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CD4" T lymphocytes play an essential role in host defense against bacterial, parasitic and viral
infections. During infection, under the influence of intrinsic signals received through peptide-
MHC/TCR interactions and extrinsic signals provided by pathogen-conditioned dendritic and
other accessory cells, CD4" T cells proliferate and differentiate into specialized T helper (Th)
effectors, which produce distinct sets of cytokines tailored to combat a specific class of microbes.

The concept of CD4" T cell multi-functionality was developed after the seminal discovery

of Th1 and Th2 cells nearly 30 years ago. Although the Th1/Th2 paradigm has successfully
withstood the test of time, in the past decade additional Th subsets (Th17, Tth, Th22, Th9) have
been identified. Similarly, single cell analyses of cytokines and master transcriptional factors
have revealed that, at the population level, CD4" T cell responses are far more heterogeneous
than initially anticipated. While some of the checkpoints in Th cell specification have been
identified, recent studies of transcriptional and epigenetic regulation have uncovered a
significant flexibility during the course CD4* T lymphocyte polarization. In addition, Th cells
expressing cytokines with counteracting functions, as a measure of self-regulation, display yet
another level of diversity. Understanding the mechanisms that control the balance between
stability vs. plasticity of Th effectors both at the time of initiation of immune response and
during development of CD4 T cell memory is critical for the rational design of better vaccines
and new immunotherapeutic strategies.

This research topic will cover current views on Th cell development, with a focus on the
mechanisms that govern differentiation, function and regulation of effector Th cells in the
context of microbial infections.
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The diagram illustrates the functional heterogeneity of Th1, Th2, Th17 and Tth cells and indicates the type
of infections (color coded) with which they are associated. In addition to prototype Th effectors (non-shaded
circles), Th cells with mixed effector phenotype (shaded circles) are depicted.
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CD4™ T helper (Th) lymphocytes play a central role in orchestrating immune responses. While the
specificity of naive CD4™ T cells is fixed and constrained by the TCR they express, their effector
potential is flexible and unbiased. After antigen encounter, Th lymphocytes acquire a specific
effector function by responding to the summation of input signals provided by antigen-presenting
cells (APC) and cytokine microenvironment. The functional diversity of Th cells provides the
immune system with the capacity to mount an appropriate defense mechanism against various types
of pathogens.

The initial discovery of the existence of specialized Th effector populations came from an
analysis of mouse CD4™ T cell clones by Mosmann and Coffman (1). This seminal study
demonstrated that differentiated CD4" T cells can be classified into two groups, designated
Thl and Th2 cells, based on their cytokine production. Thl lymphocytes, which are defined
by secretion of IFN-y, TNE and IL-2, promote cell-mediated immunity and control infec-
tions with intracellular pathogens. In contrast, Th2 lymphocytes, which produce IL-4, IL-
5, IL-10, and IL-13, mediate humoral immune responses and resistance to helminth para-
sites. In addition, the Th1/Th2 dichotomy was also demonstrated in immunopathological set-
tings where Thl and Th2 cells are implicated in autoimmune diseases and allergic conditions,
respectively.

The recognition that different CD4 ™ T cell subsets are associated with specific outcomes in both
infection diseases and immune disorders propelled research into the Th1/2 paradigm. Generation of
mature Th effectors was defined as an endpoint of a multistep lineage-specific differentiation process
in which naive CD4 T lymphocytes gain the ability to produce exclusively Thl or Th2 cytokines.
Moreover, a similar concept of dichotomous Th1/2 immune functions has been put forward for
other lymphocyte populations (Tc1/Tc2), as well as other types of immune cells such as macrophages
(M1/M2) and dendritic cells (DC1/DC2).

However, significant technical advances in CD4™ T cell biology research over past 20 years have
revealed that the Th1/Th2 paradigm cannot fully explain the complexity of Th effectors and led to
the discovery of new Th subsets that have distinct yet overlapping functions with Th1/Th2 cells
(2-4). For example, Th17 cells, which produce IL-17, are important in controlling extracellular
bacterial and fungal pathogens, but can also promote autoimmune disorders (5, 6). Similarly, Tth
cells, which produce IL-21, are important for germinal center formation and antibody production,
have taken on some of the functions originally attributed to Th2 cells (7, 8). Together, these findings
clearly challenge Th1/2 concept and the model of Th effector choice as a bidirectional and linear
differentiation process. Indeed, new molecular techniques that enable comparative analysis between
genome-wide landscape of different transcriptional factors and cell-specific transcriptional output
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revealed that Th polarization is a flexible course of progres-
sions that allows different degrees of functional specialization and
diversity among Th cells.

The Research Topic presented here, “CD4 T cell differentiation
in infection: an amendment to Th1/Th2 axiom” is a collection of
reviews that cover the most recent progress on Th effector choice
mechanisms in various infection models.

The Topic opens with two reviews on the functional dichotomy
of innate immune cells. The review by Muraille et al. (9)
focuses on classically (M1) and alternatively (M2) activated
macrophages and their distinct metabolic programs that can be
exploited by pathogens as immune evasion strategies. The paper
by Hussaarts et al. (10) describes the mechanisms by which
helminth components condition dendritic cells for Th2 differ-
entiation and discusses Th2-associated inflammatory responses
in the context of metabolic disorders. The immune response
to intestinal worm infections is also the topic of the review
by Bouchery et al. (11), which focuses on Th2-polarizing sig-
nals in CD4" T lymphocytes and the relative contribution of
Th2 vs. recently discovered new Th subsets to helminth immu-
nity. The CD4" T cells responses during fungal and malaria
infection originally characterized based on Th1/Th2 paradigm
are re-examined by Borghi et al. (12) and Perez-Maliah and
Langhorne (13), respectively. Borghi et al. (12) describe different
Th effectors implicated in anti-fungal resistance and tolerance,
while Perez-Maliah and Langhorne (13) discuss the types of
Th subsets, including the population of self-controlling multi-
functional IL-10" Th1 cells, induced during malaria infection.
The review by Engwerda et al. (14) focuses on the mechanisms
underlying IL-10 expression in Foxp3~ IL-10" Thl cells and
Foxp3™ CD4" T regulatory lymphocytes, as well as the role
these two populations play in host-protection during protozoan
infection.
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The notion of CD4" T cell heterogeneity beyond Th1/Th2
effectors is also supported by studies in humans as reviewed by
Geginat et al. (15). The molecular mechanisms controlling plas-
ticity vs. stability are just beginning to emerge in both murine and
human Th lymphocytes. The paper by Panzeri et al. (16) presents
evidence that long intergenic non-coding RNAs (IncRNA) play a
role in the Th1 differentiation program of human CD4™ T lym-
phocytes.

Compartmentalized microenvironments with tissue specific
conditions (e.g., APC, cytokines) may also contribute to the plas-
ticity of Th effectors. This is certainly true for Th differentiation
in gut-associated lymphoid tissue, as discussed by Brucklacher-
Waldert et al. (17). Ongoing discoveries of the variable but sig-
nificant degrees of flexibility among lineage committed CD4
T cells cast doubts on “bona fide” Th effector memory responses.
Although the Tth effector subset is considered to be highly unsta-
ble, the review by Hale and Ahmed (18) upholds the concept that
memory Tth cells are generated during a viral infection.

The Th1/Th2 paradigm has revolutionized the concept of
CD4™ T cell differentiation. However, recent discoveries of addi-
tional T cell subsets have revealed previously unexpected com-
plexity in the CD4™ effector T cell decision-making process.
Together, the papers presented here review our current under-
standing of Th effector choice in infection and emphasize the
importance of defining molecular pathways dictating specificity
vs. diversity and stability vs. plasticity in CD4™ T cells. Ultimately,
these new advances will have important implications for rational
design of better vaccines and immunotherapies.
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The classical view of the Th1/Th2 paradigm posits that the pathogen nature, infectious
cycle, and persistence represent key parameters controlling the choice of effector mecha-
nisms operating during an immune response. Thus, efficient Th1 responses are triggered
by replicating intracellular pathogens, while Th2 responses would control helminth infec-
tion and promote tissue repair during the resolution phase of an infectious event. However,
this vision does not account for a growing body of data describing how pathogens exploit
the polarization of the host immune response to their own benefit. Recently, the study of
macrophages has illustrated a novel aspect of this arm race between pathogens and the
immune system, and the central role of macrophages in homeostasis, repair and defense
of all tissues is now fully appreciated. Like T lymphocytes, macrophages differentiate into
distinct effectors including classically (M1) and alternatively (M2) activated macrophages.
Interestingly, in addition to represent immune effectors, M1/M2 cells have been shown to
represent potential reservoir cells to a wide range of intracellular pathogens. Subversion
of macrophage cell metabolism by microbes appears as a recently uncovered immune
escape strategy. Upon infection, several microbial agents have been shown to activate host
metabolic pathways leading to the production of nutrients necessary to their long-term per
sistence in host. The purpose of this review is to summarize and discuss the strategies
employed by pathogens to manipulate macrophage differentiation, and in particular their
basic cell metabolism, to favor their own growth while avoiding immune control.

Keywords: macrophage polarization, metabolic switch, amino acid metabolism, hypoxia, iron, PPARs, infection,

immune escape strategy

TH1/TH2 PARADIGM AND INFECTIOUS IMMUNOLOGY

Historically , immunology emerged as an independent scientific
discipline whose aim was to understand and possibly ameliorate
the development of vaccines, a medical practice that was mostly
pioneered, in an empirical fashion, by microbiologists of the end
of the 19th century. Notably, however, the establishment of funda-
mental immunological concepts and paradigms, such as B and T
cell collaboration or tolerance, was based on a reductionist (or ana-
lytical) approach that departed from a classical “host-pathogen”
view of immunology, by putting much emphasis on self/non-self
discrimination concepts explored with simpler protein antigens
such as ovalbumin or keyhole limpet hemocyanin (KLH).

The discovery that CD4™" T cells can be characterized by dis-
tinct “cytokine signatures” by Mosmann and Coffman in 1986
(1) marked the great return of infection in immunology, lead-
ing to emergence of the Th1/Th2 “division of labor” paradigm
in 1989, and its application to the field of vaccinology since the
early 1990s. This concept led to a critical appraisal of the multi-
ple and diverse sets of immune effectors promoting the now well
established idea that the best immune response is often not the
most intense nor the most specific but rather the best adapted to
counteract or control the pathogen infectious cycle in the host. In
consequence, identification of the nature of pathogens, selection
of the appropriate immune response, repression of damaging or

inadequate immune response are now recognized as crucial steps
for the successful control of an infectious event. Thus, the immune
reaction must be adapted to eliminate or control the pathogen
and to restore homeostatic conditions during an infection to pre-
vent severe tissue damage (2); for review see Ref. (3). The high
frequency of chronic infections observed in nature demonstrates
that pathogens are, however, able to manipulate these responses to
evade immune control or even subvert immune reactions to their
own advantage.

This review highlights current understanding of the interplay
between pathogens and macrophages with a special emphasis on
the role of metabolism regulation in the control of infections
in mouse models unless otherwise stated. A clear understanding
of the importance of macrophage polarization may reveal novel
strategies for controlling infectious diseases.

CLASSICALLY AND ALTERNATIVELY ACTIVATED
MACROPHAGE

Myelomonocytic cells are an essential component of innate immu-
nity and represent the first line of defense against pathogens.
Myelomonocytic cells fulfill a variety of homeostatic functions,
which go beyond host defense and include tissue remodel-
ing during embryogenesis, wound healing (fibrin dissolution,
removal of dead tissues, fibroblast recruitment and growth and
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connective-tissue remodeling), as well as orchestration and contri-
bution to metabolic activity [reviewed in Ref. (4—6)]. Myelomono-
cytic cell function needs to be tailored to their tissue of residence,
an adaptation that is driven by tissue-derived factors and by the
physiological environment.

The myelomonocytic cell populations are particularly dynamic
during inflammation or infection. Under such conditions, blood
monocytes are recruited into the tissues, where they differentiate
into macrophages or dendritic cells. Depending on the microen-
vironment, macrophages can acquire distinct functional pheno-
types. The concept of macrophage polarization was first defined
in 1992 with the discovery that IL-4 inhibits the respiratory burst
of macrophages while enhancing expression of MHC-II and man-
nose receptors (CD206) on their cell surface (7). Since then, two
opposite and competing phenotypes, often referred to as classically
activated macrophages (M1 macrophages) and alternatively acti-
vated macrophages (M2 macrophages) [reviewed in Ref. (8—10)]
have been defined and identified in several physiological settings.
The M1/M2 nomenclature is derived from the Thl and Th2
cytokines that are associated with these macrophage phenotypes.

M1 macrophages differentiate under the influence of IFN-y
and/or LPS and display functional subdivisions depending on
stimulation (11). They are usually characterized by increased
microbicidal activity, as witnessed by the secretion of high levels of
pro-inflammatory cytokines such as TNFa and IL-6, production
of reactive oxygen intermediates (ROI) and nitric oxide synthase-2
(NOS-2/iNOS)-dependent reactive nitrogen intermediates (RNI);
high antigen-presenting activity and increased production of IL-
12. These characteristics are promoted by IFN-y-mediated Janus
kinase-signal transducer and activator of transcription (JAK—
STAT) signaling or directly by pathogen associated molecular
patterns (PAMPs) such as LPS. M1 macrophages constitute the
first line of defense against intracellular pathogens and promote
or amplify Thl polarization of CD4" lymphocytes by IL-12
production.

M2 macrophages have been initially identified in the context of
infection by helminths, differentiating from monocytic precursors
under the influence of IL-4 and IL-13 produced during a strongly
Th2-polarized response. M2-like cells have been described in dif-
ferent pathological conditions such as infections by intracellular
bacteria or virus, allergy, diabetes, and cancer [reviewed in Ref. (8,
9, 12)]. They are characterized by the selective expression of mark-
ers such as arginase 1 (Argl), chitinase-like protein (for example,
Ym1l), Fizz1 (Found in Inflammatory Zone 1), CD36 (fatty acid
translocase), and CD206, as well as the production of low lev-
els of IL-12 and iNOS. Depending on the context, differences in
the expression of M2-associated phenotypic markers have been
recognized, leading to a redefinition of this cell population to
accommodate a diverse set of subtypes: M2a (induced by expo-
sure to IL-4 or IL-13) and M2b [induced by stimulation with
immune complexes, TLR, or the IL-1 receptor antagonist (IL-1ra)]
macrophages drive Th2 responses, whereas M2c cells (generated
by stimulation with IL-10) play a predominant role in the sup-
pression of immune responses and tissue remodeling [reviewed in
Ref. (13)].

In addition, M1 and M2 macrophages differentially express
a panel of co-stimulatory receptors of the B7 family. Ml

macrophages have been shown to express higher levels of CD86
and PD-L1, whereas M2 macrophages display elevated levels of
PD-L2. The expression differences are less clear for CD80 (14, 15).

It should be noted that macrophages with intermediate or over-
lapping phenotypes have been observed in vivo. For example,
adipose tissue macrophages from obese mice have a mixed profile,
with upregulation of several M1 and M2 gene transcripts (16).
Taken together, these observations suggest that the prototypical
M1 and M2 phenotypes probably represent extremes of a contin-
uum spectrum of functionally distinct cell types. In this review, we
will focus mainly on the role of M1 and M2a macrophages, these
latter identified on the basis of high Argl expression and STAT6
pathways dependence.

MACROPHAGE POLARIZATION IS ASSOCIATED TO A SHIFT
OF METABOLIC PROGRAM

M1 and M2 macrophages display a drastic shift in the amino acid,
glucose, lipid, and iron metabolism [reviewed in Ref. (6, 17)]. We
discuss several aspects of metabolic shift in relation to pathogen
growth control.

AMINO ACID METABOLIC SHIFT

Amino acid catabolism represents a key mechanism whereby
M1 and M2-types macrophages exert their anti-microbial and
immunoregulatory roles. Tryptophan and arginine degradation
by innate immune cells represents the most studied examples of
functional links between amino acid metabolism and immune
function. This relationship is quite complex, because selected
degradation of amino acids can not only affect an immune
response through the depletion of important precursors to pro-
tein synthesis, but also generates new catabolites endowed with
immunoregulatory functions. In keeping with the general pur-
pose of this review, we will mostly discuss herein the known
links between expression and function of amino acid catabolizing
enzymes and M1/M2 differentiation.

Among the three different enzymes, indoleamine 2,3-
dioxygenase 1 (IDO1), 2 (IDO2), and tryptophan 2,3-dioxygenase
(TDO), which catalyze oxidative Trp catabolism, IDO1 represents
the best known and widely studied example illustrating how amino
acid metabolism and immune regulation interface. IDO1 has been
shown to confer potent anti-microbial activities in vitro. Through
the depletion of the essential amino acid tryptophan, IDO1 can
restrict in vitro the growth of a wide range of pathogens, including
viruses, bacteria, and protozoa (18-22). Although IDOI is consti-
tutively expressed by numerous tissues including the epididymis,
uterus, spleen, small intestines, and prostate (23), its expression is
highly inducible by both type I and type Il interferons, with IFN-y
considered as one of the strongest inducers of IDO expression and
activity. As a consequence, and despite the fact that IDO1 expres-
sion is not restricted to hematopoietic cells, some authors have
come to consider IDO1 as a prototypical M1 marker (11).

The role of IDO1 as potent anti-microbial agent in vivo
remains, however, questionable, due in particular to the well-
known immunosuppressive function of IDO1-expressing cells.
Increased tryptophan catabolism has been indeed observed in
the tumor microenvironment and in the placenta, contributing
to tolerance to, respectively, tumor and fetal antigens. Although
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apparently at odds with the anti-microbial properties of IDO1,
recent observations seem to concur with the notion that despite its
association to an M1-like state, IDO1 may indeed primarily medi-
ate anti-inflammatory/regulatory roles in vivo opposing pathogen
clearance. Indeed, genetic IDO1 ablation or pharmacological inhi-
bition of IDO reduced parasitic load in Leishmania major infected
mice (24). Similarly, in vivo administration of a pharmacological
inhibitor of IDO to Toxoplasma gondii infected mice or infection
of an IDO1-deficient mouse strain led to a more efficient control
of parasite growth by IDO1-impaired hosts (25). In keeping with
this prevalent immunoregulatory role of IDO1 in vivo, inhibition
of IDOL1 activity enhanced both CD4 and CD8 T cell responses to
influenza virus infection, globally improving the antigen-specific
memory response to this virus (26, 27).

Recent observations, albeit performed exclusively in vitro, have
shed a new light on the possible role of IDO1 in the M1 vs M2 dif-
ferentiation pathways (28). In this study, the authors demonstrate
that forced expression of IDOI in the human acute monocyte
leukemia cell line THP-1 is sufficient to induce an M2-like pro-
file, characterized by high IL-10 and low IL-12 expression pattern.
Similarly, siRNA-mediated inhibition of IDO1 expression led to
an increased expression of M1 markers, suggesting an important
and cell autonomous role for IDO1 in regulating macrophage
polarization. Collectively, and although the molecular and cellular
mechanisms need to be identified, the available evidence suggests
the existence of negative feedback regulatory loop whereby expres-
sion of IDO1 under M1-polarizing conditions contributes to the
attenuation of a T cell mediated inflammatory response while
favoring a M1 to M2 shift in macrophages.

Elevated arginine catabolism has also been linked to
immunoregulation and anti-microbial immunity. Noteworthy,
two of the prototypic M1 and M2 markers (respectively, iNOS
and Argl) have the capacity to use L-arginine as a substrate, lead-
ing to the production of r-citrulline and nitric oxide (NO), or
L-ornithine and urea, respectively. The finding that concentrations
of L-arginine at site of inflammation often decline to undetectable
levels suggests an important role for L-arginine catabolism during
an immune response (29, 30).

Products of Argl vs iNOS appear to fulfill diametrically
opposed functions (Figure 1). Argl enhances collagen synthesis
and cell growth via L-ornithine production, while iNOS opposes
cell viability and proliferation. Moreover, INOS protein translation
appears as particularly sensitive to L-arginine levels, providing a
further mechanism, in addition to competition for the same sub-
strate, of counter-regulation between these two enzymes (31). This
substrate competition between iNOS and Argl has been exten-
sively described in mouse models (32), and further studies may
be required to validate the universality of this concept in other
species. Arginase activity has been found in lesions of patients with
cutaneous leishmaniasis and in human tuberculous granulomas,
suggesting an evolutionary conserved response linking arginine
metabolism to infection (33-35).

MI-derived NO represents a major effector molecule in
macrophage-mediated cytotoxicity, playing an important role in
controlling bacterial and parasitic infections (36—38). In keep-
ing with the previously discussed antagonistic role of Argl
and iNOS, induction of arginase activity represents an efficient
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NADPH, O2
NOS2 Arg1
urea
NG-hydroxy- L-ornithine
L-arginine / \
l polyamines: L-proline
L-citruline putrescine,
+ spermidine,
NO spermine
microbicidal functions:

g cell collagen
damagetelipids, division synthesis
proteins and DNA y

FIGURE 1 | Schematic representation of I-arginine catabolism in M1
and M2a-type macrophages.

immune escape strategy developed by several pathogens. As an
example, active induction of Argl gene transcription in infected
macrophages through manipulation of the STAT6 signaling path-
way has been demonstrated for both T. gondii and Leishmania
donovanii (39—41). The discovery that T cells are particularly
sensitive to local arginine concentrations has further confirmed
the important immunoregulatory role of Argl, able therefore
to inhibit both innate (NO production) and adaptive immune
responses to parasites (30, 32). In addition to its immunoreg-
ulatory role, increased arginine metabolism has been shown
to directly promote intracellular growth of several Leishmania
species, notably through the accumulation of polyamines (42, 43).
A compelling argument in favor of a role of arginine catabolism
in promoting parasite growth is the expression of endogenous
arginase by several parasites including Leishmania, Crithidia, and
Leptomonas [see Ref. (44) for review].

Most of the available evidence links therefore Argl expression,
and thus the M2 phenotype, to a disease-promoting activity. Note-
worthy, however, expression of Argl in macrophages also plays an
important role in protecting the host against the lethal effects of
chronic Th2 pathology, as recently demonstrated in mice infected
by Schistosoma mansoni (45). A similar role for Argl in suppress-
ing pathologic inflammation has been derived from studies con-
ducted in acutely S. mansoni-infected Argl-deficient bone marrow
chimeric mice (46). Finally, the importance of Argl in wound
healing has been recently demonstrated using both pharmacolog-
ical inhibition of arginase activity and genetic deletion of Argl in
both haematopoietic and endothelial cells, further illustrating the
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important and positive role of this enzyme in tissue repair and
homeostasis (47).

Although expression of Argl is often associated to an
immunoregulatory/pathogen-growth promoting setting, recent
studies have uncovered a previously unsuspected effector role
for this enzyme against nematode infection. In models of sec-
ondary infections, arginase activity was found to play a key role
in the acquired protective immunity against reinfection with an
intestinal helminth. Upon primary exposure to Nippostrongylus
brasiliensis, mice developed the capacity to retain larvae in the
infected skin, thus reducing the worm burden in the lungs (48). In
this model, Argl was shown to play a key role in larvae trapping,
confirming previously suspected antiparasitic effects of arginase
activity against Heligmosomoides polygyrus (49). The capacity of
the arginine catabolite L-ornithine to inhibit H. polygyrus lar-
vae mobility suggests a plausible mechanism whereby Argl may
protect the host during parasitic infections (50).

In summary, catabolism of both tryptophan and r-arginine
lays at the heart of the M1/M2 dichotomy. Arginine catabolism
represents an important immune mechanism limiting pathogen
growth and spread, exploited by both M1 (through iNOS) and
M2 (via Argl) — like macrophages. Through distinct and mutually
exclusive enzymatic reactions, the same amino acid can therefore
be exploited to generate effector molecules tailored to different
pathogens. Moreover, both iNOS and Argl have also been shown
to dampen excessive inflammatory and T-cell mediated reactions.
Whether these counter-regulatory properties have been evolution-
ary selected to control unwanted immune activity or represent
unintended side effects remains to be established. In marked con-
trast, it is difficult at present to evaluate the precise role of IDO1
as an anti-microbial effector. Despite a large body of in vitro data,
arole for IDO1 in limiting pathogen growth in vivo is still lacking,
suggesting that despite being associated to an M1-like subpopula-
tion of cells, tryptophan catabolism may primarily serve a regula-
tory role in vivo. In conclusion, amino acid catabolism elegantly
illustrates the dual function of M1 and M2 macrophages, both sub-
sets being able to express anti-microbial and immunoregulatory
functions.

HYPOXIA

Decrease in oxygen pressure (hypoxia) in tissues can result from
various causes such as mechanical or infection induced inflamma-
tion, intense metabolic activity but also obesity and tumor growth
[reviewed in Ref. (51)]. The transcription factor hypoxia-inducible
factor-1 (HIF-1) is a central mediator of hypoxic adaptation. In
normoxia, HIF-1 is repressed primarily through the action of a
family of hydroxylases, which targets HIF-1 subunits for degra-
dation in an oxygen-dependent manner. In hypoxia, HIF-1 is
rapidly stabilized in cells and induces the expression of hundreds
of genes, which regulate angiogenesis, metabolism, growth and
survival (50).

In 1938, Kempner was the first to associate cellular metabo-
lism and inflammation: he examined the chemical composition
of control or inflamed tissues and reported chemical changes that
he interpreted as mainly due to the aerobic glycolysis of blood
cells (52). There is indeed growing evidence that tissue foci of
inflammation display a declining oxygen gradient, as compared

to oxygen-rich blood stream, leading to increased cellular HIF-1a
levels particularly in phagocytes, and activation of genes required
to maintain viability and activity in these demanding conditions
(low oxygen and glucose). It is noteworthy that HIF-1a may also
exert regulatory effects in normoxia, in particular during bacter-
ial infection, where HIF-1a expression is stimulated through TLR
receptor engagement and cell signaling pathways (such as NF-kB
and MAPK) [for review see Ref. (53)].

Exposure of primary human monocyte-derived macrophages
to hypoxia for 16 h has been shown to result in increased mRNA
levels for vascular endothelial growth factor (VEGEF), glucose
transporter (GLUT-1), and matrix metalloproteinase 7 (MMP-
7) (54). Induction of VEGF in hypoxic conditions is involved in
the pro-angiogenic activities of macrophages in tumors, whereas
GLUT-1, a glucose transporter, may favor macrophage survival in
ischemic tissues by increasing glucose uptake for glycolytic pro-
duction of energy (Figure 2). The increase in mRNA coding for
MMP-7 could have several consequences, as MMP-7, the small-
est MMP, is able to digest many components of the basement
membrane and extracellular matrix, and is involved in proteolytic
processing, leading to activation of TNF-a, defensins, and other
MMPs.

A number of reports have shown that hypoxia profoundly
affects macrophage recruitment and development of M1 asso-
ciated anti-microbial functions. Specific deletion of HIF-1a in
the myeloid lineage resulted in lower ATP levels caused by
decreased glycolysis. This metabolic defect results in profound
impairment of myeloid cell aggregation, motility, invasiveness,
and bacterial killing (55). Analysis of intracellular killing of
Group B streptococci by bone marrow-derived macrophages
revealed approximately sevenfold more viable bacteria within
the HIF-1a deficient macrophages as compared with the wild-
type cells. In vivo, loss of HIF-la in myeloid cells impaired
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FIGURE 2 | Schematic representation of polarized metabolism in M1
and M2a-type macrophages.
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infiltration at the dermal-epidermal border of inflamed skin and
prevented resolution of passively induced arthritis. HIF-1a ago-
nist mimosine and the pharmacological agent AKB-4924 (which
stabilizes HIF-1) were both shown to enhance the antibacterial
activity of phagocytes and to kill the pathogen Staphylococcus
aureus in vitro and in vivo (56, 57). Conversely, mice lacking
HIF-1a in their myeloid lineage developed larger necrotic skin
lesions upon subcutaneous infection with group A Streptococcus
(58). Murine macrophages exposed to low oxygen tensions have
been shown to display M1 phenotype as suggested by increased
antigen-presenting and phagocytic functions that involved IFN-y
production (59).

