In the
second report, the authors tested different types of polyclonal
Tregs: nTregs, iTregs, and FoxP3 transduced Tregs, in their ability
to induce mixed chimerism (25). These authors induced mixed
chimerism by using these Tregs in combination with Rapamycin,
co-stimulation blockade with Abatacept, and anti-CD154 as non-
myeloablative preconditioning, thereby avoiding the use of radia-
tion. This work demonstrates that natural or induced Tregs allow
the generation of mixed chimerism and transplantation tolerance
without cytoreductive conditioning (25). Although these results
are promising, translation into clinical use in humans faces two
problems; first, the use of anti-CD154 is restricted to experimen-
tal procedures only, and second, the use of polyclonal Tregs may
inhibit immune responses against infections or may cause higher
rates of cancer. Here, we sought to improve these preconditioning
protocols so that it could be translated into clinical application in

humans. The protocol we developed is donor specific and avoids
the use of anti-CD154, thus, diminishing the risks associated with
its use and allowing its future translation to human trials (27).

The goal of transplant immunology is to provide specific-donor
immunosuppression, and this specificity could be achieved by
alloantigen-specific Tregs. Here, we show that RA-iTregs express
immunosuppressive molecules and specifically inhibit the prolif-
eration of effector T cells that recognized the same alloantigen.
The latter observation is in agreement with previous work from
our group (42, 44), where we demonstrated that RA-iTreg cells
showed alloantigen-specific immunosuppressive capacity in
a skin allograft model in immunodeficient mice. In support of
this, work by Joftre’s group show selective grafting of allogeneic
bone marrow from the specificity of Tregs, whereas bone marrow
from a third strain was rejected (43, 48). Moreover, in a previous
report, we have shown that RA-iTreg cells are stable in time when
adoptively transferred and present an unbiased homing capabil-
ity (42). Thus, alloantigen-specific Tregs may establish specific
tolerance while maintaining immune responsiveness to foreign
antigens.

A recent article published by Wekerle’s group reports that
rapamycin and CTLA4lIg synergize to induce stable mixed
chimerism (50). Their strategy to induce mixed chimerism is
very similar to ours except that they give mice an extra dose of
CTLA4Ig and they use 2 Gy of TBI. Importantly, they did not use
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Tregs to induce chimerism. In our hands, we obtain stable mixed
chimerism only when we add RA-iTregs. The differences between
Wekerle’s and our results may be due, in part, to the combination
of donor-recipient mouse strains used in both studies. Although
we achieved some chimerism without Tregs, it was only transient
since it was lost by 7 weeks. On the other hand, Wekerle and
collaborators induce donor-specific tolerance to heart allografts
but they do not succeed with skin allograft as we did, which is
considered to be more stringent than the heart transplant. Here,
we developed a powerful long-term operational tolerance proto-
col to donor-specific skin allograft, surpassing minor and major
antigens barriers to produce mixed chimerism induction.

The protocol we used in this work to induce mixed chimerism
allows the reconstitution of all hematopoietic cell populations fre-
quently found in peripheral blood from the donor. The percent-
age of lymphocytes remains stable or increases over time while
macrophages and granulocytes tend to decrease. The reasons why
myeloid cells change over time have not been elucidated; how-
ever, the establishment of tolerance has been associated with the
presence of donor T cells (51). It has been shown that tolerance
induced by mixed chimerism can be reversed by depleting CD4+
T cells (52, 53). Thus, the decrease in the myeloid populations
could be an irrelevant factor in the establishment of tolerance
although this should not be entirely disregarded. Although we
could not achieve a 100% graft survival, here, we demonstrate
that mixed chimerism induced by RA-iTregs extends the life of
the allogeneic skin transplant. As transplant tolerance correlates
with the level of chimerism (54, 55), we could speculate that the
percentage of graft survival could be increased if the transplant
is performed at earlier times following the BMT.

Mice that received our conditioning protocol of NM-BMT
together with RA-iTregs exhibited donor-derived Tregs. These
cells were detected in blood and spleen 120 days after the trans-
plant. Previous reports where mixed chimerism was obtained
through non-myeloablative preconditioning and depletion of
donor CD25+ cells in the transplanted BM, showed no transplant
acceptance (56). Moreover, the depletion of donor or recipient
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Regulatory T cells (Tregs) play an important role in immunoregulation and have been
shown in animal models to promote transplantation tolerance and curb autoimmunity
following their adoptive transfer. The safety and potential therapeutic efficacy of these
cells has already been reported in Phase | trials of bone-marrow transplantation and type
| diabetes, the success of which has motivated the broadened application of these cells
in solid-organ transplantation. Despite major advances in the clinical translation of these
cells, there are still key questions to be addressed to ensure that Tregs attest their reputa-
tion as ideal candidates for tolerance induction. In this review, we will discuss the unique
traits of Tregs that have attracted such fame in the arena of tolerance induction. We will
outline the protocols used for their ex vivo expansion and discuss the future directions
of Treg cell therapy. In this regard, we will review the concept of Treg heterogeneity, the
desire to isolate and expand a functionally superior Treg population and report on the
effect of differing culture conditions. The relevance of Treg migratory capacity will also be
discussed together with methods of in vivo visualization of the infused cells. Moreover, we
will highlight key advances in the identification and expansion of antigen-specific Tregs
and discuss their significance for cell therapy application. We will also summarize the
clinical parameters that are of importance, alongside cell manufacture, from the choice of
immunosuppression regimens to the number of injections in order to direct the success
of future efficacy trials of Treg cell therapy. Years of research in the field of tolerance have
seen an accumulation of knowledge and expertise in the field of Treg biology. This perpet-
ual progression has been the driving force behind the many successes to date and has
put us now within touching distance of our ultimate success, immunological tolerance.

Keywords: tregs, tolerance, transplantation, cellular therapy, clinical trials

Introduction

Improvements in surgical techniques and the institution of T-cell directed immunosuppressive
agents in the clinical transplantation of solid organs have seen remarkable advances now form-
ing part of a well-established treatment for end-stage failure of several major organs. However,
despite vast improvements in short-term survival rates, long-term graft survival remains poor
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owing to episodes of chronic rejection and the relative toxicity
associated with life-long immunosuppression (1). The constant
proportion of transplanted organs lost each year, necessitating
re-transplantation, in a climate of donor organ shortage, places
further strain on an already saturated transplant waiting list.
With this in mind, the current standing of immunosuppression
in transplantation is far from ideal. As such, the ultimate goal fol-
lowing transplantation is to induce immunological tolerance by
“re-educating” the host’s immune response, permitting allograft
acceptance without the need for pharmacological immunosup-
pression, thus ensuring long-term graft survival and abolishing
drug-toxicity simultaneously.

The proposal of a distinct subset of T cells able to suppress
immune responses was first put forward in the 1970s, which
led to scientists around the world scouring for the existence of
these “suppressor” T cells (2). It was not till the mid 90s when
a thymic-derived lymphocytic population, coined regulatory T
cells (Tregs), were defined. Subsequent years saw accumulating
evidence certifying the therapeutic potential of these cells in
preventing alloimmunity, explored in animal models, presenting
Tregs as ideal candidates for use in tolerance-promoting proto-
cols. Such an evolution in the field has since provided the impetus
for the development of robust Treg manufacturing plans for the
isolation and expansion of a functional and stable Treg product.

Here, we dissect the characterization and operation of these
cells and outline strategies employed for their isolation and ex
vivo expansion, which in turn have inspired their therapeutic
application in bone-marrow transplantation (BMT), type-1
diabetes and, more recently, solid-organ transplantation.

Regulatory T cells

Tregs constitute approximately 1-3% of circulating CD4* T cells
in the periphery (3) and have been characterized by the high
and stable expression of surface interleukin-2 receptor o chain
(IL-2Ra, CD25M) (4).

Initially, Tregs were conventionally characterized in accord-
ance with their site of differentiation, namely thymus-derived
natural Tregs (tTregs) and peripherally induced Tregs (pTregs),
alongside their in vitro counterparts, commonly referred to as
iTregs (5) (Figure 1). tTregs, from here on referred to as Tregs,
are spawned from negatively selected thymocytes, whereas the
conditions favoring the generation of pTregs include suboptimal
dendritic cell (DC) activation, sub-immunogenic doses of ago-
nist peptide, mucosal administration of peptide, and antigenic
encounter in a pro-tolerogenic environment, such as in the
presence of interleukin-10 (IL-10), transforming growth factor-f
(TGE-p), interleukin-2 (IL-2), and retinoic acid (6).

There are at least two well-defined populations of pTregs; Th3,
first identified from their role in oral tolerance through the secre-
tion of TGF-p (7), and Tr1, characterized on the basis of their role
in preventing autoimmune colitis (8) and their ability to secrete
large amounts of IL-10 (9, 10). As such, pTregs are implicated
in the induction of oral and gut tolerance (11) and generated in
chronically inflamed and transplanted tissues (12).

Of note, the phenotypic distinction of thymic and peripherally
derived Tregs has not been clearly established, posing challenges

in classifying the definitive proportions of these two subsets in
secondary lymphoid organs and non-lymphoid tissues alike. In
mice, neuropilin (Nrp-1) expressed on tTregs can differentiate
these cells from their peripherally derived counterparts, which do
not express this molecule (13, 14). However, this distinction does
not hold true for human Tregs.

While Tregs have been crudely accrued into these populations,
even within these factions, Tregs still exist in a highly organized,
heterogeneous state. Various different surface and intracellular
immunological markers have been studied, defining Tregs based
on their functional characteristics, migration, and lineage
plasticity.

In line with this, further characterization and understanding
of Treg cell biology came from the discovery of FOXP3, an intra-
cellular transcription factor known to play a crucial role in the
development and function of Tregs in a highly specific manner
(15). Rare mutations of the FOXP3 gene have been linked with
the development of immune dysregulation, polyendocrinopathy;,
enteropathy, X-linked syndrome (IPEX), leading to organ-specific
autoimmune diseases including insulin-dependent diabetes mel-
litus and various hematological disorders (15). Furthermore, the
importance of FOXP3 in the safeguarding of Treg phenotype and
function has been reiterated in studies where a loss/diminution
of FOXP3 expression in Tregs has been shown to affect the com-
petency of these cells acquiring certain effector T cell properties,
including production of cytokines, such as IL-2, IL-4, IL-17, and
IFN-y (16).

Additionally, while FOXP3 has been termed a “master control
gene,” specifically with regards to Treg development, its expres-
sion is not uniformly homogenous. In contrast to mice, where
foxp3 is expressed exclusively on Tregs, in humans, increasing
evidence has shown that effector cells can transiently express
FOXP3, with no associated regulatory activity. Based on such
studies and taking also into account its intracellular expression,
this marker in isolation cannot be considered to be entirely suf-
ficient in demarcating human Tregs (17).

However, reports have commented on the inverse correla-
tion between the expression of the a-chain of the IL-7 receptor,
CD127, and FOXP3 expression with respect to Treg functional
suppressive capabilities (18). As such, the combination of CD25,
FOXP3, and CDI127 are considered to be the most stringent
markers in defining Tregs in the research setting.

Additionally, following the recent discovery of naive suppres-
sive FOXP3* cells (CD45RA") present in the cord blood and in
adult blood, and FOXP3* cells, which express a memory-like
phenotype (CD45RA"), it has been proposed that three phe-
notypically and functionally distinct sub-populations based on
the differential expression of CD25, FOXP3, and CD45RA can
be defined: population I (CD25FOXP3*CD45RA") classified
as resting Tregs, population II (CD25**FOXP3"CD45RA")
termed activated Tregs, and population III (CD25**FOXP3*
CD45RA"), which was proposed to consist of non-suppressive
FOXP3P cells (19). Further analysis of the three populations by
Miyara et al. revealed that population I and II were both able to
suppress in vitro with population II displaying a higher expres-
sion of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
a mechanism proposed for Treg suppressor function (Figure 2),
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FIGURE 1 | Regulatory T cell populations. Selection of naive CD4+ T cells
and natural Tregs occurs in the thymus. Thymic-derived natural Tregs (tTregs),
the main focus of this review, have been reported to express a variety of
activation and functional markers as depicted in the diagram. Naive CD4+ T
cells, subsequently, can differentiate into several different T cell subsets: Th1,
Th2, Th17, induced Tregs, in the periphery, all heralding distinct immunological
roles. These differentiation programs are controlled by different cytokines and
each separate CD4* T cell subset can be identified from their lineage-specific
transcription factors responsible for the regulation and maintenance of their
individual functions; T-bet (Th1 cells), GATA3 (Th2 cells), RORyt (Th17 cells),
FOXP3 (Tregs). Each subset has its own immunological role in vivo: Th1 cells
secrete IFNy, controlling immunity to foreign pathogens. Th2 cells produce
various cytokines including: IL-4, IL-5, IL-13, IL-10, which are primarily
involved in promoting humoral immunity, protecting against infection. Th17
cells produce predominantly the inflammatory cytokine, IL-17, and play an
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important role in controlling pathogens especially at environmental surfaces
and the cytokine, IL-22. Despite the apparent terminal differentiation of all
these cells, they cannot be considered to be committed to one cell fate.
Lineage plasticity following differentiation is depicted by the dotted arrows
between the cells. This diagram is far from comprehensive; it is most likely that
the future will see various changes and additions to this diagram concerning
the differentiation of CD4+ T cells. In vitro generation of Tregs in the presence
of IL-2 and TGF-p polarizing conditions leads to the development of iTregs.
Abbreviations: APC, antigen presenting cells; CD, cluster of differentiation;
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; FOXP3, forkhead

Box P3; IFN, interferon; IL, interleukin; IRF, interferon regulatory factor; iTreg,
induced Treg; nTreg, natural Treg; pTreg, peripheral Treg; RORyt, retinoid
related orphan receptor y; T-bet, T box transcription factor; TCR, T cell
receptor; TGF-B, transforming growth factor-g; Th, T helper cell; Treg,
regulatory T cell.

yet were more prone to apoptosis following exertion of their
suppressive function. Population III, however, was shown to be
non-suppressive in vitro (19).

Demarcation of these three populations of Tregs was also able
to depict the differentiation dynamics of FOXP3* Tregs in vivo.
Resting Tregs were found to upregulate their FOXP3 expression,
following stimulation, and mature to terminally differentiated
activated Tregs thus replenishing the apoptotic pool of activated
Tregs. Miyara et al. suggested that population III had the greatest
potential to differentiate into inflammatory Th17 cells, inferred
from their relative IL-17 production following cytokine stimula-
tion. The three comparative populations are found in different
proportions in certain biological environments and their analysis
can prove to be instrumental in identifying the immunological
pathophysiology of disease and the optimal Treg subpopulation
for cell therapeutic application.

It should, however, also be noted that the definitive functional
characteristics of population III are controversial. Booth et al.
and data from our laboratory indicated that both CD45RO*
and CD45RA* Treg subsets are equally suppressive, popula-
tion III representing a bona fide Treg subpopulation, bearing T
cell memory markers (20). Moreover, we and others, have also
reported the expression of CD161, a member of the killer cell
lectin-like receptor subfamily B, on a subpopulation of human
Tregs in population III, that produce IL-17 upon in vitro activation

in the presence of IL-1p, but not IL-6. In addition, evidence has
also supported the suppressive capacity of these cells (21, 22).

Above, we have outlined some of the key Treg markers of
which are pertinent when considering the isolation of these cells
for clinical application. However, one must be wary that the array
of markers outlined in this review is far from exhaustive. For a
comprehensive review of Treg markers, the reader is directed to
Schmetterer et al. (23) and Povoleri et al. (6).

The mechanisms of Treg suppression still remain elusive.
In vitro studies have demonstrated that the immunosuppres-
sive qualities native to Tregs manifest through a variety of
mechanisms, namely, modulation of APC maturation and
function (24-26), anti-inflammatory cytokine production
(27-30), induction of apoptosis in target cells (31, 32), and
disruption of metabolic pathways (33, 34) (Figure 2).

Regulatory T Cells in Transplantation;
Lessons Learnt From Pre-Clinical Data

The current paradigm hypothesizes that immune tolerance in
transplantation is determined by a balance of Tregs over T effector
cells. With this phenomenon in mind, the therapeutic potential of
inducing and expanding Tregs directly in vivo or infusing autolo-
gous ex vivo-expanded Tregs represents a promising approach in
the induction and maintenance of transplantation tolerance.
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FIGURE 2 | Mechanisms of Treg suppression. (A) Disruption of metabolic
pathways. The ectoenzymes CD39 and CD73, expressed on Tregs, result in
the metabolism of ATP to AMP and in turn producing the immunoregulatory
purine, adenosine. Tregs have also been found to express high levels of
intracellular cAMP. This is transferred to T effector cells through gap
junctions, which leads to the upregulation of ICER and in turn the inhibition of
NFAT and II-2 transcription leading to apoptosis by IL-2 deprivation.

(B) Modulation of APC maturation and function. The interaction of CTLA-4 on
Tregs with its ligand CD80/86 on APCs delivers a negative signal for T cell
activation. CTLA-4’s mechanism of action is varied including the capture of
its APC-expressed ligands and subsequent trans-endocytosis and also the
upregulation of IDO and the generation of kynurenines. (C) Anti-inflammatory
cytokine production. The secretion of anti-inflammatory cytokines, such as
IL-10, IL-35, and TGF-p, has been linked with inhibition of T cell activation

in vivo. (D) Induction of apoptosis. Tregs have the capacity to directly induce
apoptosis via granzyme A/B and perforin, TRAIL, the Fas/Fas-ligand
pathway, the galectin-9/TIM-3 pathway, or the production of galectin-1.
Abbreviations: APC, antigen presenting cell; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; cAMP, cyclic adenosine
monophosphate; CD, cluster differentiation; CTLA-4-cytotoxic T lymphocyte
antigen-4; DC, dendritic cells; ICER, inducible cAMP early repressor, IDO,
indoleamine 2,3-dioxygenase IL, interleukin; NFAT, nuclear factor of activated
T cells; TGF-B, transforming growth factor-g; TIM-3, T cell immunoglobulin
and mucin domain-3; TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; Treg, regulatory T cells.

Series of pre-clinical rodent models of skin and cardiac trans-
plantation demonstrated that Tregs present in the recipient at the
time of transplantation are critical in the induction and mainte-
nance of tolerance [reviewed in Ref. (35)]. Additionally, mouse
models of BMT further supported the importance of adoptive
Treg therapy, whereby the transfer of freshly isolated Tregs
together with the bone-marrow allograft resulted in amelioration
of graft versus host disease (GvHD) and facilitated engraftment
(36, 37).

Moreover, adoptive transfer of Tregs has been shown to pre-
vent rejection in other murine models of transplantation, such as
pancreatic islets (38).

An issue for consideration in Treg cell therapy in transplan-
tation is the relevance of Treg allospecificity with the selective
advantage that the immunomodulatory function of these cells
would be concentrated at the site of alloantigen and immune
activation (39). An additional advantage of alloantigen-specific
cellular therapy is that undesirable pan-suppression, resulting in
increased risk of infections and cancers, is less likely to occur.

Although the indirect pathway has been implicated in acute
graft rejection (40), its influence has been more closely associated
with chronic allograft rejection (41). Indeed, much evidence sug-
gests that for tolerance to occur, this is the pathway that needs to
be regulated and it is this pathway of allorecognition that is used
by Tregs for immunoregulation (29, 41-44).

In agreement, we have shown that using Tregs with indirect
pathway anti-donor allospecificity for a single MHC class I result
in the induction of donor-specific transplantation tolerance in a
murine skin transplant model following thymectomy and selec-
tive T cell depletion (45). However, in a later study, we reported
that Treg lines specific for directly and indirectly presented
alloantigens are needed to induce indefinite survival of MHC-
mismatched heart allografts, with Tregs with indirect allospeci-
ficity necessary to prevent chronic vasculopathy (46). Moreover,
Joffre et al. have provided additional evidence that Tregs with
direct allospecificity alone cannot protect against chronic rejec-
tions (47) supporting the notion that Tregs with both specificities
are necessary to control allograft rejection.

Additional support for the use of alloantigen-specific Tregs
in the transplant setting has been made available by the use of
currently available humanized mouse models of allotransplanta-
tion (48-52). These models are based on the reconstitution of
immunodeficient mice with human immune cells. Our group
has recently shown the efficacy of human Tregs with direct allo-
specificity in preventing alloimmune dermal tissue injury using
a humanized mouse model of skin transplantation in which only
T cells have engrafted (53). The general consensus throughout
these studies concluded that donor antigen-specific Tregs are
more effective as compared to polyclonal Tregs.

In addition to the evidence supporting the importance of
antigen-specific Tregs in preventing solid-organ rejection, after
BMT donor-specific Tregs have been shown to preserve graft
versus tumor activity, while inhibiting GVvHD (54). However,
further studies in the context of GvHD have reported that the
transfer of Tregs enriched for alloantigen-specificity showed only
moderately improved efficacy when compared to polyclonal Treg
cell populations (55). As such, phase I clinical trials, using poly-
clonal Tregs, following hematopoietic stem cell transplantation
have been conducted (56-58).

Such adoptive transfer experiments in rodents, therefore, have
informed and instigated efforts to harness the immunoregulatory
properties of these cells in novel tolerance promoting strategies
in the prevention of rejection after organ transplantation. Thus,
“tipping the balance” in favor of regulation by directly applying
ex vivo-expanded Tregs is a promising strategy. In the next sec-
tion, we will highlight the advances in the field in view of Treg
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isolation and expansion, reviewing some of the challenges and
progress to date as well as review the lessons learned from the
clinical application of these cells.

Treg Manufacture for Clinical Application

Approaches for Treg Isolation

The effective implementation of Treg therapy in transplantation
is dependent on Treg manufacturing plans with protocols that are
compliant with good manufacturing practice (GMP).

The clinical Treg selection protocol to date in the UK has been
used by our group in the new Clinical Research Facility (CRF)
at Guy’s Hospital and involves a combination of depletion of
CDB8" cells and positive selection of CD25* cells using the auto-
mated CliniMACS plus system (Miltenyi Biotec, Bisley, United
Kingdom), which is centered around the concept of magnetic
bead isolation. The major drawback with such a technique is
that this process does not allow the selection of Tregs based
on multiple parameters, an attractive prospect when trying to
isolate a Treg population with the desired characteristics for cell
therapeutic application.

Additionally, the lack of distinction of CD25" cells, using this
protocol, means that the isolation may include contaminating
conventional activated T cells, explaining the reduced purity
of this strategy for Treg isolation as compared to the use of the
fluorescence-activated cell sorting (FACS) technique (59, 60).

Despite the CliniMACS system being the only currently
available GMP compatible technology for the isolation of clinical
grade Tregs in the UK, there is still much enthusiasm for clinical
cell separation using FACS sorting. Although currently unclear as
to which Treg subset provides the best therapeutic activity, GMP-
compliant FACS sorting will open up the possibility of isolating
Treg subsets with potent suppressive function, specificity, and
those that are epigenetically stable.

Two different combinations of markers have been proposed
to be promising for the isolation of a pure Treg population. The
first seeks to isolate CD4*CD25" Tregs with the addition of an
antibody to select for CD45RA™ cells and so eliminate antigen
experienced or memory T cells (61). Moreover, this so-called
naive Treg population yields Tregs with a greater suppressive
capacity than total CD25" cells (62) and have the greatest expan-
sion potential (61).

Furthermore, it has been demonstrated that between the
FOXP3 promoter and the first exon lies a stretch of highly con-
served, non-coding sequence that is differentially methylated in
tTregs, pTregs, and T effectors (63, 64). This sequence, referred
to as the Treg-specific demethylated (TSDR) region, is crucial at
maintaining high FOXP3 expression in Tregs (65).

Additionally and in support of the isolation of the CD45RA*
Treg subset for cell therapy application, supplementary evidence
report that after 3 weeks of in vitro expansion, the CD45RA*
expanded Tregs remained demethylated at the TSDR region,
confirming their stability during expansion (60, 62).

The importance of isolating and expanding a stable Treg popu-
lation becomes even more pertinent when considering Treg cell
therapy in inflammatory/autoimmune conditions. Emerging data
have highlighted that despite the strict government of FOXP3

expression, Tregs can downregulate FOXP3 in the presence of
inflammatory cytokines. In agreement, Yang et al. have shown
that exposure of Tregs to IL-6 and IL-1 in vitro results in the
expression of IL-17 (66). In vivo, loss of FOXP3 has also been
documented in the setting of autoimmune disease (67) fetal acute
infections (68), TLR stimulation (69), and homeostatic prolifera-
tion (70).

Therefore, with evidence supporting the stability of
CD4*CD25*CD45RA* Tregs, we have recently advocated the
isolation and expansion of these cells for cell therapeutic applica-
tion in the setting of inflammatory bowel disease (71).

Despite such studies in favor of CD45RA™ cells, one drawback
is that the number of naive Tregs decline in the peripheral blood
with age (72) and hence isolation based on this approach may
prove to be impractical.

The second approach still uses the fundamental CD4*CD25M
phenotype to isolate Tregs but also includes CD127 expression.
The rationale placed on the foundation that in human Tregs,
there is a reciprocal expression of CD127 and FOXP3 and thus
CD127 provides a sortable surrogate marker for FOXP3* Tregs
(18). Moreover, two elegant studies (48, 50) support the in vivo
superiority of the CD4*CD25+*CD127" Tregs in regulating allo-
reactivity compared to Tregs isolated based on the expression of
CD4 and CD25 alone.

Such studies merely highlight the importance of multiparam-
eter separation of Tregs, using the FACS cell sorter. In this regard,
the last few years have not only seen significant efforts made in
obtaining the relevant regulatory approvals to integrate the FACS
cell sorter into a clinical cell production process, but an immense
progress in the technology to do so.

As such, a new era of clinical flow sorting has seen the recent
introduction of a class of flow sorting devices, utilizing micro-
fluidic chips instead of the classical flow-in-air droplet sorters.
Unlike traditional sorting, there is no high-pressure, shearing
forces, or dilution by sheath fluid, resulting in a cell processing
that may preserve cell function and viability. Additionally, cells
are processed in closed systems, thus eliminating the risk of con-
tamination of the product during processing. Such a system, how-
ever, did not present itself without technical challenges including
the initial slow sort speed. These have been overcome either by
massive parallel sorting on a single microfluidic chip, such as in
the Cytonome GigaSort System (Cytonome/ST, LLC, Boston,
MA, USA) (73) or by the introduction of mechanical microvalves
operating at high speed, such as the recently introduced MACS
Quant Tyto (Miltenyi Biotec, Bergisch Gladbach, Germany).

Although not yet clinically approved, both machines are in
principal designed for clinical cell separation processes and
provide significant advantages allowing their integration into
GMP-compliant production processes.

Polyclonal Treg Expansion: Optimization of
Current Culture Conditions

One of the obstacles in the implementation of clinical protocols
for adoptive Treg cell therapy is their relative paucity in the
circulation. This means that for cellular therapy, it will almost
certainly be necessary to expand these cells ex vivo, to clinically
relevant numbers, prior to their administration. It has already
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been demonstrated that Tregs can be readily expanded using
anti-CD3/CD28-coated beads, supplemented with IL-2 (60,
74). However, under these circumstances, effector cells have the
potential to proliferate vigorously, posing a major problem for
MACS-purified CD4*CD25* Tregs, as they are often contami-
nated with CD25*FOXP3- cells. Thus, this not only puts under
question the potential safety of the final product but also the
efficacy. As such, much effort has, therefore, focused on optimi-
zation of culture conditions to ensure the expansion of Tregs to
achieve the necessary numbers yet limit the potential expansion
of contaminant cells.

Rapamycin

This immunosuppressant mechanism of action involves the inhi-
bition of the mammalian target of rapamycin (mTOR), which is
downstream of phosphatidylinositol 3-kinase (PI3K), a signaling
molecule activated by CD28 or IL-2 receptor engagement in T
cells (75) (Figure 3). Characteristically, IL-2 receptor engagement
activates both PI3K-mTOR and Janus kinase-STAT pathways.
However, biochemical analysis of IL-2 signaling in Tregs has
shown that the PI3K-mTOR pathway is underactive, whereas
the Janus Kinase-STAT pathway remains intact, suggesting that

Tregs preferentially signal through the latter in turn conferring
their resistance to mTOR inhibition (76). In agreement, genetic
ablation and cellular experiments that demonstrate mTOR
deficiency or the addition of rapamycin favor the growth and
preserved function of Tregs (77, 78). Paralleling these in vitro
observations, it has been shown that rapamycin can potentiate the
ability of Tregs to inhibit transplant arteriosclerosis in a human-
ized mouse system (79). Furthermore, in transplant patients, the
use of rapamycin-based immunosuppression is also associated
with an increased proportion of Tregs as compared to patients
on calcineurin inhibitors (CNTI) (80, 81). Thus, by favoring Treg
survival and expansion and by preventing the outgrowth of
contaminating effector T cells (76, 82), rapamycin ensures the
selection of a pure Treg population.

Further research has not only confirmed the unique preferen-
tial preservation of Tregs by rapamycin but has also reported its
role in ensuring Treg stability. Treatment of CD4*CD25FOXP3*
with rapamycin has been shown to inhibit the development of
IL-17-producing cells and to maintain a stable Treg phenotype
favoring the expansion of non-plastic Treg subsets, both in vitro
and in vivo (83-85). The mechanism by which this occurs is
thought to involve alterations in the epigenetic profile allowing

FIGURE 3 | Immunological targets for immunosuppressive drugs in
T cells. Drugs can affect specific molecular pathways and control gene
expression to block alloactivation of T cell after transplantation and induce
tolerance. Abbreviations: TCR, T-cell receptor; mTOR, mammalian target of
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rapamycin; MMF, mycophenolate mofetil; PI3K, phosphatidylinositol 3-kinase;
IL-2R, interleukin-2 receptor; NFkB, nuclear factor k-light-chain-enhancer of
activated B cells; MAPK, mitogen-activated protein kinase; NFAT, nuclear factor
of activated T-cells.
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for the active transcription of FOXP3 (84, 86, 87). These findings
support the use of rapamycin in clinically applicable protocols for
the expansion of human Tregs. We are currently testing the safety
of Tregs expanded following this protocol in the CRF at Guy’s
Hospital in two Phase I/II clinical trials: in kidney (ONE Study:
NCT02129881) and liver (ThRIL: NCT02166177) transplant
patients.

Retinoic Acid and Vitamin D

Despite recent advances in Treg biology, large-scale manufacture
of these cells remains challenging in view of studies reporting
that even highly pure Tregs lose FOXP3 expression over time.
In line with this, a study by Hoffman et al. further concluded
a loss of FOXP3 expression by Tregs upon repeated anti-CD3/
CD28 stimulation in culture, in turn forfeiting their stability (62).
As such, recent attention has been drawn to other approaches
that ensure Treg stability in culture, an example including the
supplementation of cultures with all-trans-retinoic acid (ATRA).