Collectively, these observations indicate that HIF-1a critically
regulates pathways essential for the maintenance of energy home-
ostasis and function of macrophages in sites deprived of oxy-
gen. However, a recent report contradicts this conclusion, as the
authors found that hypoxia in L. major skin lesions impaired
the NO-dependent leishmanicidal activity of macrophages in a
reversible manner. The mechanism was found to involve impaired
translation of NOS protein (60). This latter study is in accor-
dance with two recent reports showing (i) that tumor-infiltrating
macrophages in hypoxic areas displayed an altered pro-tumoral
phenotype, characterized by impaired M 1-type function (61) and
(ii) that tumor-derived lactic acid induced vegf and Argl and
the M2-like polarization of tumor-associated macrophages in a
HIF-1a-dependent manner (62).

IRON METABOLISM

Iron is an ideal redox catalyst, accepting or donating electrons,
implicated in numerous cellular processes such as respiration,
DNA replication but also host defenses by the production of
reactive oxygen and nitrogen intermediates. Almost all living
organisms from archaea to eukaryotes display absolute require-
ment for iron [reviewed in Ref. (63-65)]. Erythropoiesis is the
most avid consumer of iron in the mammal organism as erythro-
cytes contain approximately 1 billion of ferric atoms. Approxi-
mately 60-70% of the human adult body iron is bound within
hemoglobin ( 2.5g). Macrophages play a central role in regulat-
ing iron metabolism since they recycle heme iron from senes-
cent erythrocytes and regulate its storage. On the other hand,
microbes have evoked multiple strategies to utilize iron because
a sufficient supply of this metal is linked to pathogen prolifer-
ation, virulence and persistence. The expression of iron uptake
systems is linked to virulence in a broad range of pathogens
including bacteria, protozoa and fungi. The control over iron
homeostasis is thus of central importance in host—pathogen inter-
action, in which both opponents compete for iron. A complex
network of host proteins renders this valuable nutrient largely
inaccessible to pathogens, a concept usually known as “nutri-
tional immunity.” Of course, control of intra- and extracellular
pathogens requires distinct mechanisms of iron restriction in dif-
ferent compartments. M1 macrophages, by repressing ferroportin
(a cellular iron exporter) and CD163 (a hemoglobin scavenger
receptor) and inducing ferritin (which favors iron intracellular
sequestration and storage), reduce the labile iron pool (LIP), the
metabolically active fraction of cytosolic iron that is available
for metabolic purposes. In contrast, through the upregulation of

ferroportin and the downregulation of ferritin, M2 macrophages
have reduced iron storage and enhanced release of iron (66).
Sequestration of iron by M1 macrophages would have a bacte-
riostatic effect (since iron is essential to support bacterial growth)
and thus represents a host protective response. Conversely, iron
release from M2 macrophages would favor tissue repair. Inter-
estingly, iron is also an important regulator of immune effector
functions, immune cell proliferation and cytokine production.
Iron antagonizes the IFN-y-induced expression of MHC-II, iNOS,
and TNF-a and shifts the Th1/Th2 differentiation toward a Th2
reaction.

LIPID OXIDATIVE METABOLISM

Peroxisome proliferator activated receptors (PPARs) are lipid-
activated transcription factors of the nuclear hormone receptor
superfamily. Endogenous ligands that regulate the PPAR family
remain poorly characterized and include free native and modified
fatty acids. PPARs regulate expression of target genes as obligate
heterodimers with the retinoic X receptors (RXRs). In mammals,
there are three PPAR isoforms (PPARa, -y, -3) expressed in a
large variety of cells and playing pleiotropic functions in fatty acid
metabolism including transport, synthesis storage, mobilization,
and oxidation [reviewed in Ref. (67)].

Binding of IL-4 or IL-13 to their cognate receptors, IL-4Ra/IL-
2Ry and IL-4Ro/IL-13Ral, respectively, initiates a cytoplasmic
signaling cascade leading to tyrosine phosphorylation of tran-
scription factor STAT6. Phosphorylated STAT6 dimerizes and
translocates to the nucleus, where it induces the expression of
numerous target genes. Among them, PPARy, PPAR3, and PPARy-
coactivator-1f (PGC-1f) appear particularly important. PPARy
mediates the expression of the main M2 phenotype markers such
as Argl and CD36 (favoring the uptake of fatty acid and apoptotic
cells) and increases oxidation metabolism of fatty acid [reviewed
in Ref. (68)] (Figure 2). By its transrepressive action, PPARy
blocks the expression of numerous pro-inflammatory mediators
induced by LPS and IFN-y such as IL-1f and iNOS. Although
PPARY is not essential for monocyte/macrophage differentiation,
it functions as an important modulator of macrophage lipid
metabolism and a fine-tuner of immune functions (Figure 3).
Whereas the instructions for alternative macrophage activation are
provided by IL-4 and IL-13, the acquisition and long-term main-
tenance of this phenotype implicate PPARy and PPARS. PPARy
KO mice are deficient in M2 macrophages, develop spontaneous
chronic Thl inflammation in lung (69) and are more suscepti-
ble to obesity and insulin resistance, suggesting that homeostatic
functions performed by M2 macrophages might allow animals to
more efficiently store and oxidize incoming lipids, thereby main-
taining insulin sensitivity and glucose tolerance by attenuating
inflammation (70).

Reciprocally, fatty acids facilitate the acquisition and mainte-
nance of M2 phenotype (Figure 3). In a PPARS-dependent man-
ner, monounsaturated fatty acids, such as oleic acid, were found to
synergize with IL-4 to enhance the expression of alternative activa-
tion signature genes such as Argl in macrophages. Argl promoter
is directly activated by PPAR/RXR heterodimers [reviewed in Ref.
(67)] providing a molecular explanation for the observed synergy
between nutrients and 11-4/IL-13 signaling pathways.

Frontiers in Immunology | T Cell Biology

November 2014 | Volume 5 | Article 603 | 12


http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

Muraille et al.

Macrophage metabolism in infection

M1

infection /PAMPs IFN-y

N

TLR2/ .
TIR4 IFN-/R

hypoxia
positive loop
\ Myosa STAT 1 (IFN=/
HIF-10 - 12)
\> NF kB

IDO IL- 12
positive loop glyco|y5|s
~ (hypoxia/ metabolism 'NOS iron sequestration
inflammation)

Llnflammatory mediators
(IL-1b, IL-6, TNF-q,
RO ...) NO

FIGURE 3 | Interplay between metabolic pathways and M1 and M2a functions.

M2a

free fatty acids
(LDL)

| |

IL4R/
ILA3R CD36

IL-4/1L-13

g ‘
STAT-6 LDL
positive loop
l (PPARs/

PPARs — CD36)

enhancementof \

labile iron pool Arg1
lipid oxidation \
metabolism L-omithine,
polyamines

THE ENERGY SENSORS: AMPK AND mTOR

The AMP-activated kinase (AMPK) represents a well described
energy sensor able to adapt cell metabolism to available substrates
and/or cellular energetic requirements. Accumulation of cellu-
lar AMP, indicative of a reduction in the energy status of the
cell, activates the AMPK, which in turn will phosphorylate a
series of substrates to favor metabolic reactions (such as stim-
ulation of mitochondrial biogenesis, oxidative metabolism and
autophagy), while decreasing ATP consuming, biosynthetic path-
ways. The mammalian target of rapamycin (mTOR) plays a similar
role, by adapting metabolic reactions (such as protein synthe-
sis) to nutrient availability in order to preserve cellular home-
ostasis. Pathogens have been shown to manipulate these regula-
tory pathways to highjack cell metabolism to their own benefit
[reviewed in Ref. (71, 72)]. Collectively, these studies have high-
lighted how, by inhibiting AMPK and/or maintaining an activated
mTOR pathway, pathogens generate essential substrates for their
own replication. Notably, a link between macrophage metabolism
and inflammation has also been recently established. A reduction
in macrophage AMPK activity is associated with M1-like, pro-
inflammatory status, while increased AMPK activity promotes an
anti-inflammatory, M2-type, response [for review see Ref. (73)].
Inhibition of AMPK expression or activity promotes expression
of pro-inflammatory mediators in macrophages activated by LPS
(74). Similarly, AMPKal KO macrophages failed to acquire an
M2 phenotype, retaining high levels of iNOS expression even
when stimulated in the presence of M2-polarizing factors such
as IL-4 (75).

In summary, polarization states and functional properties
of macrophages largely depend on environmental conditions,
such as hypoxia, cytokines, pathogen-derived TLR-ligands, and
lipid mediators. Metabolism shift associated to macrophage

polarization appears highly adapted to microbicidal and tissue
regeneration function of M1 and M2 macrophages, respectively.

M2-LIKE POLARIZATION AS A PATHOGEN-INDUCED
IMMUNE ESCAPE STRATEGY

The interaction between pathogenic microbes and their host is
determined by survival strategies to compete for essential nutri-
ents. During evolution, microbes have developed strategies to
access selected nutrients from the host, while these, in return, have
devised defensive means to restrict their availability to pathogens.
Long-term pathogen persistence is frequently the consequence
of a subtle equilibrium between the nutritive needs of host and
pathogens. M2 macrophages appear as a favorable niche for long-
term persistence of numerous intracellular pathogens. Some evi-
dences suggest that intracellular pathogens can induce or benefit
from PPAR expression and/or high iron availability in infected
macrophages.

Mpycobacterium tuberculosis, the agent of tuberculosis, is well
adapted to survive within the hostile macrophage environment.
Current evidence (76) indicates that M. tuberculosis and BCG
infection causes a time-dependent upregulation of PPARYy expres-
sion in infected macrophages. Even uptake of dead bacteria trig-
gered PPARy expression in macrophages, suggesting a pattern
recognition receptor-mediated triggering mechanism. Accord-
ingly, recent studies have shown the implication of TLR2 (77) and
mannose receptor (CD206) (78) in this process. PPARy expression
and activation led to increased lipid droplet formation, expres-
sion of M2 markers and downmodulation of bactericidal M1
response including respiratory burst and NO production. Involve-
ment of CD36 in lipid droplet formation was further confirmed
by decreased BCG-induced lipid droplet formation in CD36 defi-
cient macrophages (77). These observations suggest that PPARy
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expression may not only represent an escape mechanism to cir-
cumvent the protective host response, but may also provide the
nutrient rich environment required for mycobacterial growth and
survival by promoting host lipid metabolism.

A key anti-pathogen effector of M1 macrophages is NO, which
is involved in direct killing of pathogens, such as M. tuberculo-
sis. Interestingly, a report has shown that Argl was induced in
macrophages in vitro viaa STAT6 independent and TLR dependent
pathway, and prevented NO production. The absence of Argl was
associated with increased NO expression and enhanced control of
mycobacteria. These observations suggest that chronic infection
could be linked to pathogen-induced Argl expression (37). Con-
versely, abrogation of Argl expression in hypoxic macrophages
where iINOS was rendered ineffective resulted in exacerbated lung
granuloma pathology and bacterial burden, suggesting that Argl
could also play a positive role in the control of M. tuberculosis (79).

Iron availability in macrophage is also crucial for Mycobacteria
growth (64, 65). Iron overload enhanced susceptibility while iron-
poor diets reduced Mycobacteria virulence in mice (80). The deple-
tion of intracellular iron occurs in M1 polarized macrophages.
However, Mycobacterium produces siderophores (mycobactins)
with incredible high affinity to iron able to remove iron from trans-
ferrin and lactoferrin, leading to augmentation of iron concentra-
tions in infected macrophages favoring Mycobacterium growth.
As previously mentioned, intracellular iron accumulation could
also downregulate M1 phenotype by negatively affecting iNOS
expression (81).

Brucella spp. are facultative intracellular a-proteobacteria and
the causative agent of the world’s leading zoonotic disease bru-
cellosis (82). Its pathogenesis is mainly based on its ability to
survive and multiply inside macrophages. Treating Brucella abor-
tus-infected mice with a PPARy inhibitor led to a significant
decrease in splenic colonization during the chronic phase of infec-
tion (83). In contrast, treatment of B. abortus-infected mice with
PPARy agonist led to increased expression of M2 markers in
splenic macrophages and enhanced bacterial count in the spleen
during the chronic infection phase (83). These results strongly
suggest that pathways downstream of PPARy contribute to gener-
ate a niche for persistence of B. abortus. In the same study (83),
further analysis of in vitro infected macrophages suggested that
PPARY favors intracellular glucose availability for Brucella by shift-
ing the energetic cell metabolism from a typical M1-associated
glycolytic pathway to a glucose-sparing lipid oxidation associated
to M2 differentiation.

Although iron is needed by bacteria for growth, it also
plays an important role in the anti-microbial M1 activities of
macrophages such as generation of hydroxyl radicals. Brucella
appears well equipped to deal with the iron-poor environment
in M1 macrophages. Brucella expresses two siderophores [2,3-
dihydroxybenzoic acid (2,3-DHBA) and 2,3-DHBA-based mol-
ecule brucebactin] and a heme oxygenase (BhuO) allowing the
use of heme as an iron source [reviewed in Ref. (84)]. It has
been observed that iron supplementation increased the ability
of macrophages to control intracellular Brucella (85) suggesting
that iron chelation may represent a valuable strategy whereby this
bacterium impedes the generation of toxic hydroxyl radicals.

Salmonella are Gram-negative bacteria infecting hosts via the
gastrointestinal tract. Host-adapted strains of Salmonella enter-
ica cause systemic infections (typhoid fever) and have the ability
to asymptomatically persist within host tissues for long periods
of time in 1-6% of patients [reviewed in Ref. (86)]. Early pro-
tective Thl responses are followed by pathogen-permissive Th2
responses. Salmonella infection caused accumulation and per-
sistence of hemophagocyte macrophages (characterized by the
ingestion of non-apoptotic cells) expressing M2 markers (CD36
and CD206) in spleen (87). During later stages of infection in vivo,
Salmonella was found preferentially associated with these cells
(88), possibly representing a specific niche for persistent infection.
PPARS was found upregulated in Salmonella infected macrophages
in vitro. PPARSY deficiency dramatically inhibited Salmonella repli-
cation in vitro and in vivo and its pharmacological activation
enhanced bacterial growth in mice. Absence of PPARS was associ-
ated to a decrease of available glucose necessary to Salmonella per-
sistence in macrophages (88). How macrophages acquire and/or
maintain an M2 phenotype in vivo during Salmonella infection is
presently unknown.

Leishmania represent obligate intracellular protozoan parasites
that are transmitted in the dermis of the mammalian host by
blood-feeding sand flies. After transmission, these parasites invade
mainly macrophages, which are decisive effector cells that either
kill or host the intracellular parasites depending on the balance
of iNOS and Argl [reviewed in Ref. (89)]. Control of parasite
growth was associated with the induction of strong Th1 responses
and induction of iNOS-expressing M1 macrophage. Accordingly,
there was a clear direct correlation between the parasite load and
the arginase activity in the lesions. Inhibition of arginase activ-
ity during the course of infection reduced parasite growth (43).
In vitro, parasitized dendritic cells showed coordinated transcrip-
tional modulations that correlated in part to PPARY upregulation
and promoted the generation and storage of neutral lipids, such as
triacyl-sn-glycerol and cholesteryl esters (90), that can be impor-
tant for the synthesis of key parasite membrane components.
Accumulation of neutral lipid has been also shown to reduce anti-
gen processing and presentation to effector T cells (91). Leishmania
parasites are coated with phosphatidylserine (92), a major surface
characteristic of apoptotic cells (93) recognized by CD36 expressed
by M2 macrophages (94). As engulfment of apoptotic cells by
CD36 pathways leads to induction of PPAR, it is possible that
Leishmania actively promotes M2 polarization of macrophages
as a virulence strategy. Of note, a recent report shows that the
macrophage response upon visceral infection with Leishmania
infantum is characterized by an M2b-like phenotype, identified
by expression of C-type lectin receptors signature (95).

Francisella tularensis, a gram-negative intracellular bacteria and
the causative agent of tularemia, induces acute and frequently
lethal pulmonary infection. E. tularensis replicates in myeloid cells
and alveolar epithelial cells in lung of infected mice [reviewed
in (96)]. It has been observed that virulent strains induce M2
activation markers on macrophages in wild type but not in IL-
4Ra or STAT6 deficient mice (97). Lipid isolated from virulent
strain but not from attenuated strain appeared able to induce a
TLR2/PPARy-dependent M2 polarization of macrophage (98),
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suggesting that redirection of macrophage polarization by E
tularensis could constitute an escape immune mechanism.

Listeria monocytogenes is a facultative intracellular Gram-
positive bacteria able of serious acute infection. Listeria infection
of macrophages rapidly led to increased expression of PPARy
(99). Selective loss of PPARY in myeloid cells resulted in enhanced
innate immune defense against Listeria both, in vitro and in vivo
suggesting that PPARy-dependent M2 phenotype could favor L.
monocytogenes multiplication.

T. gondii represents one of clear examples of how an intracel-
lular parasite can subvert macrophage polarization to enhance its
infectivity. This parasite secretes into the cytoplasm of infected
macrophage several virulence factors including a protein, ROP16,
displaying protein kinase activity. Remarkably, this protein inter-
feres with the host signaling machinery through the direct phos-
phorylation of STAT6 (and STAT3), bypassing therefore early
cytokine receptor proximal events. Notably, ROP16 was shown
to phosphorylate STAT6 on the critical activation residue Tyr641
(39), resulting in the productive transcription of M2-associated
genes including Argl (41, 100).

In conclusion, numerous evidences suggest that some intra-
cellular bacterial and protozoan pathogens responsible for
chronic (Mycobacteria, Brucella, Leishmania, and Toxoplasma) but
also acute (Francisella and Listeria) infection actively manip-
ulate STAT6-PPARy/3 pathways to avoid M1 polarization of
macrophages and/or benefit from a nutrient rich environment
associated to lipid oxidation metabolism. Although the possi-
ble impact of macrophage polarization on chronic viral infec-
tions remains largely unknown, recent studies suggest that HBV-
induced M2 macrophage polarization can participate to immune
impairment and pathology (101). Thus, PPARY/8 pathways hold
a pivotal role in the establishment of chronic infection and their
ligands may be used as combination therapeutics to limit host
pathology or pathogen persistence.

BENEFICIAL ROLE OF Th2 RESPONSE AND ALTERNATIVELY
ACTIVATED MACROPHAGE DURING INFECTION

It is well appreciated that M2 macrophages can act to limit dis-
ease severity and protect the host from detrimental effects of
an excessive Thl response, making symbiotic survival between
host and parasites more likely. For example, infection of mice or
humans with the trematode S. mansoni results in a Th2 dependent
response. Neutralization of IL-4 or genetic invalidation of IL-4/IL-
13 led to increased rates of mortality during acute schistosomiasis,
illustrating the protective role of Th2 in this experimental model.
Mice rendered selectively deficient for IL-4R in macrophages were
extremely susceptible to infection with 100% mortality, suggest-
ing that M2 macrophages are essential during schistosomiasis for
protection against organ injury.

In addition, M2 macrophages can also display anti-microbial
effector function and actively reduce the level of infection by
various pathogens.

Infective larvae of the nematode N. brasiliensis enter host ani-
mals through skin penetration and further migrate in the lungs
and intestine. Primary protective response against N. brasiliensis
relied mostly on an IL-13-dependent goblet cell hyperplasia lead-
ing to increased mucus production in the intestine. Accordingly,

IL-4Ra and STAT6 deficient mice failed to expulse the gastroin-
testinal nematode parasite (102). Interestingly, protective memory
response against N. brasiliensis implicated neutralization of larva
migration from skin to lung (48). Larval trapping was dependent
on induction of M2 macrophage differentiation from recruited
monocytes as demonstrated by the fact that neutralization of IL-4
or Argl abolished larval trapping.

The central pathophysiologic events in severe malaria caused
by Plasmodium falciparum are the inability of the host defenses to
control parasite replication resulting in the excessive release of pro-
inflammatory cytokines. Mice treated with an agonist of PPARy
had reduced parasitemia of Plasmodium and decreased inflam-
matory response (103). This effect was mediated by CD36 that
served as ligand for P. falciparum erythrocyte membrane protein 1
(PfEMP-1) expressed by the parasite (104). CD36-mediated inter-
nalization by M2 macrophages facilitated removal of neutrophils
and dead tissues to resolve inflammation as well as clearing of the
parasite. P. falciparum used host hemoglobin as iron source and
sequestered heme into a pigment known as hemozoin. It has been
showed that hemozoin reacted with membrane phospholipids to
generate hydroxy-polyunsaturated fatty acids which are ligands of
PPARy (105), suggesting that the parasite can actively modulate
its growth by a PPARy pathway.

The cestode Mesocestoides corti induces a central nervous sys-
tem infection in mice dominated by M2 macrophages. Absence
of STAT6 signaling resulted in enhanced susceptibility to infec-
tion coinciding with increased parasite burden in the brain (106)
suggesting that M2 macrophages actively control infection.

The ubiquitous fungus Aspergillus fumigatus causes invasive
and allergenic disease. Host defense relied on the ability of the res-
piratory immune system to restrict spore germination into invasive
hyphae and to limit fungus-induced or inflammation-induced
damage in infected tissues. Infection induced a M2 polarization of
alveolar macrophages. Control of infection appeared dependent
on dectin-1 mediated phagocytosis of fungus by M2 macrophages
(107) as dectin-1 deficiency or elimination of M2 macrophages
was associated to increased fungal burden in mice.

PLASTICITY OF MACROPHAGE POLARIZATION DURING
INFECTION: TWO OPPOSITE EXAMPLES

Several infectious experimental models demonstrate that immune
polarization may display high plasticity, suggesting that M1
and M2 phenotypes may not represent terminally differentiated
cells.

Classically, M1 macrophages are implicated in initiating and
sustaining inflammation, whereas M2 macrophages differenti-
ate later and are involved in resolution of inflammation and
tissue regeneration. In particular, the early and late phases of
Trypanosoma congolense infection are characterized by M1 and
M2 polarization of macrophages, respectively. The shift to M2
appears indispensable to control inflammation and limit tissue
injury (105).

However, the opposite scenario has also been reported. Cryp-
tococcus neoformans, the etiological agent of cryptococcosis con-
stitutes a well-documented case of M2-to-M1 shift in vivo. After
inhalation, C. neoformans resides primarily in the alveolar spaces,
where it can survive and replicate in the extracellular lung
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environment. The immune response in C. neoformans-infected
C57BL/6 wild type mice is predominantly Th2 biased and asso-
ciated with development of M2 macrophages. These latter serve
as intracellular reservoirs for the microbe and promote the devel-
opment of lung pathology (108). In this model, neutralization
of IFN-y resulted in more severe pulmonary infections and
lesions (109). In contrast, IL-4 (109) or IL-13 (110) deletion
led to Thl-dominated immune responses associated with M1
macrophage granuloma formation displaying iNOS dependent
fungicidal activity. Interestingly, the lung immune polarization
environment changed overtime (108). Following a strong initial
induction of Th2 cytokines in the lungs at 2 and 3 weeks post-
infection, a considerable increase in Thl cytokines occurred at
5 weeks post-infection. This increase in Th1 cytokines was accom-
panied by a decrease in Th2 cytokines, indicating that the immune
system is spontaneously capable of a Th2-Thl shift. However,
if it is now appreciated that polarized T cells exhibit previously
unsuspected flexibility and plasticity (111), it remains unclear
whether macrophage polarization switches involve recruitment of
new precursors or de-differentiation of macrophages in situ.

Collectively, these observations suggest that macrophages can
undergo dynamic transitions between different functional states.
This polarization switch may provide protection to uncontrolled
inflammation or constitute an indispensable adaptation to rapid
phenotypic change of pathogen during its cycle.

CONCLUSIONS

In summary, the available evidences are compatible with the origi-
nal view of a “division of labor” between M1 and M2 macrophages.
M1 macrophages do display an increased microbicidal activity
against a wide range of intracellular parasites, while differentiation
toward an M2-like state is often observed during the resolution
phase of an inflammatory response, favoring in particular tissue
repair. This purely dualistic view needs, however, to be considered
with care, since M1 macrophages are also able to negatively control
an inflammatory response (through notably NO production and
IDO1-mediated tryptophan catabolism), while M2 macrophages
display anti-microbial activities via expression of Argl (Figure 4).
The M1/M2 cell paradigm represents, therefore, an additional
example of pathogen-tailored immune effectors, endowed with
regulatory properties.

A growing number of clinically relevant infectious diseases are
characterized by pathogen persistence in the host. Chronic and
recurrent infections implicate long-lasting and costly therapy and
are the cause of an important morbidity in the world. Therefore,
there is a strong interest in understanding the biology of pathogen
persistence.

Numerous reports demonstrate that chronic bacterial persis-
tence in vivo depends on the ability of bacteria to resist the
anti-microbial activity but also to reconfigure local host envi-
ronment to their profit (112). Pathogens exploit host regulatory
pathways limiting damaging inflammatory responses for the ben-
efit of tolerance. They also reprogram host cell metabolism to
produce nutrients necessary for their long-term persistence (88,
113). Similar results have been obtained in parasitic infections (12,
89) suggesting that induction of a metabolic shift in infected cells
constitutes a general strategy to favor persistence. In this paradigm,

M1 M2a

polarization factors:

IL-4/IL-13, PPAR ligands,

IFN-y, TLR ligands, hypoxia ot S o

direct microbicidal mechanisms:

Arg1,

respiratory burst, NO, ...
scavenger receptors

metabolic profil:

nutritional immunity:
hypoxia
iron sequestration
glucose deprivation

nutritional support:
lipid accumulation,
glucose and iron availability
polyamines, ...

control of inflammation:

NO, tryptophan catabolism IL-10, CD36, Arg1

FIGURE 4 | Multipolar view of M1 and M2a polarization.

PPARs family seems key actor in the hijacking of macrophages by
pathogens and an interesting target for therapeutic strategy.

Targeting microbial nutrient requirements represents a promis-
ing therapeutic strategy. Both anti-microbial compounds and vac-
cine have been created to specifically target pathogen iron acquisi-
tion systems [reviewed in Ref. (65)]. Unfortunately, microbes often
possess redundant mechanisms for nutrient acquisition. A better
understanding of these mechanisms may lead to the development
of new strategies to control infection.

The importance of nutrient availability in control of infection
also leads to focus our attention on the multifactorial and complex
impact of modern fat rich diet on chronic infection. Commensal
and mutualistic microorganisms are present in all mucosal com-
partments and form the microbiota. These symbiotic organisms
compete with pathogenic microorganisms for nutrients, thereby
preventing pathogenic colonization and invasion. As discussed
above, obesity can affect macrophage polarization but also dras-
tically change the composition of host microbial community and
thus its ability to compete with pathogen for host nutriment avail-
ability. A better knowledge of the relationship between nutrition,
microbiota, and immune defense could provide guidelines for
prophylactic nutritional measures to protect against and/or treat
infections.
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Nearly one quarter of the world's population is infected with helminth parasites. A common
feature of helminth infections is the manifestation of a type 2 immune response, charac-
terized by T helper 2 (Th2) cells that mediate anti-helminth immunity. In addition, recent
literature describes a close association between type 2 immune responses and wound
repair, suggesting that aTh2 response may concurrently mediate repair of parasite-induced
damage. The molecular mechanisms that govern Th2 responses are poorly understood,
althoughitis clear that dendritic cells (DCs), which are the most efficient antigen-presenting
cells in the immune system, play a central role. Here, we review the molecular mechanisms
by which DCs polarize Th2 cells, examining both helminth antigens and helminth-mediated
tissue damage as Th2-inducing triggers. Finally, we discuss the implication of these findings
in the context of metabolic disorders, as recent literature indicates that various aspects of
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the Th2-associated inflammatory response contribute to metabolic homeostasis.

Keywords: antigen-presenting cells, dendritic cells, helminth, Th2 cells, obesity, metabolic diseases, insulin

resistance, type 2 inflammation

INTRODUCTION

Helminths are parasitic worms that infect one quarter of the
world’s population. They classically evoke strong type 2 immune
responses characterized by the induction of T helper 2 (Th2) cells,
which secrete cytokines like IL-4, IL-5, and IL-13. These pro-
mote IgE production by B cells, and recruitment of eosinophils
and alternatively activated macrophages. Together, these events
control infection and/or mediate parasite expulsion through
smooth muscle contraction and mucus production [reviewed in
Ref. (1,2)].

Helminths enter, migrate, and exit through their host, causing
considerable tissue damage along the way. Therefore, it may not
be surprising that recent literature has described a close associa-
tion between type 2 immune responses and wound repair (3-6).
In this context, a Th2-cell associated response would contribute
to both wound repair and control of parasite infection, and seems
beneficial over a type 1 response, which harbors a greater risk of
inducing collateral tissue damage (1). In addition, various aspects
of the type 2 immune response have been shown to contribute to
metabolic homeostasis (7). Indeed, helminths were recently found
to protect against diet-induced insulin resistance (8, 9), and a neg-
ative association exists between helminth infection and metabolic
syndrome (10).

The mechanisms that initiate Th2 responses are not fully under-
stood, even though it is clear that dendritic cells (DCs), the most
efficient antigen-presenting cells (APCs) in the immune system,
play a crucial role (11). Since helminths are the strongest natural
inducers of type 2 immune responses, many advances in dissect-
ing the mechanisms underlying Th2 polarization have been made
using either models of helminth infection or helminth-derived
products. In this Mini Review, we discuss recent advances in the

field, examining both helminth antigens and helminth-mediated
tissue damage as triggers for the initiation of a Th2 response. In
addition, we discuss the potential implications of these findings in
the context of metabolic disorders.

DENDRITIC CELL SUBSETS ASSOCIATED WITH Th2
POLARIZATION

The importance of DCs in Th2 skewing is highlighted by stud-
ies showing that depletion of CD11c*™ DCs interferes with the
induction of a Th2 response to Schistosoma mansoni and Heligmo-
somoides polygyrus (12—14). Interestingly, it has become increas-
ingly clear that distinct DC subsets induce different Th responses
[reviewed in Ref. (11, 15)], and in the last few years, several
studies analyzed the role of DC subsets in the initiation of Th2
responses to helminth infection. For example, two independent
groups recently showed that the development of a Th2 response
to Nippostrongylus brasiliensis depends on dermal CD301b™ DCs
(16, 17). Specifically, depletion of CD301b™ DCs prior to infec-
tion reduces IL-4 production by CD4™ T cells, without affecting
the percentage of T follicular helper (Tth) cells or germinal cen-
ter B cells (16). Mechanistically, Th2-inducing PDL2TCD301b™
DCs were shown to depend on DC-specific expression of the
transcription factor interferon regulatory factor 4 (IRF4) (17). In
line with these findings, CD11c™MHCIIM dermal DCs express-
ing PDL2 and CD301b were also identified as a Th2-priming DC
subset in N. brasiliensis infection (18). Of note, CD301b™ DCs
alone are insufficient to generate a Th2 response in vitro (17) or
in vivo (16), suggesting that additional requirements exist. For
example, optimal localization of DCs within the lymph node may
play a crucial role. In H. polygyrus infection, CXCR5-expressing
CD11c™ DCs migrate to the lymph node and localize adjacent
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to B cell follicles (19). Depletion of CXCR5 or B cell-derived
lymphotoxin alters the localization of the DCs and, as a con-
sequence, impairs the development of Tth and Th2 cells (19).
In addition, it has been suggested that DCs require signals from
basophils (20) and group 2 innate lymphoid cells (ILC2s) (21)
to prime Th2 responses to allergens. Together, these studies sug-
gest that specific DC subsets, as well as the microenvironment in
which these subsets encounter CD41 T cells, are important for
Th2 development in vivo.

PRIMING DENDRITIC CELLS FOR Th2 POLARIZATION

SENSING HELMINTH-DERIVED ANTIGENS

Dendritic cells are equipped with pattern recognition receptors
(PRRs) that recognize a wide array of pathogen-associated mol-
ecular patterns (PAMPs). The classical paradigm describes that
triggering of PRRs, including the Toll-like receptors (TLRs), RIG-
I-like receptors, NOD-like receptors, scavenger receptors, and
C-type lectin receptors (CLRs), induces DC maturation and
subsequent antigen-specific activation of Th cells (22).

While signaling through most TLRs induces Th1/Th17
responses (23), Th2-inducing helminth-derived molecules have
also been described to interact with DCs through TLR2, 3, and 4
(24-27). Although the schistosome-related glycan LNFPIIIL, which
contains Lewis X (LeX) trisaccharides, requires TLR4 for Th2 skew-
ing (28), various studies suggest that TLRs are dispensable for Th2
polarization by helminth antigens. For example, bone marrow-
derived DCs (BMDCs) from TLR2- and TLR4-knockout mice can
still skew Th2 when pulsed with S. mansoni soluble egg antigens
(SEA) (29), and the TLR adaptor protein MyD88 is not required
for Th2 skewing by SEA-stimulated splenic DCs (30). Interestingly,
human monocyte-derived dendritic cells (moDCs) stimulated
with phosphatidylserine lipids from schistosomes induce IL-10-
producing T cells through TLR2 (25). Therefore, helminth prod-
ucts may employ TLRs for the induction of regulatory responses,
but it seems that other PRRs are required for the initiation of a
Th2 response.

Indeed, CLRs that sense helminth glycans play an important
role in Th2 skewing. For example, SEA is internalized by moDCs
through DC-specific ICAM-3-grabbing non-integrin (DC-SIGN),
macrophage galactose-type lectin (MGL), and mannose recep-
tor (MR) (31), and binds to Dectin-2 on BMDCs (32). Binding
of SEA to DC-SIGN was shown to depend on LeX (33), and a
recent study showed that blocking DC-SIGN-associated signaling
inhibits Th2 skewing (34). Likewise, excretory/secretory products
from the tapeworm Taenia crassiceps (TcES) bind MR and MGL
on BMDC:s (35), and the Th2-skewing capacity of TcES is glycan-
dependent (36). Since SEA and ES mixtures contain many different
glycoproteins, it is difficult to pinpoint the receptor and/or the
mechanism responsible for Th2 polarization. Therefore, an impor-
tant contribution to the field was made when omega-1, a small
glycoprotein expressing Le* residues (37), was identified as the
major immunomodulatory component in SEA (38, 39). Gener-
ation of a glycosylation mutant revealed that omega-1 requires
its glycans to condition moDCs for Th2 skewing, and to prime
Th2 responses both in vitro and in vivo. Specifically, MR but not
DC-SIGN, mediates recognition and internalization of omega-1
(40). In sum, these studies indicate that helminth-derived antigen

preparations can bind a variety of PRRs, which may induce distinct
intracellular events that promote Th2 polarization.

SENSING EPITHELIAL ALARMINS

Modulation of DCs for Th2 priming can also take place in the
absence of PRR signals, in response to epithelium-derived cytokine
alarmins that are released with tissue damage (41). For example,
stimulation of human myeloid DCs with thymic stromal lym-
phopoietin (TSLP) primes naive T cells to produce IL-4, IL-5,
IL-13,and tumor necrosis factor alpha (TNF-a) (42). However, the
role of TSLP in helminth infection remains controversial. While
TSLP receptor (TSLPR) knockout mice fail to mount a protective
Th2 response to Trichuris muris (43, 44), they do develop a Th2
response during infection with S. mansoni (45), H. polygyrus or
N. brasiliensis (44). Interestingly, basophils rather than DCs were
recently described to act as TSLP-dependent APCs for Th2 skewing
in Trichinella spiralis infection (46).

A second relevant alarmin is IL-33, as stimulation of BMDCs
with this cytokine promotes Th2 development (47, 48). In line
with these findings, IL-33 treatment improves Th2 cytokine pro-
duction and expulsion of T. muris (49), and mice deficient for the
IL-33 receptor T1/ST2 fail to develop a Th2 response following
injection with S. mansoni eggs (50). Importantly, T1/ST2 is not
only present on DCs but also on lymphocyte subsets including
ILC2s, which were shown to mediate N. brasiliensis expulsion in
an I[L-33-dependent manner (51).

Lastly, IL-25 induces the production of type 2 cytokines by
ILCs, and IL-25-knockout mice show delayed initiation of type 2
cytokine responses and N. brasiliensis expulsion (52). Although
IL-25 has not been described to act directly on DCs, it was shown
to enhance cytokine production by Th2 memory cells activated
by TSLP-conditioned myeloid DCs (53). Thus, multiple alarmins
are released by epithelial cells and may act in concert on various
immune cell types, to mediate the induction of a Th2 response
against helminths or their eggs.

INTRACELLULAR MECHANISMS ASSOCIATED WITH Th2 POLARIZATION
Signaling-dependent mechanisms

Pattern recognition receptor-mediated signaling classically
induces DC maturation via mitogen-activated protein kinases
(MAPK) (54). However, in contrast to microbial ligands, helminth
products often fail to induce classical signs of maturation and are
well-known to downregulate TLR-mediated maturation (31, 38,
55-60). Indeed, unlike many TLR ligands, Th2-inducing com-
pounds fail to phosphorylate p38 MAPK but instead promote
phosphorylation of p42/p44 MAPK (ERK1/2) [reviewed in Ref.
(61)]. ERK1/2 stabilizes c-Fos, and inhibiting either c-Fos or
ERK1/2 enhances IL-12 production by moDCs (62), suggest-
ing that activation of this pathway suppresses Thl-polarizing
cytokines. Likewise, TSLP promotes ERK1/2 phosphorylation
(63) and fails to induce IL-12 production by myeloid DCs
(42, 64).

It was noted that the NF-kB signaling pathway also seems to
be involved in Th2 polarization, as SEA- or LNFPIII-stimulated
BMDC:s from NF-kB1 knockout mice fail to prime a Th2 response
(65, 66). Furthermore, it was recently demonstrated that LeX
residues, via DC-SIGN, activate LSP1 in moDCs, leading to nuclear
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accumulation of the atypical NF-kB family member Bcl3 and
downregulation of IL-12 mRNA. These events also seem required
for SEA-induced T cell polarization, since silencing either LSP1 or
Bcl3 interferes with Th2 skewing (34). Similarly, the Th2-inducing
capacity of TSLP was shown to involve activation of NF-kB and
STATS5 (63, 67).

Finally, SEA can signal through spleen tyrosine kinase (Syk)
downstream of Dectin-2, activating the Nlrp3 inflammasome
and increasing TLR-triggered release of IL-1 by BMDCs. How-
ever, infection of various inflammasome-deficient mice with S.
mansoni demonstrated that activation of this pathway does not
seem to favor any particular Th response (32). Thus, helminth
antigens can activate signaling, and certain members of the NF-
kB and ERK pathways in particular seem to play a role in
Th2 polarization.

Signaling-independent mechanisms

In addition to signaling-dependent mechanisms, various helminth
products harbor enzymatic activities that mediate Th2 skewing.
For example, omega-1 depends on its RNase activity, which allows
the molecule to cleave both ribosomal and messenger RNA, to
downmodulate TLR-induced moDC maturation and IL-12 pro-
duction, and to skew toward Th2 (40). Interestingly, various

Th2-inducing allergens are also RNases (68, 69), as well as the
endogenous eosinophil-derived neurotoxin that can amplify DC-
mediated Th2 polarization (70). Together, these reports suggest
that any RNase internalized by DCs may harbor Th2-priming
capacities, through cleavage of ribosomal and/or messenger RNA.
Similarly,a number of studies identified a role for cysteine protease
inhibitors secreted by filarial nematodes (cystatins) in regulating
host immune responses by interfering with antigen processing
[reviewed in Ref. (71)]. Therefore, helminths may employ both
signaling-dependent and independent mechanisms to condition
DCs for Th2 skewing (Figure 1).

Of note, recent studies indicate that modulation of metabolic
pathways within immune cells can regulate their function and,
thereby, the outcome of the immune response (72). For exam-
ple, BMDCs switch their core metabolism from mitochondrial
oxidative phosphorylation to glycolysis upon TLR-ligation, and
inhibition of this switch interferes with maturation, IL-12 expres-
sion, and the ability to induce CD4™ T cell proliferation (73,
74). Among the underlying mechanisms, the mammalian target of
rapamycin (mTOR) was shown to control glycolytic metabolism
(75, 76). Although we recently showed that mTOR is not involved
in Th2 skewing by omega-1- or SEA-conditioned moDCs (77),
the question whether helminths or their products affect glycolytic
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FIGURE 1 | Possible mechanisms by which helminth molecules
modulate DCs for Th2 polarization. Helminth antigens are recognized
by DCs through ligation of pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs) and C-type lectin receptors (CLRs). Depending
on the antigen, binding promotes phosphorylation of ERK1/2, nuclear
accumulation of NF«kB or Bcl3, and/or activation of the NIrp3
inflammasome, which mediates IL-18 secretion. Phosphorylation of
ERK1/2 stabilizes c-Fos, leading to downregulation of IL-12 expression. In
addition, DCs can upregulate expression of Th2-associated CD40 and
Jagged, which are under the control of NF«B and ERK1/2, respectively
(115, 116). Upon encounter of T cells expressing CD40L, signaling through
CD40 promotes OX40L expression in an autocrine manner. Alternatively,
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PRRs may mediate uptake of antigens that interfere with antigen
presentation on MHCs, such as cystatins, or RNases that inhibit protein
synthesis, thereby suppressing the expression of costimulatory
molecules like CD80 and CD86. These events affect T cell receptor (TCR)
signaling. As a consequence of protein synthesis inhibition, RNases may
also downregulate Th1-polarizing cytokines or molecules like 1-12 and
Delta-4. In parallel, helminths or their eggs damage epithelium, and
alarmins are released, such as thymic stromal lymphopoietin (TSLP) and
I-:33, which bind the TSLP receptor (TSLPR) and T1/ST2, respectively.
TSLP can also activate ERK1/2, STAT5, and NF-kB to promote CD40 and
OX40L expression. Altogether, these events favor DC-mediated Th2
polarization.
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reprograming in DCs, and how this relates to Th2 polarization,
constitutes an exciting new area of research.

PRIMED DCs AND INITIATION OF T CELL POLARIZATION

A major difference between Thl and Th2 development is that
a Th1 response requires persistent production of Thl-polarizing
cytokines, like IL-12, which are exclusively produced by APCs. By
contrast, once primed DCs induce IL-4 production by a few acti-
vated Th cells, the Th2 response is self-sustained through autocrine
production of IL-4 (78, 79). Therefore, in order to understand
mechanisms of Th2 polarization, it is critical to identify the DC-
associated polarizing signals that control early IL-4 production by
activated T cells.

SOLUBLE FACTORS AND SURFACE MOLECULES

As discussed above, DCs stimulated with helminth molecules
or TSLP fail to express IL-12. Moreover, injection of IL-12 can
block the development of a Th2 response to S. mansoni eggs
(80). These findings led to the so-called “default concept,” which
states that Th2 differentiation spontaneously occurs in the absence
of a Thl-priming signal like IL-12. However, mice lacking IL-
12 do not develop a Th2 response to microbial pathogens (81),
and blocking the mTOR pathway in LPS-stimulated moDCs
skews a potent Th2 response without suppressing IL-12 secre-
tion (77), suggesting that there are active signals involved in Th2
differentiation.

Such a signal may be provided by a soluble factor secreted by
DCs, like RELMa, which was shown to promote IL-10 and IL-
13 secretion by lymph node cells following adoptive transfer of
SEA-stimulated BMDCs (82). However, supernatants from SEA-
primed moDCs do not skew toward Th2 (83), and neither SEA-
nor omega-1-stimulated BMDCs induce Th2 when separated from
CD4™ T cells in transwells (39), indicating that an active polariz-
ing signal in these studies is likely provided by surface molecules.
Indeed, the Notch ligands Delta-4 and Jagged-2 have been linked
to Th1 and Th2 polarization, respectively (84), and helminth anti-
gens were shown to upregulate Jagged-2 on BMDCs (85, 86) and
to suppress Delta-4 expression in moDCs (87). However, Jagged-
2-deficient BMDC:s can still skew Th2 when challenged with SEA
(85, 86), suggesting that other molecules may be involved. For
example, CD40 has been proposed to provide a polarizing sig-
nal, as its expression on SEA-stimulated BMDCs is required for
the induction of a Th2 response (88), and mice lacking CD40
ligand suffer from impaired Th2 development during S. mansoni
infection (89). Mechanistically, signaling through CD40 promotes
OX40L expression, which is essential for optimal Th2 skewing
by SEA-conditioned BMDCs (90) and moDCs (83), as well as
TSLP-conditioned myeloid DCs (64). However, treatment with
anti-OX40L does not significantly affect the Th2 response to N.
brasiliensis infection (18), and it has been suggested that OX40L
acts as a costimulatory molecule rather than a polarizing signal,
since SEA-treated OX40L-knockout DCs induce Th2 cells, but fail
to stimulate appropriate T cell expansion (90). Altogether, these
studies suggest that there may not be one specific DC-associated
molecule required for Th2 polarization, but rather a combina-
tion of signals that mediate both optimal T cell priming and
expansion.

ROLE FOR THE T CELL RECEPTOR

Early reports have described that the antigen dose can determine
the outcome of Th differentiation, with a high dose generally
favoring Thl development (91-93). These findings were con-
firmed in a recent report, which also indicated that Th1-inducing
adjuvants promote a higher Ca?* flux [representing T cell recep-
tor (TCR)-signaling strength], and induce larger synapse size, than
Th2-promoting molecules (94). In addition, it has been suggested
that T cells activated by Th2-inducing ligands are less prolifera-
tive, as priming of splenic DCs with SEA reduces the frequency
of CD4™" T cells progressing through the cell cycle, and drug-
induced arrest of cell cycle progression promotes Th2 polarization
(30). Together, these observations suggest that helminth mole-
cules may reduce TCR triggering, impairing T cell proliferation
in favor of Th2 differentiation. Indeed, treatment of splenic DCs
with SEA results in shorter T cell-DC interaction times and lower
TCR signaling when compared to a Thl-inducing adjuvant (94).
In addition, omega-1 reduces the capacity of BMDCs to form T
cell-DC conjugates and diminishes the frequency of CD4™" T cells
progressing through the cell cycle, possibly through modification
of actin morphology (39). Mechanistically, interaction between
T cells and DCs was shown to depend at least in part on the
costimulatory molecule CD80 (94). As discussed above, helminth
products fail to induce upregulation of costimulatory molecules,
which may also explain why DCs treated with helminth molecules
are less capable of forming stable interactions with T cells.

IMPLICATIONS FOR METABOLIC DISORDERS

The induction of a type 2 immune response has multiple func-
tions. In the context of helminth infection, it mediates both para-
site clearance and enhances wound healing. In addition, it has long
been known that type 2 inflammatory responses contribute to the
pathogenesis of allergy and asthma (95). Recently, however, it has
become clear that multiple facets of the type 2 immune response
are also involved in metabolic regulation (7). For just one example,
IL-4 can regulate the balance between fatty acid and glucose oxi-
dation in hepatocytes (96). Studying the molecular mechanisms
that helminths employ to govern Th2 polarization may therefore
open novel avenues for the treatment of metabolic disorders.

METABOLIC DISORDERS AND TYPE 2 INFLAMMATION

A growing body of literature indicates that obesity is associ-
ated with chronic low-grade inflammation in metabolic organs.
Enhanced infiltration of classically activated M1 macrophages,
CD8™ T cells, and Th1 cells has been reported in both liver and
adipose tissues (AT) (97). This represents a key etiological mecha-
nism promoting tissue-specific insulin resistance and impairment
in whole-body glucose homeostasis, which leads to an increased
risk for type 2 diabetes and cardiovascular diseases. Interestingly,
various reports have shown that Th2-inducing conditions, such as
N. brasiliensis infection (8, 9), allergic inflammation (96), or SEA
administration (98), improve insulin sensitivity and glucose tol-
erance in diet-induced obese mice. In addition, both S. mansoni
infection (99) and SEA administration (100) reduce the devel-
opment of atherosclerotic lesions in mice. Furthermore, adoptive
transfer of CD4™ T cells (mostly via Th2 cells) and IL-4 treat-
ment can protect against diet-induced insulin resistance (96, 101).
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Lastly, type 2-associated ILC2s (102, 103) and eosinophils (8)
were shown to play a crucial role in maintenance of whole-body
metabolic homeostasis by sustaining AT alternatively activated M2
macrophages. These findings are in line with epidemiological stud-
ies indicating that infection with helminths inversely correlates
with metabolic syndrome (104, 105).

THERAPEUTIC MANIPULATION OF DCs FOR THE TREATMENT OF
METABOLIC DISORDERS

The ability of DCs to prime strong Th2 responses identifies
these cells as an attractive target for therapeutic manipulation of
the immune system in the context of metabolic disorders. DCs
are widely studied as targets for development of vaccines and
immunotherapies because of their capacity to regulate a wide
array of T cell responses (106—108). It has been described that DCs
accumulate in AT of obese patients and mice (109, 110), and ther-
apeutic manipulation of DCs might also provide a new strategy
for targeted treatment of metabolic disorders (Figure 2).

In terms of T cell priming, isolated AT CD11ctF4/80"
cells from obese mice were shown to preferentially induce Th17
responses (110), and AT CD11b™ APCs isolated from insulin-
resistant mice promote Thl polarization (111). However, since
both AT macrophages and DCs can express CD11b, CD11c, and
F4/80 (109), it is unclear which APC subset is responsible for these
effects. In addition, targeting antigen to distinct DC subsets elicits
distinct immune responses (112), and therefore, it remains to be
determined whether AT DCs would be capable of polarizing Th2

responses in sifu. These findings highlight the importance of study-
ing AT-associated DC subsets, especially in humans, to identify
appropriate subsets for therapeutic manipulation. Furthermore,
it has been shown that antigen can efficiently be targeted to and
processed by DCs in vivo using an antibody against CTL receptor
DEC-205 (113, 114), a strategy which may be employed to target
AT DCs. Toward this, a DC-restricted receptor on the appropri-
ate subset needs to be identified. Lastly, directing Th2-inducing
adjuvants to DCs requires single molecules that can easily be cou-
pled to DC-specific ligands or antibodies. Therefore, proteins such
as omega-1 hold promise (38, 39), since they provide a power-
ful tool to further dissect the molecular mechanisms underlying
the induction of a DC-mediated Th2 response. In particular, the
identification of the receptors and/or mediators involved in Th2
polarization will provide novel insights for the development of
pharmaceutical agents that mimic helminth molecules in their
modulation of DCs for Th2 skewing.

CONCLUDING REMARKS

As this review illustrates, helminth molecules can interact with
a variety of receptors, that either bind or internalize antigens
to condition DCs for Th2 skewing through signaling-dependent
and -independent mechanisms. In vivo, specific Th2-associated
DC subsets are simultaneously exposed to polarizing signals
from other immune cells or damaged epithelium. Depending
on the helminth species and its migration through the tissue,
it is likely that these signals act in concert to ensure robust

Therapeutic manipulation
Tissue-specific delivery of a Th2-inducing adjuvant,
targeting mediators of Th2 polarization, ...
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FIGURE 2 | Putative effects of targeting DCs for Th2 polarization on
adipose tissue inflammation and insulin sensitivity. Adipose tissues of
obese patients and high-fat diet-fed mice are characterized by the
accumulation of pro-inflammatory immune cells, like Th1 cells and M1
macrophages, which mediate tissue-specific insulin resistance through
secretion of pro-inflammatory cytokines like IFN-y and TNF-a. By contrast, M2
macrophages that secrete IL-10 protect against insulin resistance via multiple

. %
@ IL-10 \/ 00
IFN-y
5)
®_o0
°
e® o
TNF-a

routes. For instance, Il-10 can act directly on adipocytes to potentiate insulin
signaling, inhibit Th1 cells and M1 macrophages, and induce regulatory T cells
(Tregs), thereby promoting adipose tissue insulin sensitivity and glucose
disposal. The maintenance of M2 macrophages in adipose tissue depends on
the presence of Il-4, which can be derived from Th2 cells or eosinophils.
Novel treatment strategies may therefore focus on therapeutic manipulation
of adipose tissue dendritic cells for Th2 polarization.
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Th2 polarization, although there seems to be some redundancy.
It is now recognized that type 2 immune responses can also
regulate energy metabolism, and studying how helminths generate
Th2 responses will not only shed light on the mechanisms
that promote control of parasite infection and wound healing
but may also identify pathways that contribute to metabolic
homeostasis.
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Helminths are credited with being the major selective force driving the evolution of the
so-called “type 2" immune responses in vertebrate animals, with their size and infection
strategies presenting unique challenges to the immune system. Originally, type 2 immune
responses were defined by the presence and activities of the CD4* T-helper 2 subset pro-
ducing the canonical cytokines Il-4, I1-5, and I-13. This picture is now being challenged
by the discovery of a more complex pattern of CD4T T-helper cell subsets that appear
during infection, including Tregs, Th17 Tfh, and more recently, Th22, Th9, and ThGM. In
addition, a clearer view of the mechanisms by which helminths and their products selec-
tively prime the CD4™ T-cell subsets is emerging. In this review, we have focused on recent
data concerning the selective priming, differentiation, and functional role of CD4* T-helper
cell subsets in the context of helminth infection. We argue for a re-evaluation of the original
Th2 paradigm and discuss how the observed plasticity of the T-helper subsets may enable
the parasitized host to achieve an appropriate compromise between elimination, tissue

repair, containment, and pathology.

Keywords: CD4T cells, helminth, differentiation, Th2, Th9, Th17, TfH

INTRODUCTION

Helminth parasites are an extremely successful group of organ-
isms infecting over one billion people, with some able to parasitize
a host for several decades. Helminths are phylogenetically diverse,
with a broad range of migration patterns and life cycles, and are
spread across three phyla: nematodes, trematodes, and cestodes.
Despite their diversity, the mammalian immune response against
these helminths is consistently of the type 2 phenotype character-
ized by IgE antibody production, eosinophilia, mastocytosis, and
specific forms of fibrotic wound repair under the control of the
cytokines interleukin-4 (IL-4), IL-5, and IL-13. More recently, the
ongoing refinement of our understanding of the type 2 immune
response and the recent description of new T-helper cell subsets,
force us to re-evaluate the guiding paradigm that would be infor-
mative to future studies of type 2 responses in the context of
helminth infection.

ROLE OF TYPE 2 IMMUNITY IN HELMINTH INFECTION

The role of type 2 immune responses in immunity against
helminths was initially revealed in studies that observed an inverse
correlation between levels of parasitemia and the expression of the
Th2 cell-derived cytokine IL-4 against the nematode Trichinella
spiralis (1, 2). These ideas have been further developed in experi-
mental models that show that signaling through IL-4Ra or the IL-4
signaling pathway STAT6 can play important roles in expulsion
of, or protection against, the nematodes Heligmosomoides poly-
gyrus (3), Nippostrongylus brasiliensis (4, 5), Trichuris muris (6),
the trematode Schistosoma mansoni (7), and the cestode Mesoces-
toides corti (8). Although the helminth infection-induced immune
effector response normally associated with IL-4 is the production

of IgE antibody, the Trichinella spiralis experimental infection
model is the only one to show a requirement for IgE in protec-
tion (9). It should also be noted that IL-4 mediated responses may
not always be protective as seen in the study showing STAT6 ™/~
mice have greater resistance to the cestode Tenia crassiceps (10).

IL-4 is not the only Th2 derived cytokine that can signal
through STAT6. The type 2 cytokine IL-13 has been shown to
play a key protective role in many helminth infections, partic-
ularly in the expulsion of parasites from the gut by mediating
goblet cell mucous production and smooth muscle cell contrac-
tion sometimes referred to as the “weep and sweep effect” (11).
Macrophages express IL-4Ra, and signaling via both IL-4 and IL-
13 can induce an alternately activated phenotype. Alternately acti-
vated macrophages produce factors that contribute to the repair
of tissues damaged by infection (12); they have also been shown
to be required for protective responses against some nematode
infections (13).