Of note, natural derivatives and metabolized products of
vitamin A, such as P-carotene, retinol, retinal, isotetrinoin,
ATRA, and 9-cis-Retinoic acid all have important roles in cell
differentiation, growth, and apoptosis (88). ATRA is one of the
most influential molecules on T cells and has been reported to
affect T cell fate by contributing to Th1/Th17 as well as Treg dif-
ferentiation (89). In combination with TGF-f, ATRA has been
shown to promote differentiation of naive murine and human
T cells into Tregs (90-92) and, more recently, as a treatment to
expand human Tregs and increase their function (84, 85, 93, 94).
The molecular pathway by which ATRA favors the expansion
of Tregs is not entirely clear, but it is thought to induce chro-
matin de-condensation recruiting histone acetyl-transferases
and transcription machinery to the FOXP3 promoter (95, 96).
Furthermore, experiments in animal models have shown that
deletion of ATRA nuclear receptor results in significant loss of
FOXP3 expression in Tregs, suggesting that ATRA may act to
stabilize FOXP3 expression (97).

However, while the use of ATRA during Treg culture heralds
the expansion of a highly suppressive Treg population for cell
therapy (84, 85, 94), there are concurrently major concerns
regarding its use, primarily since ATRA preferentially stimulates
ex novo generation of iTregs, which as eluded to earlier, have
an unstable genetic phenotype with their plasticity influenced
in vivo by the inflammatory conditions (87). As a consequence,
the regulatory phenotype induced in vitro may be easily reverted
into a pro-inflammatory one upon in vivo administration (98).

Indeed, there is a dynamic relationship between the transcrip-
tion factors RORyT and FOXP3 in T cells that rules the balance
between Th17 cells and Tregs. The competitive antagonism of
these trans-acting factors is controlled by pathways downstream
of either IL-2 (pro-Treg) or IL-1P/IL-6 signaling (pro-Th17)
(98). For this reason, an intense inflammatory condition may
fully override ATRA-mediated FOXP3 expression and revert a
protective Treg preparation into a potentially harmful immune
response (87, 98).

Another potential supplementary candidate in Treg expansion
that has attracted much attention is Vitamin D, with growing evi-
dence supporting the immunomodulatory roles of this vitamin

and its importance in the induction and maintenance of FOXP3*
Tregs in vivo. As such, studies have highlighted that serum con-
centrations of vitamin D positively correlate with the number and
frequency of FOXP3* Treg cells in the peripheral blood of patients
(99-102). However, the mechanism by which vitamin D controls
the generation/expansion of Tregs is not completely clear, with
vitamin D concentrations playing differing roles (102, 103). It
appears that high non-physiological concentration (10~ M) of
Vitamin D induces IL-10 production by CD4* T cells, providing
an explanation for the immune-modulating and Treg-promoting
ability of these settings. Instead, at a more physiological con-
centration (10~ M), vitamin D, together with TGF-p, favors the
expansion of a highly suppressive FOXP3* Tregs (102, 103).

The past few years have seen considerable effort focused on
defining an optimal technique to isolate and expand Tregs from
peripheral or cord blood. The studies outlined above highlight
the future research directions in view of devising protocols that
incorporate the use of these reagents in the expansion of an
optimal Treg population for cell therapy application.

Alloantigen-Specific Regulatory T Cell
Expansion

In view of the wealth of animal data from our laboratory (49, 53,
104) and others (47, 48, 55) in support of the importance of anti-
gen-specific Tregs in the setting of solid-organ transplantation,
efforts have been directed at the generation of antigen-specific
Tregs for cellular therapy in this setting.

To date, the generation and expansion of alloantigen-specific
Tregs have proved to be an arduous task, in particular Tregs
with indirect allospecificity. Recently, there have been advances
in the propagation of Tregs with direct allospecificity using
donor APCs, such as DCs and unfractionated peripheral blood
mononuclear cells (PBMCs) (53, 105-107). In this regard and in
a previous study, we screened human Tregs for activation mark-
ers following stimulation with allogeneic peripheral blood or
dermal CD1c* DCs (53). We subsequently defined the upregula-
tion of CD69 and CD71 by Tregs, at 3-5 days after activation,
delineating the alloantigen-specific Tregs. Furthermore, we
were able to comment on the suppressive superiority of these
antigen-specific Tregs as compared to polyclonally expanded
Tregs.

Moreover, recent reports have highlighted the effectiveness
of CD40L-activated B cells in the induction and expansion of
antigen-specific Tregs in vitro (108-110). As such and in col-
laboration with colleagues at University of California (UCSF),
we have shown the clinical grade manufacture of Tregs against
allogeneic human leukocyte antigen (HLA) of the donor (104).
Purified Tregs were stimulated ex vivo with CD40L-activated
allogeneic B cells, followed by subsequent expansion using
anti-CD3/anti-CD28-coated beads with the addition of IL-2. By
employing this protocol, we were able to demonstrate not only the
successful expansion (300- to 500-fold) but also the alloreactiv-
ity of the expanded Tregs against the donor antigen. We further
demonstrated the antigen-specific suppressive function of the
expanded Tregs in protecting against alloimmune-mediated
skin damage in a humanized mouse model of transplantation.
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The manufacture of Tregs, using this protocol, is currently being
tested as part of a clinical trial at UCSF (NCT02188719).

An alternative approach has been to engineer Tregs with the
ability to target specific antigens by expressing antigen-specific
TCRs (111) or taking advantage of the growing field of Chimeric
Antigen Receptors (CAR) (112). To date, most of the CAR studies
have focused on tumor antigen-specific cytotoxic CD8* T lym-
phocytes for the treatment of human cancers. However, several
studies in animals suggest that CAR-expressing Tregs can be
efficacious in preventing experimental autoimmune encephalitis
(EAE) (113) or colitis (114). More recent work from our group
has set out to investigate the efficacy of CAR-expressing Tregs in
the setting of transplantation.

It is also pertinent to note that given the experimental evi-
dence detailing the synergy of direct and indirect Tregs in the
setting of transplantation tolerance, considerable efforts have
been concentrated on generating and expanding Tregs with indi-
rect allospecificity to further assist in this endeavor (115, 116).
In contrast to the definitive selective expansion of Tregs with
direct allospecificity from the existing repertoire, studies have
demonstrated the difficulties in generating Tregs with indirect
allospecificity using the same APCs used for the generation of
Tregs with direct allospecificity. TCR-transduction was used by
us to confer indirect allospecificity and we have demonstrated
both in skin and heart transplants, the efficacy of Tregs with
such a specificity. In addition, we have shown the advantage of
conferring indirect alloreactivity during the expansion of direct
alloreactive Tregs so as to generate Tregs with dual specificity,
with promising results (111, 117).

Despite the on-going efforts to develop protocols for the
manufacture and ex vivo expansion of allospecific Tregs, it is
pertinent to note that our initial data highlighted that a highly
pure population of Tregs was essential prior to their allospecific
ex vivo expansion for this to be a success (104). As such and in
view of the lack of GMP-compliant sorting technology in the
UK, the application of antigen-specific Tregs in trials of Treg
cell therapy in the UK have not been possible. However, with
the upcoming installation of a GMP-compliant cell sorter into
our facilities, efforts will be directed toward the generation of an
optimal precursor population of antigen-specific Tregs for cel-
lular therapy in the near future.

Tregs Therapy in Solid-Organ
Transplantation; Our Experience to Date

The results of the trials to date have highlighted the favorable
safety profile of freshly isolated and polyclonally expanded Tregs
with varied reports of efficacy (56-58, 118) (Table 1). As a result,
the prospects of Treg adoptive cell therapy are now widely recog-
nized with the information gleaned from these preliminary trials
now guiding the clinical progression of these cells into the realms
of organ transplantation.

In this regard, Yamashita et al. recently reported the first trial
of donor alloantigen-specific Tregs in patients undergoing living
donor liver transplantation (119). Here, iTregs were generated
whereby recipient PBMCs were co-cultured with irradiated
donor PBMCs in the presence of costimulatory blockade.

Subsequent administration of 0.6-2.6 X 10° iTregs in splenec-
tomized patients, concurrently receiving cyclophosphamide,
was found to be not only safe in this setting but also enabled the
withdrawal of immunosuppression in 6 out of the 10 patients
recruited.

As alluded to earlier, the last few years has also seen the start
of two clinical trials of Treg immunotherapy in solid-organ
transplantation at King’s College London, the ONE Study
(NCT02129881) and ThRIL (NCT02166177).

The ONE study is a multicenter Phase I/II study funded by
the European Union FP7 program, investigating the safety of
and potential efficacy of infusing ex vivo-expanded Tregs, among
other regulatory cells. It is a dose escalation trial, designed to
assess doses of 1, 3, 6, 10 X 10° Tregs/kg, injected at 5 days after
transplantation so as to determine the maximum-tolerated dose.
Of importance, patients, receiving the cell products at the differ-
ent centers will be on a similar immunosuppression regimen that
includes prednisolone, tacrolimus, and mycophenolate mofetil
(MME). This will enable the direct comparison of transplant
outcomes between the varied cell products tested as part of the
ONE study.

Although the primary goal of the ONE study is to assess safety,
the production feasibility of each of the cell products, at the varied
doses, will also be assessed. In this regard, we have successfully
produced the final product that to date has enabled three patients
to be dosed at 1 x 10°/kg, a further three patients at 3 X 10°/kg
and one patient at 6 X 10°/kg. Five more patients remain to be
dosed, two at 6 X 10° and three at 10 X 10°. The final Treg product
manufactured by us has been used to treat patients recruited at
Oxford University and by Guy’s Hospital.

ThRIL (NCT02166177) is a combined Phase I/Ila clinical
trial of Treg immunotherapy in the setting of liver transplanta-
tion where the safety, tolerability, and efficacy of 1 X 10%/kg and
4.5 X 109/kg of polyclonally expanded Tregs will be assessed with
thymoglobulin and an mTOR-inhibitor-based immunosuppres-
sion regimen. ThRIL is currently in the recruitment stage and to
date, we have dosed the first patient for this trial.

The near future will see the reporting of these trials, which
will focus primarily on the safety of the injected cells, but
will also speculate on their relative therapeutic efficacy, with
reference to graft survival and supplementary biochemical and
immunological markers of tolerance, in a bid to support larger
Phase II/IIT studies. The success of such trials and the outlook
of Treg therapy as an entirety will be defined from effective and
informative clinical trial designs with adherence to hard efficacy
end points. Thus, key issues will need to be addressed prior to
the design of such trials including adjunct immunosuppressive
regimens, the timing and number of injections, the dose of Tregs
with the desired specificity, and the trafficking properties of the
infused cells.

Tregs Immunotherapy; Future Directions

Immunosuppression and Tregs

Despite the initial confidence in adoptive Treg cell therapy as
a self-sufficient entity, experimental data have shown that the
efficacy of Treg therapy requires a favorable in vivo environment,
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TABLE 1 | Clinical trials of Treg immunotherapy.

Clinical trial Investigators Setting Patients Isolation Treg doses
number recruited

Study overview and results

Reference

N/A Trzonkowski GVHD 2 FACS: 1% 10°to 3 x 10%kg
etal adult CD4+CD25+*CD127-

NCT00602693  Brunstein, GvHD 23 CliniMACS: CD25* 0.1,0.3, 1, and
McMillan, adult 3 x 10%kg
Blazar (2010)

N/A Di lanni et al. GvHD 28 CliniMACS: 2-4 x 10°/kg
adult CD4+CD25*

N/A Marek- Type-| 12 FACS: 10-20 x 10%kg
Trzonkowska  diabetes CD4+CD25+*CD127-
etal. children

NCT01210664 Bluestone Type-I 14 FACS: 5 x 10%-2.6 x 10%kg
etal diabetes CD4+CD25+CD127-
adult

The first patient had chronic GvHD 2 years post BMT. After receiving 0.1 x 109kg FACS
purified ex vivo expanded Tregs from the donor, the patient was successfully withdrawn
from immunosuppression without evidence of recurrence. The second patient had
acute GvHD at 1-month post transplantation, treated with several infusions of expanded
donor Tregs. Despite the initial and transitory improvement, the disease progressed and
ultimately resulted in the patient’s death

Tregs were isolated from a third party UCB graft and expanded polyclonally with anti-CD3/
CD28 coated beads and recombinant IL-2 over a period of 18 days. Patients received
expanded Tregs at doses ranging from 1 x 10%/kg to 30 x 10°kg. Targeted Treg dose
was only achieved in 74% of cases. Compared with the 108 historical controls, there was
a reduced incidence of grades II-IV acute GvHD (from 61-43%; p = 0.05), although the
overall incidence of GvHD was not significantly different.

Patients received donor Tregs without ex vivo expansion and donor effector T cells (Teff)
without any other adjuvant immunosuppression. Different dose regimens were used,
ranging from 5 x 10%/kg Teffs with 2 x 10¢/kg Tregs to 2 x 10°/kg Teffs with 4 x 108/kg
Tregs. As two patients receiving the latter regimen developed acute GvHD, compared
with none of the other patients, the dose of 1 x 10%kg Teffs with 2 x 10%/kg Tregs

was reported to be safe. Patients receiving Tregs demonstrated accelerated immune
reconstitution, reduced CMV reactivation, and a lower incidence of tumor relapse and
GvHD when compared to historical controls. Disappointing patient survival was reported
with only 13 out of the 26 patients surviving

One year follow-up of 12 children with Type-I diabetes, treated with autologous-expanded
ex vivo Tregs. Patients received either a single or double Treg infusion up to a total dose
of 30 x 10%/kg. The data supported the safety of the infused Tregs, with 8/12 treated
patients requiring lower requirements of insulin, with two children completely insulin
independent at 1 year

Infusion of 14 type-| diabetic patients with ex vivo-expanded Tregs (FACS purified and two
rounds of anti-CD3/anti-CD28 stimulation). The first cohort of patients received 0.05 x 108
cells, the second: 0.4 x 108 cells, the third: 3.2 x 10° cells, and the fourth: 2.6 x 10° cells.
Enrolment and infusion is complete

(58)

(56)

(57)

(118)

Bluestone, in
preparation

UCB, umbilical cord blood; GVHD, graft versus host disease; BMT, bone marrow transplantation.
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supporting both cell engraftment and the chance of inducing tol-
erance, such as transient host T cell depletion instituted following
immunosuppressive treatments (120, 121).

As already discussed, the immunosuppression regimen for the
ONE study includes the combination of CNI, tacrolimus together
with prednisolone, and MMF. The main question that arises next
is how this microenvironment will influence the Tregs in vivo
following adoptive transfer.

In this regard, studies have shown that the use of CNIs during
adoptive Treg therapy may have an indirect impact on the survival
and suppressive ability of Tregs in view of the strong dependence
of these cells on the exogenous supply of IL-2 (122, 123).

In agreement, studies in animal models have reported that
CNI treatment reduces FOXP3 expression in natural Tregs (123,
124), diminishes the frequencies of CD4*CD25'FOXP3* T
cells (81), and fails to support the differentiation of the highly
suppressive CD4*CD25*CD27* Treg subset upon alloantigen
stimulation (125). Studies in humans confirmed the negative
effect of this treatment on Tregs, suggesting that the continuous
CNI therapy is linked with progressive decline in Treg numbers
(126). However, despite these major direct drawbacks on Tregs,
it may be worth considering that CNI therapy may be still used
to set up a favorable environment before the Treg infusion or at
sub-therapeutic doses in combination with other drugs during
Treg therapy. In this regard, Wang and collaborators showed that
kidney transplanted recipients treated with MMF and low-dose
tacrolimus had an induction of CD4*CD25*FOXP3™ Tregs that
could expand in the periphery and accumulate in the allograft.
Additionally, the in vitro analysis of these cells confirmed the
maintenance of their suppressive function (93).

On the other hand, the effects of MMF on Tregs have not been
extensively analyzed and the few results reported are controversial.
Data in literature support the idea that the influence of this drug
on cell division may alter the expansion of antigen-specific Tregs
and prevent the settlement of a long-term tolerance. In line with
this notion, MMF administration in a murine model significantly
inhibited the expansion of OVA-specific CD4"CD25*Foxp3*
Tregs after OVA immunization (127). Other studies, however,
propose that MMF has no effect on Tregs or may facilitate the
induction of a more tolerogenic environment (123).

Corticosteroids, such as dexamethasone and prednisolone,
have been used for decades as basis for the treatment of inflam-
matory diseases and in patients post-organ transplantation.
They regulate a wide spectrum of physiological processes and
control not only inflammation but also carbohydrate and protein
metabolism, fetal development, and behavior. For these reasons,
despite their therapeutic efficacy, there are major drawbacks
associated with the persistent use of glucocorticoids, such as
osteoporosis and diabetes (128). However, in respect to the impact
of these treatments on Treg therapy, many authors described
positive effects of steroids on the maturation and expansion of
Tregs. Glucocorticoids have been suggested to amplify the IL-2-
dependent expansion of FOXP3*CD4*CD25" T cells in vivo
(129), increase FOXP3 expression by Tregs in patients affected
by asthma (130), and restore the impaired suppressive func-
tion of Tregs in patients with relapsing multiple sclerosis (131).
Furthermore, steroids may affect the inflammatory environment

negatively controlling both Th1- and Th17-polarization in mice
and humans (132-134).

This highlights the importance of strategies to tailor immuno-
suppressive therapy to ensure the in vivo survival of the injected
Tregs or enhance their longevity in vivo. In this regard, the clinical
protocol for ThRIL is based on a Treg-supportive immunosup-
pressive regimen including the use anti-thymocyte globulin
(ATG), to induce lymphopenia with a preferential preservation
of Tregs (135). Additionally, to limit memory T cell expansion
post-ATG induction, patients are started on tacrolimus and
prednisolone. One month prior to Treg infusion, in parallel with
low-dose tacrolimus, the patients are given rapamycin, to pro-
mote selective Treg expansion in vivo (136). The intention behind
this protocol: to create a tolerogenic milieu thus maximizing the
potential efficacy of the exogenously administered Tregs through
prolongation of their in vivo survival. It is also reassuring that
these cells will be injected in a “Treg nurturing” environment,
centered on the inclusion of rapamycin.

Thus, tailoring the immunosuppressive regimen along with
the administration of ex vivo-expanded Tregs may potentially
maintain post-liver transplant tolerance, accomplishing the
ultimate aim of Treg immunotherapy trials in this setting.

Stability and Longevity of the Injected
Cells and Visualization In Vivo

For Treg cellular therapy to be a viable therapeutic avenue, two
key factors need to be addressed. The first being that, following
injection, the Tregs are stable in the graft and draining lymph
nodes, irrespective of the local inflammatory environment fol-
lowing transplantation, and second, whether these cells are either
long-lived or able to impart their tolerance to the host immune
system.

As the function of Tregs is highly dependent on the constitu-
tively high expression of FOXP3 (137), many groups have sought
to find ways to stabilize its expression. As discussed earlier,
epigenetic modification of the FOXP3 locus has a major role
in controlling FOXP3 transcription, with demethylation of key
regions correlated with suppressive function and lineage stabil-
ity (138). In this regard, in vitro treatment with demethylating
agents, such as azacytidine, have shown to promote the stability of
FOXP3 expression in Tregs, resulting in the potent ability of these
treated cells to protect from GvHD (139). In addition, a recent
Phase I trial has shown that patients with acute myeloid leukemia,
treated with azacytidine immediately after allogeneic stem cell
transplantation, had a higher proportion of Tregs as compared to
time-matched controls (140).

FOXP3 levels are not only regulated through transcriptional
control but also through post-translational modifications. In the
context of transplantation, most work has focused on acetyla-
tion of lysine residues, which is known to stabilize the FOXP3
protein (141, 142). It has been shown that inhibiting deacetyla-
tion with histone deacetylase (HDAC) inhibitors or genetically
removing Sirtuin-1, a histone and protein deacetylase, leads to
an improvement in Treg function and stability, ultimately leading
to improved allograft survival (143). Thus, future directions of
adoptive Treg cell therapy will necessitate further understanding
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of factors that cause Tregs to lose FOXP3 expression and ways to
stabilize its expression.

The question of how long transferred Tregs survive in vivo
is also of critical importance. It is understood that in order to
establish long-term dominant tolerance, adoptively transferred
Tregs must either survive and expand in the recipient, or be able
to induce a tolerogenic phenotype on other T cells, a process
known as infectious tolerance (144). It has been shown that some
subpopulation of Tregs, such as those producing soluble factors,
such as TGF-f (145), IL-10, and IL-35 (146), and the ongoing
presence of recipient “infected” Tregs, are required to prevent
allograft rejection (147, 148).

In the recent clinical trial of Treg therapy in hematopoietic
stem cell transplantation, the transferred cells were no longer
detected in the circulation after 2 weeks (56). Moreover, in the
pediatric trial of Treg therapy in Type-I diabetes, infusion of
30 x 10°/kg polyclonally expanded Tregs resulted in doubling
of the percentage of circulating Tregs and a trend of increase at
2 weeks (118). In these trials, it is not known whether the cells
migrated to tissues or died. In this regard, we have recently
used single photon emission computed tomography to image
adoptively transferred Tregs in mice and reported that 24 h after
intravenous injection, the cells were primarily localized in the
spleen (149).

Therefore, to maximize the efficacy of Treg therapy, efforts will
need to focus on finding ways to support the in vivo survival,
engraftment, and function of the infused Tregs. Since Tregs
depend on exogenous IL-2 for survival, a suggested approach has
been to use low-dose IL-2, which lacks the toxicity and immu-
nostimulatory effects of the higher IL-2 doses used to treat cancer
patients (150). This approach has recently shown to increase the
number of Tregs in patients with chronic GVHD (151), support-
ing the notion that low-dose IL-2 may be an ideal adjuvant to
adoptive Treg cell therapy, by promoting Treg expansion in an
otherwise inflammatory setting.

The future will also see studies defining the trafficking patterns
of infused Tregs in vivo. In this regard, in a recent clinical trial
of Treg immunotherapy in Type-I diabetes conducted at UCSE,
Tregs were labeled with deuterium and their relative homing and
survival period was recorded in vivo (Bluestone et al. unpublished
data). In parallel, micro-PET computed tomography fusion has
been used clinically to track infused T cells in the body and has
further been refined to focus on distinct T cell populations, in
particular Tregs (152). While these technologies are relatively
new, the information gleaned from their inclusion in clinical
trial protocols of Treg cell therapy will be invaluable, allowing for
virtual visualization of these cells in vivo.

The future of cell therapy is also moving in such a way through
cellular engineering, introducing concepts of traceable markers,
tunable TCRs, chemotactic receptors to synthetic ligands, and
drug inducible suicidal enzymes (153). These designer features
would not only allow for the monitoring of infused Tregs, while
also controlling their activities and trafficking patterns, but also
for elimination if and when they become pathogenic (154, 155).
Nonetheless, further advances in gene therapy would be required
for these approaches to move forward, with licensing issues
posing their own challenges and hurdles.

Dose of Regulatory T Cells, Number Of
Injections, and Monitoring Outcomes

As in the ThRIL trial, the first trials of Treg therapy in solid-organ
transplantation have started with a dose escalation study to assess
the safety and tolerability of Tregs at various doses. It is antici-
pated that high Treg doses are needed for tolerance induction in
view of pre-clinical studies in mouse models of transplantation
where a high ratio of Tregs to Teffectors, in the order of 1:1-1:2,
i.e., 33-50% of Tregs, is needed to prevent transplant rejection
(29, 156). Moreover, it has been suggested that, combined with
ATG induction, a single infusion of 3-5 X 10° Tregs can effectively
increase Treg percentage to more than 33% (157). One caveat is
the use of antigen-specific Tregs, where studies have shown that
lower numbers are needed to achieve the same functional efficacy
as larger numbers of polyclonal Tregs (158, 159). Irrespectively,
producing such large numbers of Tregs remains technically chal-
lenging, especially in view of studies showing a loss of FOXP3
expression after several rounds of stimulation. In this regard,
more research is needed to understand Treg commitment and
epigenetic regulation of FOXP3 expression so that the mecha-
nisms can be harnessed to stabilize the Tregs.

Another point of consideration is if a single injection of Tregs
is sufficient or whether multiple injections are required. This may
be determined in larger Phase II efficacy studies, where patient
outcomes should also be measured and an in-depth patient moni-
toring system planned. In this regard, molecular diagnostic tools
can be utilized to assess a broad panel of biomarkers, associated
with operational tolerance, to serve as surrogate end-points of
efficacy (160-162).

In this regard, high-throughput, highly sensitive flow cyto-
metric analysis can also be used to determine if the number of
Tregs in the peripheral blood of recipients have increased or
relatively quantify the composition of the T cell compartment fol-
lowing the intervention (163). Furthermore, the cytokine profile
secretion capacity of these cells can be analyzed and thus their
plasticity evaluated. Investigations using the complementarity-
determining region 3 (CDR3) length distribution analysis can
be used to explore the diversity of the TCR, in view of studies
suggesting that the TCR repertoire might be a good predictor
of graft outcome. In this regard, it has been suggested that the
majority of kidney transplant patients with chronic rejection have
an accumulation of oligo or monoclonal Vf expansions while
operationally tolerant recipients have a TCR repertoire like that
of healthy individuals (164).

As such, a comprehensive immune monitoring plan of patients
should be an integral part of a Treg therapy trial in order to gain
mechanistic insight on the Treg function in patients. In addition,
success in defining optimal ways of measuring tolerance would
set the scene for subsequent trials in which accelerated drug
minimization is the principal aim.

Anticipated Cost and the Future

At present, the cost to manufacture a single “personalized”
injection of Tregs in the CRF is over £20,000 in the UK. The
data soon emerging on the safety of these cells in the setting of
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transplantation will provide the basis for progression to a larger
Phase II/III study. The future progression of the cell therapy
program will also see efforts focused on the optimization of the
process development and potential commercialization of the cell-
based therapies, through collaborations with industry and other
organizations. It is anticipated that the future optimization of the
manufacturing process for larger scale trials and commercializa-
tion would reduce the costs, making this modality of treatment
broadly available and applicable in other disease settings.

Conclusion

We are now entering an exciting era in the study of immunological
tolerance. Several cellular and molecular strategies of tolerance
induction have been developed in non-human transplant models
that have shown considerable promise and are just now appearing
in clinical trials. As such, the recent progress in Treg biology and
the successes in the clinical grade manufacture of these cells has
seen the start of clinical trials of Treg therapy in solid-organ trans-
plantation. Such trials will provide the basis for progression to a
larger Phase II/III study with a comprehensive patient immune
monitoring plan and the use of biomarkers that can predict the
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T regulatory cells (Tregs) are subsets of T lymphocytes specialized in modulating anti-
gen-specific immune responses in vivo. Hence, Tregs represent an ideal therapeutic tool
to control detrimental immune reactions. Based on solid pre-clinical results, investiga-
tors started testing the safety and efficacy of Treg-based therapies in humans. Despite
promising results, a number of issues remain to be solved. We will discuss the results
obtained from clinical trials and the challenges and risks we are facing in the further
development of Treg-based therapies.

Keywords: T regulatory cells, T regulatory type 1 cells, tolerance, Treg-based therapy, IL-10, FOXP3, gene transfer

INTRODUCTION

T regulatory cells (Tregs) are a component of the immune system involved in modulating immune
reactions and in inducing tolerance. Due to their potential as immune modulators, therapeutic
application of Tregs to control undesirable immune responses and to promote tolerance has become
an active field of investigation (1). Over the years, several types of Tregs have been identified, and the
forkhead box P3 (FOXP3)-expressing Tregs (FOXP3* Tregs) (2) and the T regulatory type 1 (Tr1)
cells (3) are the best characterized (Figure 1).

FOXP3* Tregs can be either thymus-derived (tTregs), or induced in the periphery (pTregs) (4, 5).
Regardless of their origin, both subsets are characterized by constitutive expression of the IL-2Ra-
chain (CD25), in the absence of the IL-7Ra-chain (CD127), and of FOXP3 (6), making the two
subsets indistinguishable based on their phenotype. High expression of Helios has been identified
in FOXP3* Tregs (7), and suggested to be specific for tTregs (8). However, this notion was later
challenged by the demonstration that Helios is also expressed by non-tTregs (9, 10). To date, the
most reliable feature unambiguously identifying tTregs is the epigenetic remodeling of a specific
region in the FOXP3 locus, indicated as Treg-specific-demethylated-region (TSDR) (11). A more
comprehensive CpG hypomethylation pattern of tTregs including several Treg-related genes has
been described (12).

In addition to CD25, along the years, the expression of several molecules, i.e., CTLA-4 (13),
GITR (14), CD39 (15), Galectin 10 (16), latency-associated-peptide (LAP) (17), and glycoproteinA-
repetitions-predominant (GARP) (18) has been attributed to human FOXP3* Tregs. The expression
of the above-mentioned molecules is not exclusive to FOXP3* Tregs, since they are often shared with
activated conventional T cells.

CTLA-4, GITR, and CD39 are specifically associated with FOXP3* Treg suppressive function,
which is primarily dependent on contact with target cells. Additional mechanisms of suppression
have been described for FOXP3* Tregs, including release of IL-10 (19), TGE-f (20, 21), and IL-35
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FIGURE 1 | Schematic representation of cell surface and intracytoplasmic markers and mechanisms of action characterizing FOXP3-expressing (left
cartoon) and type 1 (right cartoon) T regulatory cells. The shared and unique features of both cell types are listed in the frames. Ag, antigen; APC, antigen-
presenting cell; ATP, adenosine triphosphate; CTLA-4, cytotoxic T-lymphocyte antigen 4; FOXPS, forkhead box protein 3; GITR, glucocorticoid-induced TNFR family
related gene; Gr; Granzymes; LAG-3, lymphocyte-activation gene 3; PRF, perforin; Teff, effector T cell; TGFp, transforming growth factor p; Tr1, type 1 T regulatory cell.

(22), direct killing of T effector (Teff) cells through the granzyme/
perforin axis (23), modulation of antigen-presenting cells (APCs)
stimulatory capacity via CTLA-4 (24), cytokine deprivation (25),
and generation of immunosuppressive metabolites, such as extra-
cellular adenosine (26) and intracellular cAMP (27). The variety
of phenotypes and weapons discovered led from the original idea
of FOXP3* Tregs as homogeneous population to the modern view
of a heterogeneous pool, including several specialized subtypes
characterized by expression of specific cell surface markers such
as ICOS (19), HLA-DR (28, 29), and CD45 isoforms (30, 31).
Trl cells are memory T lymphocytes expressing CD49b and
LAG-3 (32). Tr1 cells, upon activation, secrete high levels of IL-10
and TGF-p, variable amounts of IL-5, GM-CSE, and IFN-y, and

minimal amounts of IL-2, IL-4, and IL-17 (3, 33, 34). Tr1 cells
express CTLA-4, (35, 36), PD-1 (36), and ICOS (37). Similar
to FOXP3* Tregs, Trl cells can express CD39 and CD73 [Ref.
(38-41) and (Gregori et al. unpublished data)]. Tr1 cells do not
constitutively express FOXP3 (42), thus they are distinct from
both tTregs and pTregs; however, upon activation, Trl cells can
transiently up-regulate FOXP3, but its expression never reaches
the levels of FOXP3™" Tregs (33, 43-45).

The main mechanism by which Trl cells control immune
responses is the secretion of IL-10 and TGF-p. Importantly, to
exert their suppressive function, Trl cells need to be activated
via their TCR, but, once activated, they can mediate bystander
suppressive activity against other antigen(Ag)s (3, 33). IL-10
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and TGF-f directly inhibit T-cell responses by suppressing IL-2
and IFN-y production and T-cell proliferation, and indirectly
act on APCs by down-modulating costimulatory molecules,
HLA-class-II, and pro-inflammatory cytokine production (34).
In addition to the cytokine-mediated suppression, Trl cells
inhibit T-cell responses by killing myeloid APCs via granzyme
B (46). Tr1 cell-mediated cytotoxicity of myeloid APCs requires
stable adhesion with target cells and activation via HLA-class-I
molecules and CD112/CD155 expressed on target cells (46). New
evidence suggests that Tr1 cells use additional modes of immune
regulation to achieve tolerance: they can inhibit T-cell responses
by cell-contact dependent mechanisms (36) and by metabolic
disruption (33, 39, 41).

Results from pre-clinical murine and humanized models
convinced investigators that Tregs can be used to control graft-
versus-host disease (GvHD) as well as organ rejection, or to treat
autoimmune diseases (47, 48). Good-manufacturing-practice
(GMP)-grade protocols to isolate and expand human Tregs
in vitro without losing their suppressive function and to generate
human Ag-specific Tregs have been established allowing transla-
tion of Treg-based therapy to the clinical practice.

COMPLETED AND ONGOING Treg-BASED
CLINICAL TRIALS

Treg-based therapy has been used for the first time to prevent
GvHD in patients undergoing allogeneic hematopoietic stem
cell transplantation (allo-HSCT). Six independent trials, using
either FOXP3* Tregs or Tr1 cells, have been concluded, and all of
them showed the feasibility and safety of Treg-based approaches
(49-54) (Table 1). In five of these trials, either freshly isolated (51,
54, 55) or ex vivo expanded FOXP3* Tregs (49, 50) were infused
in patients undergoing allo-HSCT for onco-hematological dis-
eases. Three of these trials also indicated the potential efficacy
of the treatment. Brunstein et al. (50) reported a decreased inci-
dence of grade II-IV GvHD as compared to historical controls
when umbilical cord blood (UBC)-derived Tregs were injected,
without increased risk of infections. Similarly, Di Ianni et al. (51)
described few cases of low grade GvHD (2 out of 26 patients)
and no development of chronic GVHD in patients injected with
un-manipulated peripheral Tregs. More recently, it has been
reported that in Treg-treated patients, the cumulative incidence
of relapse was significantly lower than in historical controls (54).
Previous trials based on the adoptive transfer of alloAgs-specific
anergic T cells generated in vitro in the presence of Belatacept
(CTLA-4-Ig) to prevent GvHD after allo-HSCT were performed
(56, 57). Later, it was demonstrated that alloAgs-specific anergic
T cells generated with CTLA-4-Ig contained a small fraction of
FOXP3* Tregs (58).

Our group has completed a phase-I clinical trial in which IL-10-
anergized T cells (IL-10 DLI) containing Tr1 cells were injected in
patients undergoing haploidentical-HSCT (53). Donor-derived
IL-10-anergized T cells specific for host allo-Ags were generated
in vitro through activation of T cells by host-derived APCs in
the presence of exogenous IL-10 (60). An improved protocol for
the generation of Tr1 cells, which foresees the use of tolerogenic

dendritic cells (DC-10)(61), hasbeendeveloped (60, 62). Although
a small cohort of patients was treated, our results demonstrated
that after infusion of IL-10 DLI no acute adverse events and only
mild GvHD (grade II or III responsive to therapy) were observed.
Furthermore, the treatment accelerated immune reconstitution
after transplant and long-lasting disease remission (53).

The above-mentioned trials paved the way to a wider applica-
tion of Tregs as advanced medical products for the treatment of
autoimmunity in type 1 diabetes (T1D), inflammatory diseases,
and rejection after solid organ transplantation. Ex vivo expanded
CD4*CD25MCD127- Tregs were administered to children with
recent onset T1D in a phase-I trial (59) (Table 1). The procedure
appeared to be safe, as no adverse reactions related to the treat-
ment were reported. However, the few data available do not allow
drawing conclusions on the clinical relevance of the procedure
(59). The group of Bluestone is currently testing the safety of
ex vivo expanded polyclonal CD4*CD25MCD127""~ Tregs in a
phase-I clinical trial (NCT01210664) in which increasing doses
of Tregs will be injected in recent onset adult T1D patients (63).
A phase-1/IIa clinical study in which Ag-specific Tr1 cell clones
were used to treat patients with Crohn’s Disease has been recently
reported. Overall, a response was observed in 40% of patients,
with stronger effect in the group of patients who received the
lowest Tr1 cell dose (40) (Table 1). The France-based company
TxCell is currently heading a consortium dedicated to the clinical
development of collagen-specific Tr1 cells (Col-Treg) to be tested
in a first-in-man clinical study for severe and refractory autoim-
mune uveitis scheduled to start in 2016."

The power of Tregs in inducing tolerance to allo-Ags after
solid organ transplantation is currently under evaluation. In
liver transplantation, several clinical trials are ongoing using
polyclonal expanded Tregs with or without rapamycin (Treg trial,
NCT01624077, ThRIL trial NCT02166177) or donor-specific
expanded Tregs (darTreg: deLTA Trial NCT02188719, and
ARTEMIS Trial NCT02474199). In addition, ex vivo expanded
autologous polyclonal CD4*CD25* Tregs are currently tested in
the context of kidney transplantation (TRACT Trial, NCT
02145325 and TASK Trial NCT0288931). Moreover, an ambi-
tious project in which the efficacy of different immune-regulatory
cells, including polyclonal expanded Tregs with or without
rapamycin (One Tregl Trial, NCT02129881, ONE nTregl3 Trial
NCT02371434), darTreg cells (DART Trial NCT02244801), and
donor-specific T cells anergized in the presence of Belatacept
(NCT02091232), and Trl cells induced with DC-10, will be
compared in kidney transplant recipients (“The ONE study;”
discussed in details below) is currently ongoing. Results of these
trials will definitely address the safety of this approach and will
also provide hints on their efficacy as therapeutic agents.

OPEN ISSUES IN Treg-BASED
IMMUNOTHERAPY

Despite the promising results obtained from the above-mentioned
pilot clinical trials, many open questions remain on the best

'http://www.txcell.com
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TABLE 1 | Completed Treg-based clinical trials.

Trial ID Cell product Disease Safety Efficacy Reference
N.A. In vitro expanded donor-derived GvHD after HLA-matched sibling HSCT for Yes N.A. (49)
CD4+CD25M"CD127- Tregs hematological malignancies
N.A. Freshly isolated donor-derived GvHD after allo-HSCT for hematological Yes N.A. (55)
CD4+CD25M"CD127- Tregs malignancies
NCT00602693 In vitro expanded UCB-derived CD4+CD25* Tregs GvHD after DUCBT for hematological Yes Yes (50)
malignancies
CEAS Umbria Freshly isolated donor-derived CD4*CD25* Tregs GvHD after haplo-HSCT for hematological Yes Yes (51)
Protocol No 01/08 malignancies
2008
CEAS Umbria Freshly isolated donor-derived CD4+*CD25* Tregs GvHD after haplo-HSCT for hematological Yes Yes (54)
Protocol No 0108 malignancies
NKEBN/8/2010 In vitro expanded autologous Pediatric recent onset T1D Yes N.A. (59)
CD4+CD25""CD127- Tregs
ALT-TEN IL-10 DLI donor-derived IL-10 anergized T cells GvHD after haplo-HSCT for hematological yes N.A. (53)
malignancies
CATS 1 Autologous OVA-specific Tr1 cell clones; Ovasave® Refractory Crohn’s Disease Yes Yes (40)

GVHD, graft-versus-host disease; haplo-HSCT, haploidentical-hematopoietic stem cell transplantation; UCB, umbilical cord blood; DUCBT, double umbilical cord blood transplant;
allo-HSCT, allogeneic-HSCT; T1D, type 1 diabetes; DLI, donor lymphocyte infusion; OVA, ovalbumin.

source and subtype of Tregs to be administered, the survival of
these cells in the host, and their mechanisms of action.

The ONE Study” is a large-scale, collaborative project funded
by the Seventh Framework Programme (FP7) of the European
Commission, envisioned to ascertain whichimmuno-modulatory
cell type (among ex vivo isolated and in vitro expanded polyclonal
or allo-specific FOXP3* Tregs, Trl cells, and tolerogenic APCs)
is best fit to induce tolerance to allo-Ags in patients receiving
kidney transplants (64, 65). Results from this study will define
which regulatory cell population is the most efficient in promot-
ing graft acceptance and tolerance.

Recent work has led to the identification of specialized
subsets of Tregs, which reside in peripheral tissues, including
skin, intestinal mucosa, adipose tissue, autoimmune target tis-
sues, and injured muscle (66). Although tissue-resident Tregs
represent a small fraction of total Tregs, their peculiar phenotype
and function confer the ability to regulate tissue-specific physi-
ological and pathological processes. Therapies aimed at targeting
tissue-specific Tregs may potentially allow the local control of the
disease, without affecting systemic immunity. Although the clini-
cal application of tissue-resident Tregs remains unexplored, the
possibility of exploiting these subsets deserves to be investigated
in the near future.

One pre-requisite for Treg-based therapies is their in vivo
viability and persistence. In a clinical trial in allo-HSCT, upon
in vivo infusion Tregs were no longer detected in the circulation
after 2 weeks (50). Similarly, in T1D patients, in vitro expanded
CD4*CD25*CD127~ Tregs labeled with deuterium were found at
high frequency in the peripheral blood 2 weeks after injection, then
declined but they were still detectable at low frequency 6 months
after therapy [Bluestone JA, unpublished data presented at FOCIS

*www.onestudy.org

Annual Meeting 2015]. It is still unclear whether infused Tregs
migrate to tissues or have limited in vivo survival because of in vitro
expansion. In IL-10 DLI-treated patients, we found an expansion
of circulating granzyme B/IL-10 and CD49b/LAG-3-expressing
CD4* T cells that progressively increased during follow up. The
percentages of these cells were higher in the IL-10 DLI-treated
long-term surviving patients (up to 8 years after haplo-HSCT),
as compared to those in healthy subjects (53). These data support
the hypothesis that IL-10 DLI infusion supports either Trl cell
expansion, or the de novo induction of Tr1 cells.

Increasing evidence suggests that FOXP3-expressing Tregs
are intrinsically plastic (67-69). Therefore, the risk of their
in vivo conversion into Teff cells under inflammatory condi-
tions, and consequent loss of their suppressive ability, cannot be
ignored. To allow safe clinical application of Tregs, investigators
are currently trying to address this issue. For example, rapamycin
permits the in vitro expansion of FOXP3* Tregs, while impairing
the proliferation of contaminating Teff cells (70, 71). Importantly,
rapamycin-expanded FOXP3* Tregs maintain their regulatory
phenotype, even upon exposure to a pro-inflammatory environ-
ment (72,73). Clinical-grade Treg expansion protocols with rapa-
mycin have been implemented for ongoing clinical trials under
the umbrella of the European consortium “The ONE study” (65,
74). On the same line, in order to avoid infusion of Teff cell con-
taminants potentially allo-reactive, allo-anergization of T cells in
the presence of costimulatory blockade with Belatacept has been
proposed (58) and is currently being tested (NCT02091232).

One major concern for the use of immunotherapy with Tregs
to control GvHD after allo-HSCT for hematological malignancies
is the potential inhibition of the beneficial graft-versus-leukemia
(GVL) effects. Results from one of the completed phase II trials
showed that in CD25* Treg-treated patients the cumulative inci-
dence of relapse was significantly lower than in historical controls.
The Authors proposed that the failure of human CD4*CD25* Tregs
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to home to the bone marrow does not hamper the GvL activity of
the donor conventional T cells (54). Although promising, these
results are still preliminary and required further confirmation.

UP-COMING CHALLENGES IN
Treg-BASED IMMUNOTHERAPY

As previously mentioned, increasing evidence suggests that
FOXP3* Tregs are a heterogeneous population, including
several specialized subtypes, making it difficult to choose the
“right” variety of cells for specific treatments. To overcome this
limitation, we developed a novel and efficient method to generate
homogeneous populations of human FOXP3-expressing Tregs by
Lentiviral-Vector (LV)-mediated hFOXP3 gene transfer into con-
ventional CD4* T cells, hereafter indicated as CD4™*” T cells.
Constitutive over-expression of FOXP3 generates functional and
stable FOXP3*+ Treg-like cells, with potent in vitro and in vivo
suppressive activity, reduced proliferative capacity and cytokine
production (75, 76). CD4"™XP T cells generated from naive CD4*
T cells have stable expression of FOXP3 in steady state and inflam-
matory conditions, whereas CD4"** T cells generated from
memory cells show reduced percentage of FOXP3* T cells upon
activation, especially in the presence of inflammatory cytokines.
The instability of FOXP3 expression in memory CD4™*P T cells
results in weaker suppressive function and increased proliferative
capacity, confirming that acquisition of Treg functions is depend-
ent on stable FOXP3 expression (76).

Despite recent advances in the establishment of protocols to
efficiently generate Allo Ag-specific Tr1 cells in vitro, the result-
ing populations still contain contaminants that could potentially
limit the in vivo efficacy of Tr1 cells (60, 61). The recent discovery
of CD49b and LAG-3 as specific biomarkers of Tr1 cells that allow
the isolation of Tr1 cells from in vitro Tr1-polarized populations
(32) will open the possibility to select human Tr1 cells from mixed
cultures. As an alternative to obtain a large and homogeneous
population of Trl cells, the LV-mediated hIL-10 gene transfer
has been used to convert conventional T cells into Trl-like
cells, termed CD4™ (77). CD4™ cells mirror the phenotype
and function of Trl cells and suppress xeno-GvHD (77). These
findings pave the way for adoptive cell therapy with FOXP3- or
IL-10-engineered T cells in patients with autoimmune disorders
and in patients undergoing allogeneic organ or HSC transplanta-
tion. Issues related to undesired effects of therapy with genetically
modified cells, such as induction of general immunosuppression,
impairment of immune reconstitution, and GvL activity in the
context of allo-HSCT for hematological diseases are still under
investigation.

In humanized pre-clinical models, allo-specific Tregs are more
effective in preventing graft rejection as compared to polyclonal
Tregs (78, 79). It is possible to select allo-specific Tregs from
peripheral blood according to the expression of early activation
markers and/or then in vitro expand them (78, 80). Moreover, a
GMP-grade protocol to selectively expand human allo-specific
Tregs using CD40L-activated B cells has also been established (79).
As an alternative, ectopic expression of genes encoding for TCR
with known specificity has been proposed. Forced expression of

specific TCRs confers the desired specificity to human polyclonal
Tregs. As a proof-of-concept, it has been shown that TCR or
chimeric receptor specific for tumor Ags can be introduced in
human polyclonal Tregs, conferring them the ability to potently
suppress anti-tumor responses (81-83). It was also proposed to
generate Ag-specific Tregs starting from conventional T cells
engineered to over-express both hFOXP3 and TCR specific for a
birch pollen allergen-derived peptide Betvl. The resulting T cells
acquired a Treg phenotype and suppressed T-cell responses in an
Ag-specific manner (84). Despite these data provided the proof-
of-concept for such approaches, several questions regarding the
potential clinical application of these engeneered T cells have to
be addressed. Among others, one of the major concerns regards
the need to eliminate endogenous TCRs to avoid double specific-
ity and the risk of bystander undesired suppressive function. An
interesting and promising approach to overcome this limitation
is LV-mediated gene transfer of either hFOXP3 or hIL-10 in
Ag-experienced T cells isolated from peripheral blood.

An additional crucial question for the success of Treg-based
therapy, in particular in the context of solid organ transplanta-
tion, is how immunosuppressive treatments affect Treg survival
and function. The impact of current immunosuppressive drugs on
Tregs has been extensively reviewed in Ref. (48, 85). The general
consensus is that calcineurin inhibitors are likely to be detrimental
to Tregs, whereas drugs such as rapamycin or mycophenolate
mofetil (MMF) preserve Tregs in vivo. However, indications will
come from the results of “The ONE study” in which Tregs will be
infused in patients receiving kidney transplantation and standard
triple-therapy protocol (prednisolone, MME, and tacrolimus) (65).

Finally, the heterogeneity of the parameters selected to
monitor Treg activity in the recently completed trials hampers
comparison of the results. To overcome this limitation, the EU
COST Action “BM1305: action to focus and accelerate cell-based
tolerance-inducing therapies®” has been funded to identify shared
and disease specific biomarkers of tolerance in patients undergo-
ing Treg-based therapies. This action is complementary to “The
ONE study” and aims at defining general tolerance signatures and
standardized immune monitoring protocols (65).

CONCLUDING REMARKS

The discovery that Tregs modulate immune responses led to the
idea that they could be developed as a therapeutic tool to promote/
restore tolerance to transplanted grafts and in inflammatory and
autoimmune diseases. The recent clinical trials proved the safety
of this approach and suggested a possible therapeutic effect. Thus
far, the major challenges in the field were to expand hard-to-grow
polyclonal Tregs to great purity, and to generate Ag-specific Tregs.
Despite technical advances in the field, many questions relating
to Treg-based therapies remain unanswered: Which cell type to
be used? Which schedule of cell infusion? How long Tregs will
survive in vivo? How long their effect will last? What is their
mechanism of action? Do they interfere with GvL in the context
of allo-HSCT? Moreover, reliable biomarkers of tolerance and
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standardized methods to evaluate the efficacy of Treg-based
therapy are required to compare the outcome of present and
future trials. To address these questions, close collaboration
between groups in the field is required to allow the systematic
comparison of Tregs and outcomes of cell therapy trials.
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Multiple sclerosis (MS) is the principal cause of autoimmune neuroinflammation in
humans, and its animal model, experimental autoimmune encephalomyelitis (EAE), is
widely used to gain insight about their immunopathological mechanisms for and the
development of novel therapies for MS. Most studies on the role of interferon (IFN)-y
in the pathogenesis and progression of EAE have focused on peripheral immune cells,
while its action on central nervous system (CNS)-resident cells has been less explored.
In addition to the well-known proinflammatory and damaging effects of IFN-y in the CNS,
evidence has also endowed this cytokine both a protective and regulatory role in auto-
immune neuroinflammation. Recent investigations performed in this research field have
exposed the complex role of IFN-y in the CNS uncovering unexpected mechanisms of
action that underlie these opposing activities on different CNS-resident cell types. The
mechanisms behind these two-faced effects of IFN-y depend on dose, disease phase,
and cell development stage. Here, we will review and discuss the dual role of IFN-y
on CNS-resident cells in EAE highlighting its protective functions and the mechanisms
proposed.

Keywords: interferon-gamma, experimental autoimmune encephalomyelitis, multiple sclerosis, glial cells,
neurons, central nervous system, neuroinflammation

INTRODUCTION

Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE),
are chronic autoimmune diseases of the central nervous system (CNS) characterized by inflammatory
infiltrates, demyelination and neurological damage (1, 2). MS and EAE were initially considered to
be mediated by interferon (IFN)-y-expressing T helper (Th) 1 cells (3, 4). Currently, it is most widely
accepted that several innate and adaptive immune cell types and immunomodulatory molecules
contribute to the disease development and progression (5). Moreover, several studies have challenged
the notion that IFN-y is only pathogenic, and accumulative evidence attributes it a protective role in
EAE and MS (6-8). In this same journal research topic, we have reviewed recent data supporting a
stage-specific participation of IFN-y in MS and EAE providing a plausible explanation for previous
conflicting results and a model whereby this cytokine can both promote and limit the development of
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these pathologies (8). However, the majority of these studies have
focused on the roles of IFN-y in immune cells, while its activity in
CNS-resident cells remains less explored. In this review, we will
begin by discussing evidence that reports opposite roles of IFN-y
in the CNS during EAE development. Then, we will review both
the inflammatory and protective effects of IFN-y on glial cells and
neurons in EAE.

OPPOSING EFFECTS OF IFN-y IN THE
CNS DURING EAE

Early studies demonstrated that IFN-y can activate CNS-resident
cells and induce expression of major histocompatibility complex
(MHC) molecules (3, 9). Direct injection of IFN-y into the rat
CNS induced inflammation and cellular infiltration similar to
that observed in EAE (10-13) and potentiated the demyelination
process (13). Furthermore, demyelination occurred in transgenic
mice expressing IFN-y under the control of the myelin basic
protein (MBP) promoter (14-16). On the contrary, animals with
EAE that were injected with IFN-y systemically or directly into
the CNS showed amelioration of clinical symptoms (17-20).
Therefore, despite early data reporting an inflammatory effect
of IFN-y in the CNS during EAE development, accumulating
evidence has also demonstrated a neuroprotective activity for
TFN-y in this disease.

Classical EAE is characterized by an ascending progressive
paralysis dominated by inflammatory lesions in the white mat-
ter of the spinal cord and limited brain inflammation (2, 21).
However, the absence of either IFN-y or its receptor (IFNGR)
leads to the development of atypical EAE symptoms such as head
tilting, ataxia, dystonia, spasticity, and axial-rotation suggestive
of brain-associated damage (19, 22-24). This atypical EAE is
associated with greater encephalitogenicity of Th1 and Th17 cells
and enhanced demyelination in the brainstem and cerebellum
(19, 24). Even more, some studies have shown that IFN-y may
exert opposite effects in the brain and spinal cord determin-
ing the regional localization of lesions and inflammation in
EAE. According to this evidence, IFN-y induces inflammation
in the spinal cord but protection in the brain (21, 25, 26). The
mechanisms underlying these differential effects of IFN-y may
involve the regulation of the expression of specific chemokines in
the brain versus spinal cord that restrain encephalitogenic T cell
brain infiltration (19, 24, 25).

IFN-y may also exert differential effects on the blood-brain
barrier (BBB) and blood-spinal cord barrier (BSCB), resulting in
opposite effects on their function and integrity. Supporting this
hypothesis, atypical EAE symptoms were significantly ameliorated
in mice that only expressed IFNGR in endothelial cells (EC-IFNGR
mice). In these EC-IFNGR mice, inflammatory immune cell infil-
tration and demyelination were significantly inhibited in the brain
but not in the spinal cord. In contrast to IFNGR-deficient mice,
the functional integrity of the BBB was preserved in EC-IFNGR
mice. This could be due to enhanced IFN-y-induced claudin-5
expression that resulted in increased paracellular tightness of brain
endothelial cell cultures (27). Therefore, these results indicate that
endothelial expression of IFNGR is necessary for maintaining BBB

function and preventing atypical EAE and brain inflammation.
Further analysis must be performed in order to establish differen-
tial effects of IFN-y on the BSCB.

IFN-y AND CNS-RESIDENT CELLS

There are two groups of glial cells in the CNS: the macroglia,
including astrocytes, oligodendrocytes, and ependymal cells, and
the microglia. Several studies support the notion that glial cells
not only provide functional support to neurons nor are they only
a target of autoimmune injury, but are also active players in the
development and progression of MS and EAE. Indeed, studies
using an adoptive transfer EAE model have suggested that preven-
tion of atypical EAE by IFN-y is dependent on IFN-y signaling
not only in encephalitogenic T cells but also in glial cells (19, 25).
Below, we will review the opposite effects of IFN-y on glial cells
and neurons, highlighting its less known protective functions and
the mechanisms whereby IFN-y is able to exert neuroprotection
(Figure 1).

Oligodendrocytes
Oligodendrocytes are CNS-resident myelin-producing cells
and thus necessary for remyelination. Loss of oligodendrocytes,
demyelination, and axonal damage are hallmarks of MS and EAE.
Several in vitro studies have shown detrimental effects of IFN-y
on oligodendrocyte survival (28). Consistently, overexpression of
IFN-y in the CNS results in oligodendrocyte apoptosis and inhibi-
tion of myelination during development and after a demye-linating
insult (15, 16, 29). However, when exposed to low levels of IFN-y,
oligodendrocytes were protected against oxidative stress and
showed enhanced proteasome activity, two important processes
preventing the accumulation of oxidized proteins, mitochondrial
dysfunction and apoptosis (30). Furthermore, transgenic mice
expressing low levels of IFN-y were protected against chemically
induced demyelination with cuprizone, and these animals did
not show signs of oligodendroglial death, astrogliosis, or micro-
gliosis compared to wild-type mice exposed to the toxin (31).
Interestingly, elevated levels of insulin-like growth factor (IGF)-1
were detected in the CNS of these transgenic mice, which might
contribute to the observed protective effects of IFN-y, as IGF-1 has
been demonstrated to inhibit oligodendrocyte apoptosis and pro-
mote myelination (31). Therefore, these results indicate that IFN-y
dose is critical in determining the survival of oligodendrocytes.
Those studies performed with transgenic mice have the limita-
tion that overexpression of IFN-y was induced during myelin
formation whereas EAE and MS occur when myelination has
been established in adulthood. In order to overcome this pitfall,
the same authors developed an elegant in vivo experimental
model that allowed temporally regulated delivery of IFN-vy to the
CNS through a tetracycline-controllable system. IFN-y delivery
in the CNS that was first detected in the acute phase of EAE
ameliorated disease severity and prevented oligodendrocyte loss,
demyelination, and axonal damage. By contrast, delivery of this
cytokine during the EAE remitting phase delayed disease recovery
and inhibited remyelination (32). Interestingly, the effects of this
cytokine in oligodendrocytes were mediated by the activation of
protein kinase RNA-like endoplasmic reticulum kinase (PERK)
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FIGURE 1 | Dual role of IFN-y on CNS-resident cells in EAE. IFN-y in the CNS may facilitate helper T cell infiltration and neuroinflammation by inducing
expression of VCAM-1, ICAM-1, and the chemokines CCL2, CXCL9, and CXCL10 in astrocytes located in close proximity to the BBB. Despite this, IFN-y promotes
BBB integrity by enhancing the expression and membrane distribution of claudin-5, in turn increasing tightness and ameliorating EAE severity. In microglia, IFN-y
differentially causes pathogenic cytotoxicity or neuroprotection and apoptosis depending on dose. Low-dose IFN-y can induce tolerogenic microglia, while high
doses result in increased expression of MHC class Il protein and co-stimulatory molecules, leading to encephalitogenic T cell activation. TNF-a expression is
upregulated by IFN-y in microglia and inhibits their neuroprotective properties. In contrast, IFN-y upregulates microglial IDO expression limiting T cell proliferation and
inducing Fas and FasL expression favoring increased T cell apoptosis. IFN-y also induces IL-18bp expression in microglia which inhibits the proinflammatory actions
of IL-18 inhibiting EAE. In neurons, IFN-y can induce B7 co-stimulatory molecules and TGF-p expression, promoting a Treg cell population that suppresses EAE. In
oligodendrocytes, the effect of IFN-y depends on both dose and the level of ER stress. By inducing expression of MHC molecules and other immune proteins, IFN-y
overloads the stress response in actively myelinating oligodendrocytes causing cell death, whereas a moderate stress response induced by low dose of IFN-y on
steady-state oligodendrocytes decreases apoptosis and increases IGF-1 levels in the CNS promoting remyelination of post-neuroinflammatory damage.

and the phosphorylation of the a-subunit of eukaryotic translation ~ and cellular stress (33, 34). According to this model, during the

initiation factor 2 (eF2a), factors associated with the endoplasmic
reticulum (ER) stressresponse (29,32). The authors explained these
apparently contradictory results proposing a dual role of IFN-y on
oligodendrocyte survival depending on their developmental stage

active process of myelination such as CNS development or remyeli-
nation (i.e., EAE remission), IFN-y causes an overloaded ER stress
response by increasing expression of MHC molecules and other
inflammatory proteins in oligodendrocytes with already elevated
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ER stress, resulting in apoptotic program activation. Conversely,
mature oligodendrocytes in adult mice produce significantly lower
levels of membrane to maintain myelin homeostasis (i.e., acute
EAE). In this case, IFN-y would induce a moderate and protec-
tive ER stress response leading to oligodendrocyte survival and
remyelination (33-35). Further investigations have determined
that protection of oligodendrocytes in EAE may be mediated
through Janus kinase (JAK) and the transcription factor signal
transducer and activator of transcription (STAT)-1 signaling, as
overexpression of the suppressor of cytokine signal (SOCS)-1, a
competitive inhibitor of the IFN-y-induced JAK/STAT-1 signaling
pathway resulted in early EAE onset, enhanced inflammation, and
oligodendrocyte apoptosis (30). Instead, the signal transduction
pathway activating the transcription factor interferon regulatory
factor (IRF)-1 would play a proinflammatory role in oligodendro-
cytes during EAE progression (36).

Microglia

Microglia comprise 10-20% of all glial cells and are considered
the immune sentinels of the CNS (37). They develop a broad and
versatile range of functions involved in inflammation, immu-
nomodulation, and promotion of neural repair that can be medi-
ated in part by IFN-y (38, 39). IFN-y potentiates the phagocytic
activity of microglia (40) and induces the expression of MHC class
II and co-stimulatory molecules. This enables them to function as
antigen-presenting cells (APCs) for infiltrating myelin-specific T
cells leading to inflammation and demyelination (41-45).

During neuroinflammation, different subtypes of microglia
can be distinguished according to their activation status. M1
microglia are primarily associated with an inflammatory
phenotype and EAE initiation, while M2 microglia play an anti-
inflammatory role and participate in tissue repair and remodeling
associated with EAE recovery (5, 46). Despite being a potent acti-
vator of microglia and their polarization toward M1, IFN-y can,
at least in part, regulate the dual activity of microglia, modulating
both pathogenic and regenerative processes (40, 47-49). How can
IFN-y lead these opposing roles?.