IL-5 is the third cytokine commonly associated with type 2
immune responses and the Th2 cell subset specifically. The main
function of this cytokine is the expansion of eosinophils from
the bone marrow (14) with overexpression of IL-5 leading to
decreased larvae numbers in primary infections of the nematodes
N. brasiliensis and Angiostrongylus cantonensis (15). Genetic dele-
tion or antibody neutralization of IL-5 or the IL-5 receptor o
(IL-5Rat) show a requirement for IL-5 and eosinophils in pro-
tective immunity against secondary infections of Strongyloides
stercoralis, Strongyloides venezuelensis, and Onchocerca lienalis
(16). Eosinophils and IL-5 have also been shown to play an
important role in vaccine-induced protection against Litosomoides
sigmodontis (17).
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Amendments to the Th1/Th2 paradigm in helminth infection

Recent work has reported that the Th2 cell population is het-
erogeneous, containing some subpopulations of Th2 cells that
produce both IL-5 and IL-13 in the absence of concomitant IL-4
expression (18) and also some subpopulations of Th2 cells that are
IL-5% or IL5~, while expressing IL-4 (19). Furthermore, a study
by Liang et al. demonstrated that production of IL-4 and IL-13 is
spatially separated with IL-13 being poorly expressed at low lev-
els by lymph node (LN) CD4*" T-cells but strongly expressed by
CD4™" T-cells found in the lung (20). These data, along with others,
showing that LN CD4™" T-cells expressing IL-4 in response to H.
polygyrus are primarily of the Tth phenotype (T follicular helper)
(21), negates the view that IL-4 production is a sufficiently com-
prehensive marker for all the T-helper cell subsets activated during
the full expression of a type 2 immune response. It also raises the
issue of how we need to have a broader view of how CD4™ T-
helper cells should be defined and identified as contributors to
type 2 immunity.

THE PRIMING OF TYPE 2 T-CELLS IN HELMINTH INFECTION

The cellular and molecular mechanisms that lead to the priming
of type 2 T-cells during helminth infections are not well under-
stood. The IL-4 producing Th2 cell has received the most attention
in this regard, with early expression of Il4 used as a marker of
pre-commitment to a T-helper cell of the type 2 lineage. Although
IL-4 has been clearly demonstrated to promote overwhelming

polarization and differentiation of naive CD4* T-cells into Th2
in vitro (22), it has been difficult to identify the in vivo sources
of IL-4 that are able to affect the initial Th2 cell priming. More
importantly, in vivo studies indicate that Th2 cells can be effec-
tively primed even in the absence of IL-4- and STAT6-dependent
signaling (23-25), thus suggesting that signals other than IL-4
must be operating physiologically. The difficulty in identifying
such signals has led to the formulation of a number of models of
Th2 priming, which are briefly outlined in Figure 1 below, and
linked to available evidence in helminth infection models. Some
of this evidence has recently been reviewed (26) and thus is only
briefly discussed here.

Several lines of experimental evidence suggest that low-avidity
interactions between T-cells and antigen presenting cells (APC)
favor the development of Th2 immune responses (27) (Figure 1A).
Recent work in support of this possibility includes studies of
differential activation of T-cells using antigens of varying affini-
ties or concentrations (28, 29), different T-cell-APC ratios (30)
and, more recently, the reduced APC-naive T-cell contact time
observed when T-cells are primed in vivo in conditions that
favor type 2 rather than type 1 differentiation (31). This model
of Th2 priming is strongly supported by many elegant studies
in well-defined experimental systems, often using homogeneous
T-cell populations expressing clonal T-cell receptor (TCR). How-
ever, models in which T-cell avidity is the sole driver of T-helper
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FIGURE 1 | Proposed models of Th2 differentiation induced by helminth
parasite antigens presented by DC. (A) Antigen taken up by DC is presented
to specific CD4 + T-cells. Low-avidity interactions between CD4 + T-cell and
DC result in the priming of Th2 cells, whereas high avidity interactions result
in the priming of Th1 or Th17 cells. (B) DC conditioned by parasite-induced
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innate cytokines/cells, or directly conditioned by parasite products, acquire
the ability to prime Th2 responses. Th1 and/or Th17 responses are initiated by
DC conditioned by other innate signals. (C) A specific DC subset that is
uniquely able to take up parasite material is programed to prime Th2 immune
responses. The priming of other T-cell phenotypes requires other DC subsets.
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cell differentiation are difficult to reconcile with the observed
prevalence of specific phenotypes of immune response during
infections, when complex mixtures of antigens interact with T-
cells of a range of specificities such as those found in polyclonal
repertoires (32). The wide range of T-cell avidities involved in
such situations would predict that the resulting immune response
should include a mixture of T-cell phenotypes, but this is not
normally observed. It is possible that APC-derived signals, which
are differentially invoked by infectious agents such as intracellular
versus helminth parasites, might be involved in modulating the
strength of CD4™ T-cell activation, thereby resulting in preferen-
tial differentiation of a certain T-helper subset (33-36). At this
stage, the precise contribution of the avidity of APC-T-cell inter-
action to the induction of Th2 immune responses to helminth
parasites remains to be determined.

An alternative possibility is that Th2 cells might arise as a
“default,” in situations where the cytokines that normally direct
T-cells to differentiate into other phenotypes, such as Thl or Th17,
are absent. Indeed, although parasites still require co-stimulation
in order to induce optimal Th2 priming (37, 38), they mostly
lack the microbes-associated molecular patterns (MAMPs) that are
key to strong APC activation, co-stimulatory molecule expression,
and IL-12 secretion (39—41). Alternatively, low-avidity APC-T-cell
interactions may fail to sustain the CD40L expression necessary
for optimal IL-12 production, as is observed with antigen-MHCII
ligands that engage the TCR with low avidity. While this scenario
could be consistent with the low-avidity model discussed above, it
is not consistent with experiments in IL-12 KO mice showing that
lack of this cytokine does not result in activation of Th2 responses
(42), or with many experiments showing that helminth products
suppress 1L-12 production (43, 44) and instruct DC to initiate
Th2 immune responses (39, 45-49). Thus, the overall evidence in
support of this model remains limited.

Third, Th2 immune responses may be initiated by instructive
signals from the APC. These signals may be acquired by APC
through interactions with innate cell populations or mediators, or
may be constitutively expressed by specialized subsets of APC. The
nature of the APC that prime Th2 responses has been debated, with
mast cells (50), B-cells (51), and basophils (52) being suggested
as necessary, or even sufficient (53, 54), for in vivo Th2 induc-
tion in various models of immune responses including helminth
infections. However, later experiments in a S. mansoni model pro-
vided clear evidence that DC depletion was sufficient to ablate
Th2 induction, while basophil depletion had no effect (55). While
it may be reasonable to hypothesize that parasites with different
life cycles and target tissues may also involve different APC pop-
ulations, a key role of DC in priming Th2 responses is consistent
with a wealth of experiments in other types of T-cell responses,
and also with older experiments in B-cell-deficient mice (56, 57).
Altogether, the weight of experimental evidence appears to sup-
port DC as being the primary, and possibly the sole, initiator of
Th2 immune responses. This conclusion then leads to the ques-
tion: if DC is the principal APC population that primes Th2
responses, which properties enable them to do so, and how are
these properties acquired?

The interaction of DC with helminth products has been exten-
sively examined using DC generated in culture or, less frequently,

ex vivo spleen DC. These experiments were highly informative
and revealed, among other things, the limited upregulation of co-
stimulatory molecules on DC by helminth products (36, 40), the
role of CD40 (58, 59), OX40L (60), IL-4, and IL-12 (58), and
the effects of treatment with TLR ligands (61). However, these
results are limited by the fact that the cultured DC used in many
of those experiments may not have a physiological equivalent
in vivo, and splenic DC are not necessarily involved in the immune
response to the helminths of interest. These results must, therefore,
be extended and confirmed using in vivo models, which involve
relevant antigens, DC subsets, and routes of exposure.

As discussed above, helminths and their products can directly
or indirectly condition DC to prime Th2 responses (Figure 1B).
On the basis of current evidence, the best candidate molecule asso-
ciated with DC’s ability to program responding CD4™" T-cells to
a Th2 phenotype is OX40L (62, 63). Blocking OX40L on human
DC also suppresses their ability to prime IL-4-, IL-5-, and IL-13-
producing T-cells in vitro (64); however, studies using transfer of
mouse DC conditioned in vitro using SEA (S. mansoni Soluble
Egg Antigen) suggest that OX40L may also control T-cell expan-
sion in vivo (60). Expression of OX40L on DC can be induced
by the innate cytokines TSLP (Thymic Stromal Lymphopoietin),
IL-25, and IL-33 (64-66), which can be released by damaged
epithelia. In addition, some parasite products (39, 67) and CD40
signaling can also cause upregulation of OX40L expression (60,
67). Accordingly, innate cytokines were found to be dispensable
for IL-4 production after infection with several — but not all —
helminths, suggesting that parasite products may be able to bypass
the requirement for innate cytokines (49, 68, 69). Perhaps more
surprisingly, it was also found that OX40~/~ mice can generate
IL-4 responses to N. brasiliensis (70), whereas IL-4 responses to H.
polygyrus are reduced but not ablated, suggesting a variable abil-
ity of helminth parasites to bypass or replace the requirement for
OX40L co-stimulation. Our experiments comparing Th2 immune
responses induced by various agents suggest that helminths may
not be unique in their ability to bypass the TSLP/OX40L axis, and
that HDM given intradermally can also induce TSLP-independent
Th2 responses (48, 71). These results may suggest that route of
exposure has a substantial effect on the involvement of innate
cytokines in the resulting Th2 immune response. While this pos-
sibility is plausible, it must be reconciled with information on
the innate environment in different tissues and, most importantly,
must be addressed and confirmed experimentally.

Finally, Th2 responses may require a specialized DC subset that
is specifically programed to carry out this function (Figure 1C).
The concept of a Th2-dedicated DC subset is not new (72), and
may fit with the DC heterogeneity that is gradually being revealed
in all tissues. In line with this notion, recent publications identified
asubset of skin DC, expressing the carbohydrate-binding molecule
CD301b (73) together with PD-L2 (Programed cell death ligand
2), which is preferentially able to take up “Th2-inducing” antigens.
These CD301b™ DC required IRF4 (interferon regulatory factor
4) for their development, and were necessary for the priming of IL-
4- and IL-13-producing T-cells in vivo and in vitro (74-76), but
not for IL-4-producing Tfh. Interestingly, while essential, puri-
fied CD301b™ DC were unable to prime Th2 responses in vitro
or upon transfer into recipient mice, suggesting that another cell

www.frontiersin.org

October 2014 | Volume 5 | Article 487 | 31


http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Bouchery et al.

Amendments to the Th1/Th2 paradigm in helminth infection

population was also required (75). Similar to those reports, our
studies examining the DC populations involved in the immune
response to non-viable N. brasiliensis larvae given subcutaneously
(48) found that parasite material was preferentially taken up by
a migratory population of CD11b™ DC also expressing CD301b,
PD-L2, and IRF4. However, unlike the studies above, we were able
to show that transfer of total migratory DC from mice exposed
to non-viable N. brasiliensis larvae could prime Th2 responses in
naive mice, and that this property was independent of the antigen
specificity of the responding T-cells. Importantly, we also found
that DC from untreated mice could induce T-cell expansion in vivo,
but not Th2 responses. Thus, our results suggest that exposure to
helminths and the attending innate signals are important factors in
conditioning DC for Th2 priming. As our experiments used trans-
fer of mixed populations of DC, we cannot conclude on whether
Th2 priming was the property of one specific DC population,
or whether it required the cooperation of several DC subsets. In
any case, the powerful Th2-inducing properties of helminth par-
asites are likely to provide a useful model in which to investigate
functional DC subsets in airway and intestinal tract, and their rela-
tionship to CD301b™* DC. The report that IRF4 expression by DC
is necessary for the priming of Th2 responses to inhaled allergens
(77) suggests that DC populations able to prime Th2 responses in
different tissues may share some common features. Whether these
observations also apply to the other CD4™ T-helper cell subsets
has yet to be determined.

NEW T-HELPER CELL SUBTYPES ASSOCIATED WITH
HELMINTH INFECTION

The development of new technologies, including multicolor flow
cytometry and the engineering of fate-mapping and cytokine
reporter mice, has lead to the discovery and definition of new
subsets of T-helper cells in the past 10 years, namely Th17, Th22,
Th9, Tth and the recently suggested ThGM (T-helper producing
GM-CSEF). The roles of these newly described subsets, especially
in the context of helminth infection, have not been fully eluci-
dated. Here, we review the findings to date in this area, and outline
the future questions that will be important to address. The role
of Tregs in helminthes infection has been extensively reviewed
(78-80) recently and so will not be discussed in this review.

Th9 CELL SUBSET IN HELMINTH INFECTION

IL-9 was originally associated with the Th2 immune response,
with reports that IL-9 expression by CD4" T-cells was high in
Th2-pre-disposed, susceptible BALB/c mice infected with Leish-
mania major, and lower in resistant C57BL/6 (81). This view
was further confirmed in anti-helminth immunity a few years
later (21, 82, 83). However, recent work has shown that IL-9
and IL-4 are rarely produced by the same T-cells, thus sug-
gesting that IL-9-expressing cells represent a discrete T-helper
subset, termed Th9 (84, 85). However, both Th17 and iTregs
cells have also been shown to be able to produce detectable
amounts of IL-9, though not to the extent of Th9 cells. The
status of Th9 as a T-helper subset has been further strength-
ened by the discovery that IL-4 and TGF-B were permissive for
Th9 subset differentiation (84) with PU.1 defined as the nec-
essary transcription factor. It is important to note that even

if Th9 is now considered as a distinct subset, its proximity to
cells of the Th2 subset is re-enforced by both the demonstra-
tion that IL-4 is needed to differentiate ThO cells into Th9, and
by the observation of inter-conversion of Th2 into Th9 in pres-
ence of TGF- (84). More recently, however, IL-1 family members
have been shown to be able to trigger an IL-4-independent Th9
differentiation (86).

IL-9’s role in helminth infection has recently been suggested in
two consecutive studies showing that IL-9 transgenic mice infected
with either T. muris or T. spiralis had an increased Th2 response
and faster expulsion of the parasite from the intestine (82, 83). In
these studies, increased mast cell and eosinophil numbers corre-
lated with increased IL-9 levels, and were suggested as downstream
cellular effectors. However, further studies showed that mice vacci-
nated with IL-9-OVA complex recruited similar numbers of mast
cells and eosinophils to the gut of T. muris-infected mice, even
though the treatment inhibited expulsion of the parasite (87). No
other change to the type 2 response was noted. Conversely, vaccina-
tion with IL-9-OVA complex did facilitate expulsion of T. spiralis,
illustrating that despite the general association of type 2 immunity
with helminths, the effectiveness of each subtype is fine-tuned to
the parasitic species involved (88). In this regard IL-9 has been
shown to increase jejunal muscle contractility, and in IL-9-OVA
complex vaccinated mice infected with T. muris contractility of
the intestine was significantly decreased (88).

More recently, IL-9 has been shown to be produced by T-cells
during N. brasiliensis infection (89, 90) with adoptive transfer of
Th9 cells shown to be sufficient for mediating worm expulsion
(89). However, the modest differences in worm burden detected
between infected IL-9~/~ and wild type mice, the high experimen-
tal variability, and the need for timing differences for expulsion to
be considered indicate that further work is needed to determine
the role of IL-9 in the context of immunity to reinfection (90).

In a Trichuris model, using CD4dnTGFbRII mice (which lack
Th9 cells) evidence suggested that Th9 cells are required for effi-
cient expulsion of the parasite (84). The susceptible phenotype
was associated with a decrease in mastocytosis and IL-9 expres-
sion in the mesenteric LN. However, the presence and frequencies
of IL-9 producing CD4™" T-cells in vivo was not assessed in this
study and the CD4dnTGFbRII mice had a decreased IL-4 response
but normal IL-13 response to Trichuris, indicating possible defects
other than the lack of IL-9, that could contribute to susceptibility.
Finally, IL-9 has a role in controlling fibrosis through upregulation
of prostaglandin E2 (PGE2), a well-known anti-fibrotic molecule
(91), and has been recently shown to be essential to mucosal
wound healing in an oxazolone-induced colitis model, through
the upregulation of claudin-2 in intestinal epithelial cells (92).

Th17 CELL IN HELMINTH INFECTION

Th17 was identified as a subset distinct from Th1 and Th2 differ-
entiation in 2005 (93), based on cellular production of IL-17 in
the absence of IFN-y or IL-4. These cells are considered proin-
flammatory as they express high levels of their signature cytokine
IL-17, as well as IL-22, IL-6, and TGF-B, all under the control
of the master transcription factor RORyt. Combinations of IL-
23, TGF-B, IL-6, and IL-21 direct the differentiation of Th17 cells
from naive CD4™ T-cells (94). Th17 cells exacerbate experimental
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autoimmune encephalomyelitis (EAE) (95) but also contribute to
protection against models of fungal infection (96).

The role of Th17 in helminth infection has principally been
studied in S. mansoni models, where it has been strongly asso-
ciated with infection-induced immunopathology. The pathologic
role of IL-17 in helminth infection was originally recognized by
its association with the development of hepatointestinal perioval
granulomas caused by S. mansoni infection. In these early stud-
ies, CD4™ T-cells were known to be required for the development
of the pathology (97, 98), and under the Th1:Th2 paradigm, the
role of IL-17 was interpreted as being part of the Thl immune
response causing increased pathology versus a less destructive
Th2-dominant response (99).

Further, in an interesting study of mouse strain related suscep-
tibility to pathology (100), it was found that pathology was dimin-
ished in IL-12p40~/~ mice but not IL-12p35~/~ and that IL-17 but
not IFN-vy levels correlated with disease, indicated that pathology
was likely controlled by Th17 cells in an IL-23 dependent manner
(100). Further evidence for this was provided by genetic depletion
of IL-23 and disruption of IL-1f signaling leading to decreased
IL-17 levels and decreased pathology (101). Furthermore, CD4*
T-cells from TCR transgenic mice recognizing Schistosoma anti-
gen Sm-p40 expressed IL-17 when stimulated by DCs loaded with
Schistosome eggs (102). Antibody neutralization of TGF-f lead
to decreased plasma levels of IL-17 and a reduced worm burden,
although this may have also changed other parameters includ-
ing Treg populations (103). IL-17 from RORyt expressing Th17
cells was also associated with the severe pathology seen in natural
infection with Schistosoma japonicum with antibody neutraliza-
tion of IL-17 leading to diminished neutrophil infiltration in the
liver and reduced hepatic and pulmonary pathologies (104—106).
IL-17-associated pathology is also evident in human studies with
children infected with Schistosoma haematobium having a higher
circulating Th17:Treg cell ratio than those children infected but
pathology-free, mirroring the ratios seen in high-pathology CBA
mice compared to mild pathology C57Bl/6 (107). While studies
identifying T-cells producing IL-17 in Schistosoma infected tissues
show that most are CD4™ T-cells, the link to the expression of
the transcription factor RORyt has been rarely attempted, also
the downstream mechanisms of IL-17-associated immunopathol-
ogy remain largely unknown, with few studies indicating which
responding cellular components mediate granulomatous damage.

With respect to immune responses to other helminth phyla,
the role of Th17 is less clear. An association between pathol-
ogy and Th17 has been suggested in human filarial infection
with patients exhibiting lymphedema caused by lymphatic filar-
iasis having increased numbers of peripheral blood lymphocytes
producing IL-17 along with decreased Tregs number (108). The
presence of cytokines IL-1p, IL-23, and TGF-p have also been
shown to augment these filarial-specific Th17 responses (109).
Pulmonary hemorrhaging and neutrophilia caused by migration
through the lung by N. brasiliensis, a rodent hookworm, was also
shown to be dependent on IL-17 expression (110).

While the association of Th17 and IL-17 with pathology in
helminth infection is robust, there is limited evidence of a role
of Th17 in protection against helminths. One study, looking in
blood cultures from patients who received praziquantel to clear

S. haematobium infection demonstrated an association between
high levels of Th17-associated cytokines (IL-21 and IL-23) with
a decreased risk of re-infection (111). IL-17 expression has also
been linked to both mucosal damage and hyper-contractility of
the jejunum of T. spiralis-infected mice suggesting a role of Th17
in expulsion of the worms from the gut, but the study is highly
preliminary and no depletion of IL-17 was attempted (112). Echi-
nostoma caproni establishes a chronic infection in mice while rats
are able to expel the worms after 4 weeks post-infection. Intesti-
nal Th17-family cytokines IL-17,IL-23, and TGF-f were markedly
upregulated in rats but not in mice, suggesting Th17 activation may
be protective in this model (113). Conversely, an ovine model of
Teladorsagia circumcincta infection demonstrated increased Th17
cytokines correlating with susceptibility to infection (114). Over-
all, the role of IL-17 producing Th17 cells in helminth driven
immune responses is preliminary, and further work is needed.

Th22 CELL IN HELMINTH INFECTION

The cytokine IL-22 is normally associated with responses to
microbes and its production mainly attributed to Th17 cells in
both mice and human beings (115). However, a distinct subset
of human skin CD4" T-cells has recently been shown to pro-
duce IL-22 but not IL-17 or IFN-g (116—118), and thus has been
given the term “Th22”. Th22 responses have been more widely
studied in human beings than in mice so far, with a broad range
of functional activities demonstrated, both proinflammatory and
anti-inflammatory. While IL-22 is mainly produced by immune
cells, the expression of its receptor IL-22R is mostly restricted
to non-hematopoietic cells, such as epithelial cells (119). Th22
cells arise from the stimulation of naive T-cells in the presence
of IL-6 and TNFa or presentation of antigen in the context of
plasmacytoid dendritic cells, and appears to be independent of
RORyt but dependent upon the aryl hydrocarbon receptor (AHR)
(116, 120, 121).

To date, only a few studies have attempted to address the role of
IL-22 in the context of helminth infection. IL-22 is upregulated in
the intestinal mucosa after infection by Trichuris trichuria or Neca-
tor americanus in human beings (122-124) and Th22 frequency
in PBMC is higher in filarial-infected patients than in healthy
controls (109). While helminth infection clearly induces IL-22,
so far no role for Th22 in either immune-mediated protection
or pathology has been proven. In fact, IL-227/~ mice infected
with S. mansoni did not present significantly modified immune
responses compared to wild type controls, neither did the absence
of IL-22 modify the establishment of the parasite or the develop-
ment of pathology (125). In filarial infection, Th22 frequency in
PBMC was higher in lymphedema-positive people than in asymp-
tomatic people, as was their frequency after antigen restimulation
with both adult and microfilarial stages of the parasite (109). As
reported in the above section, IL22 produced by Th17 cells plays a
role in gut expulsion of N. brasiliensis and T. muris (126).

Th22 has also been reported to be involved in skin repair
mechanisms and as such may be relevant to the pathology follow-
ing skin penetration by helminths. Furthermore, IL-22 is known
to have a role in the control of dysbiosis in the gut (127). As
helminths have co-evolved with both the host and its micro-
biome (128), in order to observe the role of Th22 in helminth
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infection, it may be required to study the tripartite interaction of
microbiome—macrobiome-host rather that the classical bipartite
helminth-host interaction.

Tth CELL SUBSET IN HELMINTH INFECTION

In distinction to the other CD4™ T-helper cell subsets, Tth cells
were not initially described based on cytokine production and
transcription factor expression patterns, but rather by the expres-
sion of the surface marker CXCR5" denoting its localization to
the germinal center of human tonsils. Tfh have since been shown
to promote germinal center formation and class switching of B-
cells in mice and are further characterized by their expression
of the inducible co-stimulatory molecule (ICOS), the inhibitory
receptor programed cell death-1 (PD-1), and B and T lymphocyte
attenuator (BLTA) (129). Bcl6 has been identified as the master
transcription regulator for Tth cells (130-132).

In the context of N. brasiliensis infection, Tth cells have been
demonstrated to express IL-4 but not IL-13 (20). This study also
reports that these IL-47 Tth cells localize to the B-cells folli-
cle, and not to tissue sites such as the lungs. Interestingly, work
by Glatman Zaretsky et al. demonstrated that IL-4-expressing
CXCR5" Tth cells could develop from adoptively transferred
Th2 cells (CXCR5™ and PD1") in B-cell-sufficient hosts during
S. mansoni infection (133). Furthermore, IL-4 production by Tth
cells is essential for proper B-cell expansion and activation, as
demonstrated by a reduction in B-cell activation in IL-4R~/~
mice (21).

The role of Tth was studied in the context of S. japonicum
induced pathology model (134). In ICOSL™/~ mice that are defi-
cient in Tth cells, a diminution of the liver pathology is associated
with a decrease in Th1 and Tregs, whereas Th2 and Th17 are unaf-
fected. Furthermore, adoptive transfer of Tth cells to ICOSL~/—
mice proved sufficient to re-establish pathology characterized by
the accumulation of cells in granulomas in the liver (134). Fur-
thermore, plasma cells have been shown to be present in the
granuloma induced by S. japonicum infection in both pig and
mice, and depletion of B-cells reduced pathology in this model
(135, 136).

In the context of non-helminth infections, Tth cells have been
shown to produce IFN-y and several studies suggest that Tth
cell production of Thl-, Th2-, and Thl7-associated cytokines
provides further evidence that they are potentially derived from
these lineages (129). Whether these different patterns of cytokine
expression reflect different subsets of Tth cells, akin to those
observed in T-helper subsets and ILCs, is still unclear. The use
of Bcl6 reporter mice may help to distinguish Tth cells from other
T-helper subsets and to provide an answer to this question, and
may allow the identification of other cytokine patterns in Tth cells
that are induced in helminth infection in parallel with the other
T-helper subsets.

HYPOTHETICAL ThGM CELL SUBSET IN HELMINTH
INFECTION?

ThGM are the most recently proposed CD4" T-helper subset
having been described in in vitro studies developing from naive
CD4™" T-cells stimulated with anti-CD3 and anti-CD28, in the
absence of IL-4, IFN-y, and IL-12 (137). It is important to

note that to our knowledge, this subset has not been described
in vivo so far and that its existence will have to be further
confirmed.

Putative ThGM cells produce high levels of GM-CSE, while
not producing Thl- or Th2-associated cytokines. The authors
further show that they do not express T-bet, GATA3, RoryT, or
Foxp3, thus supporting the idea that they indeed constitute a new
CD4* T-helper subset (137). GM-CSF is a pluripotent cytokine,
which has been shown to induce T-cells proliferation and acti-
vate macrophages and neutrophils, among other cells, and the
absence of this cytokine has been shown to negatively impact the
differentiation of both Th1 and Th2 responses (138).

Contrasting roles have been shown for GM-CSF in helminth
infection settings. In N. brasiliensis infection, mice deficient in
GM-CSF show no reduction in worm burden in the lungs or gut
in both primary and secondary infection when compared to wild
type mice (139).

In Onchocerca volvulus infection, presumably immune individ-
uals (negative for the parasite, but living in endemic area) have a
mixed Th1/Th2 response to L3 and microfilariae antigen, contrary
to infected individuals that present only a strong Th2 response to
those antigens. In particular, GM-CSEF, at that time considered as
a Th1 cytokine, was greatly enhanced in the putatively immune
individuals (140). Co-cultivating human PBMCs in vitro with
the Schistosoma antigen SmGST28 has been shown to be suffi-
cient to induce some granulomatous formations, and GM-CSF is
needed for this reaction (141), suggesting a role for this cytokine
in development of pathology.

FURTHER T-HELPER CELL DIVERSITY AND PLASTICITY IN
HELMINTH-INDUCED TYPE 2 IMMUNE RESPONSES

In the original Th1/Th2 paradigm, it was proposed that the
T-helper cell subsets were distinct and negatively regulated each
others’ activities, all underpinned by regulatory epigenetic methy-
lation signatures interacting at IFN-vy, IL4, Gata-3, and T-bet gene
loci (142, 143). However, this concept has to be revised in light of
the recent discoveries of additional functionally diverse T-helper
subsets including those with mixed Th1/Th2 signature cytokine
phenotypes and by the observation that certain T-helper subsets
can reverse their degree of polarization (144, 145).

Although it has been known for some time that double-positive
IFN-yTIL-4% T-cells can be detected in experimental models of
Th2 differentiation (146), when viewed in the context of the orig-
inal Th1/Th2 paradigm, they were considered to be ThO cells that
were not yet committed to a polarized phenotype. However, sev-
eral recent publications clearly demonstrated that these Th1/Th2
hybrid cells are stable both in vitro and in vivo after infection with
either the trematode S. mansoni and the nematode H. polygyrus
helminth infections (146, 147). Furthermore, this Th1/Th2 hybrid
cells arise in a IL-18-dependent manner in S. mansoni infected
mice (148). Interestingly, adoptive transfer of Th1/Th2 hybrid
into Th1 or Th2 inflammatory models (LCMV and allergic airway
inflammation) showed in both cases a reduced pathology associ-
ated with the inflammation (147). At the molecular level, these
Th1/Th2 hybrid cells present with an intermediate expression of
Gata-3 and T-bet as compared to Th2 and Th1 cells, respectively,
due to an intermediate signature of methylation, for example,
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gata3 methylation was 36% in those cells, versus 60% in Thl and
8% of Th2 (149).

Both T-bet and GATA3 can regulate each others expression
(150), and in a recent study, RORyt and Foxp3 were shown to
directly interact in a way that determines Th17 versus induced
Treg lineage (151, 152). Also, it has been shown that Tth cells can
express both Gata3 or T-bet and that while Bcl6 decreases their rel-
ative expression it does not block it completely (153). Taking these
observations together, it would seem reasonable to speculate that it
is the ratio of transcription factors induced that may determine the
fate of any developing T-helper subset and that as a T-helper cell
differentiates there is available a broad contiguous range of gene
expression patterns for shaping its ultimate phenotype during an
immune response against a helminth (Figure 2A) (154).

The possibility of potential inter-conversions of different
T-helper subsets in the context of a helminth infection has recently
been studied (155). Both in vitro- and ex vivo-generated Thl and
Th17 cells, adoptively transferred into mice later infected with
N. brasiliensis, were shown to convert into IL-4 producers while
losing their own signature cytokine expression. Also, both the
iTregs and the nTregs were found to be stable in vivo in this study,
with only low number of cells converting to express IL-4 (155). It
is interesting to note that the in vitro-generated Th1 and Th17 cells
showed alower propensity to convert after transfer, suggesting that
in vitro culture has a strong impact on the degree of T-helper cell
plasticity that can be observed and perhaps explaining why the

initial in vitro investigations into T-helper subset differentiation
found subsets were highly stable and thus terminally differentiated.

Based on observations of the diversity and apparent plastic-
ity of T-helper subsets phenotypes that can be detected now and
on dynamic systems theory, we propose a landscape representa-
tion of the possibility of inter-conversions and intermediary states
for T-helper cell subsets developing in the context of a helminth-
induced immune response (Figures 2B,C). We have represented
the dynamic of T-cells’ fates on a quasi-potential landscape in
which the different subsets constitute stable states, also called
attractors. In this view, the subsets are in “valley” or “flat” areas. To
transit from one stable state to another, the system needs to be per-
turbed, for example by an infection that would push cells toward
certain attractors or away from others. Unstable states are usually
represented as “hills.” The Th1/Th2 hybrid state is stable enough,
but less that the more terminally differentiated Th1 and Th2, and
is thus represented by a well with less depth than Th1 or Th2.

Using such a “continuum of T-helper cell phenotypes” para-
digm, it would be predicted that in host tissues responding to
helminths there would be a gradient of activated and differenti-
ated T-helper cell subsets with the most fully differentiated being
stable and having lost much of their plasticity. Such terminally dif-
ferentiated helper T-cells, maybe such as Th2, probably represent a
small proportion of the pool of memory effector T-cells that main-
tain the helminth antigen specificity and the appropriate cytokine
profile.

>

Transcription Factor
Expression "Score"

GATA3

c — low
g— stability

Tregs Th17 Th1

Stability "Score” @

Y

high
stability

FIGURE 2 | Dynamic of T helper differentiation. (A) The dynamic of T
helper differentiation can be visualized as a “potential landscape” in which
each T helper subset represent a stable position or “valley” and the
transition from one subset to another, would be a “hill’/ difficult to pass.
Initially, the transition state between T helper subsets was considered as
instable, and thus not observable in vivo. However, Th1/Th2 hybrid
population has recently been reported to be stable after helminth
infection. As this hybrid state is less abundant than Th1 or Th2, one could
presume that the hybrid population is less stable that the Th1 or Th2
subsets, thus represented as a less deep well. (B) This transition between
subsets can be further defined by the ration of transcription factor

L.
>

participating in the fate determination of each subset. For example, the
Th1/Th2 population has been shown to present intermediary level of
gata-3 and T-bet expression as compared respectively to Th2 and Th1.
Through similar transcriptomic approach, generalised on all the T helper
subsets, it would thus be possible to define a ration of transcription
factors necessary to enable the switch from one subset to another.

(C) The plasticity of the T helper subsets is represented in a conceptual 3D
potential landscape and illustrate that the diverse repertoire of T helper
cell subsets, and its important plasticity, enable the host to have an array
of fine-tuned adaptive responses to both control the parasite development
and avoid and repair pathology caused by the worm migration.
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TYPE 2 IMMUNE RESPONSES TO HELMINTH INFECTION ARE
A COMPROMISE BETWEEN PROTECTION, SUSCEPTIBILITY,
TISSUE REPAIR, AND PATHOLOGY

The original paradigm explaining resistance or susceptibility to
helminths was described as a simple balance between Thl (the
susceptible, pathologic response), and Th2 (the response confer-
ring parasite killing and elimination). However, this paradigm did
notsatisfactorily explain why so many parasites are able to establish
themselves in hosts for extended periods of time (sometimes for
decades) without causing any major clinical symptoms, nor why, in
endemic environments, hosts are continually being reinfected with
no apparent sign of disease. The hypothesis that the immune sys-
tem would ignore the parasite infection was unconvincing, begging
the question of whether these parasites themselves actively down-
regulate the host immune response and control pathology. Con-
sequently, much research on helminth infection has focused on
understanding how the parasite could regulate immune responses
and teasing apart what is the physiological purpose of the type 2
effector responses in terms of benefit to host survival.

With the emergence of data showing that helminths and their
products could be used to prevent/cure both allergic and autoim-
mune (156), our understanding of the immune response against
helminth has changed to take into account the regulatory mecha-
nisms induced by the parasites. From this emerged a new concept,
the “modified Th2,” characterized by a decrease IL-5 and IL-13
expression and an increase of anti-inflammatory cytokines, such
as TGF-b and IL-10. Other cells types, such as regulatory myeloid
cells or regulatory B-cells have been shown to be involved in the
downregulation induced by helminth.

The Th2 immune response has also been shown to be part
of a wound repair response, with the ability to block a runaway
pathology. This is clearly illustrated in IL-4~/~ mice infected with
S. mansoni that die from excess pathology, even if their worm bur-
den was similar to the wild type control mice (157). Th2 immune
response has been considered as having evolved to cope both with
helminth infection and with damage repair mechanisms, necessary
to the survival of the host against those multicellular metazoan
parasite migrating through tissue (12, 158). New research has
shown that IL-9 has roles in controlling fibrosis and wound repair
(91, 92), and that IL-22 from Th22 and Th17 cells promotes heal-
ing by increasing proliferation and survival of keratinocytes and
intestinal epithelial cells (118, 159, 160). These data indicate that
Th2 may not be the only T-helper subset contributing to the repair
of helminth-induced tissue damage.

Furthermore, ES-62, a secretory product of the filarial nema-
tode Acanthocheilonema viteae, may play with the balance of the
different T-helper subsets in order to diminish the protective
immune response (161). In a murine model of OVA-induced
allergic airways inflammation, ES-62 decreased Th2 responses, as
shown by a reduced level of IL-4 in the broncho-alveolar fluid,
decrease eosinophils recruitment, and IgE. In parallel, the Thl
immune response is exacerbated, and neutralization of IFN-y ini-
tiated the allergic inflammation blocked by ES-62 treatment. Th17
was also suppressed in this model, and that this suppression is
responsible for the increase of the Th1 response. Importantly, ES-
62 in this model did not induce an increase of Treg population, thus
suggesting that the immunomodulatory effect of the molecule is

to modify the balance of CD4™ T-helper subsets. This is the key
data to understanding that the regulation of immune responses
is not solely controlled by Tregs, but the different CD4™ T-cells
subsets themselves antagonize one another.

Considering the fact that all the currently recognized sta-
ble CD4% T-helper phenotypes have been observed during
helminth infections, and that these different subsets contribute
variously to either protection, wound healing, susceptibility, or
immunopathology, we have designed a new model that condenses
what is known about the direct contributions of the subsets and
their cross-regulation of each other. This model demonstrates our
better understanding of the balanced immune responses during
helminth infection Figure 3.

The early opposition of Thl and Th2 is still clearly visible
as a driving force for the trade-off between host and helminth
survival. Th2 and Th9 segregate together to confer resistance,
as they share a common activation pathway through IL-4. They
are opposed to Thl and Thl7 in regard to pathology and to
Thl and Tregs in regard to susceptibility and chronicity. This
model emphasizes that what may be best for the host is a
compromise between elimination of the parasite versus contain-
ment and also the need for rapid repair of damaged tissue and
avoidance of self destructive pathology. This all-encompassing

pathology

A

susceptibility
chronicity

Y
damage
control

Thelper
compromise
model

FIGURE 3 | Evolution of the view onT helper involvement in helminth
infection. By taking into account all the other T helper subset known to
date, it is proposed that an immune response against on helminth can be
summarized as a 2D map defined by an axis of susceptibility/protection and
an axis of pathology/damage control. For an optimal response against a
parasite, the host would thus mount a Th2/Th9 response with a low Tregs
response and almost not existing Th1, Th17 response. The Th2 arm of the
immune response protects against helminth by expanding ILCs,
eosinophils and basophils all involved in parasite expulsion or by activating
macrophages in AAM, playing a role in granuloma formation. Th9 rather
protects by increasing goblet cells hyperplasia and muscle contractility in
the gut. Th17 induced pathology is mainly mediated by neutrophils and
inflammatory macrophages. In contrary, Tregs induced development of
regulatory macrophages, which control pathology.
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view of an immune response gives a better understanding of
the host issues at stake and gives a context for further inves-
tigations to investigate roles for each of the T-helper subsets.
Furthermore, the consideration of a multipartite balance, rather
than a one in one balance, would be useful to the design of
therapy against helminths (i.e., by developing adjuvant to vac-
cine that could determine the right balance of Th susbsets to
obtain sterilizing immunity, and define the timing to admin-
ister such treatment), and to understand how helminth infec-
tion or their product could use a therapy against inflammatory
and autoimmune disease, caused by the deregulation of different
T-helper subsets.

DISCUSSION/REMARKS

The new challenge to the investigation of type 2 immune responses
is to determine how many subsets of T-helper cells exist and what
mechanisms control the level and degree of plasticity that occurs
between T-helper cell subtypes. The question arises as to what
would be the benefit to the host to have such complexity and myr-
iad of genetic events underpinning this plasticity of the T-helper
cell response. We would argue that the benefit to the host in being
able to generate so many T-helper subsets is to have the diversity
of options for dealing with the myriad of parasitic forms, invasive
routes, and environments that have an endless supply of parasites
that invade by physical means. In effect, the diversity and plasticity
of the repertoire of functional T-helper cell subsets enable the host
to have an array of adaptive responses. While the response might
not kill the worm, it will enable the host to repair the more seri-
ous damage caused by the migrating parasite, and avoid the fatal
consequences of debilitating pathology.

We wish to point out that in order to study the type 2 immune
response elicited by helminths, i.e., define the role of the various
old and new discrete CD41 T-cell subsets, both techniques and
approaches will have to evolve. For example, as plasticity between
different T-helper subsets become increasingly evident, it maybe
of interest to define a subset by both the cytokine production/non-
production patterns, as well as by the ratio of transcription fac-
tors they express. For this matter, engineered reporter mice for
particular cytokines and even combinations of cytokines may
help in in vivo studies but may not reflect the native mRNA or
protein. New bioinformatics approaches, such as studies of the
transittability (162) (that defines the lower number of molecule
switch to go from one fate of differentiation to another one based
on a network of molecules involved in shaping the cell fate), could
provide in the near future a list of more appropriate marker nec-
essary to define one particular T-helper subset. Moreover, due to
the plasticity of the T-cells, we think it is important to remember
that immune studies look at dynamic events, and as such looking
at a precise time point in the model, may give a wrong picture of
the actual mechanism, for example a subset “in transition,” may be
missed because of the lack of markers used for describing it, or the
relative rarity compared with the currently defined stable subsets.

Hopefully, advances in single cell analysis (Fluidigm), sequenc-
ing, multiplex quantification of transcripts (such as nCounter,
Nanostring that can detect up to 800 genes), advanced multicolor
flow cytometry (such as panels up to 20 colors), the emergence
of mass cytometry (such as CyTOF that allows multi-detection of

up to 34 parameters to date, but could potentially go up to 100),
coupled with bioinformatic approaches may offer the new tools
necessary for studying the dynamics of T-helper differentiation in
the context of helminth infection.
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Fungal diseases represent an important paradigm in immunology since they can result
from either the lack of recognition or overactivation of the inflammatory response. Current
understanding of the pathophysiology underlying fungal infections and diseases highlights
the multiple cell populations and cell-signaling pathways involved in these conditions. A
systems biology approach that integrates investigations of immunity at the systems-level
is required to generate novel insights into this complexity and to decipher the dynamics
of the host—fungus interaction. It is becoming clear that a three-way interaction between
the host, microbiota, and fungi dictates the types of host-fungus relationship. Tryptophan
metabolism helps support this interaction, being exploited by the mammalian host and
commensals to increase fitness in response to fungi via resistance and tolerance mecha-
nisms of antifungal immunity. The cellular and molecular mechanisms that provide immune
homeostasis with the fungal biota and its possible rupture in fungal infections and diseases

e-mail: luigina.romani@unipg.it

will be discussed within the expanding role of antifungal Th cell responses.

Keywords: Th cell subsets, immunity, tolerance, fungi

FUNGAL INFECTIONS AND DISEASES IN THE
METAGENOMICS ERA: A REAPPRAISAL

Fungi can interact with their hosts (plants, animals, or human
beings) in multiple ways, establishing symbiotic, commensal, or
pathogenic relationships. Most fungi, such as Aspergillus fumiga-
tus and Cryptococcus neoformans, and the thermally dimorphic
fungi are ubiquitous in the environment, and human beings are
exposed by inhaling spores or small yeast cells. In addition, more
than 400 species of fungi associated with human beings have been
identified (1). In this case, co-evolution of commensals, such as
Pneumocystis jirovecii, Malassezia spp., and Candida albicans, with
their mammalian hosts implicates the existence of sophisticated
mechanisms to antagonize immunity in order to survive. Once
considered pathogenic microbes, the commensal fungal micro-
biota is now an important component of the human intestinal
ecosystem. Indeed, despite the intimate contact of fungi with the
human host, fungal diseases in immunocompetent hosts are fairly
uncommon, indicating that low-virulence fungi have evolved par-
ticular adaptation mechanisms that allow them to persist relatively
unnoticed by the immune system (2). This “peaceful” coexistence
may digress into overt disease under conditions of immune dereg-
ulation, such as in primary immunodeficiency human immun-
odeficiency virus infection and as a result of immunosuppressive
therapies (2). In addition, invasive fungal diseases continue to be

Abbreviations: AhR, aryl hydrocarbon receptor; APS-1, autoimmune polyen-
docrine syndrome type 1 patients; CF, cystic fibrosis; CLR, C-type lectin receptors;
CMC, chronic mucocutaneous candidiasis; DCs, dendritic cells; DTH, delayed type
hypersensitivity; IDO1, indoleamine 2,3-dioxygenase 1; ILC3, innate lymphoid cells
3; IRIS, immune reconstitution inflammatory syndrome; PRRs, pattern recognition
receptors; RVVC, recurrent VVC; Th, T helper; Treg, regulatory T-cells; VVC, human
vulvovaginal candidiasis.

a serious problem in patients with hematologic disorders, solid,
and hematopoietic organ transplantation as well as in non-high-
risk, sensu strictu, patients, such as patients with Mycobacterium
tubercolosis infection, hyper IgE syndrome, and anti-TNF-alpha
therapy (3).

The increasing understanding of the importance of the micro-
biota in shaping the host immune and metabolic activity has ren-
dered fungal interactions with the host and its microbiome more
complex than previously appreciated (4) (Box 1). Indeed, the com-
plex interactions between fungal and bacterial commensals, either
directly or through the participation of the host immune system,
all impact on the pathophysiology of a number of inflammatory
disease that, in turn, may lead to secondary fungal infections (5, 6).
Evidence is accumulating to support the exciting concept that the
interaction between different biomes and between the host and
the mycobiome are critical in the pathogenesis of fungal infec-
tions and other human diseases (1, 7, 8). Here, we will discuss
recent findings on host- and microbial-dependent mechanisms of
immune homeostasis with the fungal biota and its possible rupture
in fungal infections and diseases.

RESISTANCE AND TOLERANCE MECHANISMS OF
ANTIFUNGAL IMMUNITY

As the immune system has evolved to accommodate colonization
by symbiotic microbes while retaining the capacity to oppose their
infectivity, a fine balance between pro- and anti-inflammatory sig-
nals is a prerequisite for a stable host/fungal relationship, the dis-
ruption of which may lead to pathological consequences. Indeed,
despite the occurrence of severe fungal infections in immunocom-
promised patients, clinical evidence indicates that fungal diseases
also occur in the setting of a heightened inflammatory response,
in which immunity occurs at the expense of host damage and
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Box 1| The mycobiome at the host/microbiome interface.

The development of culture-independent methods has expanded our knowledge of the mycobiomes found in different body sites, their
interface with other biomes, and their association with human health and diseases (1). Alterations in the mycobiome are frequently reported
to be associated with various diseases such as cystic fibrosis (9), inflammatory bowel diseases (6, 10, 11), atopic dermatitis (12), or muco-
cutaneous candidiasis (13). However, it remains to be elucidated whether this variation is primary or secondary to an imbalanced bacterial
microbiome. Indeed, interactions of fungi with bacteria in vitro have been described [reviewed in Ref. (6)] as well as the clinical relevance
of these interactions (14), such as the occurrence of intractable candidiasis in association with antibiotic-induced dysbiosis (15) and of
mixed fungal-bacterial species in biofilms (14). Fungal-bacterial interactions can be antagonistic, synergistic, or symbiotic; regardless, they
influence the physiological characteristics and survival of either one partner and, consequently, impact on host immune reactivity. Variations
in the mycobiome can also be secondary to dysregulated host immune reactivity. The traditional view of a single direction by which bacteria
stimulates the immune system, leading to inflammation or autoimmune disorders, has been challenged by a more complex view; the gut
immune system does not simply protect from pathogens, but is actively involved in the maintenance of a rich and healthy community of gut
bacteria (16). Faults in the immune regulation lead to changes in the bacterial community that in turn feed back into the immune system.
Similar to the microbiome, the host/mycobiome interactions also lead to mutual influences. Not only is the host affecting the mycobiome
composition and variations, by means of genotype, physiology, immune system, and lifestyle, but also the fungal microbiota may contribute

Antifungal Th immunity

to the balance of inflammation and tolerance at local mucosal surfaces and at distal sites (17).

pathogen eradication (18). A number of fungal diseases are critical
examples of such bidirectional influences between infection and
immune-related pathology, a condition that highlights the bipolar
nature of the inflammatory process in infection. Early inflamma-
tion prevents or limits infection, but an uncontrolled response may
eventually oppose disease eradication. This conceptual principle
is best exemplified by the occurrence of severe fungal infections
in patients with chronic granulomatous disease (19), cystic fibro-
sis (20), or with immune reconstitution inflammatory syndrome
(IRIS) (21), an entity characterized by local and systemic inflam-
matory reactions that can result in quiescent or latent infections
manifesting as opportunistic mycoses. Chronic mucocutaneous
candidiasis (CMC) and chronic disseminated candidiasis also
belongs to the spectrum of fungus-related IRIS (22). Thus, an
immune response that limits both fungal infectivity and host col-
lateral damage is required to maintain a homeostatic environment
(23). This dual role has recently been accommodated within the
conceptual framework of a two-component antifungal immune
response, i.e., resistance — the ability to limit fungal burden — and
tolerance — the ability to limit the host damage caused by either the
immune response or other mechanisms (2). Resistance is meant
to reduce pathogen burden through innate and adaptive immune
mechanisms, whereas a plethora of tolerance mechanisms, despite
less known relative to resistance mechanisms, protect the host from
immune- or pathogen-induced damage (24).

MECHANISMS OF ANTIFUNGAL RESISTANCE

Innate immune mechanisms are used by the host to respond
to a range of fungal pathogens in an acute and conserved fash-
ion. The constitutive mechanisms of innate defense are present at
sites of continuous interaction with fungi and include the barrier
function of body surfaces and the mucosal epithelial surfaces of
the respiratory, gastrointestinal, and genitourinary tracts. Micro-
bial antagonism, defensins, collectins, and the complement system
realize the strict fungus specificity of the constitutive mechanisms
and provide opsonic recognition. Multiple cell populations and
cell-signaling pathways are involved in the antigen-independent
recognition of fungi by PRRs (2, 25). Both murine and human
studies have confirmed the association of susceptibility to fungal

infections and diseases with genetic deficiency of selected PRRs
(2). Because PRRs not only mediate downstream intracellular
events related to fungal clearance but also participate in activa-
tion of adaptive immunity, deficiencies on innate immune genes
also reverberate on the type and quality of the adaptive immune
response, including effector CD4+ T helper (Th), regulatory T
(Treg), and CD8+ T-cells (2, 25-27).

DENDRITIC CELLS

It is well established that the adaptive immune response, in partic-
ular that of T-cells, plays a pivotal role in antifungal host defense
(2, 25). Dendritic cells (DCs) play a key role in promoting T-cell
differentiation and responses to ubiquitous or commensal fungi.
Studies have shown that lung DCs can transport fungal antigens to
the draining lymph nodes (28, 29), where they orchestrate T-cell
activation and differentiation into effector cells. Through elabora-
tion of distinct sets of cytokines and other mediators, DCs have the
unique ability to elicit a robust T-cell response that can be either
tolerogenic or pro-inflammatory in nature, based on anatomi-
cal location and local metabolic environment. The whole-genome
transcriptional analysis of DCs stimulated with fungi evidenced
the presence of peculiar transcriptional programs governing the
recognition of fungi (30).

These include common signaling pathways involving Syk
kinase, Card9 and NF-kB downstream CLRs and ERK kinase,
PI3K/Akt downstream TLRs for Th1/Th2/Th17 priming by con-
ventional, inflammatory DCs, as well as p38/TRIF/STAT?3 for Treg
priming by plasmacytoid DCs (2, 31). In a mutual interaction, the
host and the fungus control each other to avoid potential harm-
ful inflammatory response. The ability of a given DC subset to
respond with flexible activating programs and activation of dis-
tinct intracellular signaling pathways to the different PRR/fungal
molecules’ combinations confers unexpected plasticity to the DC
system and pivotally contributes in shaping adaptive Th cells
responses in infection and vaccination. The capacity of DCs
to initiate different adaptive antifungal immune responses also
depends upon specialization and cooperation between DC sub-
sets (32). The multiple, functionally distinct, receptor/signaling
pathways in DCs, ultimately affecting the local Th/Treg balance,
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Table 1| CD4* Th cell subsets in fungal infections.

Th cells Cytokines Functions
“’ Th1 IFN-y/TNF-a Fungal clearance
b Inflammation
‘) Th17 IL-17A/IL-17F Defensins, neutrophil recruitment
L Inflammation
‘) Th22 IL-22 Defensins
L Tissue homeostasis
@ Th2  IL-4/IL-13 Humoral response
Allergy
Th9 IL-9/IL-10 Tissue inflammation
T,
{ .;'4) Treg IL-10/TGF-B Low inflammation
- Immunosuppression
T,
c.f .4) Tr IL-10 Low immunopathology

are likely successfully exploited by fungi from commensalism to
infection (33).

TH1 CELLS

CD4+ Th cells exist in a variety of epigenetic states that deter-
mine their function, phenotype, and capacity for persistence, and
form long-term immune memory (34). Well-balanced Thl and
Th17 cell responses are crucial in antifungal immunity and facil-
itate phagocytic clearance of fungal recognition, mainly through
release of cytokines such as TNF-a, IFN-y, and IL-17A and IL-
17F (Table 1). These cytokines stimulate the disparate antifungal
effector functions of phagocytes, as well as the generation of opti-
mal T-cell-dependent immunity (2,25). A dominant Th1 response
correlates with the expression of protective immunity to fungi (2,
35) and vaccines (36, 37). Through the production of the sig-
nature cytokine IFN-y and help for opsonizing antibodies, the
activation of Thl cells is instrumental in the optimal activa-
tion of phagocytes at sites of infection. Therefore, the failure to
deliver activating signals to effector phagocytes may predispose
patients to overwhelming infections, limit the therapeutic efficacy
of antifungals and antibodies, and favor fungal persistency (2).
Patients who are deficient in IL-12Rf are susceptible to CMC,
which is frequently recurrent or persistent (38), as well as to deep
paracoccidioidomycosis (39).

TH17 CELLS

Th17 are present in the human T-cell memory repertoire to fungi
(2) and inborn errors of human IL-17 immunity underlie suscep-
tibility to CMC (40) in which both Th17 (41) and Th1 (38, 42, 43)
responses are defective. Combined deficiency of the Th1 and Th17
pathway predisposes to fungal diseases (44, 45), thus emphasizing
the important role played by both pathways in resistance against
fungi. This could be explained with the notion that Th17 cells,

although found early during the initiation of an immune response,
are involved in a broad range of Thl-, Th2- and Treg-dominated
immune responses (2, 46). In terms of effector functions, the abil-
ity of IL-17A to mobilize neutrophils and induce defensins may
contribute to a prompt and efficient control of the infection at
the different body sites. In respiratory fungal infections, Th17 cell
are dispensable for resistance to the primary infection caused by
A. fumigatus (47), but are required for vaccine-induced immunity
against systemic mycoses endemic to North America (48). Thus,
both Th17 and Thl (27) cells are required for vaccine immunity
to respiratory fungal pathogens.

It is intriguing that Th17 responses are down regulated by
C. albicans (49). Regardless of the contribution of this phe-
nomenon to infection or commensalism, this finding suggests
that Th17 responses are finely tuned by fungi, as the failure to
downregulate Th17 may eventually result in chronic inflamma-
tion and failure to resolve the infection (47, 50). The mecha-
nisms that linked inflammation to chronic infection have been
credited to the offending potential of IL-17A that, although pro-
moting neutrophil recruitment, impeded the timely restriction
of neutrophil inflammatory potential (51) while directly pro-
moting fungal virulence (52). Thus, the Th17 pathway could
be involved in the immunopathogenesis of chronic fungal dis-
eases where persistent fungal antigens may maintain immuno-
logical dysreactivity. This may happen in autoimmune polyen-
docrine syndrome type 1 patients (APS-1) and Aire-deficient
mice (53) where an excessive Th17 reactivity was observed. This
finding apparently conflicts with the presence of autoantibod-
ies against IL-22, IL-17A, and IL-17F observed in these patients
(54, 55). Although correlated to susceptibility to CMC, these
antibodies were also present in patients without CMC. In addi-
tion, despite the presence of antibodies to type I IEN, APS-I
patients do not appear prone to recurrent viral infections. It
has instead been shown that autoantibodies to pro-inflammatory
cytokines may act as beneficial autoimmunity in their ability to
dampen pro-inflammatory mediators and restrict self-destructive
immunity (56).