Evidence suggests that IFN-y dose constitutes a fine-tune
mechanism of regulation determining the balance between
inflammatory and anti-inflammatory microglia. IFN-y along
with neuroantigen can determine an effector or regulatory helper
T cell response modulating the activation state of microglia in
a dose-dependent manner (48). Myelin oligodendrocyte glyco-
protein (MOG)-specific CD4* T cells co-cultured with microglia
that were pre-activated with a high dose of IFN-y and MOG
peptide were primarily differentiated toward CD4*CD25*FoxP3~
effector T cells. Instead, microglia primed with a low dose of
both IFN-y and neuroantigen induced the expansion of stable
CD4*CD25*FoxP3* regulatory T cells (Tregs) capable of sup-
pressing EAE after adoptive transfer (48). Furthermore, low
concentrations of IFN-y enabled microglia to perform neuro-
protective functions such as clearance of glutamate, neuronal
survival, neurogenesis, and, to a lesser extent, oligodendrogen-
esis in response to CNS insult (50-52). Remarkably, EAE disease
onset was significantly delayed in mice that were stereotaxically
injected with microglia activated in vitro by a low dose of IFN-y

into the cerebral ventricles 7 days after immunization (53). By
contrast, high concentrations of IFN-y rendered microglia
cytotoxic and impaired their neuroprotective activities (50-53).
Interestingly, the dose-dependent paradoxical effects of IFN-y
may be mediated by microglial production of tumor necrosis
factor (TNF)-a. Neutralization of TNF-a, whose expression is
upregulated in IFN-y-activated microglia, boosted both the
neurogenesis and oligodendrogenesis induced by microglia
activated with low-dose IFN-y, whereas the addition of TNF-a to
similar cell cultures prevented these cell renewal processes (52).
Thus, low levels of IFN-y induce beneficial effects on microglia,
which are counteracted by the microglial production of TNF-a
in response to increasing levels of IFN-y.

On the other hand, IFN-y can induce several self-limiting
negative feedback mechanisms to restrain the magnitude and
duration of its proinflammatory effects on microglia and to
provide CNS protection. For example, IFN-y induces mRNA
expression of SOCS-1 which antagonizes IFN-y-induced STAT-1
activation (54). Indeed, overexpression of SOCS-1 inhibited IFN-
y-induced expression of MHC class II and CD40 in microglia
by inhibiting STAT-1-mediated expression of the class II trans-
activator (CIITA) transcription factor (54, 55). Furthermore,
IFN-y induced microglial cell death through the upregulation of
apoptotic proteins, especially bcl-2-associated X protein (Bax),
in EAE (56). This process was only observed in the advanced
stage of EAE, suggesting a disease stage-specific role of IFN-y
on microglia in EAE, and likely MS. In fact, the activation and
subsequent death of microglia induced by IFN-y was proposed as
a possible mechanism underlying MS relapse and remission (56).

Another important regulatory mechanism of IFN-y is the
suppression of T cell functions by localized catabolism of the
aminoacid tryptophan, which is essential for cell growth and func-
tioning. Indoleamine-2,3-dioxygenase (IDO), whose expression
in microglia is upregulated by the IFN-y-induced STAT-1 and
phosphatidylinositol 3-kinase (PI3K) signaling pathways (57),
catabolizes tryptophan to kynurenine, and has been shown to play
a protective role in EAE (58). Microglial IDO expression, induced
by IFN-v, reduced extracellular tryptophan and increased kynure-
nine which suppressed the proliferation of myelin-specific T cells
and inhibited production of proinflammatory Th1 cytokines (59).
In addition, tryptophan deprivation made T cells more susceptible
to apoptosis through Fas-Fas ligand (FasL)-mediated signaling
(60), whose expression can be induced in microglia by IFN-y
(61), enabling them with an additional protective mechanism by
facilitating apoptosis of myelin-specific T cells.

Additionally, IFN-y establishes a regulatory feedback limit-
ing the inflammatory activity of interleukin (IL)-18, a member
of the IL-1 family produced by microglia that synergizes with
IL-12 to induce Th1 polarization and IFN-y production. IL-18
is upregulated during EAE (62) and its neutralization inhibited
EAE (63). In turn, IFN-y induced the expression of IL-18 bind-
ing protein (IL-18bp), an endogenous inhibitor of IL-18, in
CNS-resident microglia and infiltrating macrophages during
EAE (64). Interestingly, augmented IL-18bp expression in the
CNS mediated by an adenoviral vector, blocked the induction of
Th17 cells, but not Th1 cells, in the CNS and significantly reduced
the incidence and severity of EAE (64). Therefore, these results
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suggest that IFN-y-dependent IL-18bp production in microglia
might regulate the balance between the Th1 and Th17 responses
during autoimmune neuroinflammation.

Astrocytes

Astrocytes are the most abundant glial cell population and are
essential for brain homeostasis and neuronal function. They play
a major role in maintaining both the structure and functional
integrity of the BBB, develop metabolic functions, and seclude
damaged areas in the CNS. Astrocytes also exhibit a variety
of immune functions whereby they may both stimulate and
restrain neuroinflammation (65-68). Although the capability
of astrocytes to function as APCs in vivo is still controversial,
some investigators have identified astrocytes expressing MHC
class II molecules (69), co-stimulatory B7 molecules (70), and
intercellular adhesion molecule (ICAM)-1 (71) at the edges of
active MS lesions. The expression of these antigen-presenting
molecules in astrocytes is upregulated by IFN-y both in vivo and
in vitro (12). In line with these results, astrocytes exposed to IFN-
y in vitro can induce proliferation of myelin-specific T cells and
Th1 differentiation (66, 68). Importantly, CD4* T cells activated
by astrocytes treated with IFN-y and pulsed with myelin protein
were able to induce EAE by adoptive transfer (72). In addition,
IFN-y upregulated expression of ICAM-1 and vascular cell adhe-
sion molecule (VCAM)-1 on primary astrocytes (72, 73), which
might have a direct impact on the extravasation of T cells into the
CNS considering the close apposition of astrocyte foot processes
to the microvascular endothelium of the BBB.

IFN-y signaling in astrocytes also plays an important role in
triggering expression of a wide range of chemokines involved in
the recruitment of inflammatory cells to the CNS in EAE and MS.
At the edges of demyelinating MS lesions, astrocytes expressed
CCL2, CXCL10, and their respective receptors CCR2 and CXCR3
(74, 75). In EAE, CCL2 and CXCL10 were localized predomi-
nantly in astrocytes surrounding inflammatory lesions (76-78)
and their expression was abolished in IFNGR-deficient mice (76).
In vitro studies have confirmed that both human and murine
astrocytes are induced by IFN-y to produce CCL2, CXCL9, and
CXCL10 (79-81).

Selective silencing of IFN-y signaling in astrocytes using a len-
tiviral vector significantly ameliorated both actively and passively
induced EAE (82). Surprisingly, purified astrocytes from spinal
cord of these animals not only exhibited reduced expression
of IFN-y-inducible chemokines such as CXCL9, CXCL10, and
CXCL11 but also inhibited expression of chemokines induced by
IL-17 signaling such as CXCL1, CXCL2, and CCL20 (82). These
results were confirmed in vitro by analyzing astrocytes deficient
in IFNGR and suggest that IFN-y signaling is the common path-
way in both Thl and Th17 cell-mediated EAE (82). In contrast
to results depicted in astrocytes, the authors of this study found
that selective blocking of IFN-y signaling in microglia resulted
in more severe EAE progression that was associated with sig-
nificantly enhanced CNS inflammatory infiltration. In addition,
IFN-y signaling restricted microglia proliferation (82). Together,
these results suggest that IFN-y would exert opposing roles on
two different CNS-resident cell types in EAE: inflammatory on
astrocytes and protective on microglia.

However, another study using transgenic mice expressing a
signaling deficient dominant-negative IFNGR1 specifically on
astrocytes reached opposite conclusions when analyzing EAE
progression (83). Compared to wild-type mice, these animals did
not show alteration in the incidence, disease onset, or initiation
of clinical symptoms. Instead, during the transition from acute to
chronic disease, the clinical score and mortality were significantly
increased, suggesting that IFN-y signaling in astrocytes provides
disease stage-specific protection (83). Different methodological
strategies used to ablate IFN-y signaling might explain the dis-
crepant results found between these two studies (82, 83). A
posterior study demonstrated that persistent CNS inflammation
and progressive disability observed in these mice lacking IFN-y
signaling in astrocytes was associated with elevated expression of
IL-6 and sustained proliferation and activation of microglia (84).
Taken together, these results indicate that IFN-y signaling plays
an important role in controlling the proliferation of microglia
during EAE either directly on microglia (82) or indirectly through
astrocytes, (84) and highlight the crucial role of IFN-y in the
signaling network between astrocytes and microglia during EAE
pathogenesis.

Neurons

There is discrepant evidence regarding the relationship between
neurons and IFN-y, mainly described in the non-inflammatory
brain, with both protective and detrimental effects (3, 9, 85, 86).
In EAE, it has been observed that treatment with nerve growth
factor (NGF), a well-known neural factor involved in neuron
survival, decreased disease severity, and increased IFNGR
expression in spinal cord neurons (87). Even more, neurons were
induced to express transforming growth factor (TGF)-p and B7
molecules in response to IFN-y produced by encephalitogenic
T cells. Remarkably, encephalitogenic T cell-neuron interaction
induced higher neuron survival and promoted the conversion of
encephalitogenic CD4" T cells to functional CD4*CD25*TGF-
BTCTLA-4* Tregs. The adoptive transfer of these converted Tregs
suppressed EAE. Strikingly, the acquisition of this regulatory phe-
notype occurred in the CNS and was mediated by the production
of IFN-y and TNF-a by T cells (88).

CONCLUDING REMARKS

Despite several studies having reported an inflammatory effect of
IFN-v in the CNS during EAE development, accumulating data
have also demonstrated that IFN-y possesses neuroprotective
activity in this disease. The recent evidence summarized in this
review underscores the duality of IFN-y on CNS-resident cells in
EAE and provides different mechanisms whereby this cytokine
exerts these opposing activities. In low doses, IFN-y induces
protection in both microglia and oligodendrocytes, while in high
doses it induces disease worsening effects in both glial cell types.
In astrocytes, the evidence reveals a primarily disease-promoting
role for IFN-y signaling, although it may be disease stage-specific.
Interestingly, IFN-y also exerts opposing roles in oligodendro-
cytes depending on the cell maturation status and cellular stress
response. Importantly, these findings implicate that defects or
fluctuations related to the expression of IFN-y, its receptor, and/
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or its signaling pathway may underlie the immunopathogenesis
of MS as well as other demyelinating inflammatory diseases.
Therefore, delineating the precise role of IFN-y in the CNS and
on CNS-resident cells might provide the basis for fine-tuning the
development of CNS-targeted selective therapy.
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The role of interferon (IFN)-y in multiple sclerosis (MS) and its animal model, experimental
autoimmune encephalomyelitis (EAE), has remained as an enigmatic paradox for more
than 30 years. Several studies attribute this cytokine a prominent proinflammatory and
pathogenic function in these pathologies. However, accumulating evidence shows that
IFN-y also plays a protective role inducing regulatory cell activity and modulating the
effector T cell response. Several innate and adaptive immune cells also develop opposite
functions strongly associated with the production of IFN-y in EAE. Even the suppressive
activity of different types of regulatory cells is dependent on IFN-y. Interestingly, recent
data supports a stage-specific participation of IFN-y in EAE providing a plausible expla-
nation for previous conflicting results. In this review, we will summarize and discuss
such literature, emphasizing the protective role of IFN-y on immune cells. These findings
are fundamental to understand the complex role of IFN-y in the pathogenesis of these
diseases and can provide basis for potential stage-specific therapy for MS targeting
IFN-y-signaling or IFN-y-producing immune cells.

Keywords: interferon-gamma, experimental autoimmune encephalomyelitis, multiple sclerosis, innate immunity,
adaptive immunity, neuroinflammation

Introduction

Interferon (IFN)-vy is the only type II IFN family member. It is secreted by activated immune
cells, mainly T and natural killer (NK) cells, but also B cells, NKT cells, and professional antigen
presenting cells (APC). IFN-y binds to a heterodimeric receptor, IENGR, expressed ubiquitously
on almost all cell types. Given its pleiotropic functions, IFN-y plays a pivotal role in orchestrat-
ing immune system homeostasis (1-4). Historically, IFN-y production has been considered the
hallmark of T helper (Th)1 cells driving inflammation and autoimmunity, such as multiple sclerosis
(MS). MS is an inflammatory and demyelinating disorder of the central nervous system (CNS)
and is the leading cause of non-traumatic neurological disability in young adults (5). According
to the clinical course, MS can be classified in different types: relapsing-remitting disease (RRMS),
consisting of acute recurrent attacks followed by a variable degree of recovery, and progressive
forms characterized by chronic and irreversible neurological disability (6).
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To date, experimental autoimmune encephalomyelitis (EAE)
remains as the animal model most widely used to study the immu-
nopathological mechanisms and therapeutic approaches to MS (7,
8). EAE is induced by immunization with myelin-derived antigens
in adjuvant or by the adoptive transfer of activated myelin-specific
T cells into syngeneic naive hosts. First, an initiation/inductive
phase occurs, where innate and adaptive immune cells are antigen
stimulated in the periphery. That is followed by the effector phase
characterized by an acute immune cell infiltration into the CNS,
and a later chronic phase of inflammation and axonal damage (9).

Discrepant results have been reported in relation to the role of
IFN-y in EAE and MS (3, 4, 10). Factors such as dose, site specific-
ity, and timing of action as well as interaction with other cytokines
and cells can determine the net effect of IFN-y (3, 10, Ottum et al.,
in preparation). Recent evidence supports a, not mutually exclu-
sive, stage-specific role of IFN-y in EAE providing an explanation
to these controversial results and a model whereby this cytokine
can both promote and limit the development of these pathologies.
In this same Research Topic, we have reviewed the opposing roles
of IFN-y on CNS-resident cells in EAE and MS (Ottum et al., in
preparation). Here, we will review the evidence on IFN-y’s dual
role in the cells of the immune system in these same pathologies.

Two-Faced Role of IFN-y in EAE and MS

Initially, a positive association between increased levels of IFN-y
and demyelinating lesions in the CNS in MS and EAE attributed
this cytokine a pathological role (11-15). In mice, passive immu-
nization of healthy animals with encephalitogenic Th1 lympho-
cytes producing IFN-y was sufficiently capable of inducing EAE
(16). Besides, mice deficient in T-bet, a transcription factor that
drives Th1 differentiation, were protected from developing EAE
(17, 18). The proinflammatory effects of IFN-y were confirmed
in a pilot clinical study showing that seven of eighteen RRMS
patients treated with IFN-y exhibited symptom exacerbations
(19). Consistently, secondary progressive MS patients (SPMS)
treated with antibodies against IFN-y exhibited slightly reduced
clinical symptoms (20).

However, subsequent studies have challenged the notion
that IFN-y is pathogenic, and there is accumulating evidence
proposing a protective role for IFN-y in EAE and MS. Systemic
or intraventricular injection of IFN-y in EAE mice reduced the
severity of disease symptoms, morbidity, and mortality (21,22),and
systemic IFN-y treatment in chronic-relapsing EAE (CREAE)
significantly delayed the appearance of relapses (23). Likewise,
anti-IFN-y therapy exacerbated EAE symptoms and made a
mice strain resistant to EAE susceptible to developing disease
(21-26). These results have been corroborated using animals
deficient in the IFN-y gene, which showed increased incidence of
EAE, earlier disease onset and more severe symptoms compared
with control mice (27-29). Even more, animals lacking IFNGR
developed EAE with higher susceptibility, severity, and lethality
(30-32). Passive transfer of encephalitogenic splenic cells from
EAE-induced IFNGR-deficient mice into either wild-type (WT)
or IFNGR-deficient recipient mice led to the development of EAE,
but only WT mice recovered from illness (33). Interestingly, in
tumor necrosis factor (TNF)-a receptor-deficient mice, a higher

frequency of Th1 cells and enhanced mRNA expression of IFN-y
in the CNS was associated with a milder EAE (34).

Finally, in the marmoset EAE model, administration of human
IFN-y did not aggravate clinical symptoms, and by contrast,
there was a trend to delay the appearance of the neurological
episodes associated with less inflammation and demyelination
during the EAE late phase (35). Regarding MS, induction of
endogenous IFNs production in progressive MS patients showed
that some patients with improving symptoms had high levels
of serum IFN-y, while clinical worsening was related with low
serum IFN-y levels (36).

Stage-Specific Role of IFN-y

The opposing activities that IFN-y has in MS and the different
models of EAE remain unresolved. However, collective evidence
has shown that these paradoxical functions likely reflect a disease
stage-specific opposing role of IFN-y in EAE: promoting patho-
genesis during the initiation phase but immunosuppression in
the effector phase. Delivery of an intrathecal IFN-y expression
system during the initiation phase triggered an earlier disease
onset followed by recovery, while overexpression of IFN-y in the
chronic phase resulted in disease amelioration (37). Consistently,
intraventricular injection of IFN-y during the initiation phase in
CREAE mice increased the number of relapses (38). More recently,
Naves et al. showed that IFNGR-deficient mice exhibited delayed
disease onset followed by a more severe chronic phase, compared
to WT mice (31). Similar results have been found analyzing mice
lacking the IFN-y gene or injecting an anti-IFN-y neutralizing
antibody during EAE progression (39). Furthermore, the admin-
istration of IFN-y to EAE mice during the inductive period led to
disease exacerbation, while such treatment was protective during
the effector phase (31). Interestingly, the immunosuppressive
activity of IFN-y required functional type I IFN signaling and
signal transducer and activator of transcription (STAT)-1 (31).
In this way, stage-specific functions of IFN-y can reconcile previ-
ous conflicting results in EAE and might also explain the mixed
outcome reported in RRMS patients treated with IFN-y (19).

IFN-y and Immune Cells

Compelling evidence shows that IFN-y exerts opposing effects
on immune cells during the development of EAE and MS. In
addition, several innate and adaptive immune cells play a dual
role during the progression of these diseases associated with their
IFN-y production (Figure 1). Below, we will review and discuss
this literature, focusing on the less-known protective face of IFN-
y (Table 1).

Innate Immune Cells

Macrophages and Neutrophils

IFN-y controls the infiltration of macrophages and neutrophils
into the CNS regulating the course of EAE (74). Animals defi-
cient in IFN-y or IFNGR generate an atypical disease affecting
mainly the brainstem and cerebellum with increased expression
of CXCL2, favoring the recruitment of high numbers of CXCR2-
mediated neutrophils; while in conventional EAE, IFN-y leads to
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A Innate Immunity

FIGURE 1 | Dual role of IFN-y in innate and adaptive immune cells in EAE. (A) Innate immunity: M1-macrophages (M1-M®) and natural killer (NK) cells produce
interferon (IFN)-y, which has a pathogenic role exacerbating encephalomyelitis autoimmune experimental (EAE) symptoms. However, some studies have shown that IFN-y
produced by NK and invariant NKT (iNKT) cells inhibits effector Th17 cells, decreasing the disease severity. IFN-y induces the production of nitric oxide (NO) in neutrophils, M,
myeloid-derived suppressor cells (MDSCs), and IFN-y-induced dendritic cells (IFN-y-DC). NO can directly inhibit the proliferation of CD4+ T cells. IFN-y also induces the
expression of indoleamine 2,3-dioxygenase (IDO) in IFN-y-DC and arginase-1 (Arg-1) by MDSC, enzymes that can suppress inflammation. Furthermore, IFN-y induces IL-27
production by mature dendritic cells (mDC) which blocks Th9 differentiation and IL-9 production, controlling disease progression. (B) Adaptive immunity: IFN-y secreted by Th1
and CD8* T cells has an inflammatory effect and can drive the onset and progression of EAE. Despite this, IFN-y is able to block Th9 cells, while Th1-secreted IFN-y inhibits
Th2 and Th17 effector cells. Interestingly, IFN-y can induce CD4+*CD25* regulatory T cells (Tregs) increasing their FOXP3 expression. Upon transfer, these IFN-y-induced Tregs
limit the severity of EAE. Moreover, IFN-y production by CD8* regulatory T cells (CD8* Tregs) also reduces EAE symptoms. Finally, IFN-y produced by y& T cells worsens EAE,
but has a regulatory role on the production of IFN-y by T cells, which is necessary to limit disease.

B Adaptive Immunity

increased CCL2 levels guiding macrophage infiltration into the
spinal cord mediated by CCR2 (40-42). Macrophages and neu-
trophils produce high levels of nitric oxide (NO), which has both
pathogenic and regulatory functions in neuroinflammation (75).
Interestingly, IFN-y is a primary inducer of NO and mice deficient
in inducible nitric oxide synthase (iNOS) develop a severe form of
EAE (76,77). Willenborg et al. showed that peritoneal exudate cells
(PEC), characterized by a high presence of macrophages, are able
to inhibit the extensive proliferation of splenocytes from IFNGR-
deficient mice with EAE by IFN-y-dependent NO production (33).
Neutrophils and myeloid-derived suppressor cells (MDSCs) with
high expression of Gr-1 also exhibited potent suppressor activity
in EAE, inhibiting T cell proliferation through a mechanism that
was absolutely dependent on IFN-y and NO (43-45). Additionally,
IEN-y along with interleukin (IL)-4, secreted by activated invari-
ant NKT (iNKT) cells, stimulated MDSCs to suppress EAE via
iNOS and arginase (arg)-1 expression (51).

Natural Killer Cells
NK cells play both a regulatory and pathogenic role in EAE and
MS (39, 46, 78-86). Although the underlying mechanisms are

poorly understood, several studies suggest that IFN-y-producing
NK cells might be driving this duality in a location and stage-
dependent manner (39, 46-49, 87). NK cells have been identified
as the main source of IFN-y production in the initiation stage of
EAE, which might be necessary for migration of pathogenic T
cells into the CNS (39). Interestingly, early but not late depletion
of NK cells significantly delayed the onset of disease (39). IL-18
and IL-21 are two key cytokines involved in NK cell functional
maturation (88, 89). Administration of IL-21 before EAE immu-
nization promoted higher IFN-y production by NK cells and
induced a significantly enhanced acute phase with more intense
CNS cell infiltration compared to untreated mice (90). However,
IL-21 treatment failed to induce augmentation of IFN-y produc-
tion and had no effect on disease progression when applied for
one week starting a few days before disease onset (90). Similarly,
IL-18injection in WT mice at the time of immunization enhanced
disease severity promoting autoreactive Thl cell development
through the induction of IFN-y by NK cells (87). Moreover, IFN-y
signaling in NK cells was required to restore EAE susceptibility
in IL-18 defective mice (87). Taken together, these results suggest
that early IFN-y production by NK cells mainly contributes to the
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TABLE 1 | The protective effects of IFN-y and IFN-y-producing immune cells in EAE and MS.

Cell type Experimental design Effects of IFN-y Reference
Macrophages In vitro culture of IFNGR-deficient PEC IFN-y induces PEC NO-expression inhibiting proliferation (33)
of splenocytes
Neutrophils Induced EAE in IFN-y and IFNGR-deficient mice IFN-y restricts neutrophils infiltration in the brainstem and (40-42)
cerebellum primarily by regulating CXCL2 expression
In vitro analysis of Gr1* neutrophils sorted from CNS IFN-y secreted by T cells induced NO production by Gr1+ (43)
of mice with EAE neutrophils which inhibited T cell proliferation
Myeloid-derived Analysis of CD11b* Gr1* MDSC from EAE mice IFN-y secreted by activated T cells induced MDSC inhibiting  (44)
suppressor cells (MDSCs) CD4+ T cells proliferation by NO-dependent manner
EAE mice treated with anti-IFN-y Anti-IFN-y reduced MDSCs frequency and increased (45)
EAE severity
Natural killer cells (NK) EAE mice treated with anti-IFN-y Decreased Th17-characteristic transcription factors (46)
expression due to modulation of microglia activation
HINT1/Hsp70 protein complex from brains of PLP-sensitized Upregulated MHC class | peptide H60 expression, increased  (47-49)
SJL/J mice injected into congenic mice before immunization  NK cell IFN-y production, inhibited IL-17 production, and
prevented EAE
Analysis of NK cell functionality in human PBMC RRMS patients exhibit impaired response to IL-12 and (50)
severely diminished IFN-y production in
CD3-CD569"CD16~ NK cells
Invariant NKT cells In vivo IFN-y neutralization in aGalCer-treated mice with Increased production of IFN-y, IL-4, and IL-10 by iINKT cells ~ (51-53)
EAE. In vitro INKT analysis which mediated the suppression of Th17 cells and increased
EAE regulation by MDSCs
Dendritic cells (DC) Transfer of IFN-y treated DC into murine EAE models Induced an incompletely mature DC phenotype and (54)
decreased disease severity and relapse frequency
In vitro analysis of splenocytes isolated from WT and Induced DC IL-27 expression which inhibited Th9 cell (55)
IFN-y-deficient EAE mice differentiation and IL-9 production by Th9 and Th17 cells
CD4* T lymphocytes IFN-y added to CD3-activated PBMC from chronic- Lymphocyte proliferation inhibition in an IFN-y dose- (56)
progressive MS patients dependent manner
Analysis of IFN-y deficient mice with EAE Increased apoptosis and inhibited proliferation in vivo (57)
and ex vivo of CD4+*CD44"" T cells in spleen and CNS
Study of IFN-y and IFNGR EAE deficient mice Inhibited Th17 differentiation and IL-17 production (31, 58-62)
IFN-y deficient EAE mice treated with anti-IL-9 Decreased Th9 differentiation and IL-9 production in vitro (55)
and in vivo in the CNS of mice with EAE
CD4+ T cells transfected with IFN-y expressing vector Th1 IFN-y"e"CD25-FOXP3- suppresses Th17 effector cells (63)
transferred into EAE mice and decreased EAE severity
vd T cells EAE generated in bone marrow chimera with y8 and yd T cells promotes the expression of IFN-y by T cells (64)
IFN-y-deficient mice with a reduction of EAE severity
CD4+ Tregs In vitro addition of IFN-y to mice and human CD4+CD25~ IFN-y-converted Tregs inhibited T cell proliferation in mice (65)
T cell cultures. IFN-y-converted Tregs injected into EAE mice  and human cells. Administration of these cells ameliorated
EAE severity
CD8* T lymphocytes Transfer of MOG-induced CD8* T cells from IFN-y-deficient ~ Amelioration of EAE severity mediated by CD8* T cell (66)
mice into wild-type mice before EAE induction IFN-y production
Analysis of CD8*LAP* T cells from IFN-y and IFNGR- IFN-y production by CD8*LAP* T cells inhibited T cell 67)
deficient mice and transfer into EAE proliferation and reduced severity of EAE.
Vaccination with a TCR-derived peptide before EAE Vaccination activates CD8aa*TCRap* T cells and delayed (68-70)
induction in WT and IFN-y KO mice EAE onset in an IFN-y mediated fashion
Isolation of human and mice CD8+*CD38"" T cells. In vivo IFN-y production by CD8+*CD38"" T cells inhibit T cell (71)
injection of CD8+*CD38"" into EAE mice proliferation in human and mice. These cells decreased
disease severity and delayed onset of EAE.
MS patients and EAE mice treated with Glatiramer GA increases CD8* T proliferation and IFN-y levels in MS (72, 73)
acetate (GA) and IDO and IFN-y-producing CD8* T cells in EAE
B cells IFN-y treatment in early EAE stage in marmoset Reduced plasma MOG-specific IgG levels (35)

initiation, but not progression, of EAE pathogenesis. By contrast,
once NK cells infiltrate the CNS, they assume a protective role
suppressing myelin-reactive Th17 cells via modulation of micro-
glia activation. This effect was CNS compartment-restricted and
was perforin and IFN-y-dependent (46). Therefore, signals and/

or components generated in the CNS during the effector phase
might be inducing protective functions in infiltrating NK cells.
Indeed, peptides complexed with the chaperone heat shock
protein (Hsp) 70 derived from inflamed brain of EAE mice have
been described as promotors of the immunotolerogenic activity
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of NK cells in EAE. Suppressive effects of Hsp-peptide complex-
activated NK cells correlated with high production of IFN-y and
resulted in inhibition of Th17 cells (47-49).

NK cell subtypes and iNKT cells may also have IFN-y-mediated
suppressive activity in MS and EAE. Regarding MS, evidence in
two independent cohorts of RRMS patients demonstrated that
the classically inhibitory CD3-CD56™#"CD16~ NK cells from
RRMS patients have impaired expansion in response to IL-12,
and severely diminished IFN-y production compared to healthy
control NK cells (50). In addition, in vivo activation of iNKT cells
at the same time as EAE induction significantly ameliorated dis-
ease progression through mechanisms dependent on IFN-y alone
(52) or synergistically with IL-4 and IL-10, resulting in inhibition
of the Th17 response (53).

Dendritic Cells

Dendritic cells (DC) are professional APC important to maintain
the balance between immunity and tolerance. In EAE, they effi-
ciently present myelin antigens in order to prime and polarize naive
T cells. They also help regulate EAE severity as evidenced by disease
exacerbation in DC deficient mice (91, 92). The regulatory effects
of DCare partly due to the IFN-y-induced production of IL-27 that
suppressed the differentiation and encephalitogenicity of Th9 cells.
It also inhibited the production of IL-9 by both Th9 and Th17 cells.
This suppression was partially dependent on STAT-1 and T-betand
was necessary to regulate EAE severity (55). Remarkably, splenic
DC exposed to IFN-y for 48 hours exhibited an immature and
tolerogenic phenotype (tol-DC). These tol-DC decreased disease
severity in Lewis rats and relapse frequency in SJL/J and B6 mouse
models when transferred during the inductive phase (54). EAE
amelioration was accompanied by reduced macrophage activa-
tion and CD4* T cell CNS infiltration, compared to control mice.
The therapeutic activity was dependent on an antigen-specific
IFN-vy pathway, involving increased DC expression of indoleamine
2,3-dioxygenase (IDO), which induced CD4* T cell apoptosis (54).

Adaptive Immune Cells
CD4+ T Lymphocytes
CD4* T (Th) cells proliferate and differentiate into various
subtypes in response to antigen stimulation and their micro-
environment in order to exert specific effector or regulatory
functions (93). Effector CD4" T (Teff) cell lineages, such as Thl
cells, Th2 cells, Th17 cells, and Th9 cells, and regulatory T cells
(Tregs) can be distinguished by the cytokines they produce and
the transcription factors essential for their differentiation. These
T cells also exhibit functional and phenotypical plasticity express-
ing cytokines and/or transcription factors of other lineages (94, 95).
Classically, IFN-y is known for promoting the differentiation
of Th1 cells and inhibiting the Th2 immune response which may
contribute to neuroinflammation (5, 10, 96, 97). Despite its inflam-
matory activity, IFN-y increased apoptosis and inhibited prolif-
eration of CD4*CD44"¢" (activated) T lymphocytes from both
the spleen and CNS of EAE mice (57). Notably, it also inhibited
in vitro proliferation of T cell receptor (TCR)-activated peripheral
blood mononuclear cells (PBMC) from progressive MS patients
in a dose-dependent manner (56). Mice depleted of IFN-y or
IEN-y signaling developed more severe EAE, atypical neurological

symptoms, and increased Thl7-characteristic inflammation.
These data underscore an important anti-inflammatory function
of IFN-y in EAE: the inhibition of pathogenic Th17 cell differen-
tiation and cytokine production (5, 31, 58-62, 96). Besides, it has
been shown that IFN-y has a STAT-1-mediated direct inhibitory
effect on pathogenic Th9 cells (55). Interestingly, another study
identified a non-pathogenic Thl cell subset with high IFN-y
expression, capable of restraining EAE development during early
stages of disease by suppressing Th17 cells in an IFN-y-dependent
manner (63). The inhibitory mechanism involved the activation
of STAT-1 and IL-21 expression via induction of T-bet (60, 62).
Despite the ability of IFN-y to directly and indirectly inhibit Th17
cells, a pathogenic population of Th1 cells has been identified in
EAE and MS that also expresses IL-17. This capacity to express
both cytokines (IFN-y and IL-17) may be due to the plasticity of
Th17 cells, which can undergo a shift toward the Th1 phenotype
(95, 98, 99).

v T Cells

Several studies have shown that y8 T cells are present in the CNS
of MS patients and EAE mice (100). Given that activated yd
T cells have the capacity to produce high expression of Th1 and
Th17 cytokines, they might contribute to the induction or main-
tenance of neuroinflammation. However, efforts to determine a
role for these cells have given contradictory results. While some
studies have found that depletion of yd T cells resulted in reduced
severity of EAE, other reports have described disease aggravation
(100). Regarding IFN-y, evidence suggests that during early EAE,
vd T cells may act either as a main source of this cytokine (101)
or regulate IFN-y expression in other cell types, including CD4*
and CD8" T cells (64). Indeed, SJL/J mice depleted of yd T cells
showed a significant reduction of IFN-y expression in the CNS
at all stages of EAE (102). Other studies have shown that mice
deficient in y8 T cells that are reconstituted with y3 T cells lacking
IFN-y expression developed a significantly delayed and attenu-
ated EAE. This suggested that IFN-y production by y5 T cells
may be central to initial inflammatory events (101). Despite this,
Ponomarev et al. proposed that y8 T cells are required to promote
CNS-restricted production of sufficient levels of IFN-y necessary
for EAE recovery (64).

CD4* Regulatory T Lymphocytes
It has been reported that IFN-y is important to the function of
Tregs in EAE and MS. Reduced FoxP3 expression and lower
frequency and function of Tregs was reported in IFN-y-deficient
mice with EAE, in comparison to EAE-induced WT mice (65).
Remarkably, treatment of CD4*CD25~ T cells from WT or
IFN-y-deficient mice with IFN-y alone or with additional TCR
stimulation led to their conversion into Tregs expressing CD25
and FOXP3 (65). These IFN-y-induced Tregs effectively inhib-
ited EAE disease progression when adoptively transferred into
IFN-y-deficient mice. Human CD4*CD25™ T cells from healthy
volunteers were similarly converted into functionally active Tregs
ex vivo upon IFN-y stimulation (65).

A new subpopulation of Tregs expressing T-bet, CXCR3
and IFN-y, named Thl-like Tregs has been reported in healthy
individuals (103) and have regulatory functions focused on
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Thl-mediated inflammatory diseases (104-108). Interestingly,
these cells were also described in MS and EAE (109, 110). An
increased frequency of Thl-like Tregs with reduced suppressive
function was reported in untreated RRMS patients compared to
healthy controls (110). In this case, addition of IFN-y neutral-
izing antibodies recovered their functionality suggesting that
IEN-y might contribute to their reduced immunomodulatory
capacity (110).

CD8* T Lymphocytes

Several studies have demonstrated that IFN-y production by
CD8" T cells is a major mediator of EAE induced by cytotoxic
T lymphocytes (CTL) (111-114). One of these investigations
showed that atypical EAE induced by intrathecal transfer of
myelin basic protein (MBP)-specific CD8* T cells in C3H mice
was ameliorated by co-injection with neutralizing antibodies for
IEN-y (112). Other studies have identified subsets of regulatory
CD8* T cells (CD8" Tregs) that suppress EAE development via
IEN-y-dependent mechanisms. Both therapeuticand prophylactic
transfer of myelin oligodendroctye glycoprotein MOG-induced
CD8* T cells into mice with EAE ameliorated disease suppressing
the chronic phase, but not affecting the disease onset or acute
phase (66, 115). Strikingly, this protective function was lost when
IFN-y-deficient MOG-induced-CD8" T cells were transferred
before EAE induction in WT mice, but was enhanced when IFN-y
production was stimulated in MOG-specific CD8" T cells before
cell transfer (66). Furthermore, in those studies reporting a patho-
genic function, myelin-specific CD8* T cell lines used to passively
induce EAE were generated from CD8* T cells isolated during the
inductive phase (111, 112). In contrast, regulatory myelin-specific
CD8* T cells were obtained during the chronic phase of disease
(66, 115). Taken together, these results reinforce the notion of a
stage-specific IFN-y-dependent regulation, mediated in this case
by CNS-specific regulatory CD8* T cells.

A naturally occurring CD8* Tregs subset was identified
that expressed latency-associated peptide (LAP) on their cell
surface and produced more IFN-y than their LAP~ counterparts.
Adoptive transfer of these cells previous to myelin immunization
improved EAE recovery mediated by their IFN-y production
(67). A CD8aa* TCRaf* T cell subset capable of preventing EAE
when stimulated with a TCR-derived peptide before MBP-peptide
immunization in H-2u mouse strains has also been described (68,
69, 116). Interestingly, the vaccine failed to prevent EAE develop-
ment in IFN-y-deficient mice and resulted in delayed disease
onset but worsened disease severity compared to control mice,
suggesting an important stage-specific role for IFN-y signaling in
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GA-specific CD8* T cells from GA-treated RRMS patients tended
to produce more IFN-y than CD8* T cells from untreated patients
(73). In progressive MS patients, CTL had impaired IL-2 induced
IFN-y production and decreased ability to suppress proliferation
of TCR-stimulated autologous lymphocytes (56).

B Lymphocytes

The effect of IFN-y on B cells in the neuroinflammatory context
of MS and EAE is unclear. Bar-Or and colleagues demonstrated
that CD19" B cells isolated from RRMS patients had significantly
increased production of lymphotoxin (TNF-f) and TNF-a in
response to IFN-y and insignificant changes in IL-10 production
(117). In marmoset EAE, exogenous administration of IFN-y
caused no significant clinical change in disease; however, there was
asignificant decrease in plasma IgG specific to MOG peptides (35).

Concluding Remarks

Recent studies support the notion that IFN-y exerts a stage-specific
role during EAE development. Strikingly, several innate and adap-
tive immune cells develop opposite activities during EAE progres-
sion, which is related to their production of IFN-y in a stage-specific
manner. Furthermore, the suppressive activity of different types
of immune regulatory cells is IFN-y-dependent. Taken together,
these data provide a mechanistic basis explaining the previous
controversial results in relation to the role of IFN-y in EAE and
MS. Delineating the varying activities of IFN-y as well as the role of
IFN-y-producing immune cells during the course of EAE and MS
will not only provide insight into the complex role of IFN-y in these
diseases but might also lead to therapies targeting IFN-y signaling or
IFN-y-producing immune cells. These treatments can be helpful to
a selective group of MS patients or during a specific stage of disease.
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Vitamin D plays key roles as a natural immune modulator and has been implicated in
the pathophysiology of autoimmune diseases, including systemic lupus erythematosus
(SLE). This review presents a summary and analysis of the recent literature regarding
immunoregulatory effects of vitamin D as well as its importance in SLE development,
clinical severity, and possible effects of supplementation in disease treatment.

Keywords: vitamin D, systemic lupus erythematosus

Introduction

1,25-Dihydroxyvitamin D is a steroid hormone, primarily known for its important role in calcium
homeostasis (1). The description that several human tissues and cells express the vitamin D receptor
(VDR), allows a growing interest in extra-skeletal functions of this vitamin (2). It is now clear that
vitamin D plays an essential role in a variety of physiological conditions and that its deficiency is
associated with chronic illnesses, including disorders of calcium metabolism, cancers, cardiovascu-
lar, and of our special interest, autoimmune diseases: applying to both development and severity of
disease (3, 4). In this review, currently available data are summarized to give an overview of the role
vitamin D plays on cells of the immune system and the regulation of inflammatory responses, with
special emphasis on the role it has in the treatment of systemic lupus erythematosus (SLE).

Vitamin D comes from three potential sources: (i) it can be made in the skin from exposure
to sunlight, (ii) nutritional sources, and (iii) supplements (5, 6). In humans, vitamin D is mainly
synthesized in the skin after exposure to UVB whereas only a minor part (<10%) is derived from
dietary sources (7). There are two major forms of vitamin D: ergocalciferol (vitamin D) that is
obtained from UV irradiation and cholecalciferol (vitamin D3) that is synthesized in the skin and is
present in oil-rich fish (8). Both vitamin D, and vitamin D3 are used for food fortification (such as
dairy products) and in vitamin D supplements. Vitamin D levels depend on season, reaching their
lowest levels after winter and their maximum at the end of summer.

Vitamin D (D represents D, or D3, or both) after it is ingested is incorporated into chylomicrons,
which are absorbed into the lymphatic system and enter the venous blood. In the skin, cholecalciferol
is synthesized from 7-dehydrocholesterol when exposed to UVB. Vitamin D that comes from the
skin or diet is biologically inert and requires its first hydroxylation in the liver by the vitamin D-25-
hydroxylase (25-OHase) to 25(OH)D, which represents the main circulating vitamin D metabolite
and is the most reliable parameter to define human vitamin D status (9). However, 25(OH)D requires
a further hydroxylation in the kidneys by the 25(OH)D-1-OHase (CYP27B1) to form the biologically
active form of vitamin D 1,25(OH)2D (9). This process is under strict control of parathyroid
hormone and the phosphaturic hormone fibroblast growth factor 23 (FGF-23). High levels of
vitamin D inhibit CYP27B1 and stimulate CYP24A 1, an enzyme that metabolizes vitamin D into the
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inactive, water-soluble form, calcitroic acid, which is then excreted
into the bile. Circulating levels of 1,25(OH)2D are determined by
renal CYP27B1 activity. Interestingly, other cell types, including
immune cells, also express CYP27B1, and these cells are able to
convert the inactive hormone into the active form, in an autocrine
or paracrine manner. This process lacks feedback mechanisms (as
the ones described for kidney cells), and allows the production of
high local concentrations of vitamin D.

1,25(0OH)2D interacts with VDR, which is present in several
human tissues and cells (1, 9). VDR is a member of transcription
factor family, characterized by a highly conserved DNA-binding
domain and a structurally conserved ligand-binding domain, and
it acts as a modulator of gene transcription (1). 1,25(0OH)2D may
be responsible for regulating up to 200 genes that may facilitate
many of the pleiotropic health benefits that have been reported
for vitamin D (1, 5, 6). Ligand binding initiates a conformational
change that increases the receptor’s affinity to the retinoid X recep-
tor (RXR), then VDR-vitamin D complex forms heterodimers
with RXR and the complex binds to vitamin D response elements
on DNA and recruits a number of nuclear co-activator and co-
repressor proteins (10). The gene encoding VDR is located on
chromosome 12q13.11, contains 9 exons and 8 introns and several
single nucleotide polymorphisms (SNPs) have been described.
Mainly four, including Bsml and Apal (both in intron 8), Fokl
and Tagql (located in the start codon), have been intensively
studied (11).

Serum 25(OH)D is considered as the most accurate marker
for vitamin D. Vitamin D deficiency has been recently recom-
mended by the Institute of Medicine (IOM) as a vitamin D of
<20 ng/mL, whereas vitamin D insufficiency has been defined
as levels between 21 and 29ng/mL (12, 13). This classifica-
tion is based on vitamin D effects on bone and mineral home-
ostasis. The serum concentration of the active 1,25(OH)2D is
approximately 1000-fold lower and far below the effective con-
centration described in in vitro studies. Most in vitro studies
use more that 100-fold higher concentrations of 1,25(0OH)2D
than found in serum, to obtain an effect. It has been suggested
that the level of circulating 1,25(OH)2D is too low to affect
immune responses in vivo, and that sufficient levels are obtained
by local conversion of 25(OH)D3 to 1,25(0OH)2D. Other impor-
tant players influencing the bioavailable levels of vitamin D are
the vitamin D-binding protein (DBP) and albumin. 25(OH)D3
and 1,25(OH)2D circulate bound to DBP (85-90%) and albumin
(10-15%) with <1% in their free form (14). Studies in mice lacking
DBP have shown that DBP acts as a vitamin D reservoir by pro-
tecting 25(OH)D3 and 1,25(OH)2D from degradation and renal
secretion (15).

The major cause of vitamin D deficiency is inadequate expo-
sure to sunlight (6, 16). There is an inverse association of serum
vitamin D and body mass index (BMI), and thus, obesity is
also associated with vitamin D deficiency (17). Patients with fat
malabsorption syndromes and bariatric patients are often unable
to absorb the fat-soluble vitamin D, and patients with nephritic
syndrome lose 25(OH)D bound to vitamin DBP in the urine (18).
Patients on a wide variety of medications, chronic granuloma-
forming disorders, some lymphomas, and primary hyperparathy-
roidism have a high risk for vitamin D deficiency (19).

Supplementation with vitamin D in the general population has
shown fracture prevention, suggested benefit in cardiovascular
health, colorectal cancer prevention and reduction of proteinuria
in patients with chronic kidney disease (20, 21). However, a pos-
sible harm of vitamin D supplementation has been documented
in some studies: a meta-analysis showed that supplementation
with calcium and vitamin D could be associated with the modest
increase in the risk of cardiovascular events, especially myocardial
infarction (22). Currently, no international consensus is avail-
able on the optimal vitamin D supplementation level; recom-
mendations differ in many countries and medical societies. The
Endocrine Society considers a supplementation of 10,000 IU daily
to be safe, the IOM considers 4000 IU/day and the European Food
and Safety Authority recommends staying below 4000 IU/day. The
most common forms of vitamin D for supplementation are chole-
calciferol (vitamin D3) and ergocalciferol (vitamin D), although
administration of calcitriol is limited because of potential side
effects. A recent work by Souberbielle et al. (23) has shown that
a target level of at least 30-40 ng/mL of vitamin D serum level was
recommended in adult patients with risk of fractures, falls, can-
cers, and autoimmune and cardiovascular disease. Serum levels
higher than 150 ng/mL may cause acute vitamin D intoxication
with hypercalcemia, hypercalciuria, and calcifications in different
organs.

Vitamin D and the Immune Response

Several studies suggest that calcitriol can enhance the innate
immune response, whereas it can inhibit the adaptive immune
response (24). Early evidence suggesting that vitamin D could act
as stimulant for innate immunity comes from reports about tuber-
culosis treatment with cod liver oil (25). It enhances chemotaxis
and phagocytic capabilities of innate immune cells and activates
the transcription of antimicrobial peptides, such as defensin B
and cathelicidin (26). Low 25(OH)D concentrations have been
linked to increased mortality caused by severe infections in end-
stage renal disease patients, and have been associated with upper
respiratory tract infections and allergic asthma.

In particular, dendritic cells (DCs) are important targets for
the immunomodulatory effects of vitamin D. DCs are profes-
sional antigen presenting cells (APCs) that play an important role
in maintaining peripheral tolerance by preventing self-reactive
T cells from causing autoimmune damage. Through their unique
ability to efficiently capture antigens and trigger the adaptive
immune response, DCs are critical for the defense against infec-
tious agents and tumors (27). In addition to activating immune
responses, DCs also play a central role in peripheral T cell tol-
erance, by inducing T cell anergy or unresponsiveness to self-
antigens (28). Calcitriol and its analogs are able to suppress DC
differentiation (29) and maturation in vitro. Likewise, vitamin D,
by inhibiting the maturation of DCs, can make them tolerogenic
(30-32). It has been shown that DC can produce 1,25(OH)2D
from 25(OH)D in vitro, and respond to this through the VDR in
an autocrine fashion. Since DCs are central to the maintenance
of self-tolerance, it is possible that a deficiency in vitamin D
could have consequences on their maturation and function and
consequently on the risk of developing autoimmune diseases as
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well as disease severity. In addition, vitamin D exerts effects that
oppose the effect of IL-4 on MHC class II antigen expression
in human monocytes and specifically modulates human mono-
cyte phenotype and function by altering HLA-DR expression and
antigen presentation, leaving lytic function intact (33).

T and B cells express VDR and are important target cells of
calcitriol immune regulation. Vitamin D can suppress cellular and
humoral immunity in several animal models as it plays an impor-
tant role in regulating proliferation, differentiation of activated
B cell, and immunoglobulin production (34, 35). In vitro studies
have shown that vitamin D inhibits IL-17 synthesis, inhibiting
Th17 differentiation and increases the quantity of CD4" CD25"
T regulatory cells, which produce IL-10 and amplifies a Th1-Tr1
switch (36) (Figure 1).

Vitamin D and Autoimmune Diseases

Several studies have now reported vitamin D insufficiencies
in various autoimmune disorders. In addition to observational
studies, numerous randomized trials have addressed the question
whether vitamin D levels are associated with the risk of developing
autoimmunity and whether development and disease progression
can be influenced by vitamin D supplementation. In the following
section, we have summarized the latest results associating vita-
min D insufficiency and vitamin D supplementation in SLE. If
causal, these associations might be of great importance for public
health.

Vitamin D and Systemic Lupus Erythematosus
Systemic lupus erythematosus is a chronic multisystem autoim-
mune disease that can manifest with a diverse array of clini-
cal symptoms and which is characterized by the production of
autoantibodies directed against nuclear antigens (37). Systemic
injury may arise as a consequence of inflammation caused by
direct autoantibody-mediated tissue injury and the deposition of
complement-fixing immune complexes (ICs) (38). IC-mediated
inflammation has been shown to damage multiple organs, such
as skin, joints, kidneys, brain, and blood vessels. Cellular and
molecular mechanisms underlying this autoimmune disease are
not completely understood. Currently, there is no cure for SLE,
and treatments, such as long-term corticosteroids, may contribute
to further health risks.

In SLE animal models, it has been shown a relation between
vitamin D and disease manifestations. Lemire et al. (39) showed
that in the MRL/1 SLE mouse model, supplementation with
25(OH)D for 18 weeks reduced dermatologic lesions, proteinuria,
and anti-DNA antibodies. Instead, Vaisberg et al. (40) described
opposing results in the NZB/W mice that were injected with
different concentrations of vitamin D. Treatment with cholecal-
ciferol led to a worsening of the histopathological findings in the
kidneys of female F1 NZB/W mice. In vitro studies of SLE-derived
PBMCs have shown that when these cells are incubated with cal-
citriol, reduced cellular proliferation and anti-DNA antibodies are
observed (41). Also, in vitro vitamin D reduced the expression of
CD40, MHC class II, CD86, and inhibited the activation of APCs

Antimicrobial Response
Chemotaxis

Phagocytosis

Reactive Oxygen Species

Cytokines
IL-6, IL-12, TNF-alp

|

Macrophage
Differentiation

Dendritic Cell Maturation

Innate Immune Response

ha

Adaptive Immune Response

FIGURE 1 | Vitamin D effects on the innate and adaptive immune response. Vitamin D has been shown to enhance chemotaxis, antimicrobial peptides, and
macrophage differentiation. It can also inhibit DCs maturation, Th1 and Th17 differentiation, and promotes immunoregulatory functions of Treg cells.
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TABLE 1 | Clinical studies of the effects of vitamin D supplementation in patients with systemic lupus erythematosus.

Author, year, Sample Subjects Intervention (type, dose, duration) Study results
country size
Petri, 2013, 1006 SLE Oral cholecalciferol 50,000 IU weekly 4+ 200 U A 20-U increase in the 25(0OH)D level was associated with
USA (64) calcium/vitamin D twice daily decrease of 0.22 of SELENA-SLEDAI and 2% decrease in
urine protein-to-creatinine ratio
Abou-Raya, 2013, 267 SLE Oral cholecalciferol 2000 IU/day or placebo for 69% suboptimal VitD
Egypt (71) 12months 39% deficient VitD
Lower VitD correlates with higher disease activity
Change in 25(OH)D after 12 months is associated with
improvement in inflammatory-hemostatic markers
Ruiz-Irastorza, 2010, 80 SLE Oral cholecalciferol 600-800 IU day for 24 months Beneficial effect on fatigue, no significant correlations were
Spain (70) seen in SLEDAI or SDI values
Lima, 2015, Brazil 60 juvSLE Oral cholecalciferol 50,000 IU/week or placebo for Beneficial effect on fatigue and decrease disease activity
24 weeks
Aranow, 2015, 57 SLE Oral cholecalciferol 2000 or 4000 U for 12 weeks No changes in IFN signature in vitamin D deficient SLE
USA (73) patients
Andreoli, 2015, 34 SLE Oral cholecalciferol Intensive regimen significantly raise vitamin D serum levels
Italy (72) Intensive R: 300,000 IU initial bolus followed by No significant differences in disease activity, or SLE
50,000 IU monthly (850,000 annually) serology were found
Standard R: 25,000 IU monthly (300,000 annually) for
12 months and then switched in the second year
Piantoni, 2015, 34 SLE Oral cholecalciferol Vitamin D treatment promotes regulatory T cells
Italy (74) Intensive R: 300,000 IU initial bolus followed by proliferation and production of Th2 cytokines
50,000 IU monthly (850,000 annually)
Standard R: 25,000 IU monthly (300,000 annually) for
12 months and then switched in the second year
Terrier, 2012, 20 SLE Oral cholecalciferol Increase of naive CD4 T cells

France (75)

100,000 IU/week during 4 weeks
100,000 IU/month for 6 months

Increase in regulatory T cells
Decrease Th1 and Th17 cells
Decrease memory B cells
Decrease anti-DNA antibodies

derived from SLE patients (42). Ben-Zvi et al. (43) showed that
vitamin D treatment reduced the expression of IFNo.-regulated
genes in healthy and SLE patients-derived DCs in response to
factors in activating SLE plasma.

Levels of micro RNA (miRNA)-146a in PBMCs correlate signif-
icantly with disease activity in SLE patients and urinary expres-
sion correlates with estimated glomerular filtration rate (44).
Recent studies have shown that after treatment with vitamin D,
miRNA-146a levels of SLE patients tend to decrease (44).

Association studies with VDR polymorphism and SLE suscep-
tibility have been performed in different populations with contro-
versial results (45-47). A meta-analysis study, including a total of
11 case-control studies (8 from Asian, 2 European, 1 Latino pop-
ulation), of 1683 patients and 1883 healthy individuals revealed
associations between the VDR polymorphisms and SLE (48).
These findings show that the BsmlI and FokI polymorphisms are
associated with increased risk of SLE, especially in the Asian
population. Limitations to the study are the low representation of
European and Latino populations.

Hypovitaminosis D is highly prevalent in SLE as a result of
avoidance of sunshine, renal insufficiency, and the use of medica-
tions, such as glucocorticoids, anticonvulsants, and antimalarials,
which alter the metabolism of vitamin D, vitamin D-binding pro-
tein levels or downregulate the functions of the VDR (49, 50). Sev-
eral studies have reported suboptimal vitamin D levels in patients

with SLE, whose prevalence described varies between 36.8% and
75% in the different populations studied (49, 51-54). Low levels
of vitamin D have been correlated with disease activity, and are
associated with osteoporosis, fatigue, and certain cardiovascular
risk factors in SLE patients (49, 55). The wide variation reported
can be related to age, ethnicity, geographic location, and season at
the time of the study.

Vitamin D Deficiency and Disease Activity

There are several cross-sectional studies examining the relation-
ship between low vitamin D levels and SLE activity. It has been
shown that vitamin D deficiency has an association with disease
activity and some clinical manifestations, but there are discrep-
ancies between the different populations studied. No associations
between adolescent dietary vitamin D intake and adult SLE risk
were observed in a prospective cohort of women (56, 57). Mok
et al. reported in a cross-sectional study with 290 Chinese patients
with SLE, that vitamin D deficiency was inversely correlated
with disease activity, measured by SLEDAI scores (58), and in
another study, they reported associations with anti-dsDNA levels
(59). In addition, Lertratanakul et al. showed that lower baseline
vitamin D levels are associated with higher cardiovascular risk
factors and more active SLE (60). Besides, SLE patients with
higher vitamin D levels were less likely to have hypertension and
hyperlipidemia. A recent study that evaluated 129 Indian patients
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with SLE found a negative correlation of vitamin D levels with
disease activity, anti-dsDNA, plasma IFN-a, and IFN-o gene
expression (61). Baseline vitamin D levels were not associated
with relapse-free survival rate (62). In Australian patients, Yap
et al. showed that low vitamin D is associated with higher disease
activity, and an increase in vitamin D was associated with reduced
disease activity over time (50). Other studies have shown that
vitamin D deficiency is associated with a higher B cell activation,
more frequent leukopenia or renal involvement with proteinuria,
and higher titers of anti-DNA (51, 63-66). By contrast, others
studies have reported no association between vitamin D and
fatigue, SLEDALI score or cytokine profile (67-69).

Overall, both in vitro and in vivo studies of vitamin D effects in
SLE provide immunological basis for potential beneficial effects
of vitamin D in this disease. Despite all this overwhelming evi-
dence favoring the use of vitamin D in SLE, to date, vitamin D
supplementation is not the standard of care for patients with SLE.
Interventional studies have been reported (see Table 1), with the
purpose of changing clinical outcomes; however, results are still
not conclusive.

Ruiz-Irastorza et al. showed no significant correlations with
SLE clinical activity, evaluating SLEDAI or SDI values, and sug-
gested that increasing vitamin D levels may have a beneficial
effect on fatigue (70). Petri et al. studied a prospective cohort of
1006 patients receiving supplementation with 50,000 IU weekly
for 128 weeks. Results showed that vitamin D increases were
associated with a decrease in disease activity and proteinuria
(64). Also, Abou-Raya et al. reported that lower vitamin D levels
correlated with disease activity and improvement in inflamma-
tory and hemostatic parameters was observed after 12 months
treatment (71). Latest studies have found no association between
supplementation and disease activity and no changes in IFN sig-
nature in vitamin D deficient SLE patients (72, 73). Other studies
have shown effects in cytokine profiles and T cell differentia-
tion (74, 75).

A recent systematic review and meta-analyses of observational
and randomized trials (76) found no convincing evidence of a
clear role of vitamin D with highly significant results in both

randomized and observational studies. The number of random-
ized, controlled trials with vitamin D is scarce, so more data
are needed to reach a conclusion. Also, the effects of multiple
compounds when administered simultaneously, and the follow-
up time, may be inadequate to allow differences in disease occur-
rence. More efforts are required in order to clarify the role that
vitamin D has in this disease, to regulate the type of supplemen-
tation required, and to determine the minimal beneficial levels.
Specific attention to maintaining optimal vitamin D levels may be
beneficial in the management of SLE.

Conclusion

Vitamin D exerts important regulatory functions on cells from
the innate as well as from the adaptive immune response. Indeed,
accumulating evidence has shown that insufficient vitamin D
levels may lead to dysregulation of immune responses, and thus
contribute to autoimmune diseases. There is no consensus about
recommended targeted serum levels and the optimal mode and
dose of vitamin D supplementation. It seems that higher doses for
supplementation could have better outcomes in disease activity,
but still there is great variability between studies and no con-
clusions can be obtained. More and larger studies are needed to
determine how vitamin D supplementation affects the pathophys-
iology of SLE and how it may contribute to better efficacy of actual
therapies.
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The activation threshold of B cells is tightly regulated by an array of inhibitory and activator
receptors in such a way that disturbances in their expression can lead to the appearance
of autoimmunity. The aim of this study was to evaluate the expression of activating and
inhibitory molecules involved in the modulation of B cell functions in transitional, naive,
and memory B-cell subpopulations from systemic sclerosis patients. To achieve this,
blood samples were drawn from 31 systemic sclerosis patients and 53 healthy indi-
viduals. Surface expression of CD86, MHC I, CD19, CD21, CD40, CD22, Siglec 10,
CD35, and FcyRIIB was determined by flow cytometry. IL-10 production was evaluated
by intracellular flow cytometry from isolated B cells. Soluble IL-6 and IL-10 levels were
measured by ELISA from supernatants of stimulated B cells. Systemic sclerosis patients
exhibit an increased frequency of transitional and naive B cells related to memory B cells
compared with healthy controls. Transitional and naive B cells from patients express
higher levels of CD86 and FcyRIIB than healthy donors. Also, B cells from patients show
high expression of CD19 and CD40, whereas memory cells from systemic sclerosis
patients show reduced expression of CD35. CD19 and CD35 expression levels associ-
ate with different autoantibody profiles. IL-10+ B cells and secreted levels of IL-10 were
markedly reduced in patients. In conclusion, systemic sclerosis patients show alterations
in the expression of molecules involved in B-cell regulation. These abnormalities may be
determinant in the B-cell hyperactivation observed in systemic sclerosis.

Keywords: regulatory B cells, systemic sclerosis, IL-10, FcyRllb, Siglec

Introduction

Systemic sclerosis (SSc) is a systemic autoimmune disease characterized by an excessive deposi-
tion of extracellular matrix on skin and internal organs, vasculopathy, and the presence of a wide
spectrum of autoantibodies. This disease is classified into limited cutaneous (1cSSc) and diffuse
cutaneous (dcSSc) according to the degree of skin sclerosis, the presence of interstitial lung disease
or pulmonary arterial hypertension, and the autoantibody profile (1). Fibrosis in SSc is produced by

Frontiers in Immunology | www.frontiersin.org 114

September 2015 | Volume 6 | Article 496


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/%253Fdoi%253D10.3389/fbioe.2015.00106%2526domain%253Dpdf%2526date_stamp%253D2015-07-29
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2015.00496
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:sotolian@gmail.com
mailto:dfcatalan@med.uchile.cl
http://dx.doi.org/10.3389/fimmu.2015.00496
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00496/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00496/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00496/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00496/abstract
http://loop.frontiersin.org/people/260389/overview
http://loop.frontiersin.org/people/240975/overview
http://loop.frontiersin.org/people/267170/overview
http://loop.frontiersin.org/people/267170/overview
http://loop.frontiersin.org/people/173702/overview
http://loop.frontiersin.org/people/173702/overview
http://loop.frontiersin.org/people/172544/overview

Soto et al.