TH2 CELLS

IL-4 and IL-13 act as the most potent proximal signal for
commitment to Th2 reactivity that, by dampening protec-
tive Thl responses and promoting the alternative pathway of
macrophage activation, favors fungal persistence, allergy, and dis-
ease relapse. Limiting IL-4 production restores antifungal resis-
tance (2) (Table 1). In atopic subjects and neonates, the sup-
pressed DTH response to fungi is associated with elevated levels
of antifungal IgE, IgA, and IgG. In CF patients, heightened Th2
reactivity associates with allergic bronchopulmonary aspergillosis
and is sensitive to vitamin 3 (57). However, alternatively acti-
vated macrophages may have a protective role in defense against
some respiratory fungi (58, 59) and Th2-dependent humoral
immunity may afford some protection, in part by promoting
Thl immunity (60) and by altering fungal gene expression and
intracellular trafficking (61-63). The efficacy of certain vaccines
that elicit protective antibody strongly indicates that antibody
responses can make a decisive contribution to host defense to
fungi (61).
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TH9 CELLS

The realization that Th effectors can produce various other
cytokines alone or in combination in patterns not fitting the pre-
conceived definitions of Th1/Th2 or Th17 subsets has led to the
description of additional Th cell lineages, including Th9 and Th22.
Initially thought to be a Th2-specific cytokine by virtue of its role
in the pathogenesis of asthma, IgE class switch recombination,
and resolution of parasitic infections, IL-9 is now considered to
be the product of a distinct Th subset, the Th9 (64). Despite its
relationship with other subsets, such as Th2, Th17, and Treg cells,
Th9 cell subset can mediate tumor immunity and participate in
autoimmune and allergic inflammation. Recently, human memory
Th9 cells were found to be skin tropic or skin resident. Human Th9
cells co-expressed TNF-a and granzyme B, lacked coproduction of
Th1/Th2/Th17 cytokines, and many were specific for C. albicans.
IL-9 production preceded the upregulation of other inflamma-
tory cytokines, such as IFN-y, IL-13, and IL-17. IL-9-producing
T-cells were increased in the skin lesions of psoriasis, suggest-
ing that these cells may contribute to human inflammatory skin
disease in the presence of Candida (65). Recent findings demon-
strated that IL-9 is predominantly produced in vivo by a novel
subset of innate lymphoid cells termed ILC2 (66). It has been pro-
posed that IL-9 might have a regulatory and prosurvival function
for many lymphoid and myeloid cells (67). Our recent evidence
suggests that different types of ILCs are defective in IL-9-deficient
mice infected with either C. albicans or A. fumigatus, and this pro-
foundly affects the outcome of either infection and the associated
pathology (unpublished observations) (Table 1).

TH22 CELLS

Th22 cells producing only IL-22 but neither IFN-y nor IL-17A
have been identified in human beings (68). They are induced
in the presence of TNF-a and IL-6 and require ligation of aryl
hydrocarbon receptor (AhR). Th22 cells via IL-22 influence the
function of mesenchymal and epithelial cells and have been impli-
cated in the dermatopathology of psoriasis and atopic dermatitis
(69, 70). Memory C. albicans-specific IL-22+ CD4+ cells are
present in human beings and defective in patients with CMC (71).
Recent evidence indicates that IL-22 may play a crucial role in the
innate immune resistance and local protection in mucocutaneous
fungal diseases (72-74). Through the exploitation of primitive
anti-fungal defense mechanisms, IL-22 was crucially involved in
the control of Candida growth at mucosal sites in conditions of
Thl and Th17 deficiency (72, 74). Produced by ILC3 cells express-
ing AhR, IL-22 directly targeted gut epithelial cells to induce STAT3
phosphorylation and the release of S100A8 and S100A9 pep-
tides known to have anti-candidal activity and anti-inflammatory
effects (72, 74). Thus, due to dominant-negative mutations of
STATS3, patients with autosomal dominant hyper-IgE syndrome
have a defective Th17 (41) that is likely amplified on ECs where
STAT3 mutation compromises the IL-22 effects. IL-22 also medi-
ates antifungal resistance and epithelial protection in experimental
and human vulvovaginal candidiasis (VVC) as well as in recur-
rent VVC (RVVC). In RVVC, functional genetic variants in 1L22
genes were found to be associated with heightened resistance to
RVVC, and they correlated with increased local expression of IL-22
(74). Thus, IL-22+ cells, employing ancient effector mechanisms

of immunity, may represent a primitive mechanism of resistance
against fungi under a condition of limited inflammation (Table 1).
The fact that IL-22 production in the gut is driven by commen-
sals (see below) also provides novel mechanistic insights on how
antibiotic-related dysbiosis may predispose to candidiasis (75).

MECHANISMS OF TOLERANCE

TREG CELLS

The exposure to fungi requires the generation of a controlled
immune response in the host that recognizes and controls them,
limits collateral damage to self-tissues, and restores a homeo-
static environment. A number of clinical observations suggest
an inverse relationship between IFN-y and IL-10 production in
patients with fungal infections. High levels of IL-10, negatively
affecting IFN-y production, are detected in chronic candidal dis-
eases, in the severe form of endemic mycoses, and in neutropenic
patients with aspergillosis. Thus, high levels of IL-10 have been
linked to susceptibility to fungal infections (76). However, given
its prominent effect on resolution of inflammation, IL-10 produc-
tion may be a consequence, rather than the cause, of the infection.
This predicts that, in the case of chronic fungal infections domi-
nated by non-resolving, persisting inflammation, IL-10 produced
by Treg cells acts as homeostatic host-driven response to keep
inflammation under control. Treg cells with anti-inflammatory
activity have been described in fungal infections of both mice and
human beings (2, 25). In experimental fungal infections, inflam-
matory immunity and immune tolerance in the respiratory or the
gastrointestinal mucosa were all controlled by the coordinate acti-
vation of different Treg cell subsets, exerting a fine control over
effector components of innate and adaptive immunity. Seen in
this context, the Treg/IL-10 axis is a dangerous necessity, the fail-
ure of which may lead to detrimental inflammation. However, as
the Treg responses may handicap the efficacy of protective immu-
nity, the consequence of Treg activity is less damage to the host
but also fungal persistence and immunosuppression, eventually
(Table 1). Thus, by controlling the quality and magnitude and
effector innate and adaptive responses, the spectrum of Treg cell
activities may go from “protective tolerance,” defined as a host’s
response that ensures survival of the host in a trade-off between
sterilizing immunity and its negative regulation limiting pathogen
elimination to overt immunosuppression. Taking a step further,
this suggests that the interaction between fungi and the host
immune status may determine their position from commensals to
pathogens, and this position can change continuously. The salu-
tary effects of Treg cells may go beyond their anti-inflammatory
properties, to include the polarization of protective Th17 cells (46).

TR1 CELLS

T regulatory Type 1 (Trl) cells are adaptive Treg cells charac-
terized by the ability to secrete high levels of IL-10. Since their
discovery, Tr1 cells have been proven to be important in maintain-
ing immunological homeostasis and preventing T-cell-mediated
diseases. Trl cells suppress T- and DC-dependent responses pri-
marily via the secretion of IL-10 and TGF-, release of granzyme
B and perforin, and by disrupting the metabolic state of T effector
cells. Trl cells have been demonstrated to have a role in infec-
tious diseases, autoimmunity, and transplant rejection in different
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pre-clinical disease models and in patients (77). It has recently
been shown that Tr1 cells play a distinct, yet complementary role,
in response to A. fumigatus in human beings and mice. Tr1 cells
specific for an epitope derived from the cell wall glucanase Crf-1 of
A. fumigatus (Crf-1/p41) were identified in healthy human beings
and mice after vaccination with Crf-1/p414 zymosan. These cells
produced high amounts of interleukin IL-10 and suppressed the
expansion of antigen-specific T-cells in vitro and in vivo, thus lim-
iting immunopathology (Table 1). In vivo differentiation of Trl
cells was dependent on the presence of AhR, c-Maf, and IL-27.
In comparison to Trl cells, Foxp3+ induced Treg that recog-
nize the same epitope were induced in an interferon gamma-type
inflammatory environment and more potently suppressed innate
immune cell activities. These data provide evidence that Trl cells
are involved in the maintenance of antifungal immune home-
ostasis, and most likely play a distinct, yet complementary, role
compared with Foxp3+ Treg cells (78).

TRYPTOPHAN METABOLISM

The enzyme indoleamine 2,3-dioxygenase 1 (IDO1) and its down-
stream catabolites sustain the delicate balance between Th1/Th17
pathways and Treg cells, by providing the host with adequate pro-
tective immune mechanisms without necessarily eliminating the
pathogen or causing undesirable tissue damage (79). As a result of
their ability to induce differentiation of Treg cells and inhibit Th17
cells, IDOL1 is critical to cell lineage commitment in experimental
fungal infections and contributes to the overall outcome of inflam-
mation, allergy,and Th17-driven inflammation in these infections.
Under these circumstances, the Th17 pathway, by inhibiting tryp-
tophan catabolism, may instead favor pathology and provides
evidence accommodating the apparently paradoxical association
of chronic inflammation with fungal disease (19). IDO1 is a “meta-
bolic” enzyme conserved through the past 600 million years of
evolution. Initially recognized in infection because of antimicro-
bial activity (“tryptophan starvation” of intracellular parasites),
IDO1 is now widely recognized as suppressor of acute inflamma-
tory responses and regulator of mammalian immune homeostasis
(79). Not surprising, IDO1 may represent an evasion mechanism
for microbes that establish commensalism or chronic infection
(79). In their capacity to induce Tregs and inhibit Th17, IDO1-
expressing DCs and epithelial cells and kynurenines revealed an
unexpected potential in the control of inflammation, allergy, and
Th17-driven inflammation in these infections (51, 80).

MICROBIOTA REGULATION OF RESISTANCE AND
TOLERANCE TO FUNGI

Commensal-driven mucosal responses are upregulated in IDO1
deficiency (81) and IL-22 responses are upregulated in conditions
of defective adaptive immunity (72) and IDO deficiency (75). AhR
is a ligand-activated transcription factor that mediates IL-22 pro-
duction (82). A variety of indole derivatives act as endogenous
ligands for AhR (83) and are generated through conversion from
dietary tryptophan by commensal intestinal microbes (84). Recent
evidence has shown that AhR is involved in the (patho)physiology
of skin including the regulation of skin pigmentation, photo-
carcinogenesis, and skin inflammation (85, 86). Of interest, the
ability of Malassezia-derived indoles to activate AhR correlated

with local immunoregulation (87) and pathogenicity in sebor-
rheic dermatitis (88). Similarly, metabolomics has revealed that
bioactive indoles with Ahr agonist activity are also present in
mice with candidiasis (75). Thus, the trpyptophan metabolism
pathway is exploited by commensals and the mammalian host to
increase fitness in response to fungi via induction of resistance
and tolerance at the skin and mucosal surface. The new findings
support a model in which the IL-22 axis controls the initial fun-
gal growth (i.e., resistance) and epithelial cells homeostasis likely
exploiting primitive anti-fungal effector defense mechanisms. In
contrast, the exploitation of the IFN-y/IDO 1 axis for functional
specialization of antifungal regulatory mechanisms (i.e., protective
tolerance) may have allowed the fungal microbiota to co-evolutes
with the mammalian immune system, survives in conditions of
high-threat inflammation, and prevents dysregulated immunity
(79). The two pathways, although non-redundant, are reciprocally
regulated and compensate each other in the relative absence of
either one (72), consistent with the theme that adaptive immu-
nity depends on innate immunity but innate immunity requires
adaptive regulation. This finding not only helps to explain the asso-
ciation of fungal infections with dysbiosis but also points to the
essential help the microbiota may provide in fungal colonization
and pathogenicity in immunodeficient patients.

CONCLUSION

Vertebrates have co-evolved with microorganisms resulting in a
symbiotic relationship, which plays an important role in shap-
ing host immunity. However, intestinal inflammation also dictates
the composition of gut-associated microbial communities (89),
a finding indicating the reciprocal influence of the microbiota
and the mammalian immune status. The mycobiome is not an
exception to the rule. The activation of different Th cells with
distinct effector and immunoregulatory functions may impact
differently on the local mycobiome composition. Indeed, the find-
ings that fungi oppositely react to IFN-y (90) or IL-17A (52), in
terms of growth and virulence, suggest that the local Th envi-
ronment may contribute to the diversity of the mycobiome at
different body sites. Ultimately, fungi have evolved a contingency-
based system during co-evolution to adapt to host immunity and
persist in an inflammatory host environment. In turn, this feeds
back into the host immune fitness. For instance, manipulation
of the regulatory network of the host by the fungal microbiota,
resulting in the activation of Treg-dependent immune tolerance,
is a mechanism to ensure fungal survival and commensalism at
different body sites, as well as local immune tolerance (76, 91,
92). Thus, challenging existing paradigms with new perspectives
from the crosstalk between fungi, the immune system, and the
microbiota will eventually lead toward the development of multi-
pronged therapeutic approaches for mucosal and systemic fungal
diseases.
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CD4* T-cells have been shown to play a central role in immune control of infection with
Plasmodium parasites. At the erythrocytic stage of infection, IFN-y production by CD4+
T-cells and CD4* T-cell help for the B-cell response are required for control and elimina-
tion of infected red blood cells. CD4* T-cells are also important for controlling Plasmodium
pre-erythrocytic stages through the activation of parasite-specific CD8™ T-cells. However,
excessive inflammatory responses triggered by the infection have been shown to drive
pathology. Early classical experiments demonstrated a biphasic CD41 T-cell response
against erythrocytic stages in mice, in which T helper (Th)1 and antibody-helper CD4™
T-cells appear sequentially during a primary infection. While IFN-y-producing Th1 cells do
play a role in controlling acute infections, and they contribute to acute erythrocytic-stage
pathology, it became apparent that a classical Th2 response producing |=4 is not a critical
feature of the CD4™ T-cell response during the chronic phase of infection. Rather, effective
CD4™" Tcell help for B-cells, which can occur in the absence of Il-4, is required to con-
trol chronic parasitemia. Il=10, important to counterbalance inflammation and associated
with protection from inflammatory-mediated severe malaria in both humans and experi-
mental models, was originally considered be produced by CD4T Th2 cells during infection.
We review the interpretations of CD4™ T-cell responses during Plasmodium infection, pro-
posed under the original Th1/Th2 paradigm, in light of more recent advances, including the
identification of multifunctional T-cells such as Th1 cells co-expressing IFN-y and I1-10, the
identification of follicular helper T-cells (Tfh) as the predominant CD4*+ T helper subset for

B-cells, and the recognition of inherent plasticity in the fates of different CD4* T-cells.

Keywords: malaria, Plasmodium, multifunctional CD4 T-cells, CD4 T-cell subsets, Tfh, Th1,Th2, Th22

INTRODUCTION

Malaria, caused by infection with Plasmodium transmitted via
mosquito bites, represents a major global cause of morbidity
and mortality (1). Plasmodium spp. are eukaryotic apicomplexan
intracellular parasites with different life-cycle stages within the
vertebrate host: an early clinically silent liver stage that can last
approximately 7-10 days in humans and 2 days in rodents, fol-
lowed by an erythrocytic stage, responsible for the pathology of
malaria (Figure 1A). Species of Plasmodium that infect humans
include P. falciparum, P. vivax, P. malariae, P. ovale,and P. knowlesi.
A number of Plasmodium species that infect rodents, but not
humans, are available for laboratory research, including P. berghei,
P. vinckei, P. chabaudi, and P. yoelii (2), which allow the dissection
of immune mechanism of protection and pathology (3).

In most cases, the host’s immune system can eventually con-
trol a Plasmodium infection; however, exacerbated host immune
responses and inflammation induced by the parasite, contribute
to the pathology accompanying infection (4, 5). CD4™ T-cell
responses have been associated with control of erythrocytic stage
parasites, but a small number of studies indicate a helper role also
in pre-erythrocytic immunity (6—11). Parasite biology, host cell
and tissue tropism, and kinetics of parasite growth differ between
pre-erythrocytic and erythrocytic stages within the vertebrate host
and, accordingly, the particular CD4" T-cell responses elicited
also differ. Herein, we discuss activation of different CD41 T-cell

subsets during malaria, their role in the control of the infection and
the interplay between different subsets, with a particular emphasis
on the concept of CD4 ™ T-cell plasticity.

CD4+ T-CELL SUBSETS ACTIVATED BY PRE-ERYTHROCYTIC
STAGES

Very little is known about the CD4" T-cell response to Plasmod-
ium pre-erythrocytic stages, or its regulation in natural infec-
tion either in humans or in experimental models. Clearly, since
IgG antibodies and memory B-cells are generated to a wide
range of pre-erythrocytic antigens, including those with expres-
sion restricted primarily to these stages, such as circumsporo-
zoite protein (CSP), liver-stage antigen 1 (LSA1), and sporozoite
threonine—asparagine-rich protein (STARP) (12-14), CD4* T-
cells must be induced by these stages of the infection. Indeed,
CD4 T-cells specific for pre-erythrocytic antigens have been doc-
umented, and in some cases, have been shown to correlate with
protection in humans following natural infection (15) and immu-
nization (11). However, we have few details of their functional
heterogeneity.

CD4* T-cells of undefined Th1/Th2 phenotype have been
shown to confer protection against the pre-erythrocytic stages
of P. yoelii even in the absence of CD8" T-cells (9), and CD4*
T-cell clones recognizing peptides of CSP protected against a P.
yoelii sporozoite challenge in mice, irrespective of their Thl or

Frontiers in Immunology | T Cell Biology

January 2015 | Volume 5 | Article 671 | 50


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Journal/10.3389/fimmu.2014.00671/abstract
http://www.frontiersin.org/people/u/56167
http://www.frontiersin.org/people/u/46922
mailto:jlangho@nimr.mrc.ac.uk
http://www.frontiersin.org/T_Cell_Biology
http://www.frontiersin.org/T_Cell_Biology/archive

Perez-Mazliah and Langhorne

CD4 T-cell subsets in malaria

A Life cycle

s =3
D a
Sporozoites
Pre-erythrocytic stage
Merozoites .
o’ ) Erythrocytic stage
3 we@rsc o

Rupture

Schizont

Gametocytes

p 8

Trophozoite

B Pre-erythrocytic stage

CD4+
naive
DC

in lymph node

»

1 Liver

e
¥

N7
—
«—
IL-21

CTL

Beell ? Tt CDg-
naive
C Erythrocytic stage: Early model D

DC

FIGURE 1 | Schematic representation of the Plasmodium life cycle, and
different models of CD4* T-cell activation during Plasmodium infection.
(A) Plasmodium life cycle in the mammalian host. (B) The cartoon shows the
different subsets known, or proposed to be, activated by the pre-erythrocytic
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the CD4* T-cell responses to the erythrocytic stage of Plasmodium, together
with their known or proposed roles during infection. This model highlights the
plastic ability of activated CD4* T-cells to interconvert into different Th
subsets. The master regulator transcription factors known to drive each Th
program as well as the cytokines associated to each Th subset are depicted
(53). DC, myeloid dendritic cell; iRBC, infected red blood cell; CTL, cytotoxic
CD8* T-cell; Tr1, Foxp3~ regulatory T-cell.

Th2 phenotype (6, 7). The location of priming of CD4™" T-cell
specific for pre-erythrocytic stages is still a matter of debate, and
there is little evidence as yet on priming of CD41 T-cell in the

liver. As protective CD8" T-cells specific for a peptide of CSP
from P. yoelii can be primed by dendritic cells (DCs) in lymph
nodes after infection with sporozoites (16), it is likely that DCs
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in lymph nodes might also be critical for priming CD4™ T-cell
responses to Plasmodium pre-erythrocytic stages.

As well as possible direct killing of infected hepatocytes, subsets
of CD4* T-cells provide crucial help for both B-cell and CD8* T-
cell responses (Figure 1B). In a very few studies, CD4™ T-cells were
shown to be necessary to ensure survival of protective effector and
memory CD8* T-cells induced by irradiation-attenuated sporo-
zoites (8, 10). This mechanism is dependent on STAT-6 and IL-4,
suggesting that Th2 CD4™ T-cells may be in charge of providing
help to CD8" T-cells. More recently, CSP-specific CD4™ T-cells
expressing CD107a (LAMP-1), a marker for cytotoxic degranu-
lation, were shown to be induced and associated with protection
against the pre-erythrocytic stages after immunizations of healthy
volunteers by bites from P. falciparum-infected mosquitoes during
chloroquine chemoprophylaxis (11). Nothing is yet known about
induction of Tth cells, the subset that provides help for T-cell
dependent B-cell responses (17), which are presumably activated
by, and would be important for, generation of high affinity IgG
antibodies.

Altogether, these data suggest a role of CD4™ T-cells in pro-
tective immunity to pre-erythrocytic-stage infection, the mech-
anisms of which are not yet completely understood. With the
current emphasis on pre-erythrocytic vaccines, it is important that
we understand more about the potential contribution of diverse
CD4™" T-cell populations on direct killing of infected cells, in the
B-cell and CD8™ T-cell responses, as well as their regulatory roles
in immunity to the pre-erythrocytic stages of Plasmodium.

CD4* T-CELL SUBSETS ACTIVATED BY ERYTHROCYTIC
STAGES

The Th1/Th2 paradigm proposed by Mosmann and Coffman pos-
tulated stable lineages of activated CD4* T-cells with distinctive
cytokine production patterns and functional capacity; IFN-y-
producing Thl cells being crucial mediators of host immunity
against intracellular pathogens, while IL-4-producing Th2 cells
mediating immunity toward extracellular pathogens and collabo-
ration with B-cells for antibody production (18). As Plasmodium
invades red blood cells (Figure 1A), which do not express MHC
class I or II, it was difficult to envisage parasites at this stage as
direct targets of Th1 or Th2 cells. Nonetheless, it was possible to
draw parallels with the original Mosmann and Coffman model;
malaria researchers observed that the erythrocytic stages triggered
a strong IFN-y response during acute infections in P. berghei, P.
yoelii,and P. chabaudi infections in mice, as well as in P. falciparum
infection in humans (19-24).

Since that time, the Th1/Th2 paradigm has gained in complex-
ity with the identification of novel CD4 ™" T-cell subsets with dis-
tinctive characteristics and transcriptional programs in charge of
driving the different cell fates (25). These differentiation programs
are governed predominantly by signals derived from antigen-
presenting cells (APC) and the microenvironment at the time
of CD4™" T-cell activation. DCs are necessary for effective prim-
ing of the T-cell response in erythrocytic-stage malaria (26), and
two subsets of splenic DCs, CD8™ and CD4™ classical DCs, have
been shown to present antigen for the activation of CD4™ T-cells
during an erythrocytic-stage infection with P. chabaudi and P.
berghei, respectively (26—29). Although it is known that IL-12 is

an important cytokine in the induction of a protective response in
experimental malaria infections (30), understanding of the regula-
tion of this cytokine or other factors in DCs necessary for effective
Plasmodium-antigen presentation to different subsets of CD4™
T-cells is still lacking.

IEN-vy, a defining cytokine of Thl cells expressing the tran-
scription factor T-bet, has proven to be important for controlling
the acute erythrocytic stage of Plasmodium infection in rodent
models (31-34). IFN-y-producing CD4 ™" effector (E) and effector
memory (EM) CD4" T-cells both confer partial protection from
P. chabaudi infection (35). In general agreement with this, IFN-y
from CD4" T-cells has been shown to be important in main-
taining strain-transcending blood-stage immunity (36). However,
IFN-y is not only produced by T-bet™ Th1 cells but also by NK
cells, NKT cells, and y§ T-cells (37, 38) as well as CD8* T-cells,
and it is not always clear whether Thl cells, IFN-y, or IFN-y
from Thl cells per se are the main players in early protection
or pathology in experimental malaria. Studies so far to address
these questions have given conflicting results. One study using P.
berghei ANKA has shown that the enhanced IFNy™ T-bett CD4 ™
T-cell responses observed in mice lacking Type I IFN signaling
are associated with better control of P. berghei ANKA infections,
resulting in lower morbidity and mortality (39, 40). In contrast,
others have shown that in the absence of T-bet, essential for Th1
commitment, cerebral pathology of P. berghei ANKA infections is
ameliorated, and the number of IFNyt CD4T T-cells is reduced.
However, control of parasite replication is lost and mice succumb
to hyper-parasitemia and anemia (41). In a different rodent model
of erythrocytic-stage malaria, P. yoelii 17X(NL), although activa-
tion of T-bet was detected on CD4™ T-cells early in infection (42),
the infection can still be controlled in T-bet-deficient mice (43).

The erythrocytic stages of Plasmodium are also able to acti-
vate CD4" T-cells that are very effective helpers for Plasmod-
ium-specific antibody production, but produce little or no IFN-y
(21). This response was shown to coincide with the appearance
of IL-4-producing CD4" T-cells (21). The association between
IL-4-producing CD4*" T-cells and antibody responses toward the
parasite was also observed in P. falciparum immune subjects (44).
An erythrocytic-stage P. chabaudi infection, the only mouse model
that generates a chronic phase of infection (3), presents a bipha-
sic CD4™" T-cell activation, with a large IFN-y-producing CD4*
T-cell response during the acute phase, followed by an antibody-
helper/IL-4-producing CD4™ T-cell response during the chronic
phase (Figure 1C) (21, 24, 45, 46). These data were interpreted as
an early activation of Th1 cells able to control parasitemia through
the activation of effector mechanisms such as macrophages, fol-
lowed by a Th2 response in charge of activating B-cell responses
to complete the clearance of the parasite (47, 48). However, the
frequency of CD4*" T-cells able to help B-cells to produce Plas-
modium-specific antibodies was much higher than the frequency
of IL-4-producing CD4™" T-cells (21). Furthermore, control of a
P. chabaudi infection and specific IgG responses, including 1gG1
antibodies, was possible even in the complete absence of IL-4 (45).
Therefore, it was clear, despite its attractiveness as a model, that
the simple Th1/Th2 paradigm was not sufficient to explain the full
complexity of CD4™ T-cell activation in the erythrocytic stages of
Plasmodium. More recently, a subset of CD4" T-cells, Tth cells,
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has been described that produce IL-21, as well as other cytokines
originally associated with other Th subsets, such as IFN-y and IL-4
(17). We believe that the Tfth program, and not a Th2 response, is
the critical one for B-cell help and activation of protective B-cell
responses against the erythrocytic stages of Plasmodium infec-
tion (Figure 1D). However, there are very few data on Tth or its
crucial signature cytokine, IL-21, in malaria. Lymphocytes closely
resembling Tth have been observed in peripheral blood of humans
(49), although not yet in people exposed to malaria. However, IL-
21-producing CD4* T-cells have been demonstrated in blood of
immune adults living in endemic areas of P. falciparum trans-
mission (50-52). Given the importance of the humoral response
in protective immunity to the erythrocytic stages of Plasmodium,
understanding the activation and maintenance of Tth cells during
malaria is of outstanding interest for vaccine design.

Recently, the Th17 subset of CD4" T-cells, defined by the
expression of the transcription factor RORyt, has gained atten-
tion among malaria researchers because of its role in autoimmune
diseases and chronic inflammation and in responses to extracel-
lular pathogens such as bacteria and fungi (53). CD4™ IL-17A*
RORyt™ Th17 cells are activated during acute P. berghei ANKA
and P, yoelii infection, but the function of these cells during infec-
tion was not explored (54). Ishida and colleagues demonstrated no
association of Th17 cells and cerebral malaria in P. berghei ANKA-
infected IL-17-deficient mice (55). We have also observed the
presence of IL-17A and IL-17F-producing CD4™" T-cells mainly
in the liver during acute erythrocytic-stage P. chabaudi infection;
however, IL-17A-deficient mice showed no significant alterations
in the course of P. chabaudi infection (56). Therefore, despite acti-
vation, Th17 cells have so far not been shown to have a defined
role during Plasmodium infections (Figure 1D).

Additional CD4™ T-cell subsets, such as that producing IL-22
(Th22), continue to be identified (57, 58). IL-22 has been impli-
cated in both host defense against bacterial infections and tissue
repair (59). Interestingly, IL-22 single-nucleotide polymorphisms
associated with resistance and susceptibility to severe malaria
have been identified (60). We have observed that IL-22-producing
CD4™ T-cells are activated, albeit in low frequency, in both spleen
and liver during acute erythrocytic-stage P. chabaudi infections,
and that IL-22-deficient mice infected with P. chabaudi show
exacerbated pathology (56) (Figure 1D). Research is ongoing to
explore in greater detail the origins of these cells, their location,
and the mechanisms underlying the observed pathology.