Defective systemic sclerosis B cells

a dysregulated reparation process, marked by the differentiation
of tissue fibroblasts to myofibroblasts (2). When the gene expres-
sion pattern of SSc fibroblasts was compared with that of healthy
individuals, no major differences were observed, which suggests
that fibrosis could be caused by exogenous stimuli, such as those
provided by the immune system (3). In that work, an increase in
the expression of B cell-related genes together with an infiltration
of CD20* B cells was observed in SSc skin, suggesting a patho-
genic role of B cells.

Like most cells of the immune system, B cells express a wide
array of activating and inhibitory receptors that modulate their
activation status, allowing protective but controlled humoral
immune responses. Abnormalities in the expression or function
of these receptors on B cells have been reported in murine models
of autoimmunity or in patients with autoimmune diseases (4-7).
CD19 is a cell-surface signal transduction molecule that forms a
complex with CD21, CD81, and CD225. CD21, or complement
receptor 2 (CR2), binds to cleavage products of C3 complement
component and conveys signals through CD19, thereby lower-
ing the threshold for B-cell activation. CD19 also strengthens
signals generated by the B-cell antigen receptor (BCR) and by
CD40, which is activated by CD40 ligand (CD40L)-expressing T
cells (8-10). Another complement receptor that is expressed on
B cells - CD35 (CR1) - has been proposed to deliver inhibitory
signals, thus opposing CD21 signals in the regulation of B-cell
activation (11).

Fcy receptor IIB (FcyRIIB) and members of sialic acid-
binding immunoglobulin-type lectins (Siglecs) are other
inhibitory receptors. FcyRIIB, a low-affinity receptor for the Fc
fragment of immunoglobulin G (IgG), conveys inhibitory signals
when cross-linked by IgG-containing immune complexes (12).
Moreover, Siglecs are a family of immune receptors that recog-
nize sialic acids attached to proteins. B cells express only two
of them, CD22 (Siglec 2) and Siglec 10. Upon activation, CD22
recruits phosphatases that dephosphorylate several proteins,
such as CD19, thus switching off B-cell activation. Although less
studied, Siglec 10 presumably mediates inhibitory signals in a
similar way to CD22 (4).

The multidimensional role of B cells in systemic autoimmune
diseases has been progressively recognized (13). Increasing evi-
dence suggests that B cells contribute to autoimmune responses
by a series of antibody-independent mechanisms, which include
antigen presentation to T cells and proinflammatory cytokine
secretion (14). More recently, a population of IL-10-producing
B cells with the ability to suppress autoimmune responses has
been characterized in humans (15). These so-called regulatory B
cells, which are enriched within the subpopulation of transitional
B cells - immature B cells in transition to secondary lymphoid
organs, have been shown to be numerically and/or functionally
disturbed in patients with systemic autoimmune diseases, such
as rheumatoid arthritis (RA) and systemic lupus erythematosus
(SLE) (16, 17).

The present study was aimed at evaluating whether B-cell
subpopulations from SSc patients, including transitional B cells,
present alterations in frequency, phenotype, and/or expression
of activating and inhibitory receptors compared with those from
healthy subjects.

Materials and Methods

Study Subjects

Thirty-one patients meeting the American College of Rheumatology
criteria for SSc (18) and 53 healthy controls were recruited. The
involvement of different systems or organs was evaluated with the
Modified Medsger scale (19). Table 1 shows the main clinical and
demographic characteristics of both groups. Blood samples (50 ml)
were drawn by venous puncture for B-cell phenotyping. Due to the
limited amount of sample, only some parameters could be assessed
for each individual. For the expression levels of CD86, CD40, major
histocompatibility class I (MHCII) molecules, CD35,CD21,CD22,
and Siglec 10 on B cells, sex- and age-matched SSc patients and
healthy controls groups were compared. The study was approved
by the Ethical Committees of the Hospital Clinico and Facultad
de Medicina, Universidad de Chile, and all subjects gave written
informed consent in accordance with the Declaration of Helsinki.

B-Cell Phenotyping

We characterized B cells using the following monoclonal anti-
human antibodies: anti-CD19 FITC, CD19 Alexa Fluor 700,
CD24 PE-Cy7, CD38 APC, CD27 APC, CD86 PE-Cy5, CD25

TABLE 1 | Main demographic and clinical characteristics of the systemic
sclerosis patients and healthy controls recruited for this study.

Characteristics Patients Controls
(n=31) (n = 53)

Female/male 23/8 28/25

Age 49.3 + 11.8 40.0 +13.7

Disease duration, months (mean + SD) 102.2 £ 107.2

|cSSc/dcSSc 22/9

Rodnan score (mean + SD) 13.9+6.0

ANA positivity, n (%) 31 (100)

ANA pattern,®n (%)

Speckled 10 (32.3)

Nucleolar 8 (25.8)

Homogeneous 9 (29.0)

Centromere 14 (45.2)

Anti-Scl-70 positivity, n (%) 6(19.4)

Organ involvement,®n (%)

Peripheral vascular 16 (51.6)

Skin 29 (93.5)

Gastrointestinal tract 27 (90.0)

Lung 21 (70)

Heart 16 (51.6)

Kidney 4(12.9)

Therapy

Prednisone 3/31

Azathioprine + prednisone 2/31

Methotrexate 3/31

p-penicillamine 1/31

Methotrexate + p-penicillamine 1/31

Methotrexate + p-penicillamine + prednisone 1/31

Hydroxychloroquine 4/31

Methotrexate + hydroxychloroquine 1/31

Only symptomatic treatment 15/31

SD, standard deviation; IcSSc, limited cutaneous systemic sclerosis; dcSSc, diffuse
cutaneous systemic sclerosis; ANA, antinuclear antibodies.

“Some patients have more than one pattern.

tDefined as a Modlified Medsger scale value >1.
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PE-Cy7, CD1d PE, CD21 PE, CD22 PE, CD35 PE, Siglec 10 PE
(Biolegend, USA), CD40 FITC, IL-10 PE, MHC II APC eFluor
780 (eBioscience, USA), and FcyRII PE (clone 7.3; Fitzgerald
Industries International, USA). For the cell surface staining
procedure, peripheral blood mononuclear cells (PBMCs) were
obtained from blood samples by density gradient centrifugation
with Lymphoprep (Stemcell Technologies, Canada) and either
stained freshly or cryopreserved in liquid nitrogen until use. Cells
were incubated with fluorochrome-labeled antibodies for 30 min
at 4°C, washed, and fixed before acquisition on a FACSCalibur
or FACSAria IIT flow cytometer (BD Biosciences). Data were
analyzed with FloJo 7.6 Software (USA).

For cytokine production assays, untouched B cells were iso-
lated from whole blood (EasySep, Stemcell Technologies) and
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum (HyClone, Thermo Scientific, USA) at 1 x 10°
cells/ml in 96-well plates with 50 ng/ml phorbol 12-myristate
13-acetate (PMA), 1 pg/ml ionomycin (Sigma-Aldrich, USA),
and 1 pg/ml brefeldin A (eBioscience) for 5 h at 37°C and 5%
CO.. For intracellular detection of IL-10 production on B-cell
subpopulations, cells were stained with anti-CD19, anti-CD38,
and anti-CD24 antibodies, fixed and permeabilized with
Permeabilization Buffer (eBioscience), and incubated with an
anti-IL-10 antibody for flow cytometry analysis. Fluorescence
minus one (FMO) staining controls were used to exclude
non-specific background staining. Culture supernatants were
collected for detection of IL-10 and IL-6 levels by ELISA
(eBioscience).

Statistical Analyses

All the study variables were tested for normal distribution with
the D’Agostino-Pearson omnibus test. Differences between
SSc patients and healthy control groups, or between groups of
patients, were analyzed using the two-tailed unpaired Student’s
t-test or Mann-Whitney U test, when appropriate. For matched
groups, the two-tailed paired Student’s ¢-test or Wilcoxon signed-
rank test were used, when appropriate. To examine the relation-
ship between continuous variables, linear regression analyses
were performed. For statistic analyses and graphics, Stata 12 and
GraphPad Prism 5 softwares were used.

Results

Altered Frequencies of B-Cell Subpopulations in
Peripheral Blood of Systemic Sclerosis Patients
To investigate whether the frequency of different B-cell subpopula-
tions is altered in peripheral blood of SSc patients, we analyzed
them by flow cytometry. A region was set to define the lymphocytic
population according to forward and side scatter patterns. B cells
were defined as CD197 cells, and a second region was set for them.
Finally, CD24 and CD38 expression was used to discriminate transi-
tional (CD24"¢"CD38"¢") from naive (CD24™CD38™) and memory
(CD24"ehCD38") B cells, as previously described (16) (Figure 1A).
An increased percentage of CD19* B cells was found
in PBMC of SSc patients compared with healthy controls
(Figure 1B). Since the relative frequency of memory B cells was
dramatically decreased within SSc patients’ B cells, the observed
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FIGURE 1 | Frequencies of B-cell subpopulations in systemic sclerosis patients. (A) Flow cytometry gating strategy to identify transitional B cells
(CD19*CD24M"CD38"), naive B cells (CD19+CD24"CD38M), and memory B cells (CD19+CD24""CD38"). (B) Percentage of CD19+ B cells within peripheral blood
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increase in the percentage of total B cells can be explained by
an expansion of naive B cells. Interestingly, the percentage of
transitional B cells among total B cells was also increased in the
peripheral blood of SSc patients compared with healthy subjects
(Figure 1C).

B Cells from Systemic Sclerosis Patients

Exhibit an Activated Phenotype

To evaluate whether B cells from SSc patients exhibit an activated
phenotype, the surface expression of MHCIIand CD86 molecules,
involved in antigen presentation and costimulation, respectively,
and upregulated upon B-cell activation, was measured (Figure 2).
Although very low, the expression of CD86 was elevated in B
cells from SSc patients, particularly in the transitional and naive
B-cell subpopulations, when compared with healthy subjects
(Figure 2B). In contrast, no differences were observed in MHC
II expression (Figure 2C).

IL-6 and IL-10 are two B-cell-secreted cytokines that have
been involved in the SSc fibrotic process (2). These cytokines were
assessed in isolated and stimulated B cells as an estimation of their
activation status. No differences were observed in the levels of
IL-6 secreted by B cells from SSc patients and healthy controls
(Figure 3A). However, SSc patients exhibited a significantly lower
IL-10 secretion in comparison to healthy subjects (Figure 3B).
To explore which B-cell subpopulation was responsible for this
decrease in IL-10 production, intracellular IL-10 expression
was evaluated by flow cytometry. The majority of IL-10* cells
was found within transitional B cells, both in SSc patients and
healthy controls, which is in accordance with previous reports
(Figure 3C) (16). Of note, the percentage of IL-10* B cells was
reduced in all B-cell subpopulations of SSc patients (Figure 3D).
To further characterize this finding, we studied in a subset
of seven patients and eight healthy subjects the frequency of
CD25"s"CD27"¢"CD86Ms"CD1d"s" B cells, since this population
has been described to express high levels of IL-10 (and also TGF-
f) and to exhibit strong regulatory properties (20). In accordance
with the decreased frequencies of IL-10* B cells, SSc patients pre-
sented reduced percentages of CD25"¢"CD27"¢"CD86"e"CD1d"¢"
B cells compared with healthy controls (Figure 3E).

B Cells from Systemic Sclerosis Patients

Exhibit a Shift in the Balance of Activating

and Inhibitory Receptors

The activated phenotype displayed by B cells from SSc patients
could be caused by an overexpression of molecules involved in
B-cell activation. To test this possibility, the expression of three
molecules that participate in B-cell activation was measured by
flow cytometry: CD19, CD21, and CD40. In accordance with
previous reports (21), B cells from SSc patients displayed a high
expression of CD19 not only in naive and memory subpopulations
but also in the transitional subset (Figure 4A). The expression of
CD19 on total B cells and on each subpopulation was even higher
in a subset of SSc patients with anti-Scl-70 antibodies, which is
mainly associated with dcSSc (Figure 4B). In contrast, no differ-
ences were observed when comparing CD21 expression on differ-
ent B-cell subpopulations from SSc patients and healthy controls
(Figure 4C). Regarding CD40, increased expression levels were
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FIGURE 2 | Surface expression of CD86 and major histocompatibility
class Il (MHC Il) molecules on B cells from systemic sclerosis
patients. (A) Representative histograms of the expression of CD86 and
MHC Il on transitional (dotted line), naive (dashed line), or memory B cells
(solid line). The shaded curve represents the fluorescence minus one (FMO)
control staining. (B,C) Expression of CD86 (B) and MHC Il (C) on total
CD19* B cells, transitional B cells (Trans), naive B cells and memory B cells in
healthy controls (HC, white circles) (n = 19) and systemic sclerosis patients
(SSc, gray circles) (n = 19). *P < 0.05, Wilcoxon signed-rank test. MFI, mean
fluorescence intensity.

observed in total B cells as well as in all B-cell subpopulations
from SSc patients (Figure 4D).

To find out if a defective expression of inhibitory receptors could
be associated with the B-cell hyperactivity observed in SSc patients,
the surface expression of CD22, Siglec 10, CD35, and FcyRIIB
was examined on B cells from SSc patients and healthy subjects.
Neither CD22 nor Siglec 10 showed altered expression levels in any
of the B-cell subpopulations from SSc patients that were studied
(Figures 5A,B). In contrast, SSc patients exhibited lower levels of
CD35 expression in CD19* B cells, in particular in the memory
compartment (Figure 5C). Moreover, the subset of patients with
anticentromere antibodies, which associate with 1cSSc, showed
an increased expression of CD35 in total B cells and in all sub-
populations (Figure 5D). Unexpectedly, FcyRIIB expression was
found to be significantly increased on naive and transitional B-cell
subsets, but not on memory B cells, from SSc patients (Figure 5E).
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Of interest, patients exhibiting peripheral vascular alterations, as
assessed by the Modified Medsger scale, showed a low expression
of CD22 and CD35 in total B cells and in all B-cell subpopulations
(Figure 6), suggesting a critical role of inhibitory molecules on B
cells in the vascular component of this disease.

Discussion

In the present study, we found important alterations in the
frequency of different B-cell subpopulations and in the balance
between activating and inhibitory molecules expressed by these
B-cell subsets in SSc patients. SSc patients exhibit a bias in the
distribution of B-cell subpopulations toward an increase in the
relative frequency of naive cells and a reduction of the memory

compartment. These results, as well as the increase in the per-
centage of CD19" B cells within PBMC, are in agreement with
a previous study in Japanese patients (21). However, this study
describes for the first time an increase in the proportion of the
transitional B-cell subpopulation in SSc patients. Similar findings
have been shown for other autoimmune diseases, such as SLE and
primary Sjogren’s syndrome (22).

Although it has been suggested that an expansion of immature
forms of B cells in these conditions could be caused by failures
in early tolerance checkpoints (23), some of these autoreactive
transitional B cells could correspond to IL-10-secreting regula-
tory B cells. Furthermore, we found a reduced percentage of
IL-10* B cells in the peripheral blood of SSc patients, not only in
the transitional subpopulation but also in memory and naive B
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cells. Moreover, SSc patients also exhibited reduced percentages
of CD25"e"CD27MshCD86Me"CD1dMe! B cells, a B-cell subpopula-
tion able to suppress CD4* T-cell proliferation (20). Alterations in
regulatory B-cell functions have been observed in other autoim-
mune diseases (16, 17, 24), and SSc may not be an exception;
however, functional analysis, such as T-cell responses-inhibition
assays, should be performed before drawing such conclusion.

B cells from SSc patients have been reported to present an acti-
vated phenotype, which leads to an overproduction of Ig, includ-
ing autoantibodies, and an active production of cytokines, such as
profibrotic IL-6 (25). In the present study, we demonstrated that
naive and transitional B cells from SSc patients exhibit an activated
phenotype, revealed by an increased expression of CD86 compared
with healthy controls. In contrast with previously reported results,
this difference was not detected in memory B cells (21). Resting
naive B cells have been described to cause an incomplete activation
of T cells, in part, due to the lack of expression of CD86, which can

be restored after stimulation (26, 27). Therefore, an upregulation of
CD86 on activated naive B cells could contribute to SSc pathogen-
esis by activating autoreactive T cells, which in turn stimulate the
secretion of profibrotic cytokines by fibroblasts (28). In contrast,
regulatory B cells expressing markers of transitional B cells are
active promoters of tolerance, as they are able to induce regulatory
T cells, a function that is largely dependent on CD86 (24). The
impact of the increased CD86 expression found in transitional B
cells from SSc patients requires further investigation.

The activated phenotype of B cells in SSc has been attributed
to an increased expression of the activating molecules CD19 and
CD21 (29). In addition, a polymorphism in the CD22 coding gene
that is associated with a decreased expression of this receptor on B
cells has been reported to be more frequent in a subset of Japanese
1cSScpatients (30). Similarly, in the tight skin TSK/+ murine model
of SSc, hyperresponsive B cells depend on an exacerbated activity
of CD19 and an impaired counterregulation by CD22 (31, 32). In
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the results presented herein, an increased expression of CD19 and
CD40, but not of CD21, was found in SSc B cells. The differences
observed between this study and previous ones, regarding the
expression of B-cell surface molecules such as CD40, CD21, and
CD86 or the secretion of IL-10 and IL-6 by SSc B cells, could be
attributed to different experimental settings or to the composition
of the study group, in terms of the proportion of patients present-
ing 1cSSc or dcSSc, as well as the undergoing therapy (21, 29).
Indeed, decreased expression of CD40 and augmented levels of
CD22 were found in patients receiving steroids (data not shown).

On the other hand, although no differences were found in the
expression of CD22 or Siglec 10 on B cells from SSc patients or
healthy subjects, a reduced expression of CD35 was detected in
memory B cells from SSc patients. A reduced expression of this
inhibitory complement receptor has been previously reported
for other autoimmune diseases, such as SLE and RA, but never
before for SSc (33-35). On human B cells, CD35 inhibits the
BCR- and CD40-induced increase in cytoplasmic Ca®" levels,
proliferation, and antibody secretion (11, 33). This suggests a
role of CD35 as a late checkpoint in preventing the maturation
and differentiation of autoreactive B cells, a function that could
be altered in autoimmune diseases such as SSc (6). In this sense,
it is remarkable to note that in this group of patients, expression
levels of molecules involved in the regulation of B-cell activity are
associated with different subsets of patients. For instance, patients
carrying anti-Scl-70 antibodies, which are characteristic of dcSSc,
exhibited high expression levels of CD19 while patients carrying
anticentromere antibodies, which are related to 1cSSc, showed
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After birth, the intestinal immune system enters a critical developmental stage, in which
tolerogenic and pro-inflammatory cells emerge to contribute to the overall health of the
host. The neonatal health is continuously challenged by microbial colonization and food
intake, first in the form of breast milk or formula and later in the form of solid food. The
microbiota and dietary compounds shape the newborn immune system, which acquires
the ability to induce tolerance against innocuous antigens or induce pro-inflammatory
immune responses against pathogens. Disruption of these homeostatic mechanisms
might lead to undesired immune reactions, such as food allergies and inflammatory
bowel disease. Hence, a proper education and maturation of the intestinal immune
system is likely important to maintain life-long intestinal homeostasis. In this review, the
most recent literature regarding the effects of dietary compounds in the development of
the intestinal immune system are discussed.

Keywords: oral tolerance, breast milk, dietary compounds, microbiota, intestinal immunity

Introduction

The gastrointestinal system is one of the largest vulnerable surfaces of our body. It is continu-
ously facing the external environment, including microbiota, nutrients, metabolites, pollutants,
and harmful pathogens. To maintain intestinal homeostasis, the immune system is able to induce
tolerance to innocuous food antigens while it may also recognize pathogenic bacteria to mount an
inflammatory immune response. The education and maturation of the intestinal immune system is
the result of millions of years of co-evolution with host-specific microbiota and dietary intake. This
results in mutual benefits represented by co-habitation and at the same time it provides protection
against pathogens. Disruption of these homeostatic mechanisms can result in undesired immune
reactions leading to intestinal disorders, such as inflammatory bowel disease (IBD), including
ulcerative colitis (UC) and Crohn’s disease (CD). At birth, the transition between the sterile envi-
ronment of the uterus and the external microenvironment exposes our body to colonization with
maternal microbiota and food antigens, which are initially delivered through breast milk. Hence,
the newborn’s immunity relies upon antibodies and other breast milk components (discussed
below) passed on from their mothers. At weaning and upon introduction of solid food in the
diet, the dynamic equilibrium that allows the homeostatic co-habitation with non-self antigens
is continuously maintained through complex mechanisms, involving the constant shaping and
education of the immune system. Food nutrients and bacterial metabolites may have a direct effect
on the maturation/differentiation of immune cells. In turn, the immune system exerts active oral
tolerance mechanisms to prevent reactions against food antigens and to maintain a tolerogenic
environment.
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This review provides insights to how the intestinal immune
system is educated by oral intake of antigens before and after
weaning. We will focus our attention on the impact of breast
milk and diet during the development of the intestinal immune
system.

The Intestinal Immune System: Overview

The intestine is a complex tissue involving a single layer of intes-
tinal epithelial cells (IECs) separating the external environment
from the mammalian host. At the luminal side of the IECs layer,
a high concentration of potential antigens, in the form of dietary
compounds and commensal microbiota, is found, influencing
mammalian physiology. At the opposite side, the intestinal
lamina propria contains a diverse array of evolutionary ancient
immune cells, including mononuclear phagocytic cells and lym-
phocytes, the associated enteric nervous system and stromal cells
(Figure 1). The single layer of epithelial cells that separates the

intestinal lumen from the lamina propria contains large numbers
of lymphocytes with high antimicrobial and cytotoxic capacity.
All these different players interact with each other in order to
maintain the proper function of the digestive system, whereas
failure in keeping homeostasis has been associated with the etiol-
ogy of intestinal disorders, such as IBD. In the following section,
we will introduce the main immune populations present in the
intestinal lamina propria and their role in maintaining homeosta-
sis. Then, we will discuss the development of the immune system
shaped by breast milk and digested food.

Intestinal Epithelial Cells

The main function of the IEC layer is to provide a physical
and biochemical barrier to the external environment. The
maintenance of intestinal homeostasis by IECs has been
extensively reviewed elsewhere in Ref. (1). In brief, the IECs are
composed of Paneth cells, goblet cells, enteroendocrine cells,
and enterocytes, which collectively contribute to create the

Fungi Bacteria Virus
-, , a ‘O 00
" . .
o - Microbiota
Mucus
IECs
Myeloid cells
Stromal cell
OB ® -
~
&=
fier) ez
=~ ©0g
IgA+ plasma cell
Mast cell Monocyte
M MENS

FIGURE 1 | The intestinal immune system. The intestinal immune system
is physically separated from the microbiota and dietary compounds by a
single layer of intestinal epithelial cells (IECs). Intraepithelial lymphocytes (IEL),
residing in the paracellular space between epithelial cells, contribute to the
maintenance of the mucosal barrier and to the protection against pathogens.
The lamina propria is connective tissue constituted by stromal cells, blood
vessels, nerves, and immune cells. Macrophages (Myeloid cells depicted in
blue) and dendritic cells (Myeloid cells depicted in green) are strategically
located adjacent to the epithelial layer, sampling luminal antigens and
orchestrating the innate and adaptive immune response. Other innate
immune cells are also present in the lamina propria, including mast cells,

monocytes, neutrophils, and eosinophils (not shown). T and B cells (mainly
IgA-producing plasma cells) also accumulate in the lamina propria after being
primed in the draining lymphoid tissues. Different subsets of CD4* T cells are
found in the lamina propria, such as regulatory T cells (Foxp3-expressing Trea
and Tr1) and effector cells (Th1, Th2, and Th17). Finally, innate lymphoid cells
(ILC), divided in three main subsets (ILC1, ILC2, and ILC3), are vastly
enriched in the gastrointestinal mucosa participating in the protection against
pathogens and in the maintenance of intestinal homeostasis. Surrounding the
lamina propria and the muscularis mucosa (not shown), the submucosa and
the muscularis externa contain nerves belonging to the enteric nervous
system (ENS).
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first line of defense against microbial invasion. This consists of
antimicrobial peptides (AMPs) and the mucus layer. Microfold
cells (M cells) are epithelial cells specialized in the sampling
and presentation of luminal antigens to the mucosal immune
system. M cells are strategically overlaying intestinal lymphoid
structures, such as Peyer’s patches (PPs) and isolated lymphoid
follicles (ILFs). Finally, stromal cells and stem cells, which
continuously renew the intestinal epithelium, reside together
with Paneth cells within tubular invaginations of the intestinal
epithelium, called crypts.

Mononuclear Phagocytes

Mononuclear phagocytes including macrophages (Mg) and
dendritic cells (DCs) are among the most abundant cell types
within the intestine. They are strategically located throughout
the lamina propria just underlying the single layer of intestinal
epithelial cells. Mononuclear phagocytes are sampling luminal
content, orchestrating both innate and adaptive immune
responses. Under steady state conditions, the lamina propria
contains two developmentally different CD11c-expressing
primary subsets of mononuclear phagocytes based on the
reciprocal expression of the integrin oE (CD103) and CX;CR1.
CD11c"CD103"#CX;CR1* (CX3CR1*) cells are considered to be
M@ due to their stationary nature and low stimulatory abilities
(2). On the other hand, CD11c"CD103*CX;CR1" (CD103%)
cells are considered to be bona fide DCs due to their abilities
to migrate to the draining lymph nodes and initiate effective
immune responses [reviewed in Ref. (3)]. In addition, these
subsets of mononuclear phagocytes have different functions and
they cooperate in order to maintain intestinal homeostasis. For
instance, CX;CR1* Mg are specialized in antigen capture from
the lumen, however they do not migrate to the mesenteric lymph
node (MLN) in steady state conditions (4). By contrast, CD103*
DCs are ineflicient in capturing luminal antigens, whereas they
efficiently migrate out of the lamina propria to the MLN in a
CCR7-dependent manner. Furthermore, CD103* DCs are able
to produce TGF-p and retinoic acid (RA), which equip these
cells with the ability to generate inducible regulatory T cells
(iTrec) (5, 6). These iTreg are conserved between species (5-7).
Induction of gut-homing Txeg, likely by RA-producing CD103*
DCs, is a crucial step during the establishment of oral tolerance
(discussed below) (8, 9). Together, these cells play a crucial role
in distinguishing between innocuous and pathogen-derived
antigens and drive both pro- and anti-inflammatory processes.
For example, CD103* DCs selectively express the av integrin,
which is crucial to activate latent TGF- (10). Activation of latent
TGEF-f by the av integrin is physiologically relevant as observed
in mouse models lacking av integrin in the myeloid compart-
ment. These mice develop spontaneous colitis associated with
decreased intestinal Treg (11). In addition, CX;CRI1-deficient
Mg show decreased Trec expansion, commonly observed dur-
ing the establishment of oral tolerance (9). CX;CR1-deficient
mice lack dendrite transepithelial extrusions and have impaired
luminal antigen sampling, which result in reduced production of
IL-10, typically released upon macrophage sensing of food and/
or commensal-derived antigens (9, 12).

Although IL-10 is active in multiple immune cells, includ-
ing lymphocytes, myeloid cells, and intestinal epithelial cells, it
seems that M@ are themainIL-10 cell targetin order to maintain
intestinal homeostasis. In fact, mice lacking IL-10Ra, specifi-
cally in CX;CR1* Mg, develops spontaneous colitis (13). This
is in agreement with the hyperproduction of inflammatory
cytokines and decreased ability to induce CD4 T cells observed
by M@ derived from patients with loss-of-function mutations
in IL-10R genes (14). Notably, IL-10 depletion specifically in
CX;CRI1* M@ does not result in intestinal inflammation (13),
suggesting redundant and/or compensatory sources of IL-10,
most likely by type 1 regulatory T cell (Tr1). Hence, these data
suggest a model in which M@ are required to sense IL-10,
which might be produced by several different cell types, to
become a main tolerogenic cell with a crucial role in intestinal
homeostasis. The severity of disease observed in patients with
impaired IL-10 signaling underscores the critical role of Mg
and IL-10 at the intestinal barrier. However, the downstream
IL-10 signaling pathways involved in imprinting M¢, with
potent tolerogenic properties, are still poorly understood.

Lymphocytes

Naive B and T cells that accumulate in the intestinal mucosa
are primed in gut-associated lymphoid tissues (GALT), such
as PPs and mesenteric lymph nodes (MLN). Upon priming
within GALT, activated T cells acquire the ability to home to
the intestine by expressing the gut-homing chemokine receptor
9 (CCRY) and integrin a4p7. These CCRs bind to the chemokine
CCL25 and to the mucosal vascular addressin cell-adhesion
molecule (MAdACAM-1), respectively (15, 16), both of them
expressed in the small bowel lamina propria. Once lymphocytes,
including IgA-producing plasma cells and CD4* T cells, enter
the mucosa they mainly distribute in the lamina propria, with
the exception of CD8* T cells that preferentially migrate to the
epithelium (17). CD4* T cells are divided into subsets, the most
abundant found within the intestinal lamina propria are IL-17
producing T helper cells (Th17), Th1l and Regulatory T cells
(Trec). Trec include two types of CD4* T cells; forkhead box
P3 (Foxp3)* T cells and Tr1 cells, which provide the foundation
of the tolerogenic immune response. Their relevance during
the establishment of intestinal immune homeostasis has been
demonstrated by mutations in human FOXP3, which are associ-
ated with the fatal autoimmune disorder Inmunodysregulation
Polyendocrinopathy Enteropathy X-linked (IPEX) syndrome
(18, 19). In mice, disruption of Foxp3* Trec development and/
or function results in intestinal-associated autoimmune and
inflammatory disorders (20), likely due to the inability to sup-
press immune responses against commensal bacteria. Human
and mouse Trl cells can be identified by the surface markers
CD49b and LAG-3 as well as the production of high IL-10 levels
(21). Importantly, transfer of Tr1 cells into colitic mice prevents
intestinal inflammation, highlighting their immunosuppressive
role (21). Trec exert their immunosuppressive functions through
several mechanisms, including the production of inhibitory
cytokines, such as IL-10 (22), metabolic disruption, expansion
of innate lymphoid cells (ILC)1-like NK cells and ILC2s (23,
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24), and modulating DC functions (25), all of which have the
final outcome of limiting expansion of antigen-specific T cells.

In contrast, Thl and Th17 cells are mostly associated with
pathogenicity during chronic inflammation. Indeed, important
efforts to develop drugs targeting the IL-17-Th17 pathway to
treat autoimmune diseases have been made (26). In agreement
with a pathogenic role, Th17 generation require encounters
with antigen presenting cells (APCs) within a pro-inflammatory
microenvironment, characterized by the presence of IL-23, IL-6,
and IL-1B (27). In addition, intestinal Th17 cells also promote
tissue repair and protect mucosal barriers against pathogen
colonization, hence contributing to maintain intestinal homeo-
stasis (28). Some studies suggest that their protective and/or
pathogenic function depends on plasticity, in which pathogenic
Th17 cells might gain immunosuppressive functions (28). In a
recent study, using a mouse model of Th17 fate-mapping com-
bined with reporters to visualize the appearance of Treg in vivo,
it was demonstrated that Th17 cells can transdifferentiate to
IL-10-producing Trec to eventually contribute to the resolution
of inflammation (29).

Innate Lymphoid Cells

Innate lymphoid cells (ILCs) belong to the lymphoid lineage. In
contrast to B and T cells, ILCs lack antigen receptors and do not
undergo clonal selection when stimulated. This newly described
cell type is vastly present at mucosal surfaces, in particular
throughout the GI tract and within ILFs. ILCs have been classi-
fied into three subtypes based on their cytokine production and
expression of determined transcription factors (30). Group 1 ILCs
(ILCls) are characterized by their expansion in response to IL-12,
IL-15 and IL-18, and their production of type 1 cytokines, such as
IFNy and the transcription factor T-bet. Although natural killer
(NK) cells also express IFNy and T-bet, ILC1s are different in that
they lack cytolytic activity and possess a separate developmental
pathway compared to NK cells. Furthermore, fate mapping
of ID2* or PLZF* precursor cells distinguished ILC1 from NK
cells (31-33). Group 2 ILCs (ILC2s) require the GATA-binding
protein 3 (GATA3) and ROR-a transcription factors, expand in
response to IL-25, IL-33, and TSLP and produce IL-5, IL-9, and
IL-13, typically associated with Th2-responses. Group 3 ILCs
(ILC3s) depend on the RA receptor-related orphan receptor-y
(RORyt) transcription factor, respond to IL-1p and IL-23 pro-
duced by myeloid cells and secrete high amounts of IL-17A and
IL-22, as well as GM-CSF and lymphotoxins (34). Thus, due to
their similarities, ILCs are considered the innate counterpart of
T helper cells.

Innate lymphoid cells are important mediators of inflamma-
tion and exert protection against pathogens, but they are also key
drivers of homeostasis under steady state conditions. For instance,
ILCs have been associated with worsened Helicobacter hepaticus-
triggered intestinal inflammation (35). In accordance with this
model of pro-inflammatory activities, depletion of ILCs results
in significant amelioration of colitis in the H. hepaticus-triggered
intestinal inflammation (36) and in the Tbx21~'~"Rag2~'~ ulcera-
tive colitis (TRUC) model (37). Despite the implications with dis-
ease, ILC3s have also been implicated in critical protective roles,
including defense against the pathogenic bacteria Citrobacter

rodentium (38, 39), containment of lymphoid-resident com-
mensal bacteria (40) and induction of mucin and antimicrobial
peptides (e.g., RegIIIP and ReglIIy) (41, 42). Most of these protec-
tive functions rely on the production of IL-22 upon stimulation
with either IL-23 or IL-1p. ILC3s produce large amounts of this
cytokine and administration of exogenous IL-22 in ILC-depleted
mice is sufficient to restore homeostasis. In addition, ILC2s and
ILC3s express major histocompatibility complex class IT (MHCII)
(43), hence being able to present antigens to CD4* T cells. In the
intestine, the absence of MHC-II on ILC3s results in expansion
of commensal-specific CD4* T cells, which eventually leads to
intestinal inflammation (44, 45). MHC-II expressing ILC2s
induce the production of IL-2 and IL-4 by CD4" T cells, thus
potentiating type 2 immune responses (46). Furthermore, it has
recently been proposed that the few resident memory T cells with
pathogenic features within the non-inflamed intestine might
function as antigen-specific sensors, whereas ILCs might serve
to amplify T-cell mediated antigen-specific responses (47). Thus,
these newly described cell types play critical roles in maintain-
ing intestinal homeostasis through, among others, shaping the
intestinal flora.

At early stages in life, the intestinal immune system is under-
developed and undergoes immune maturation upon contact with
dietary compounds and the microbiota. In agreement with this,
germ-free and antibiotic-treated mice show reduced maturation
of the intestinal immune system, as seen by decreased numbers
of intestinal Th17 cells (48, 49), impaired production of antimi-
crobial peptides, and reduced IgA secretion, all deficiencies that
are rescued upon bacterial colonization (50). Besides regulating
the diversity of the microbiota, dietary compounds may directly
influence the development of the immune system. In the follow-
ing section, we discuss how the external environment, including
dietary compounds and the commensal microbiota, shapes the
intestinal immune system.

Breast Milk Shaping Mucosal Immunity

Breast milk is not only a primary source of nutrition, it also
helps the child develop a proper immune system. Breast milk is
a complex body fluid composed of a large diversity of molecules,
cells, and extracellular vesicles. Already in 1892, Paul Ehrlich
showed that immunity against plant toxins was transferred to the
fetus in utero and via breast milk. This turned out to be antibod-
ies protecting the child, leading to the term “passive immunity,”
which gave him the Nobel Prize and paved the way for modern
immunology. In addition to protection to pathogens, breast milk
also contributes to establish intestinal tolerance, likely through
the action of breast milk-derived components (Figure 2), such as
immune cells, cytokines, anti-bacterial proteins, probiotics, and
extracellular vesicles (51, 52). The role of breast milk in shaping
intestinal immune maturation and contributing to immunologi-
cal tolerance will be discussed below.

Duration of Breast-Feeding
There is great controversy, especially in industrialized coun-
tries, regarding the duration of breast-feeding and whether
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FIGURE 2 | Breast milk-derived compounds with the potential to
contribute to the development of the child intestinal immune
system. Breast milk contains extracellular vesicles such as milk fat
globules and exosomes, which can present antigens in a tolerogenic
setting. Pre- and pro-biotics influence the microbiota contributing to
symbiosis and intestinal protection. Milk-derived cytokines, which may
differ depending on the health status of the mother, have the potential to

directly promote the immune system development of the child. Milk-derived
antigens have been shown to both induce tolerance and allergies in the
lactating child. White blood cells from the mother can also be transferred
through the milk and exert functions in the child (e.g., production of
cytokines or antibodies). Milk-derived antibodies are originated from the
mother and support the child with a passive immunity during the first
months of life.

partial or exclusive breast-feeding would be more beneficial.
The World Health Organization (WHO) and UNICEF recom-
mend exclusive breast-feeding up to 6 months of age [WHO,
Guiding Principles for Feeding Non-Breast-Fed Children
Aged 6-24 Months of Age WHO, Geneva (2005)], and coun-
tries of the European Union and EFTA recommend exclusive
breast-feeding for at least the first 4-6 months (53). In wealthy
countries, where early infections, including life-threatening
diarrhea are scarce, exclusive versus partial breast-feeding is
likely not as important as in developing countries. In contrast,
some believe that food allergies can be reduced by introducing
solid food under the protection of breast milk.

Several studies have addressed the question regarding the
correlation between breast-feeding and allergy development.
Most of these studies suggest that breast-feeding may protect
against allergies, at least when comparing with formula-feeding
(54, 55). However, differences in genetics, exposure to allergens,
pathogens, commensals, and smoking, as well as lifestyle, may
lead to different conclusions. For example, in a Danish study
exclusive breast-feeding duration was associated with increased
risk of eczema development in children under the age of 2. In
contrast, the risk for developing wheezy disorder in these chil-
dren was reduced, even with maternal heredity for asthma (56).
The exact immunological mechanisms are not easily extracted
from epidemiological correlations. In addition, in a review revis-
ing the literature regarding breast-feeding and allergies between
1966 and 2001, only 56 out of 4323 studies were considered
conclusive (57).

Studies on the relation between autoimmune diseases and
breast-feeding are fewer but seem more conclusive for a protec-
tive effect of breast-feeding. Retrospective [reviewed in Ref. (58)]
and prospective studies have shown that longer breast-feeding
is protective for type 1 diabetes (59). Also IBD [meta analysis
in Ref. (60)] and multiple sclerosis (61) prevalence are lower in
individuals with longer breast-feeding history, indicative of an
anti-inflammatory role of breast milk.

Immune-Regulating Components in

Breast Milk

During pregnancy, the mammary gland undergoes large modi-
fications in order to transform into a milk-secreting organ. A
branching network of ducts that are made up by a single epithelial
cell layer and ending up in lobulo-alveolar cavities make up the
lactating mammary gland. Surrounding the alveoli are myoepi-
thelial cells, which when stimulated by oxytocin release, contract
and enable milk ejection into the cavities (62). The first milk, from
delivery to 5 days post-partum, is called colostrum and is pro-
duced in reduced amounts and the composition is lower in fat and
lactose compared to mature milk (63-65). This is compensated
by the colostrum being rich in immunologic components such
as lactoferrin, secretory IgA (sIgA), developmental factors (e.g.,
EGEF, TGFp1, TGFf2), and other cytokines (65, 66). Hence, the
primary function of colostrum might not be nutritional but rather
immunologic and trophic (64, 65). Some of the components with
potential immunoregulatory functions are discussed below.

Antibodies

The majority of antibodies in milk are IgA, but breast milk also
contains IgG and IgE. IgA serves as a first line of defense of
mucosal sites to provide a passive immunity to the child who has
no IgA production of its own during the first months after birth
(67-70). Interestingly, specific antirotaviral IgA has been found
in colostrum and mature breast milk and furthermore in infant
stool. These antirotaviral antibodies are likely to provide a pas-
sive protection in the child (71). Therefore, the transferred sIgA
is an important barrier protecting the newborn from intestinal
and respiratory pathogens (72). Other studies have shown that
maternal sIgA affects the development on gut microbiota in the
offspring (73), which in turn affects the immune development. In
relation to allergy, it was shown that high IgA levels in the feces of
the infant were associated with lower risk for allergy development
(74). In addition, allergen-specific immunoglobulins have been
detected in neonates after allergen exposure in mice (75) and
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humans (76). Whether the IgA work as a decoy receptor for the
allergen, or if it is the effect on the microbiota, is still unresolved.

Mouse models support the role for breast milk immunoglobu-
lins and/or B cells in the development of the immune system
and allergy development. In a B cell deficient mouse model,
it was shown that maternal B cell immunity is important for
protecting the offspring against allergic airway disease (77). The
transfer of immunity was shown to be accompanied by transfer of
antigen-specific IgA and IgG. Another study demonstrated that
recombination activating gene-2 (Rag-2) deficient mouse pups
(lacking B and T cells) had different immune responses if they
received milk from wild type or Rag-2~"~ mothers (78), indicating
that the lymphocytes from the mother play a crucial role transfer-
ring immunity to the progeny. Whether the effects were due to
immunoglobulins, cells or both could not be distinguished in this
study and remains to be investigated (78).

Cells

Cell exchange between the mother and the fetus occurs already
in utero, and this results in microchimerism in the child (79).
This also continues after birth through breast milk (80). The most
abundant cell type in human breast milk is leukocytes, includ-
ing granulocytes, monocytes, lymphocytes, and Mg (81, 82). In
colostrum, Mg are the major cells (40-50%) followed by neutro-
phils (40-50%) and lymphocytes (5-10%) (83-85). Interestingly,
breast milk can also contain pluripotent stem cells (86), although
their fate within the newborn needs to be investigated. Several
studies, in mice, rats and primates have shown that milk-derived
leukocytes might be taken up by the offspring where they can
survive and exert their functions in the newborn stomachs. The
less acidic newborn stomachs might provide a more permissive
microenvironment for leukocyte survival compared to adult
stomachs (87-89).

Breast milk-derived M@ are more comparable to tissue resident
Mg, as they have higher HLA-DR expression and are able to carry
MHC classII antigens to a higher extent than the monocytes found
in blood (90). In addition, they express activation markers such
as Leu-M3 and Leu-M5 (90). Neutrophils also seem to be more
activated in milk compared to those in blood (91). Moreover,
breast milk-derived M also carry intracellular IgA, which can
be released upon stimulation (92). Breast milk-derived T cells
show a more terminally differentiated and memory phenotype
compared to circulating T cells (93). Most breast milk-derived
T cells express mucosal homing markers, such as the integrin
oE (CD103), integrin p7, CD49d and CCRY suggesting that they
were primed in GALTs and then migrated to the mammary gland
(94, 95). Furthermore, y8* T cells, which are commonly found in
the intestinal mucosa, are also enriched in breast milk compared
to blood (96). Breast milk-derived B cells are also different to
those circulating in blood. For instance, breast milk-derived B
cells show a more activated phenotype compared to those found
in peripheral blood (97, 98). Interestingly, IgA-secreting B cells
localized in the intestine can home to the mammary glands (99).
This phenomenon seems to be dependent on CCR10 (or CCR3),
since up-regulation of CCL28 in the mammary gland leads to
the recruitment of antibody-secreting cells and to an increased

production of IgA in the milk that is blocked using anti-CCL28
antibodies (100). This mechanism might provide breast milk
with intestinal microbiota-specific IgA, but other soluble factors
from the B cells such as cytokines could also play a role. Thus,
these observations suggest that lymphocytes might be educated
at intestinal sites to recognize commensal bacteria, traffick to
the mammary gland and transfer commensal bacteria-specific
immune responses through breast milk to the newborns.

Antigens (Food Allergens/Respiratory Allergens)

Food allergens have been extensively detected in human breast
milk. A randomized double-blind cross-over study showed that
ovalbumin (OVA) can be detected in human breast milk in a
dose-dependent way, up to 8 h after egg intake (101). Other food
allergens can also be transferred via breast milk, such as cow milk
proteins (102) and the peanut allergen Ara h 6, which can be
rapidly transferred to breast milk just 10-20 min after ingestion
of peanuts (103). This suggests that food allergens are not fully
degraded in the digestive tract of the mother, and further that
active allergens can be transferred via breast milk. A comparison
between suckling and formula-fed rat pups showed that early
introduction of food antigens together with milk shifted the
cytokine milieu in a tolerance inducing way (104), which suggests
an important early mechanism for development of oral tolerance.
Breast-fed pups had higher IFN-y levels and elevated CCR7* and
Foxp3* cell numbers compared to formula-fed rats (104). This in
turn led to an increased secretion of IL-10 by Trec proposing that
these mice have a greater potential to induce a tolerant local gut
environment. In agreement, Yamamoto et al. showed in a mouse
study that providing lactating dams with food antigens led to
induction of oral tolerance to food antigens in the pups (105).
Particularly pronounced protection was observed in the offspring
of sensitized dams, who had higher antigen specific IgG1 levels
in the breast milk. Subsequently, the offspring of the sensitized
mothers showed higher amount of antigen specific IgG1 levels in
their plasma. Transferred antigens have also been shown to induce
tolerance in the offspring. This was observed in mouse pups that
were given human breast milk containing peanut allergen, which
resulted in partial oral tolerance to the antigen (103). Not only
food antigens have been found in human breast milk, but also
respiratory antigens such as Der p 1 allergen from house dust
mite (106). However, in contrast to food antigens, Der p 1 in milk
was shown to promote sensitization when the human milk was
given in a mouse model of asthma (106). This discrepancy could
be due to either the xenobiotic nature of the experiment or to the
nature of this antigen, as it has enzymatic activity and can damage
the epithelial barrier (107). In an OVA model, Verhasselt et al.
showed elegantly that OVA areosols could be transferred via milk
and induce tolerance in the pups, and that this was dependent on
TGF-p (108). However, it is difficult to rule out if OVA have been
digested to some degree. In addition, the presence of the antigen
in the gut might contribute to induce tolerance.

Cytokines and Other Soluble Factors
Several chemokines and cytokines, which might have a major
impact on the mucosal and lymphoid tissues in the child have
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been found in human breast milk (109). IL-6 and TGF-p have
been identified as the most abundant cytokines present in breast
milk (110). For instance, breast milk-derived IL-6 has been shown
to be crucial for IgA production from milk mononuclear cells
(111). With potential implications in allergy, IL-4 can be detected
in both colostrum and mature breast milk, with elevated levels in
colostrum from allergic mothers compared to non-allergic moth-
ers. Similarly, IL-8 is found in higher amounts in allergic mothers
compared to non-allergic mothers (112). In contrast, the immu-
nosuppressive cytokine IL-10 has also been detected in breast
milk (113). In vitro studies have shown that an anti-proliferative
effect of milk on peripheral blood mononuclear cells (PBMC)
was reduced when adding anti-IL-10 antibodies, demonstrat-
ing IL-10 activity in the milk (113). Breast milk-derived TGF-f
might also play an important role inducing intestinal tolerance.
In agreement, breast milk-derived TGF- acts on T cells, which
eventually confer protection to develop allergies (108). Finally,
IL-1 receptor (IL-1R) antagonist has been found in human breast
milk. The fact that mice with colitis are protected similarly if
they receive human milk or formula supplemented with IL-1R
antagonist (114), suggest that IL-1R signaling can have a major
role in tolerance induction in the offspring.

Thesoluble protein CD14 can workasareceptor forlipopolysac-
charide and can be transferred through breast milk from rat dams
to the pups (115). CD14 is up-regulated after bacterial exposure
and is secreted by innate immune cells such as monocytes as well
as epithelial cells (116). The association between low exposure to
CD14 via the breast milk and increased risk for atopy has been
observed in some cohorts (117) but not in others (118), and it
remains to be further studied whether breast milk-derived CD14
modulates immunity in the offspring. In addition, the presence
of complement factors (119), free radicals and antioxidants, such
as p-carotene (120) and a-tocopherol (121) in milk are also likely
to modulate the microbiota and intestinal immunity of the child.

Factors Affecting the Microbiota

It has been suggested that bacteria from the maternal gut can be
transported by mononuclear cells to the mammary gland and
transferred to the breast-fed infant (122, 123). Human breast milk
contains a large diversity of probiotic (having a positive health
effect) bacteria, such as, Lactobacillus rhamnosus, Lactobacillus
gasseri, Lactococcus lactis, Leuconostoc mesenteroides, and
Bifidobacteria. Therefore, breast milk is an important source of
bacteria for the undeveloped gut of the infant (124-127). Breast
milk-derived probiotics possess the ability to positively modify
the gut microbiota of the infant (e.g., to help improving the health
of the infant gut). Furthermore, in a large population-based preg-
nancy cohort, an association has been shown between reduced
risk of atopic eczema in infants and the consumption of probiotic
milk of mothers during pregnancy (128). Therefore, probiotics
might reduce the risk of atopic eczema (128).

Oligosaccharides are prebiotics (carbohydrates serving as
nutrient for probiotics) that are abundant in milk, which also
alter the gut flora (129). High levels of oligosaccharides in breast
milk correlate with higher diversity of Bifidobacterium species,
and inhibit the adhesion of pathogenic bacteria (130), hence
showing protection to infection. Moreover, Lactoferrin is another

component of milk with bactericidal properties against many
pathogenic bacteria (131). However, Lactoferrin can also promote
the growth of Bifidobacteria species (132), leading to an altered
gut flora. The medium-chain saturated and long-chain unsatu-
rated fatty acids present in breast milk have also been shown to be
anti-microbial (133) (see above). In addition, lysozyme will also
affect the gut flora of the infant since it has both anti-bacterial
and anti-viral activities (134, 135). This is probably contributing
to the anti-pathogenic effect of breast milk, but the effect on the
commensal flora is still unclear.

Extracellular Vesicles

The mammary epithelial cells secrete milk through five different
secretory pathways (62), whereof the milk fat globule pathway
is specific for mammary epithelium (136). This pathway is a
budding process, which generates lipid-containing vesicles, milk
fat globules (MFG) surrounded by a lipid membrane, and is a
way to release the fat without the risk of clumping. The MFGs
has a protective effect against microorganisms (137-139), which
comes partly from the triacylglycerol rich-core, but also from
the membrane, which contain pH resistant glycoproteins such as
mucin-1 (MUC-1), MUC-X, and lactadherin (138, 139). MUC-1
has been shown to attenuate epithelial inflammation (140), in
agreement with the role of mucins creating a protective shield
in the newborn gut against bacteria and viruses (141). Another
type of extracellular vesicle that can be found in breast milk is
exosomes (142), which are nano-sized membrane vesicles, which
originate from the endosomal pathway. Exosomes contain a large
diversity of lipids, proteins, and several kinds of RNA (143, 144).
Importantly, the presence of mRNA (145) and miRNA (146) has
been detected within breast milk-derived exosomes. Some of the
proteins are common for all exosomes, regardless of their cellular
origin, such as proteins involved in multivesicular body biogen-
esis or membrane transport and fusion, and tetraspanins such as
CD9, CD63, and CD81 (147). Exosomes also contain cell-specific
proteins, such as MHC class I and II as well as co-stimulatory
molecules on their surface, when derived from APCs (148).

Virtually all cells release exosomes, which have both immu-
nostimulatory (149) and immunosuppressive functions (150).
First reported to have an immunostimulatory function, were
exosomes released by B cells, which express MHC class II
and are therefore equipped with the ability to induce antigen-
specific CD4* T cell responses in vitro (149). Importantly, using
DC-derived exosomes harboring MHC class I, induction of CD8*
T cell responses was shown in vivo (151). The ability of exosomes
to indirectly or directly stimulate T cells has been documented by
several other studies (152-154).

Our studies have shown that breast milk-derived exosomes are
likely to have an immunosuppressive role, as observed in PBMC
cultures in vitro, in which the presence of breast milk-derived
exosomes were able to inhibit cytokine production and induce
Foxp3™* Trec (142). Whether this effect was mediated via DC or
the exosomes acting directly on the T cells, is currently under
investigation. Cow’s milk has also been shown to contain extra-
cellular vesicles carrying TGF-p (155), and bovine milk exosome-
derived microRNA was shown to have immunoregulatory effects
in in vitro macrophage experiments (156), further suggesting an
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immunosuppressive role for breast milk-derived exosomes. An
immunosuppressive function of exosomes derived from the gut
epithelium has also been shown in their ability to induce antigen-
specific tolerance (150). Exosomes derived from serum of OVA
fed rats have been shown to induce antigen-specific tolerance in
naive recipient animals. The origin of these exosomes is believed
to be the intestinal epithelium, as exosomes isolated from in vitro
pulsed intestinal epithelium cells showed the same characteristics
as the serum-derived exosomes (150). In addition to intestinal
epithelium-derived exosomes, also exosomes of other cellular
origins have the ability to induce tolerance. Prado et al. demon-
strated that exosomes derived from BAL fluid of antigen-specific
tolerized mice could inhibit allergen-induced airway inflamma-
tion (157). This was shown by decreased levels of IgE antibodies
in mice pre-treated with BAL-derived exosomes from tolerized
animals, compared to those treated with control exosomes. In
addition, they further showed that these mice, pre-treated with
exosomes from tolerized animals, also had a reduced level of IL-10
and a significantly reduced production of IL-5 (157). Whether
breast milk-derived exosomes possess similar properties in vivo
still needs to be investigated.

Although a role for breast milk exosomes in shaping the
immune system of the child is plausible, only in vitro studies and
indirect observations are currently available to support this. In
a study comparing allergic and non-allergic mothers, we have
shown that allergic sensitization and lifestyle of the mother affects
the phenotype of breast milk-derived exosomes. In this study, it
was also shown that there is a relationship between the breast
milk-derived exosome profile and the sensitization of the child,
suggesting that the exosomes play a role in the cell-to-cell com-
munication between mother and child (158). We also observed
that MHC class I was low in early milk, and higher in late milk,
suggesting that endogenous antigens, e.g., viruses or autoan-
tigens, might be more exposed later after birth. By contrast,
since MHC class II was high early and reduced later, allergens
transferred from the mother might be more presented early after
birth. One could speculate that this differential exposure has
evolved to expose the child to different antigens at optimal time
points during development. However, new exposure patterns in
modern lifestyle might have led to an imbalance and more allergy
or autoimmune development. In addition, breast milk-derived
exosomes carry MUC-1 and were shown to interact directly with
DCs by binding to the DC receptor DC-SIGN, and furthermore
blocked HIV infection of DC by blocking the entry of the virus
(159). Whether this occurs in vivo, with possible delivery of exo-
some cargo to DCs in the gut or in the circulation, remains to
be investigated. However, since exosomes (“tolerosomes”) also
can be produced by the gut epithelium, and have in this context
been shown to be able to induce tolerance, we speculate that also
milk exosomes could have this effect (150), delivering tolerogenic
signals to the offspring.

Upon weaning, breast-feeding is discontinued whereas dietary
intake of solid food increases, exposing our GI tract to a vast range
of nutrients and exogenous antigens. Dietary intake and eating
habits have a profound impact in shaping the immune system and
regulating the microbial composition of the gut. However, a recent
study suggested that interruption of breast-feeding together with

the mode of delivery (vaginal compared with C-section) are the
crucial steps in the definition of microbiota assembly, rather than
the introduction of a solid-food diet (160). Nevertheless, a con-
trolled nutritional regimen is crucial for the proper maturation
of a functional immune system and to allow protection against
infection and intestinal or systemic disorders (161). Furthermore,
paralleling the hygiene hypothesis, a “diet hypothesis” has been
proposed to explain the differential incidence of allergic and
chronic inflammatory diseases among countries with a similar
cleanliness in the environment but with remarkable different
diets (162). Education of the intestinal immune system in relation
to dietary intake can be outlined into two main processes: (1)
The sensing of specific food metabolites, which affects matura-
tion, differentiation, and activity of the intestinal immune system.
(2) The active mechanisms to induce tolerance toward ingested
antigens, a process referred to as “Oral Tolerance”

Dietary Compounds Shaping Mucosal
Immunity

Our body directly absorbs some dietary metabolites, while
others are indigestible by the enzymatic repertoire encoded by
our genome. Therefore, microbial digestion of these metabolites
is needed for their absorption (163). This is likely reflected by a
spatial distribution of these food metabolites along the GI tract.
For instance, Vitamin A or food ligands for the AhR receptor
(see below) are enriched in the proximal small intestine (e.g.,
duodenum). By contrast, short-chain fatty acids (SCFA), which
are metabolites of indigestible fibers, require bacterial enzymes
to be digested and absorbed, hence being more concentrated
in the large intestine (16). Consistently the effect of these food
components on the education of immune cells follows the same
pattern of distribution. (16) (Figure 3). As an example, SCFA
promote the generation of CD4* Tgec cells that are enriched in
the colonic tissue, whereas AhR ligands drive the differentiation
of Th17 cells that in turn are more prevalent in the small intestine.
These examples highlight the concept that the small intestine and
colon are two different compartments composed of different
metabolites, organisms and cell types. In the following sections,
we will discuss how food metabolites educate our intestinal
immune system. We will discuss the role of food components that
are directly absorbed by our body (“Unmodified dietary com-
ponents”) and dietary antigens that require bacterial metabolic
processing (“Commensal-derived food metabolites™).

Unmodified Dietary Compounds
Some food components do not require metabolic processing by
commensal bacteria in order to be absorbed and digested by our

body.

Vitamin A

Deficiency in Vitamin A and its metabolite retinoic acid (RA) in
the diet has been associated with increased HIV pathogenesis,
poor responses, and increased susceptibility to infections, both
at the GI tract and in the lungs (164, 165). The dietary sources
of Vitamin A encompass animal products (such as human milk,
liver, and egg yolk) containing Vitamin A in the form of retinyl
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FIGURE 3 | Dietary compounds contributing to the development of the
intestinal immune system. Food components acting directly on immune
cells such as Vitamin A and D, salt and AhR ligands are enriched and mostly
absorbed in the small intestine. Vitamin A can be converted by RALDH
expressing cells into Retinoic Acid (RA). RA can modulate the function of
different cells. For example, it can inhibit Th1 cells to become pathogenic Th17
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exosomes (Milk-exo) and epithelial cell-derived exosomes (IEC-exo) have been
shown to promote Tree differentiation/expansion. Although, the precise
mechanism and if this occurs in the intestine in vivo is still unknown. Vitamin D
is converted into the active metabolite Calcitriol (1,25(0OH).Ds), which may
promote Tree and Th2 cells while blocking Th1 and Th17 differentiation. In
addition, Calcitriol enhances the production of anti-microbial peptides by
Paneth cells. Dietary compounds, which require bacterial enzymatic digestion,
may preferentially exert immunoregulatory functions in the colon. Dietary fibers
are metabolized by the microbiota, which leads to the production of
short-chain fatty acids (SCFA) metabolites. SCFA promote Trea responses
through GPR43 and indirectly by triggering GPR109A on colonic myeloid cells
(Mg and DCs). In addition, the anti-inflammatory effect of SCFA is mediated by
the inhibition of histone deacetylases (not shown), NF-kB signaling and the
inhibition of the LPS-induced inflammatory cascade.

esters and food containing Vitamin A precursors, or carotenoids
(such as yellow and green leafy vegetables). Upon absorption in
the proximal small intestine, retinyl esters undergo a complex
metabolic pathway that might lead to the oxidation of the Vitamin
A metabolite, retinal, into RA. RA functions are then mediated
by the binding to the RA nuclear receptors (RARa, RARP, and
RARYy) heterodimerized with retinoid X receptors (RXRa, RXRp,
and RXRy) (166). The crucial role of RA orchestrating mucosal
immunology began to be elucidated by the seminal article
published a decade ago by Iwata and colleagues, showing that
RA was necessary and sufficient to induce leukocyte trafficking
to the gut mucosa (167). Subsequent work has shown that RA
induces gut tropism in B cells and promotes the induction of IgA-
producing plasma cells at mucosal surfaces (168). Furthermore,
RA acts as an adjuvant to induce Foxp3* Trec and Th17 differ-
entiation [reviewed in Ref. (169)]. In addition, recently Noelle
and colleagues showed that RA action on RARa represses the
reprograming of Th1 to pathogenic Th17, hence playing a role in
Th1-Th17 plasticity (170). The effect of RA might depend on the
microenvironment. In a pro-inflammatory milieu characterized
by the presence of IL-15, RA promotes inflammatory cellular and
humoral responses to fed antigens (171).

Retinoic acid might also indirectly act on the immune system.
This was observed in mice reared on a Vitamin A deficient diet
(VAD), which results in disruption of number and composition
of the gut microbiome (172). In particular, decreased segmented
filamentous bacteria (SFB) were accompanied by a reduced
proportion of Th1, Th17, and Th2 cells (173).