With the discovery of this wide array of possible CD4*" T-cell
subsets and their different activation requirements and functional
capacities, it is becoming clear that CD4™ T-cells may not be sim-
ply defined as individual subsets of Th cells producing a single
cytokine, but rather they represent components of a dynamic and
interactive response, in which these cells can be multifunctional,
flexible, and plastic depending on the disease/infection and acti-
vation environment (61). The multifunctional capacity of T-cells,
or the ability to perform more than one function (e.g., production
of different cytokines) at the single-cell level, and its association
with the capacity to control infections was first recognized in HIV-
infected subjects (62) and in a mouse model of vaccination against
Leishmania major (63). This association between multifunctional
capacity of T-cells and control of infections is not limited to HIV

and Leishmania, and was soon observed in several other chronic
infections, including viral, parasitic, and mycobacterial infections
(64). Immunization of subjects with P. falciparum apical mem-
brane antigen 1 (AMA1) (65), and immunizations of mice with
full-length P. falciparum CSP protein (66) also activates multifunc-
tional CD4™ T-cells responses. Moreover, multi-parameter flow
cytometric analyses of human PBMC from children and adults
exposed to malaria infection reveal the existence of CD4™" T-cells
co-expressing several cytokines characteristic of many CD4™ T-
cell subsets (52, 67), demonstrating the complexity of the CD4*
T-cell response activated by the erythrocytic stages of Plasmodium.

There is an important body of evidence suggesting that, far from
being terminally differentiated stable lineages, the different Th
subsets have an extensive capacity to interconvert further between
different phenotypes, a concept known as plasticity (68). The most
recent studies suggest that CD4™ T-cell activation with overlap-
ping characteristics of different Th subsets is the norm rather than
the exception (61), and this is likely to be reflected in complex
diseases such as malaria. Although this has not been explored in
any detail in the context of malaria, the concept of Th plasticity
opens new possibilities for studying the function and regulation of
CD4* T-cells in the control of Plasmodium infection and related
immunopathology. One subset known for its remarkable plasticity
is the Tth subset. It has been shown that Th1, Th2, and Th17 cells
can migrate into the B-cell areas of secondary lymphoid organs
and acquire the functional capacity and biomarkers of Tth cells
and, conversely, the Tfh subset can become Th1, Th2, and Th17
(69). In the context of Plasmodium infection, this would imply
that not only could Plasmodium parasites activate Tth responses
directly but also the Tth subset could potentially arise from any
of the CD4™ T-cell subsets already activated by the erythrocytic
stages.

In light of the multifunctional and plastic capacities of the
CD4™ T-cells, a scenario can be envisaged in which Th subsets
required for the control of parasite burden, such as Th1 cells, have
the capacity to acquire a regulatory phenotype depending on the
context, contributing to control of the inflammation and thus to
protection of tissues and organs and preventing any potentially
harmful effects of the response. This would allow a fine-tuning of
the CD4™ T-cell response to guarantee the control of Plasmodium
infection without causing deleterious side effects. One mechanism
of self-regulation by CD4" Thl cells in malaria is the induction
of IL-10. IFN-y*IL-10TT-bet™ Thl CD4% T-cells can prevent
pathology during P. chabaudi infection (70) (Figure 1D). In addi-
tion, IL-10 from CD4™ T-cells distinct from regulatory T (Treg)
cells is able to control pathology in a P. yoelii infection in mice,
but in this case, these cells do not co-express IEN-y (71). IL-10 is
produced in these cells in response to IL-27 (70), although the sig-
nals responsible for the induction of IL-27 remain unknown. The
occurrence of IFN-y*IL-107T-bet™ CD4* T-cells during Plas-
modium infections is not restricted to mouse models; they have
been reported to be present in PBMC of children living in highly
malaria-endemic regions (72—74) and their proportion is higher in
children with uncomplicated malaria compared to children with
severe malaria (72). IL-10 can also be induced in IL-17-producing
CD4™ T-cells, as yet by unknown pathways (75-77), and thus, IL-
10 may be a more general mechanism for regulating any subset
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of CD4™" T-cells in malaria. CD4™" T-cells, particularly Th1 cells,
can also be controlled by Type I IENs. In the P. berghei ANKA
model, Type I IFN signaling suppresses Th1 responses by directly
acting on classical DCs (40). Given that type I IFN signaling can
also promote the expression of IL-10 on CD4™ T-cells (78-81),
we hypothesize that these two regulatory mechanisms might share
some common activation signals during Plasmodium infection.

CD4* T-cell responses may also be controlled by the expres-
sion of surface molecules associated with exhaustion. Elevated
frequencies of PD-17 LAG-3% CD4™" T-cells have been reported
in P. falciparum-infected subjects (82, 83), and combined block-
ade of PD-1 and LAG-3 accelerated clearance of erythrocytic-stage
Plasmodium infection in a mouse model (83). In agreement with
these observations, PD-1-deficient mice show better control of an
erythrocytic-stage P. chabaudi infection with higher frequencies of
IFN-y* and T-bet™ CD4" T-cells during the chronic phase (84).
The kinetics of PD-17 CD4 ™ T-cells during the acute erythrocytic-
stage P. yoelii 17X(NL) infection are similar to those observed
during P. chabaudi infection (42, 84). However, some caution
should be exercised in assuming that expression of PD-1 auto-
matically means exhaustion, as in some subsets of activated CD4™
T-cells, in particular Tth cells, PD1 is expressed without affecting
their functional capacity. It may be that the triggering of PD-1 by
its ligand PDL-1 (85) is the key to whether the cell is programed
for cell death.

Many of the CD4*" T-cells activated in a Plasmodium infec-
tion may undergo interconversion between defined cell sub-
sets depending on antigen dose, APC, location, and cytokine/
chemokine environment, such as that described for Treg and Th17
subsets (86, 87). Thus, it is possible that the Th17 cells found in
the spleen of malaria-infected mice gain a regulatory phenotype
in other organs or tissues such as brain and liver. The capacity
to identify and manipulate these possible mechanisms of CD4*
T-cell plasticity during Plasmodium infections would be of great
value for the design of novel therapeutic strategies.

CONCLUDING REMARKS

The identification of two CD4™" T-cell subsets with different well-
defined functions represented an attractive organizational system
with which to rationalize CD4™ T-cell responses to Plasmodium
infections. However, such a model has not been sufficient to reflect
fully the complexity of CD4™ T-cell biology observed in human or
experimental malaria. In particular, control of Plasmodium infec-
tion requires strictly regulated immune responses that are able
to prevent parasite replication without causing detrimental side
effects of uncontrolled inflammation. Plasmodium species have
different stages with different tissue tropisms and this complex life
cycle challenges the idea that a single static group of terminally
differentiated CD4 " T-cells would be able to perform all the tasks
required to control this infection. In order to cope with these tasks,
the CD4™ T-cell response has to adapt to the changing scenarios
presented as the infection evolves. The newer concept of CD4*
T-cell plasticity would add substantially to our understanding of
induction and regulation of CD4 ™" T-cell responses in malaria, and
it is highly probable that some of the CD4* Th programs not yet
explored in depth, such as the Tth response, might play critical
roles in the outcome of the infection. The combination of potent

tools such as multi-parameter flow cytometry, in vivo imaging,
systems analyses of transcriptome, proteome, and metabolome,
together with T-cell receptor transgenic mice and peptide-MHC
II tetramers will give us the chance to explore the complexity of the
CD4™ T-cell responses to malaria in in vivo models (74, 88-97). In
addition, confocal microscopy and intravital imaging techniques
make now possible to follow sporozoites injected via the mos-
quito bite into the skin, or by injection of attenuated sporozoites
through to their arrival in the lymphoid organs and liver (98),
and to study the consequent activation of CD4™ T-cells and their
subsequent effector functions. Field studies of natural human Plas-
modium infections and mouse models should complement each
other to get a deeper understanding of the complex CD4™" T-cell
response activated by these infections. A detailed delineation on
how CD4™ T-cells modulate the activation of effector cells such as
CD8™ T-cells, macrophages, and B-cells in response to Plasmod-
ium infection is critical to achieve the goal of generating protective
treatments to control malaria.
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CD4*T cells are critical for defense against protozoan parasites. Intracellular protozoan par-
asite infections generally require the development of aTh1 cell response, characterized by
the production of IFNy and TNF that are critical for the generation of microbicidal molecules
by phagocytes, as well as the expression of cytokines and cell surface molecules needed
to generate cytolytic CD81 T cells that can recognize and kill infected host cells. Over
the past 25years, much has been learnt about the molecular and cellular components
necessary for the generation of Th1 cell responses, and it has become clear that these
responses need to be tightly controlled to prevent disease. However, our understanding of
the immunoregulatory mechanisms activated during infection is still not complete. Further
more, it is apparent that although these mechanisms are critical to prevent inflammation,
they can also promote parasite persistence and development of disease. Here, we review
how CD4* T cells are controlled during protozoan infections and how these regulatory

mechanisms can influence parasite growth and disease outcome.

Keywords: protozoan parasites, Th1 cells, IL-10, IL-27, CD4* T cells, immune regulation

INTRODUCTION

Mammalian immune systems have evolved to recognize and con-
trol pathogens. This is achieved by the coordinated actions of
innate and adaptive immune mechanisms [reviewed in Ref. (1,2)].
CD4™ T cells play key roles in coordinating immune responses by
producing molecules critical for the production of high affinity
antibodies by B cells and promoting the production of mucous
and tissue repair mechanisms. They also help to fully activate
CD8™ T cells so they can kill infected and transformed cells, and
assist innate immune cells to recognize and control pathogens
and tumors. CD4™ T cells play critical roles in both the genera-
tion of anti-parasitic immunity and immune surveillance during
concomitant immunity, which is associated with many parasitic
infections (3).

REGULATION OF T CELL RESPONSES

The help provided by CD4™ T cells for various immune activities
includes the production of potent pro-inflammatory cytokines
such as TNF, IFNYy, and IL-17, and as such, CD4™ T cell responses
need to be tightly regulated so they themselves do not cause
tissue damage. The pathogenesis of autoimmune diseases often
involves aberrant CD4% T cell responses in tissue sites such
as the central nervous system, pancreas, and brain. Therefore,
mammals have evolved multiple ways to control the pathogenic
potential of CD4" T cells [reviewed in Ref. (4)]. These include
indoleamine 2,3-dioxygenase (IDO)-catalyzed tryptophan metab-
olism by phagocytic cells (5), leading to immune cell stress and
activation of the general controlled non-repressed 2 (GCN2)
kinase pathway (6) and/or cytotoxic and regulatory effects on T
cells caused by the catabolites from the associated kynurenine

metabolism pathway (7). In addition, the production of regu-
latory cytokines, such as IL-10 and TGFf, by innate immune
cells in response to pathogen-derived molecules can suppress
both developing and established T cell responses (8—10), as can
IL-10 produced by certain B cell subsets (11). Dendritic cells
(DCs) can be an important source of regulatory cytokines in
experimental models of leishmaniasis and malaria. In addition,
over the course of these infections, DCs reduce levels of CD11c,
increase expression of CD45RB, and promote the generation of T
cell IL-10 production (12—14). Thus, the development of regula-
tory DC subsets that have a major influence on T cell responses
is a feature of established protozoan infections. More recently,
specialized monocytes and macrophage subsets have been iden-
tified that can modulate localized T cell responses during proto-
zoan infections [reviewed in Ref. (15)]. Classically activated (M1)
macrophages produce pro-inflammatory molecules, such as TNF
and r-arginine-dependent nitric oxide, while alternatively acti-
vated (M2) macrophages use arginase 1 to convert L-arginine to
polyamines, which along with production of IL-10 and TGEFB,
enable this cell subset to suppress inflammation [reviewed in
Ref. (16)]. Inflammatory monocytes have been reported to pro-
mote Thl cell activity in mice infected with Leishmania major
(17), L. donovani (18), and Trypanasoma brucei (19, 20), but
with pathological consequences in the latter model that were
reversed by administration of IL-10 (20). In contrast, the products
from M2 macrophages suppressed lesional CD4™ T cell prolif-
eration and IFNy production in mice infected with L. major
(21), while T. gondii can actively promote the arginase 1 path-
way in macrophages to enhance pathogen survival (22). Thus,
macrophages play important roles in conditioning local tissue
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environments and determining the direction and effectiveness of
T cell responses during protozoan infections. However, regula-
tory mechanisms increasingly recognized as being paramount for
preventing T cell-mediated disease, and therefore, the main sub-
ject of this review, involve specialized sub-populations of CD4™"
T cells themselves capable of inhibiting immune responses and
suppressing inflammation.

REGULATORY T CELLS

Regulatory T cells can be broadly divided into two types. First,
natural regulatory T (Treg) cells are CD4™ T cells produced in the
thymus and express the transcription factor FoxP3 that is crit-
ical for their suppressive functions (23, 24). Second, inducible
regulatory T cells emerge from the thymus as conventional T
cells, but develop regulatory functions in the periphery following
exposure to appropriate inflammatory stimulation. These include
IL-10-producing Th1 (Tr1) cells (25), TGFB-producing CD4* T
(Th3) cells (26), and conventional CD4™ T cells that have con-
verted to FoxP3-positive cells in peripheral tissues (27). Under
homeostatic conditions, Treg cells limit potentially self-reactive
T cell responses, thus preventing autoimmunity (23). However,
they can also impair effective pathogen clearance, while trying to
prevent immune-mediated tissue damage during infection. The
molecular mechanisms by which Treg cells perform these func-
tions are incompletely understood, but involve production of
cytokines such as IL-10, TGFf, and IL-35, the expression of the
negative regulatory molecule cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) and the generation of adenosine and cyclic
AMP [reviewed in Ref. (28)]. In addition, their expression of
high affinity IL-2 receptor allows them to deprive conventional
T cells of this critical growth factor and thereby induce them to
undergo apoptosis (29). Thus, Treg cells may act directly upon
conventional T cells or via accessory cells such as antigen present-
ing cells (APCs) to limit T cell activity. An emerging paradigm
is that Treg cells adapt to particular inflammatory conditions in
order to regulate specific CD4™ T cell responses by the gener-
ation and use of shared transcription factors to mimic certain
aspects of T cell behavior, such as tissue homing, survival, and
cytokine production. For example, STAT3, T-bet, IRF-4, and Bcl-
6 are required for Th17, Thl, Th2, and follicular helper T (Tth)
cell differentiation, respectively, as well as by the Treg cells that
control the actions of these specific CD4" T cell subsets (30—
34). For example, in mice orally infected with T. gondii, IL-27
promotes the expression of CXCR3 on Treg cells that enables
these cells to regulate Th1 cell-mediated immunity, as well as pre-
vent infection-induced pathology at mucosal sites (35). However,
Treg cells can block the generation of effective parasite-specific T
cell responses in specific tissues. For example, Treg cell depletion
with anti-CD25 mAb in mice infected with L. major dramatically
enhanced anti-parasitic immunity (36), while adoptive transfer
of antigen-specific Treg cells in the same model promoted par-
asite growth (37). In addition, depletion of Treg cells with an
anti-CD25 mAb protects mice from lethal Plasmodium yoelii infec-
tion by enabling the generation of a potent anti-parasitic T cell
response (38). Similarly, the removal of Treg cells from peripheral
blood mononuclear cells isolated from humans infected with P.
falciparum enhanced T cell proliferation and CD4" T cell IFNy

production in response to stimulation with parasite antigens (39).
However, the importance of Treg cells in several protozoan infec-
tions has been questioned because of the potential “off-target”
effects of the anti-CD25 mAbs used in many studies (40). For
example, several groups reported significant changes in immune
responses and disease outcome in mice infected with P. berghei
ANKA (41-43), but subsequent experiments in this model, where
Treg cells could be specifically depleted with diphtheria toxin
via cell-specific expression of a simian diphtheria toxin recep-
tor (44), showed little impact of Treg cells on disease outcome
and associated T cell responses (45, 46). Thus, the roles of Treg
cells in protozoan infections will require further studies before
their impact on anti-parasitic immune responses can be fully
appreciated.

The secretion of IL-10 by conventional CD41 T cells can
potently suppress inflammation and tissue damage (47, 48). Ini-
tially, IL-10 production was identified in Th2 cells (49), but has
since been described in Thl (50-52) and Th17 (53) cell popula-
tions. Thus, CD4™ T cell-derived IL-10 production is emerging
as an important mechanism of auto-regulation, whereby IL-10
can both directly suppress T cell activities, as well as upstream
activation pathways initiated by APCs [reviewed in Ref. (48)].
These IL-10-producing Th1 cells were identified in mice infected
with T. gondii (54) and L. major (55). In the T. gondii infec-
tion model, these cells did not impact upon control of parasite
growth, but were critical for limiting pathology (54, 56), while
in mice infected with L. major, IL-10-producing Thl cells pro-
moted the establishment and maintenance of chronic infection
(55). Similar observations have also been made in mouse mod-
els of Plasmodium infection (57, 58), T. cruzi (59, 60), and T.
brucei (61) infections. Importantly, these IL-10-producing Th1
cells have been identified in humans with visceral leishmaniasis
caused by L. donovani (62) and African children with P. falci-
parum malaria (63, 64). Although IL-10 has been clearly shown
to suppress CD4™1 T cell activation in humans infected with L.
donovani (65) and P. falciparum (63, 66), it is not yet clear how
much of this activity can be attributed to the IL-10-producing Th1
cells. Significantly, the prevalence of IL-10-producing Th1 cells in
Gambian children with asymptomatic malaria was greater than in
children with severe disease, indicating that these cells may pro-
tect against damaging inflammation during acute malaria (67).
However, antigen-specific IL-10-producing Th1 cells were found
in cord blood of babies whose mothers had malaria during preg-
nancy (66), suggesting that these cells might be able to influence
anti-parasitic immunity from very early in life. Hence, the kinetics
of the emergence of IL-10-producing Th1 cells during malaria may
be critical in determining the impact they have on the outcome of
infection.

THE ROLES OF IL-10 IN PROTOZOAN INFECTIONS

IL-10 is one of the most potent regulatory cytokines produced by
leukocytes in response to inflammatory signals (68). The impor-
tance of IL-10 for regulating immunity is highlighted by the
observation that IL-10 deficiency or blockade causes the early
development of colitis in mice (69). However, as described above,
many protozoan parasites, such as those that cause toxoplasmo-
sis, malaria, trypanosomiasis, and leishmaniasis (54, 55, 59-61,
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70, 71), have evolved to exploit the functions of IL-10 to inhibit
anti-microbial mechanisms and allow the establishment of chronic
infection. In fact, the generation of IL-10-producing T cells fol-
lowing vaccination with protozoan antigen can be a robust pre-
dictor of vaccine failure (28). One proposed mechanisms for
IL-10-mediated immune suppression is the promotion of T cell
exhaustion. The PD-1 pathway plays an important role in T cell
exhaustion during all of the chronic infections mentioned above,
and there is strong evidence that IL-10 plays a key role in reg-
ulating the expression of the PD-1 ligands (PD-L1 and PD-L2)
on APCs [reviewed in Ref. (72)]. Several other molecules known
to be involved in promoting T cell exhaustion, such as Tim-3
and Lag3, have also been linked with IL-10 expression (73, 74),
but their precise relationships are not known. IL-10 produced
by macrophages can also inhibit the differentiation of surround-
ing cells into classically activated macrophages that are required
for the production of inflammatory cytokines and metabolites
required to kill many intracellular pathogens (75). It can also sup-
press inflammatory cytokine production by T cells and inhibits
antigen presentation by APC [reviewed in Ref. (76)]. Thus, IL-10
can suppress host immune responses during infection by multiple
mechanisms.

REGULATION OF IL-10 PRODUCTION BY CD4* T CELLS

An important approach to understanding how IL-10 production
might be modulated for therapeutic advantage or to improve
vaccination is to gain a better insight into the transcriptional
regulation and the signaling pathways involved in IL-10 produc-
tion and establishing whether they differ between cell types and
in various tissue locations. IL-27 has emerged as an important
growth and differentiation factor for IL-10-producing Thl cells
(53,77,78). It is thought to primarily be a product of macrophages
and DCs (79), and drives the production of IL-21 by CD4% T
cells, which in turn, acts as an autocrine growth factor for IL-10-
producing Th1 cells (80, 81). IL-27 is a heterodimeric cytokine
composed of IL-27p28 and EBI3 that signals via a receptor com-
plex comprising a unique IL-27 receptor alpha chain (IL-27Ra)
and gp130 (82, 83), a common receptor used by several cytokines
including IL-6 (84, 85). IL-27 promotes these activities via the
transcription factors STAT1 and STAT3 (53), and by inducing
the expression of the transcription factors c-Maf (80) and aryl
hydrocarbon receptor (AhR) (86), which then physically associate
and transactivate the IL-10 and IL-21 gene promoters (80, 86,
87). Interactions between glucocorticoid-induced TNFR-related
(GITR) protein and GITR ligand can also stimulate IL-27 pro-
duction (88), which can induce expression of inducible T cell
costimulator (ICOS) on IL-10-producing Thl cells to enhance
IL-27-mediated expansion of these cells (80). Interestingly, IL-
27p28 can also function as a natural antagonist of gp130-mediated
cytokine signaling, and thereby inhibit IL-6-mediated inflamma-
tory pathways (89). The importance of IL-27 for the generation
of IL-10-producing Thl cells has now been reported in mouse
models of malaria (58, 90), leishamaniasis (91), and toxoplasma
(53), although, surprisingly, the generation of these cells was inde-
pendent of IL-21 in mice infected with P. chabaudi (58). It should
also be noted that IL-27 has IL-10-independent regulatory func-
tions in mice infected with P. berghei NK65 (90), thus emphasizing

the complexity of IL-27-mediated immune regulation during pro-
tozoan infections. IL-27 produced by CD14 positive monocytes
was also reported to be associated increased numbers of IL-10-
producing Th1 cells in blood from visceral leishmaniasis patients
(92). Thus, there is substantial evidence for IL-27 being a criti-
cal factor in the generation of IL-10-producing Thl cells during
protozoan infections.

In other studies, the transcriptional repressor B lymphocyte-
induced maturation protein 1 (Blimpl; encoded by the Prdml
gene) was found to be expressed by a subset of Treg cells and
played an essential role in their production of IL-10 (93). Recently,
Blimp1 was implicated in IL-10 production by Th1 cells (94), and
shown to be important for the generation of these cells in mice
infected with T. gondii (95). IL-27 and T cell receptor signaling
were found to promote the expression of the transcription fac-
tor Erg2, which was required for Lag3 expression and production
of IL-10 by conventional CD4™ T cells (96). Subsequently, IL-
27-dependent Egr2 expression was reported to be critical for the
induction of Blimp1 and generation of IL-10-producing Th1 cells
(94). Interestingly, only STAT3-deficiency impacted upon IL-27-
dependent Egr2 expression, while both STAT1 and STAT3 were
required for IL-10 production by Th1 cells. Thus, a model for IL-
10 production by Th1 cells is emerging (Figure 1). Furthermore,
cellular pathways such as the Notch-Jagged axis in plasmacy-
toid DCs promote CD4™ T cell IL-10 production (97), but their
roles in protozoan infections have yet to be investigated. Thus,
there are still many gaps to be filled, and importantly, we need
to clearly define the signaling and transcriptional pathways that
are activated during protozoan infections. In particular, there is
a clear gap in our knowledge regarding differences in the reg-
ulation and maintenance of IL-10 production by Thl cells in
secondary lymphoid organs and peripheral tissue sites. This infor-
mation is important if we want to target these regulators to
selectively modulate IL-10 activity during parasitic disease. In
the broader context of immune regulation, we need to estab-
lish whether the IL-10-producing Th1 cells are a distinct T cell
subset capable of dynamic and sustained regulatory function or
whether they represent exhausted T cells, as suggested by their
expression of molecules such as PD-1 and Lag3. In the former, we
can develop ways to manipulate them for therapeutic advantage
(for example in inflammatory diseases) or transiently block their
function, as might be required for effective vaccination. However,
if they represent a terminally differentiated state, then different
approaches may have to be devised to either promote or inhibit
their development.

OTHER MECHANISMS OF Th1 CELL REGULATION DURING
PROTOZOAN INFECTIONS

Although IL-10 is a potent regulator of Th1 cell responses, there is
likely to be multiple mechanisms to control such potentially dam-
aging inflammatory responses. Type I IFNs have recently emerged
as import immune regulators during parasitic infections. They are
produced by most cell types and play critical roles in anti-viral
immunity (98, 99), but several studies have identified this fam-
ily of cytokines as important determinants of disease outcome in
protozoan infection. However, these effects depend on the viru-
lence of the parasite and the stage of infection. For example, in
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FIGURE 1 | IL-27-mediated generation of IL-10-producing Th1 cells is
shown. In the presence of persistent parasite antigen exposure, 11-:27 from
macrophages and dendritic cells (DCs) stimulates STAT1 and
STAT3-dependent transcription of c-Maf and aryl hydrocarbon receptor
(AhR) in Th1 cells, which then physically associate and bind the IL-10 and
I:21 gene promoters to drive gene transcription. Il-27 and T cell receptor
signaling also combine to promote the expression of the transcription factor

o, .
o Parasite o ©
Persistance

® TNF

IL-10

Erg2, which is critical for the induction of Blimp1 and generation of
Il-10-producing Th1 cells in a STAT3-dependent manner. 121 acts as an
autocrine growth factor for Il-10-producing Th1 cells, while the 1L-10
produced by these cells can suppress the inflammatory functions of Th1
cells and phagocytes, as well as the antigen presenting capacity of DCs,
macrophages (M), and monocytes (MO). The small red circles represent
protozoan parasites and associated antigens.

mice lacking type I IFN receptor, early control of T. brucei was
impaired, but it appeared that IFNy production later in infection
was suppressed by type I IFN signaling pathways (100). In con-
trast, early control of a high dose T. cruzi infection was enhanced
in type I IFN receptor-deficient mice and this was associated with
increased IFNy production, but not when a lower parasite dose
was used (101). In liver stage P. berghei ANKA infection, parasite
RNA triggers a type I IFN transcriptional program in hepatocytes
that enhances innate immune responses in hepatic myeloid cells
to control liver parasite load (102). In contrast, in mice infected
with P. berghei ANKA blood-stage parasites, type I IFNs promoted
susceptibility to severe disease (103, 104) by suppressing Th1 cell
development (103) indirectly through inhibition of CD8~ DC
function (105). Interestingly, this latter effect of type I IFN on DC
function was also associated with reduced IL-10 mRNA accumu-
lation in CD8~ DCs that lacked type I IFN receptor, potentially

linking infection-induced IL-10 production with Thl regulation
once again (Figure 2).

TGFp has also emerged as an important regulatory cytokine
controlling Thl responses during protozoan infections [reviewed
in Ref. (106)]. In mice, susceptibility to lethal P. berghei ANKA
infection correlated with reduced TGFp levels (107), while high
levels of TGFp in malaria patients was associated with increased
parasite growth. In mice infected with T. gondii, TGFB produced by
gut intraepithelial CD8™ T cells was critical for controlling inflam-
mation and gut pathology (108), thus supporting a key role for this
cytokine in regulating inflammation during protozoan infections.
In both malaria and toxoplasma, it is likely that TGFf acts by
suppressing T cell activation and promoting Treg cell functions
(109). However, this is yet to be formally demonstrated and there
still remains much to learn about the functions of TGFf during
infection.
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FIGURE 2 | Type | IFN-mediated suppression of Th1 cell activation.

(A) Parasite molecules stimulate type | IFN production by different dendritic
cell (DC) subsets and macrophages (Md). This family of cytokines feedback
on these innate immune cells and suppress their capacity to activate CD4* T
cells. In experimental malaria caused by Plasmodium berghei ANKA, this
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effect is primarily directed toward the CD8~ DC subset and stimulates IL-10
production. (B) In this model, blockade of type | IFN signaling dramatically
enhances the generation of anti-parasitic CD4* T cell responses that can
protect mice from CD8* T cell-mediated severe disease. The small red circles
represent protozoan parasites and associated antigens.

Both lipoxin A4 and glucocorticoids have also been identified
as important regulators of Th1 cell responses in mice infected with
T. gondii (110-112). Lipoxin A4 is an eicosanoid mediator capable
of suppressing DC IL-12 production in response to parasite anti-
gen in vitro (110) or during T. gondii infection in mice (111). In
this latter study, infection of mice lacking lipoxin A4 resulted in
a fatal, parasite-induced inflammation (characterized by a potent
Thl cell response), but reduced parasite loads. Importantly, results
from this and previous studies (113), suggest that IL-10 was critical
for regulating inflammation during the acute stage of infection,
while lipoxin A4 was important for immune regulation during
chronic infection (111). A novel, IL-10-independent pathway of
immune regulation was also recently identified in this infection
model, whereby glucocorticoids produced by the hypothalamic—
pituitary—adrenal axis during T. gondii infection act directly on
CD4™ T cells to prevent Th1 cell hyperresponsiveness and resulting
pathology (112). Given the critical roles for both IL-10-dependent
and IL-10-independent pathways in preventing inflammatory dis-
eases associated with protozoan infections, temporal and/or tran-
sient blockade of one or the other pathways may be a viable way to
enable sufficient pro-inflammatory immunity to control parasite
growth, but also leave enough regulatory machinery in place to
prevent disease.