Recently, a critical role of RA in ILC homeostasis has been
demonstrated. For instance, mice reared on a VAD are charac-
terized by increased numbers of ILC2s and reduced numbers
of ILC3s as well as ILC3-derived cytokines, such as IL-17 and
IL-22 (173). Interestingly, the transfer of RARa-deficient ILCs
progenitors recapitulated the same phenotype, suggesting that
RA intrinsically suppresses ILC2 development. Besides its role in
differentiation, RA modulates IL-22 production possibly by direct
engagement of the RARy with the IL-22 promoter (174). Another
recent report demonstrated that RA regulates the differentia-
tion of lymphoid tissue inducer (LTi) cells, which are essential
for the development of secondary lymphoid organs (175). As a
consequence, the availability of RA in utero has an impact on the
education of the newborn immune system and protects against
infection in adulthood (175). Thus, RA plays a crucial role in ILC
homeostasis, which is then reflected by increased susceptibility
to bacterial infections, intestinal inflammation, and the overall
fitness of the intestinal immune response (173, 174).

In adults, the sources of RA have been extensively studied and
reviewed elsewhere in Ref. (176). The limiting enzymes in RA
metabolism are retinal dehydrogenases (RALDHs), which are
highly expressed by intestine-resident CD103* DCs, epithelial
cells and stromal cells, as well as by CD103~ CD11b* DCs in the
skin and lung (166). Expression of RALDH enzymes is crucial
to metabolize RA, since cells lacking these enzymes are not able
to produce RA (177). Interestingly, gut-homing expressing DC
precursors migrate from the bone marrow to the small bowel,
where they acquire tolerogenic properties (178, 179). Once DC
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precursors reach the intestine, they might differentiate and
sense RA to induce the expression of RALDH enzymes, with
the subsequent de novo production of RA (179). The role of RA
in educating intestinal DC is in agreement with the levels of
Vitamin A in a proximal to distal gradient, which correlates with
the abilities of DC to produce RA depending on their location
in the intestinal tract (177). For instance, DCs obtained from
the proximal small bowel express higher raldh2 mRNA levels
compared to distal small bowel-derived DCs, correlating with
their abilities to induce gut-homing receptors on T cells, con-
version of Foxp3* Trec, and induction of IgA class switch on B
cells (177). These examples highlight the concept that the avail-
ability of nutrients locally shapes the immune system. Recent
efforts are pointing toward the requirements of vitamin A for
proper development of the immune system with the consequent
relevance for protection against infection and inflammatory
disorders. Future studies exploiting conditional knockout of
RA receptors in different immune cell subsets will be crucial
to better understand the pleiotropic effects of Vitamin A on the
immune system.

Vitamin D

In addition to Vitamin A, Vitamin D and its active metabolite
calcitriol (1,25(0OH),Ds), can influence the immune system
beyond its metabolic role in calcium and phosphate homeostasis.
The major source of Vitamin D is the photochemical conversion
of 7-dehydrocholesterol to cholecalciferol (Vitamin D3) upon
skin exposure to UV light. However, some food such as oily
fish are enriched in Vitamin D and serve as a relevant source.
Calcitriol, the active form of Vitamin D, results from a complex
metabolic pathway involving hepatic and renal enzymatic activ-
ity (180). The biologic function of Vitamin D is mediated via
binding to the hormone nuclear receptor Vitamin D receptor
(VDR) heterodimerized with the RXR, which in turn promotes
the transcription of Vitamin D responsive genes by binding
their promoter region. Besides its role in regulating intestinal,
renal and skeletal absorption of calcium and phosphate and in
regulating blood pressure, VDR is also expressed by immune
cells that in turn are equipped with the enzymatic machinery
to produce calcitriol locally (181). The general positive effect of
Vitamin D on the adaptive immune system is anti-inflammatory,
as observed in studies showing inhibition of B (182) and T cells
proliferation (183) and promotion of a shift from the Th1/Th17
lineage toward a Trec/Th2 phenotype (184-186). Consistently,
calcitriol action on innate immune cells results in the blockade of
production of pro-inflammatory cytokines in CD40L-activated
monocytes (187) and the promotion of an immature/regulatory
phenotype on DCs (188). The immunoregulatory function of
Vitamin D, together with the observation of a higher incidence
and prevalence of IBD in northern European countries with
lower sunlight exposure, prompted the implication of hypovi-
taminosis D in the pathogenesis of this disease (189). Indeed,
low Vitamin D levels were observed in pediatric Crohn’s disease
patients (190) and VDR gene polymorphisms were associated
with increased susceptibility to IBD (191). In addition, Vitamin
D plays a role in modulating cell homing marker expression.
DC-dependent production of calcitriol results in the induction

of skin-homing receptors (CCR10) and in the inhibition of gut-
homing molecules (x4p7 and CCRY) on activated T cells (192).
However, whether this redirection of immune cells is implicated
in IBD development remains to be addressed. In the murine
setting, IL-107~ mice (an established mouse model for IBD)
crossed with VDR~ mice displayed exacerbation of colitis and
fulminating inflammation when compared with VDR-sufficient
control mice (193). Similarly, VDR™~ mice were shown to be
more susceptible to Dextran Sodium Sulfate (DSS)-induced coli-
tis due to impaired healing and decreased epithelial junctional
complexes, suggesting a role for Vitamin D in the maintenance of
the intestinal mucosal barrier (194). Interestingly, VDR™~ mice
are characterized by increased bacterial load in the intestinal
mucosa. This is most likely due to a VDR-dependent transcrip-
tional regulation of the autophagy gene ATG16L1 in Paneth
cells, which are important for the production of antimicrobial
peptides (195). Although preclinical and clinical observations
point toward an involvement of Vitamin D in the pathogenesis
of IBD, further studies addressing whether hypovitaminosis D
is a cause or a consequence are needed. IBD patients are char-
acterized by inflammation-dependent intestinal malabsorption
of diet-derived Vitamin D (180). However, recent prospective
studies suggest that newly diagnosed IBD patients show Vitamin
D deficiency whereas higher Vitamin D status correlates with a
lower risk of developing Crohn’s disease (196).

AhR Ligands

Another relevant dietary constituent enriched in the small intes-
tine is represented by aryl hydrocarbon receptor (AhR) ligands.
AhR is a widely expressed basic helix-loop-helix transcription
factor, belonging to the PAS domain-containing superfamily.
Interestingly, its expression on immune cells plays a pivotal role
in the development and differentiation of the immune system
(197). Ligands of AhR encompass xenobiotics such as envi-
ronmental pollutants, endogenous ligands such as tryptophan
metabolites (e.g., FICZ) and dietary ligands contained in cruci-
ferous vegetables like broccoli and cabbage (198). Remarkably,
a recent report showed that AhR might also act as a sensor of
PAMPs by binding bacterial pigmented virulence factors (viz.
phenazines from Pseudomonas Aeruginosa and naphtoquinone
phthiocol from Mycobacterium Tubercolosis) and enhancing
host immune response against pathogens (199). AhR ligands
have been linked to the maintenance, but not the embryogenesis,
of intraepithelial lymphocytes (e.g., TCRyS and CD8awx T cells)
(200) as well as differentiation and effector function of Foxp3*
Tres, Trl, and Th17 cells (201-203). Recent findings highlighted
a crucial role for AhR signaling in the innate lymphoid cells
compartment. AhR deficiency dampens the postnatal, but not
the fetal, development of RORyt*Nkp46* ILC3, thereby affect-
ing IL-22 mediated protection against C. rodentium infection
(204). Interestingly, AhR-dependent IL-22 expression by
ILC3 was shown to be crucial to avoid the expansion of SFB
and the induction of Th17 cells in the intestine, suggesting a
cross-regulatory role of AhR that directly promotes Th17 cell
differentiation and indirectly control their expansion by regulat-
ing the activity of ILCs (205). The requirement of AhR-mediated
signaling during postnatal development was also outlined by
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two studies demonstrating an AhR-dependent development of
CCR6°CD4 T-bet*~ RORyt* ILCs to generate cryptopatches
and isolated lymphoid follicles (206, 207). Furthermore, AhR
expression on peritoneal M@ has been associated with hypore-
sponsiveness to LPS achieved by NF-«B inhibition (208). Hence,
AhR ligands may target M@ to maintain tolerance against the
non-self repertoire enriched in the GI tract. In addition, AhR
negatively regulates NLRP3 inflammasome activity (209), fur-
ther suggesting a role in dampening intestinal inflammation. To
better determine the role of AhR on specific intestinal immune
cells, additional studies exploiting an AhR ligand deficient diet,
conditional ablation of AhR and a discrimination of microbial
derived AhR ligands are needed.

Salt (NaCl)

It has recently been shown that salt, which is contained in high
concentration in the western diet, induces pathogenic Th17 cells
in the intestinal lamina propria (210), and hence providing an
explanation for the link between the western life style and the
high incidence of IBD observed in developed countries (189).
Mechanistically, the serine-threonine kinase SGKI (serum
glucocorticoid kinase-1), which is important in controlling Na*
transport and salt homeostasis, is induced in T cells activated
in Th17 polarizing conditions. SGK1 signaling blocks Foxol,
which is a repressor of IL-23R. Thus, SGK1-deficient cells display
normal primary differentiation of Th17 cells, but impaired IL-17
production upon IL-23 restimulation (210). Consistently, WT
mice fed with a high salt diet were characterized by an increased
frequency of Th17 in the SI-LP when compared to mice lacking
SGK1 in the CD4* compartment (210).

Commensal-Derived Food Metabolites

Some dietary components require special enzymes for their
digestion; those that are lacking in our genome are instead
provided by our microbiota (211). Mice reared under germ-free
conditions display an altered metabolism with accumulation of
undigested fibers and of primary bile acid products (212). The
influence of commensal bacteria in regulating the availability of
diet-derived nutrients and metabolites and their impact on the
immune response have recently been reviewed elsewhere in Ref.
(213), therefore we will in brief only discuss recently published
results.

Short-chain fatty acids

Indigestible dietary fibers, which are present in fruits, vegetables,
and cereals, represent the prototype of food metabolites that
require bacterial enzymatic digestion in order to be biologically
available. Fibers are processed by bacterial fermentation into
SCFA products (mainly acetate, propionate and butyrate), which
are enriched in the proximal colon in agreement with the higher
bacterial load (16). Although butyrate has been associated with
a pro-tumorigenic role in the etiology of colorectal cancer (214),
it has also been shown that administration of butyrate to mice,
which are genetically susceptible to small intestinal cancer and
kept under a high fat diet, is able to attenuate tumor progres-
sion (215). Overall, the effect of a fiber-enriched diet results in
the induction of an anti-inflammatory environment and thus

provides a protection against inflammatory and allergic disorders.
In line with this, in vitro butyrate-treated DCs produced lower
levels of inflammatory cytokines, such as IL-12 and IFNy (216).
Furthermore, butyrate modulates intestinal macrophage function
through histone deacetylase (HDAC) inhibition and downregula-
tion of the LPS-induced inflammatory cascade (217). Moreover,
butyrate binding to GPR109A, which is a receptor for niacin in
colonic M@ and DCs, results in the generation of Foxp3* Trec
and IL-10 producing Tr1 cells (218). In vivo, the most prominent
effect of SCFAs is the expansion of Foxp3™ Treg cells in the colonic
lamina propria. SCFA-mediated effects on the immune system are
mostly exerted through inhibition of HDAC and signaling down-
stream GPR43 and GPR41 receptors (213). A SCFA-enriched
diet mediates the expansion of Foxp3* Treg in the colon in a cell
intrinsic and GPR43-dependent manner (219), whereas previous
results showed the same expansion mediated by inhibition of
deacetylation of the Foxp3 promoter (220). Interestingly, from a
metabolic point of view, Th17 cells, differently from Foxp3* Trec,
are dependent on the glycolytic pathway (221). A recent study
showed that de novo fatty acid synthesis is crucial for Th17 cell
differentiation, whereas Trrc are mostly induced by fatty acid
uptake, thus providing a concomitant metabolic explanation
of the phenotype observed in vivo upon changes in the dietary
intake (222). Consistently with the enlargement of the Foxp3*
Treg pool in the colon, mice fed with a fiber enriched diet showed
decreased T cell transfer-mediated colitis, which depends on a
direct effect of SCFA on Foxp3* Treg rather than de novo Foxp3*
Trec generation (219). Using a chemically induced murine model
for colitis, Berndt and colleagues demonstrated that the route of
administration is crucial to determine a protective or a harmful
role of butyrate (223). The analysis of feces from human patients
withIBD compared with healthy subjects revealed decreased levels
of acetic, butyric, and propionic acids, thus suggesting a protec-
tive role of SCFA in the pathogenesis of IBD (224). Moreover, the
fecal microbiota of patients with IBD showed decreased levels of
E Prausnitzii, a bacterial species of Firmicutes involved in dietary
fiber digestion (225). Nevertheless, the effect of a fiber enriched
diet in the treatment of IBD patients has shown opposite results
(226-228), possibly depending on the different experimental
protocols used in the different studies and on the selection of the
patients cohorts (227). A better understanding of the local versus
systemic effect mediated by this metabolite is needed to achieve
a deeper insight in the mechanisms of action and the possible
consequences in the shaping of the immune response in the GI
tract and in other compartments of our body. In line with this,
a fiber-rich diet is reflected by an increase in the serum level of
SCFAs and is associated with a reduced susceptibility to allergic
airway inflammation in a GPR41-dependent manner. This protec-
tive effect appeared to be mediated by an increased proliferation
of CDPs and MDPs in the BM and the subsequent seeding of the
lungs with DCs characterized by an increased phagocytic poten-
tial but a decreased ability to produce type 2-promoting cytokines
(229). Whether this extra-intestinal effect of dietary metabolites
is dependent on a direct sensing of SCFAs by BM precursors or
whether it is an indirect effect mediated by education of immune
cells in the intestine, followed by delivery of signals to the BM, still
needs to be investigated.
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Oxysterols and Bile Acids

Food enriched in oils and fat is an important source of dietary
lipids, mainly triglycerides and cholesterol, which exert impor-
tant roles in regulating the immune system (230). Metabolism
of cholesterol gives rise to oxysterols and bile acids, key players
in the regulation of nutrient absorption and lipid digestion
through the activation of the nuclear receptors LXR (LXRa
and LXRP) and FXR, respectively. Commensal bacteria are
important regulators of the synthesis of bile acids by convert-
ing primary into secondary bile acids and by favoring their
excretion. Bile acids binding of FXR-RXR heterodimerized
receptor expressed on lamina propria CD11b* Mg results in
a decreased induction of pro-inflammatory genes, like IFNy,
IL-6, TNF-a, and IL-1f. Therefore, mice treated with an FXR
agonist displayed a milder phenotype of inflammation during
DSS-induced colitis (231, 232). Similarly, LXR activation on
LPS treated M@ results in the inhibition of COX-2, NOS, and
IL-6 expression with the subsequent reduced inflammation in
an in vivo model of dermatitis (233). Consistently, LXR-deficient
Mg display an aberrant capacity of apoptotic cell clearance
associated with induction of inflammation and breakdown of
self-tolerance (234). On the other hand, LXRp deficiency was
associated with an enhanced proliferative capacity of T lympho-
cytes and lymphoid hyperplasia, implying the importance of
LXR and sterol metabolism in lymphocytes homeostasis (235).
Furthermore, LXR activation has been associated with impaired
differentiation of Th17 cells and protection against experimental
autoimmune encephalomyelitis (EAE) in mice (235). Given
the need to maintain intestinal homeostasis, metabolism of
cholesterol might be crucial to counteract pro-inflammatory
exogenous insults highly present in the GI tract. However, the
specific target cells sensing oxysterol and/or bile acid to exert
homeostatic function is still unresolved. Interestingly, a recent
study demonstrated that naturally occurring oxysterols (7,
27-OHC, and 7a, 27-OHC) are strong RORyt agonists, hence
enhancing Th17 differentiation in vitro in both human and mice
(236). This study was also further substantiated by in vivo find-
ings. Mice deficient for CYP27A1, an enzyme responsible for
bile acid synthesis and 27-OHC production, showed diminished
numbers of Th17 cells among splenic CD4* and yd T cells (236),
suggesting that oxysterols might, independently of LXR, modu-
late intestinal Th17 homeostasis.

Overall, the concept of diet as an active player involved in
shaping our immune system rather than just being a mere source
of energy is broadly accepted. The study of nutritional regimens
in different areas of the world paired with the differential inci-
dence of inflammatory intestinal disorders is currently providing
important insights in their pathogenesis and etiology. Current
efforts point to uncover dietary derivatives associated to cellular
and molecular changes leading to intestinal inflammation or
reestablishing homeostasis. Moreover, a better understanding of
diet-mediated immune effects will be crucial to exploit changes
in dietary habits as an important complementary therapeutic
approach for the treatment of inflammatory disorders affecting
the GI tract.

Oral Tolerance to Food Antigens

As mentioned, the gut mucosa is constantly exposed to commen-
sal microflora and food constituents. Therefore, efficient suppres-
sive mechanisms are needed to avoid undesired inflammatory
responses against these innocuous antigens. Oral tolerance is a
process characterized by local and systemic hyporesponsiveness
to antigens administered via the intestinal mucosa. Defects in
proper induction and/or maintenance of oral tolerance might
underlie pathological immune responses not only in the gut (e.g.,
IBD and food allergy), but also beyond the gut (e.g., multiple
sclerosis).

Cellular Mechanisms of Oral Tolerance

The induction of oral tolerance relies on a stepwise active
mechanism exploited by intestinal immune cells belonging to the
adaptive and the innate immune system (237, 238). It is broadly
accepted that induction of antigen-specific Foxp3* Tres in gut
draining lymphoid organs, and subsequent migration of these
antigen specific Foxp3* Trec into circulation, are key features to
establish oral tolerance. However, in recent studies, a multi-step
model for the induction of oral tolerance has been proposed, in
which prior to entering into the circulation, Foxp3* Trec migrate
to the gut mucosa with the purpose to acquire immunosuppres-
sive abilities (Figure 4) (5). The different steps involved in this
process include: (1) antigen sampling by innate immune cells; (2)
migration to intestinal secondary lymphoid organs (mostly the
mesenteric lymph node) and antigen presentation; (3) generation
of Foxp3* Tree with gut tropism; (4) migration of Foxp3* Trec
to the intestinal lamina propria where they expand and acquire
tolerogenic potential; (5) eventual migration of newly generated
Foxp3* Treg into circulation and prevention of inflammation in
the periphery (5).

Antigen Sampling

Luminal antigen sampling rely on several mechanisms involving
different cell types, including Peyer’s Patches-associated M cells,
intestinal epithelial cell-mediated intake, and protrusion of den-
drites by CX;CR1" M@ across the epithelial layer (237). However,
lamina propria M of the uppermost part of the small intestine are
less efficient in antigen presentation and, as mentioned above, do
not migrate to draining lymph nodes when compared to CD103*
DCs. Since antigen presentation by CD103* DCs appeared to
be crucial to induce oral tolerance, sampled antigens need to be
transferred from CX;CR1* M@ to CD103* DCs. Interestingly,
Rescignos group demonstrated that orally delivered antigens,
internalized and processed by CX;CR1* Mg, could be transferred
via Connexin 43" gap junctions to migratory CD103* DCs in
order to allow MHC-II mediated antigen presentation within the
MLN. Cytoplasmatic peptides are not loaded to MHC-II mol-
ecules, thus a mechanism dependent on trogocytosis and transfer
of peptide-MHC-II complexes has been proposed to explain the
induction of Foxp3* Trig (239). Furthermore, the gel-forming
mucins MUC2 activate a B-catenin-dependent tolerogenic path-
way in the intestine by binding a Galectin3-Dectin1-FcgRIIB
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FIGURE 4 | Step-wise induction of oral tolerance. Five different steps
can be characterized during the induction of oral tolerance (yellow squares).
These steps have been identified using key deficiencies (red), such as genes
or vitamins. Step 7: CX3CR1* macrophages (Myeloid cells depicted in blue)
might sample food antigens though dendrites crossing the IEC barrier. Food
antigens may then be transferred via Connexin 43+ gap junctions from
macrophages to migratory CD103* DCs (Myeloid cells depicted in green).
Step 2: Food antigen-bearing CD103* DCs migrate to the MLN in a
CCR7-dependent manner and mediate the priming of Foxp3* Tgrea through
the production of TGF-p and retinoic acid (RA). Step 3: newly generated Trea
are endowed with the ability to migrate to the small intestine lamina propria.
This process relies on the induction of gut-homing receptors (CCR9 and
adf7) in a Vitamin A-dependent manner. Step 4: Tree cells migrate to the
SI-LP, where they proliferate and acquire tolerogenic properties, likely
involving IL-10 produced by CX3CR1+ macrophages. Step 5: fully tolerogenic
Trea generated in the SI-LP may be released in the circulation preventing
peripheral inflammation in a Foxp3- and IL-10-dependent manner. VAD,
Vitamin A deficient diet; MLN, mesenteric lymph node; SI-LP, small intestine
lamina propria; Itgp7, integrin p7; M®, macrophage.

receptor complex on intestinal CD103* DCs. Therefore, mice
deficient for MUC?2 are no longer able to establish intestinal and
systemic tolerance upon oral intake of antigens, implying a cru-
cial immunoregulatory role for the mucus in addition to a mere
barrier function (240).

Migration to the MLN and Ag Presentation

Following antigen uptake, DCs need to migrate to intestinal
draining lymphoid structures in order to present the antigen to
cognate naive T cells and induce antigen-specific Foxp3* Trec.
This has been proven using CCR7~'~ mice as well as mesenteric
lymphadenectomy, which result in inhibition of oral tolerance
induction (241). Unlike the CD103~ subset, migratory CD103*

DCs are endowed with enhanced ability to induce Foxp3* Treg in
a TGF-p and RA-dependent manner (7). Wnt-f-catenin signal-
ing in DCs was shown to increase the expression of regulatory
cytokines (1110 and Tgfbl) and the enzymes responsible for RA
production (Raldhl and Raldh2) (242). CD103* DC can also be
distinguished by expressing the integrin avp8, which converts
latent to active TGF-p, hence, further specializing them to induce
Foxp3* Trec (10). Thus, CD103* DC might play a critical role dur-
ing the establishment of oral tolerance, as suggested by eliminating
RA-producing DC precursors expressing a4p7 in the BM, which
result in defective Foxp3* Trec induction (179). Interestingly,
among BM hematopoietic cells, other precursors are character-
ized by the expression of a4p7, including ILC progenitors (31).
Hence, it is tempting to speculate that RA regulates ILC homing
to the intestine and the consequent induction of oral tolerance.
Indeed, a role for intestinal ILCs has recently been proposed in the
establishment of tolerance toward food antigens. LTi and NKp46*
ILC3s production of GM-CSF was shown to be essential for the
maintenance of resident DCs and for their ability to synthetize
RA and produce TGFp. Noteworthy, GM-CSF production by
RORyt* ILCs was dependent on M¢@ sensing microbial signals
and subsequent production of IL-1f (243), implying a role for the
microbiota in this process. Furthermore, monocolonization with
Clostridia confers allergy protection by inducing ILC3-mediated
production of IL-22 and by regulating allergens access through
the epithelial cell layer (244).

Generation of Trec With Gut Tropism

Interestingly, CD103* DC also induces the expression of gut-
homing receptors, namely CCR9 and a4f7, conferring small
intestine tropism to newly generated Foxp3* Tres (7). In agree-
ment with the role of RA in inducing gut-homing tropism, mice
fed with a VAD are impaired in the establishment of oral toler-
ance. However, the proportion of intestinal Foxp3* Trec found in
VAD and control mice is comparable, suggesting that RA plays a
pivotal role in the induction of gut tropism on T cells rather than
in the generation of Foxp3* Trec (5).

Migration of Tgec to SI-LP

After the generation of Foxp3* Trec within the MLN, a previously
unpredicted additional step has been recently described: migra-
tion to the small intestine lamina propria (SI-LP) rather than to
the periphery. The observation that RA induces the expression of
a4p7 and CCRY on Foxp3* Tree, prompted two different groups
to speculate that newly generated Foxp3*™ Trec are required
to migrate to the small bowel in order to establish oral toler-
ance. Indeed, mice lacking either CCR9 or integrin p7 showed
impaired induction of oral tolerance, which was due to the inabil-
ity of Foxp3* Trec to migrate to the proximal small bowel (8, 9).
Foxp3* Trec strongly proliferate in the intestinal lamina propria
and most likely they sense CX;CR1* macrophage-derived IL-10,
which have been proposed to be key processes required during
the establishment of oral tolerance (5, 9). Interestingly, Pabst and
colleagues showed that CX;CR1* deficiency in resident intestinal
Mg abrogates oral tolerance without affecting antigen uptake and
presentation, but rather impairing IL-10 production and Foxp3*
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Tree proliferation in the lamina propria (9). Thus, migration of
activated Foxp3* Trec to the small bowel lamina propria seems
to be crucial to fully develop a tolerogenic potential. This is in
agreement with a growing body of literature proposing the intes-
tine as a site of education or reprograming even for pathogenic
T cells (245). In support of this theory, CCR6-deficient Th17
cells, which are impaired to home to the intestine, possess higher
pro-inflammatory properties compared to wild type Th17 (245).
Moreover, EAE-induced mice (a mouse model for multiple scle-
rosis) treated with monoclonal anti-CD3 antibodies are protected
due to an increased migration of MOG-specific Th17 cells to the
duodenum and reduced Th17 cells in the central nervous system
(245). In addition, lung-derived pro-inflammatory cells from
mice infected with influenza accumulate in the small intestine
where they mediate gastrointestinal symptoms (246). Although
the authors did not demonstrate that blocking this migratory
pattern could affect the disease in the lungs, it might be possible
that influenza-induced gastrointestinal inflammation reflects the
cost of reducing inflammation in the lungs and resolving viral
infection. Overall, oral tolerance relies on the induction of gut-
tropic Foxp3* Trec specific for fed antigens.

Failure to prompt an effective regulatory response is associated
with development of food allergy characterized, predominantly,
by a Th2 response. For example, mice carrying a mutation in
the IL-4Ra chain that enhances the IL-4R signaling pathway are
more prone to develop allergic sensitization to oral antigens,
which is associated with Foxp3* Tres reprogramming toward a
Th2 cell-like phenotype (247). Moreover, polymorphisms in the
IL4RA locus have been linked to the pathogenesis of human food
allergy, and analogously, reprogramed cells (Foxp3* Treg — Th2)
were also found in the peripheral blood of children with food
allergy (247).

Deletion and Anergy

A possible alternative step has been proposed for the induc-
tion of oral tolerance, involving deletion or anergy induction
rather than the generation of regulatory T cells. These different
outcomes appear to depend on the different doses of antigens
orally administered. In particular, feeding low doses of antigens
results in the differentiation of regulatory T cells (as described
earlier). Although the most characterized subtype of regulatory
T cells is CD4* Foxp3* peripherally induced Treg, a role for Trl
Foxp3~ IL-10-producing Tres and Th3 Foxp3~ LAP* TGF-f-
producing Tre has been described in the low-dose induction
of OT. In vivo, treatment with anti-LAP mAb was recently
shown to abrogate anti-CD3-induced OT in mice (248).
Conversely, administration of high doses and thus systemic
spreading of the antigen relies on the induction of apoptosis or
anergy in effector cells. High-dose feeding with myelin basic
protein (MBP) in mice, transgenic for MBP-specific TCR,
induces an initial wave of activation of CD4* T cells and TCR
downregulation, followed by anergy and consequent deletion
(249). The molecular mechanism underlying the induction
of anergy relies on an active process that involves the activa-
tion of anergy-associated genes. Ca**/Calcineurin signaling
promotes the activation of NFAT that imposes an anergic

program if prevented to bind its transcriptional partner AP-1
(250). Among genes that are upregulated on anergic T cells,
GRAIL, an E3 ubiquitin ligase, is crucial for the induction of
OT. GRAIL™" mice, genetically engineered to express a TCR
specific for the MHC-II restricted peptide of ovalbumin protein
(OT-II) on CD4* T cells, are prevented to establish tolerance to
fed OVA antigen (251). Deletion of effector cells is important to
avoid reactions against food antigens. Oral gavage of high doses
of allergen, in a mouse model of allergic contact dermatitis,
promotes plasmacytoid DCs-mediated deletion of Ag-specific
CD8* T cells in the liver and in the MLN. Residual effector
CD8* T cells, that have escaped this first round of tolerance
induction, are then subjected to suppression by activated Trec
cells, generated as described earlier, in the mucosal associated
lymphoid tissues (252).

Most of the studies reported above, aimed at defining OT
mechanisms are conducted exploiting TCR-transgenic mouse
models that facilitate the tracking of Ag-specific T cells in vivo.
A general concern about the use of these models is that they
are far from being physiologic, since TCR-transgenic T cells
recognize their specific antigen with high avidity and gener-
ally outnumber the normal repertoire of TCRs specificities.
In particular, this might have an impact on studies focused
on the induction of anergy and deletion that are influenced
by the strength of TCR engagement and signaling.

Concluding Remarks

In order to exert all its biological functions, our body demands
energetic fuel that is mainly provided by nutrition. The first diet
is represented by breast milk, which is subsequently replaced by
solid food intake. It is well accepted that orally delivered nutrients
exert a profound biological role in shaping our intestinal immune
system, with consequences affecting our susceptibility to gastro-
intestinal and extra-intestinal disorders. Choosing the diet-
regimen in all the stages of our life, starting from breast-feeding
(or formula) to the solid diet later on, may have immunological
implications, which are not completely understood.

For instance, breast milk-mediated transfer of maternal
immune-regulating factors assists the development of the imma-
ture immune system of the infant, and help in the protection
against the first external pathogenic insults. Numerous breast
milk components have been described so far, however, studies
aimed at dissecting the molecular and cellular mechanisms
involved in the fitness of the immune system, including immune
maturation and induction of tolerance, are needed.

In contrast, solid food intake is no longer characterized by the
presence of preformed immune mediators, but instead dietary
metabolites are endowed with immune-shaping properties that
influence the composition of a mature immune system. Several
immune effects of food components have been characterized in
the last few decades. Even though genetically engineered mice
and dietary regimens deprived or supplemented with a specific
food metabolite in mouse models have been instrumental, we
urgently need to corroborate these findings in humans, to then
translate and design novel therapeutic approaches. Observational
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and prospective studies in humans may also have an impact on
our knowledge on the preventive and therapeutic potential of
food. Thus, providing mechanistic insights into how the immune
system can be shaped by dietary compounds or breast milk com-
ponents will offer valuable tools to develop therapeutic strategies
against inflammatory disorders or food allergies.
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