CONCLUDING REMARKS

There are currently no vaccines to protect against or treat diseases
caused by protozoan parasites. It has proven extremely difficult to
generate robust and long-lasting CD4™ T cell responses against the
responsible pathogens (3). An important impediment for gener-
ating sufficient immunity against these pathogens could, in some

cases, be the accompanying regulatory immune response that
aims to limit inflammation. Treg cell depletion can dramatically
improve candidate malaria vaccine efficacy (114, 115), although as
mentioned above, these studies must be interpreted with caution
because of the use of anti-CD25 mAb for Treg cell modulation.
Nevertheless, the blockade of IL-10 produced by antigen-specific
Th1 cells improved anti-parasitic immunity generated by a can-
didate vaccine directed against L. major (116), while studies on
T. gondii indicated that induction of IL-10-producing Th1 cells
following vaccination caused a lethal infection upon secondary
exposure to the parasite (117). Although the depletion of Treg
cells and/or IL-10-producing Th1 cells is not a viable option for
improving vaccine efficacy given the critical roles of these cells
in preventing immune-mediated disease, a much better under-
standing about how regulatory immune responses can be locally
and temporarily modulated to enhance vaccine-induced immune
responses may be of significant benefit.

The regulation of Thl cell responses during protozoan infec-
tions is clearly important to ensure both sufficient generation of
inflammatory mediators to control parasite growth, as well as to
prevent excessive production of these molecules in sensitive tis-
sue sites. IL-10 has emerged as an important regulator of these
responses, both produced in a highly regulated manner by Thi
cells themselves, as well as parasite-activated innate immune cells.
However, IL-10 is not alone in this activity, and alternative mech-
anisms of Th1 cell regulation have been identified. Our challenge
remains to fully define these mechanisms of Th1 cell regulation
and to use this knowledge to improve therapeutic options and vac-
cine efficacy. Research in protozoan infections of both mice and
humans is ideally placed to identify broad mechanisms of immune
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regulation that are relevant not only to parasitic infections but also
for autoimmune and physiological diseases, as well as cancer.
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Human beings are exposed to a variety of different pathogens, which induce tailored
immune responses and consequently generate highly diverse populations of pathogen-
specific T cells. CD4™ T cells have a central role in adaptive immunity, since they provide
essential help for both cytotoxic T cell-and antibody-mediated responses. In addition, CD4+
regulatory T cells are required to maintain self-tolerance and to inhibit immune responses
that could damage the host. Initially, two subsets of CD4T helper T cells were identi-
fied that secrete characteristic effector cytokines and mediate responses against different
types of pathogens, i.e., IFN-y secreting Th1 cells that fight intracellular pathogens, and
IL-4 producing Th2 cells that target extracellular parasites. It is now well established that
this dichotomy is insufficient to describe the complexity of CD4™ T cell differentiation,
and in particular the human CD4 compartment contains a myriad of T cell subsets with
characteristic capacities to produce cytokines and to home to involved tissues. Moreover,
it has become increasingly clear that these T cell subsets are not all terminally differen-
tiated cells, but that the majority is plastic and that in particular central memory T cells
can acquire different properties and functions in secondary immune responses. In addi-
tion, there is compelling evidence that helper T cells can acquire regulatory functions upon
chronic stimulation in inflamed tissues. The plasticity of antigen-experienced humanT cell
subsets is highly relevant for translational medicine, since it opens new perspectives for
immune-modulatory therapies for chronic infections, autoimmune diseases, and cancer.

Keywords: CD4T cells, cytokines, differentiation, tissue homing, plasticity

INTRODUCTION

Human CD4% T cells are critical regulators of the immune
system, as drastically demonstrated by HIV-infected individuals
that develop susceptibility to opportunistic infections and cancer
when virus-dependent depletion reduces CD4" T cell counts
below critical thresholds (1). CD4™ T cells are very heteroge-
neous in human adults, because they have been generated in
response to a high number of different pathogens and belong to
a progressively increasing number of different subsets with spe-
cialized functions (2). Helper T cell subsets are defined by the
production of cytokines and/or the expression of characteristic
lineage-defining transcription factors (Table 1). Five principal
subsets or lineages of CD4™" T cells have been identified so far:
T helper (Th)1, Th2, and Th17 cells that target specific classes of
pathogens (3-5), regulatory T cells that are required to maintain
self-tolerance (6) and follicular helper T cells (Tpy) that pro-
vide help to B cells for antibody production (7). Heterogeneity
is generated upon T cell priming, since naive T cells have stem-
cell-like properties and can differentiate into virtually all different
types of effector, memory, or regulatory cells (Table 1). Antigen-
experienced T cells are less flexible, but many subsets retain some
plasticity and can acquire additional cytokine producing capac-
ities upon antigenic re-stimulation, while others appear to be
terminally differentiated (8). In some cases, T cell functions can
even completely change from helper to regulatory functions (9) or
vice versa (10). A caveat of these findings in particular in humans
is the enormous heterogeneity of T cells (2), making it difficult to

exclude a selective outgrowth of rare pre-existing precursor cells.
Several excellent reviews on the plasticity of mouse T cells have
been published in recent years (11-13), while human T cell plas-
ticity is less understood, but highly relevant for new therapeutic
strategies in immune-mediated diseases (14).

TERMINALLY DIFFERENTIATED TH1 AND TH2 EFFECTOR
CELLS: THE TIP OF THE ICEBERG

Seminal studies have established that CD4" T cells can differ-
entiate into two types of effector cells with different cytokine
producing capacities and functions in humans and mice (3, 4).
Uncommitted naive T cells that are activated by specialized den-
dritic cells that produce IL-12 (15, 16) acquire IFN-y producing
capacities. These so-called T helper 1 cells (Th1) are induced upon
infections with intracellular pathogens like bacteria or viruses
and can activate macrophages to destroy intracellular bacteria. In
contrast, naive T cells primed in the presence of IL-4 undergo a dif-
ferent fate and start to produce IL-4, IL-5,IL-10, and IL-13, but not
IEN-y. These Th2 cells are required to fight extracellular parasites
like helminths, but since they induce IgE from B cells they are also
involved in allergies (17). Importantly, it was shown that Th1 ver-
sus Th2 differentiation was a crucial decision to resist infections,
since BL/6 mice that mounta Th1 response to leishmania were pro-
tected, while BALB/c mice that instead induce a Th2 response were
highly susceptible (18). The characteristic cytokines produced by
Th1 and Th2 cells, IFN-y, and IL-4, were further shown to inhibit
the differentiation to the opposite differentiation lineage and thus
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Table 1 | Phenotype, characteristics and functions of relevant human T cell subsets.

T cell subset Phenotype Characteristic Characteristic Function
cytokines transcription
factors
Naive CD45RATCCR7+ IL-2 Precursor cells, protection against new pathogens
Tcm (central memory) CD45RA~CCR7T IL-2, IL-21 Secondary expansions, help
Tem (effector memory) CCR7~ IFN-y, IL-4, IL-5, IL-17 Protection in tissues, help
Trm (tissue-resident memory)  CD103+CD69+ IFN-y Immediate protection in tissues
Tey (follicular helper) CXCR5TICOST IL-21 BCL6 B cell help
Th1 CXCR3™ IFN-y T-bet Protection against intracellular pathogens
Th2 CRTH2* IL-4, IL-5, IL-13 GATA-3 Protection against extracellular parasites
Th9 ? IL-9 PU.1 Protection against extracellular parasites
Th17 CCR6*CD161+ IL-17 IL-22, IL-26 RORC2 Protection against extracellular bacteria and fungi
Treg CD257CD127~ TGF-B FOXP3 Maintenance of self-tolerance
Tr1 (type 1 regulatory) CD25-CD127~ or IL-10 ? Inhibition of immunopathology
CD49b+LAG3+

reinforced the original fate decision. The capacity to produce either
IFN-y or IL-4 is stably imprinted by epigenetic modifications
like DNA methylation and histone acetylations, ensuring that the
cytokine profile of T helper cells is preserved upon cellular division
independently of the inducing polarizing cues (19-21). Moreover,
the generation of Th1 and Th2 cells was shown to depend on the
“master” transcription factors T-bet and GATA-3, which induced
not only the characteristic cytokines of Thl and Th2 cells, but
also inhibited the differentiation to the alternative lineage. Based
on this evidence, it was initially assumed that the differentiation
to Thl and Th2 cells are mutually exclusive and irreversible fate
decisions.

TH1 AND TH2 CELLS CAN ACQUIRE NEW PROPERTIES AND
FUNCTIONS IN SECONDARY OR CHRONIC IMMUNE
RESPONSES

Early studies with human T cell clones showed that IFN-y and
IL-4 production were not necessarily two exclusive features, since
some T cells co-produced IFN-y and IL-4 (22). Notably, human
Th1 memory cells are responsive to IL-4 stimulation, and acquire
IL-4 producing capacities upon TCR stimulation in the presence
of IL-4 without losing IFN-y production in vitro (23).

In addition, some T cells in human blood co-express the Th1
and Th2 markers CXCR3 and CCR4 (24) or CRTh2 as well as
the lineage-defining transcription factors GATA-3 and T-bet (25).
Consistently, it was shown in mice that histones of these tran-
scription factor genes had both repressive and permissive marks
in opposing T cell lineages (13, 26). In mice, in vivo primed Th2
cells can acquire IFN-y producing capacities in addition to IL-4
in response to IFN and IL-12 (27), while human blood Th2 cells
seem to be less plastic (23). Moreover, the pathogens and the phys-
iological conditions that induce Th1/2 cells in humans and their
role in immune responses remain to be fully defined (25).

Another early finding that did not fit well into the fixed
Th1/Th2 paradigma was the fact that IL-12 could induce IL-
10 in Th1 cell clones (28). IL-10 has potent anti-inflammatory
functions and inhibits maturation and T cell stimulatory capaci-
ties of APC (29), thus the concomitant expression of both IFN-y

and IL-10 by T cells was unexpected (30). Later it was shown
that IL-10 produced by T-bet™ Thl cells was required to inhibit
lethal immunopathology upon infections with intracellular par-
asites (31, 32), indicating that IL-10-producing Th1 cells prevent
overshooting immune responses and the resulting tissue damage
in a negative feedback loop (9). Interestingly, although these IL-
10 producing Th1 cells inhibited IL-12 production by APC, they
were also able to restrict parasite growth via IFN-y (31). How-
ever, [FN-y has also been shown to have some negative effects on
T cell responses (33, 34), providing a possible alternative expla-
nation for IFN-y production by regulatory T cells. Importantly,
IFN-y/IL-10 co-producing T cells with regulatory functions are
present at low frequencies in peripheral blood of healthy donors
and respond selectively to persistent pathogens (35), suggesting
that similar to their mouse counterparts they inhibit overshoot-
ing immune responses in chronic infections. Thus, Th1 cells can
switch from pro-inflammatory effector cells to IL-10 producing
type 1 regulatory (Trl)-like T cells (36, 37), and this switch is
necessary to maintain the integrity of infected tissues in some
infections. Complement receptor stimulation (38), production of
IL-27 (39) or IL-12 (28) by myeloid cells (40), or generation of
AHR ligands (41) are possible inductive cues, but also chronic or
repetitive antigenic stimulation seems to be required to induce
IL-10 production in Th1 cells (35, 42, 43). Interestingly, a recent
paper suggests that IL-10/IFN-y co-producing T cells can also be
generated from Th17 cells under the influence of IL-12 or IL-27 in
mice (44). If IFN-y/IL-10 co-producing regulatory T cells are sta-
bly maintained or are short-lived, if they progressively lose IFN-y
production upon chronic stimulation or revert to Th1 cells upon
pathogen clearance is currently unclear (Figure 1).

More recently, additional plasticity of Th2 cells was docu-
mented. Thus it was shown that Tgy cells were derived from Th2
precursor cells in mouse models of helminth infections (45). This
finding is relevant for Th2 stability, because Try cells are profes-
sional B helper T cells that secrete IL-21 in B cell follicles, express
the transcriptional repressor BCL-6 and are thus distinct from
conventional Thl and Th2 cells (7, 46, 47). Also in human ton-
sils a fraction of Ty cells express the Th2 marker CRTH2 and
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FIGURE 1 | Plasticity of humanTh1 and Th2 cells. Naive CD4" T cells are
stem-cell-like cells that under the influence of different cytokines can
differentiate to various types of effector cells including Th1, Th2, Th9, and Tgy
cells. Th1 and Th2 central memory cells are arrested at an early stage of

differentiation, are highly plastic and some can still switch lineage. Conversely,
effector memory cells are more differentiated, less plastic, and rather become
polyfunctional. Moreover, Th1 effector cells can acquire IL-10 producing
capacities and regulatory functions in chronically inflammed tissues.

produce IL-4 (48). The relationship of Th1 cells with Try cells is
less clear in particular in humans (49, 50). Some murine Tgyy cells
produce IFN-y (51), which induces IgG2a production by B cells
(52), but Ty cells from human tonsils lack IFN-y production.

Mouse Th2 cells can also switch from IL-4 to IL-9 production
upon stimulation with TGF-B (53). These Th9 cells express the
PU.1 transcription factor (54) and can also be directly induced
from naive and memory T cells upon stimulation with TGF-f
and IL-4 in humans and mice (55, 56). Th9 cells can have a
pro-inflammatory role in allergic asthma (57) and respond to
helminth antigens and allergens in humans (58, 59). However,
IL-9 induction by TGF-f is not restricted to Th2 cells (60).

Collectively, these findings indicate that both Th1 and Th2 cells
can acquire different cytokine producing capacities and functional
properties upon antigenic re-stimulation under the influence of
cytokines, and are thus much more flexible than originally thought
(Figure 1).

STABILITY OF FOXP3* TREGS IS DEBATED

CD25% regulatory T cells are required to maintain self-tolerance.
They were first identified in mice (61) and later in humans (62),
and the Foxp3 transcription factor was shown to be required for
their generation and function (63, 64). Consistently, IPEX patients,
who suffer from a devastating autoimmune disease, were found
to have mutations in the Foxp3 gene (65). Although so-called
natural or thymic Foxp3™ Tregs acquire regulatory lineage com-
mitment already upon maturation in the thymus (66), adaptive,

or peripheral Foxp3™ Tregs can be induced from mature CD4*
helper T cells in the periphery under the influence of TGF-f (67,
68). The transcription factor Helios was proposed to distinguish
between these two subsets of natural and induced Foxp3™ Treg,
but this concept was not confirmed by others (69-71). In humans,
CD45RATCD25% Foxp3™ cells represent a population of bona fide
“naive” and thus thymus-derived Tregs, while CD45RA™ Tregs
are a mixed population that contain antigen-experienced Tregs of
both thymic and peripheral origin (72). The stability of Foxp3*
Tregs is debated (73). Lineage tracing of Foxp3™ T cells in mice
has lead to conflicting interpretations, since in several studies only
very small fractions of Foxp3™ Tregs were found to lose Foxp3
and regulatory functions in vivo (74). In humans, CD45RA™ but
not CD45RA™ Tregs could be stably expanded in vitro (72, 75),
suggesting different stabilities of thymic and peripheric Tregs.
However, since human Tregs have to be purified according to
surface marker expression, it is difficult to exclude a selective out-
growth of Foxp3™ cells or of activated effector T cells that have
transiently up-regulated Foxp3 upon stimulation (73).

The functional specialization of Foxp3™ Treg is shaped by the
tissue microenvironment (76), and the induction of transcrip-
tion factors characteristic for helper T cell lineages in mice allows
Tregs to suppress the corresponding T helper cell responses (74).
Thus, STAT3 in Tregs is required to suppress Th17 cells (77),
IRF4 to control Th2 responses (78) while Tregs that regulate
Try cells and antibody responses express BCL-6 (79, 80). Foxp3™
Tregs also acquire T-bet and IFN-y producing capacities upon
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stimulation with IL-12, and these Th1regs might be specialized to
suppress Th1 responses (14, 74). Tregs also inhibit anti-tumor CTL
responses (81), and interestingly they can acquire cytotoxic prop-
erties in tumor-draining lymph nodes in mice (82) and in vitro
in humans (83), and tumor-infiltrating Tregs are consequently
cytotoxic (84). Similar to helper T cells, Tregs that secrete dif-
ferent types of effector cytokines can be identified according to
chemokine receptor expression (2), and these Treg subsets might
specifically suppress different types of immune responses (85).
Human Foxp3™ T cells that produce IL-17 or IFN-y can be isolated
(86, 87), but while IL-17 producing Treg cells were normally sup-
pressive (88), IEN-y producing Tregs had reduced suppressive
functions (87). The conditions that induce human Foxp3™ Tregs
to secrete different effector cytokines and the role of these cells
in infections, cancer, and autoimmune diseases remain to be fully
established.

HETEROGENEITY AND UNSTABILITY OF TH17 CELLS AND ITS
RELEVANCE FOR AUTOIMMUNE DISEASES

The discovery of IL-17 producing helper T cells (Th17) in mice
(89,90) and humans (91) and their relative instability (11, 92) has
led to a profound re-evaluation of the concept of two terminally
differentiated helper T cell subsets. The fact that human CD4" T
cells produce IL-17 was known for a long time (93). However, it
took a decade to realize that these cells represented an independent
differentiation lineage (89, 90), which have unique differentiation
requirements and express the lineage-defining transcription factor
ROR-yt in mice and RORC2 in humans (94, 95). Th17 cells are
important to fight extracellular bacteria and fungi, since patients
that lack Th17 cells have uncontrolled infections with Candida
albicans (C. albicans) and Staphylococcus aureus (96). The dis-
covery of Th17 cells has been complicated by the fact that T
cell differentiation to Thl and Th17 cells relies on shared com-
ponents of cytokines and their receptors. Thus, it was known
that IL-12p40 and IL-12RP1 hetero-dimerize with respectively
IL-12p35 and IL-12RPB2 to induce Thl cells, but later it was
realized that they can also associate with respectively IL-23p19
and the IL-23R to promote Th17 responses (97). The IL-23/IL-
23R pathway is involved in many different autoimmune diseases
(98-100) and IL-23-induced Th17 cells are thought play a promi-
nent pathogenic role (101-104). Conversely, the contribution of
Thl cells, which were initially thought to drive autoimmune
diseases, is now debated. The requirements for Th17 differen-
tiation are more complex than for Thl and Th2 cells, because
IL-17 production in CD4™" T cells can be induced by different
cytokine combinations. Initially, TGF-B plus IL-6 was identified
in mice (105), while IL-1f, IL-6, and/or IL-23 were proposed
in humans (106, 107). The de novo Th17 differentiation is very
inefficient in humans, and therefore it was suggested that only
a cocktail with all four cytokines induces significant Th17 dif-
ferentiation (108). Although the role of TGF-§ in human Th17
differentiation has been a subject of debate (109), it was shown
in mice that TGF-f induces ROR-yt, while pro-inflammatory
cytokines are required to inhibit TGF-p-induced Foxp3 expres-
sion and thus Treg generation (110). The presence of CD4*
T cells co-expressing Foxp3, RORC2, and/or IL-17 in humans
is consistent with a role for TGF-f in human Th17 and Treg

development (86, 88). An alternative explanation for the posi-
tive role of TGF-B in Th17 differentiation is that TGF-f indirectly
favors Th17 cell differentiation by inhibiting Th1 cell develop-
ment (111). Indeed, in the absence of TGF-1 (106, 107, 112),
or in the presence of TGF-f3 in mice (113), pathogenic Th17
cells that co-produce IL-17 and IFN-y are generated. These
Th1/17 cells co-express RORC2 and T-bet, are enriched in autoim-
mune patients and are specific for both Th1 and Th17-inducing
pathogens (114, 115).

In vitro stability experiments and fate reporter mice suggested
that Th17 cells are partially unstable and can switch completely
from IL-17 producing Th17 to IFN-y producing Thl cells in
chronic immune responses (92, 116). IL-12 can induce this Th17-
to-Th1 switch (117), and CD161 was proposed as a marker that
distinguishes these ex-Th17 cells from conventional Thl cells
in humans (118). However, ex vivo isolated human Th17 cells
exhibited stable epigenetic marks at cytokine and transcription
factor loci (119), suggesting that in vivo generated human Th17
cells are not necessarily unstable. Finally, also a very rare pop-
ulation of human T cells that co-produces IL-17 and IL-4 was
identified (120). These Th2/17 cells were proposed to be highly
pro-inflammatory in allergic asthma, but their role in immune
responses against pathogens remains to be understood.

Th17 cells are highly heterogeneous and produce several effec-
tor cytokines besides IL-17.1L-22,a cytokine that promotes epithe-
lial proliferation and barrier function (121), is produced by some
Th17 cells (122, 123), and IL-22 and IL-17 co-operate to con-
trol gram-negative bacteria in the lung (124). However, a subset of
human skin-homing IL-22 producing cells was identified that were
distinct from Th17 cells (125, 126). Indeed, in contrast to IL-17,
IL-22 is inhibited by TGF-f (127) and thus how Th17 cells acquire
IL-22 producing capacities and if they can even switch from IL-17
to IL-22 production is unclear. Some Th17 and Th22 cells also
produce IL-26, a pro-inflammatory cytokine that is not expressed
in mice (128) and that also acts selectively on non-hematopoietic
cells. A particular relevant cytokine in the pathogenesis of exper-
imental autoimmunity is GM-CSE, which is induced by IL-18,
IL-23, and ROR-yt in mice (102, 129). Conversely, GM-CSF is
inhibited by IL-1f and IL-23 in humans, and is produced by both
Th1 and Th17 cells (130, 131).

Th17 cells also produce high levels of IL-21. IL-6 induces IL-
21 in naive T cells upon priming (132), and IL-21 can induce
its own expression (133) and promotes Th17 differentiation in
an autocrine manner (131, 134-136). Importantly however, IL-
21 inhibits GM-CSF and IFN-y production and promotes instead
IL-10 secretion in developing Th17 cells. Consequently, IL-21 pro-
motes the generation of conventional (137) or regulatory Th17
cells (138), but inhibits the generation of pathogenic Th1/17 cells
(131). Finally, a subset of skin-homing T cells produces IL-9 and
responds to C. albicans (139). Some of these cells co-produce IL-9
and IL-17 (60), while others appear to represent Th9 cells. IL-9
production seems however to be transient, suggesting that these
skin-homing Th9 cells are largely unstable (139).

In summary, the current knowledge indicates that human Th17
cells are highly heterogeneous and partially unstable (Figure 2),
and much remains to be learned on the role of different Th17
subsets in immune-mediated diseases.
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FIGURE 2 | Heterogeneity and plasticity of humanTh17 cells. Th17 cells
are highly heterogeneous and produce various types of other cytokines in
addition to IL-17 including the Th1 and Th2 marker cytokines IFN-y and IL-4.

Thet/ROR n:12 >
i

f FNy
«
¥ GM.CSF

Treg/17

Some IL-17 producing T cells express Foxp3 and/or IL-10 and are suppressive.
Moreover, Th17 cells are partially unstable and can become Th1 cells upon
chronic inflammation.

REGULATION OF HUMAN T CELL PLASTICITY IN TISSUES:
THE NEW FRONTIER

The complex regulation of T helper subsets by cytokines raises the
questions where T cells are re-educated and also why this might be
important to successfully resist pathogens, since this was a major
evolutionary pressure that shaped the human immune system. It
was soon realized that stable T cell differentiation often requires
repetitive in vitro TCR stimulation in the appropriate cytokine
condition, suggesting that immature T cells might be more plastic
than more differentiated ones (12, 140). In vivo primed T cells that
are at an intermediate stage of differentiation are central memory
T cells (Tcwm ), which similar to naive T cells have maintained the
capacity to home to lymph nodes, produce only low levels of effec-
tor cytokines, but produce high levels of IL-2 and IL-21 (131), and
expand rapidly to generate secondary waves of effector cells (8).
Conversely, effector memory T cells (Tgy) are more differenti-
ated cells since they produce high levels of effector cytokines and
home preferentially to inflamed non-lymphoid tissues (8). Con-
sistent with the view that plasticity is progressively reduced upon
T cell differentiation, pre-committed Th1lcy cells are more plastic
than fully differentiated Th1gpm cells, since Thlcy cells generate a
substantial population of bona fide Th2 cells upon re-stimulation
with IL-4, while Thlgpy cells do not revert to Th2 cells, but some
acquire IL-4 in addition to IFN-y producing capacities (24). This
plasticity requires TCR stimulation, since antigen-independent
proliferation with homeostatic cytokines resulted exclusively in
the generation of Th1 effector cells (24). Based on these findings
it can be speculated that pre-committed Ty cells that cross-react
with a different pathogen can be still partially re-educated to a
different lineage in lymph nodes, while Tgy cells do not easily
switch cytokine production, but rather become polyfunctional

(Figure 1). Another example of functional plasticity in lymphoid
organs is the generation of follicular Foxp3TBCL-6 Tregs, which
are specialized Tregs that control B cell responses (79, 80). Also
Tregs in non-lymphoid tissues acquire tissue-specific properties
that are important for their functions (76). Tgm helper cells that
are activated by antigen in non-lymphoid tissues can up-regulate
CCR7 (141) and home to inflamed lymph nodes (142) where they
can influence the secondary immune response and are exposed
to a different cytokine milieu. Conversely, tissue-resident mem-
ory (Trm) cells have lost sphingosine-1 phosphate receptors and
thus also the capacity to re-circulate through the blood to sec-
ondary lymphoid organs (143). Trm belong predominantly to the
CD8 compartment, but influenza virus-specific CD4* Try can
be identified in the lung of humans and mice (144). If tissue-
resident CD4™ T cells are terminally differentiated effector cells or
still possess the plasticity to acquire additional cytokine producing
capacities remains to be established (145).

A central organ for the generation of different subsets of
Th17 cells is the intestine (146). Thus, upon self-limiting colitis
induced by anti-CD3 injections in mice predominantly IL-10 pro-
ducing Th17 cells with regulatory functions are induced (138).
Conversely, under conditions that induce IL-23 in the intestine
pathogenic IFN-y and GM-CSF producing Th17 cells are gener-
ated that induce colitis (147, 148). IFN-y and IL-17 co-producing
Th1/17 cells have also been observed in patients with IBD (92),
but very little is known about the regulation of Th17 responses
in the human intestine. Th1/17 cells that produce IL-17, IFN-y,
and GM-CSF also drive central nervous system (CNS) inflam-
mation in EAE, a standard mouse model of multiple sclerosis
(MS) (149). The CNS is separated from pro-inflammatory T
cells by the blood-brain barrier (150), but spontaneous JC Virus
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re-activations and progressive multifocal leukoencephalopathy in
MS patients treated with anti-VLA-4 antibodies, which block lym-
phocyte extravasation to the CNS, suggest nevertheless a constant
immune surveillance by T cells (151). How the microenvironment
of the CNS influences the properties of CD4™ T cells is the focus
of intensive research in mice, but is largely unknown in humans
given the difficulties to analyze T cells in the human CNS.

Thus, accumulating evidence underlines the role of the tissue
microenvironment in T cell plasticity, and the identification of
tissue-specific factors that control T cell functions is likely to have
a major impact on translational medicine.

CONCLUSION AND PERSPECTIVE

The original concept of two terminally differentiated subsets of
Th1 and Th2 cells has been substituted by the view that many dif-
ferent T cell subsets with specific cytokine profiles are required to
protect us from the different pathogenic insults that were are con-
tinuously exposed to. These various T cell subsets possess different
degrees of plasticity to acquire new characteristics and functions in
secondary or chronic immune responses. In particular, while the
stability of Tregs is debated, it is widely accepted that Th17 cells
are largely unstable, although exceptions might exist. In addition,
human Th17 cells are highly heterogeneous, but the functions of all
these different types of Th17 effector cells in protective immune
responses and their roles in autoimmune diseases remain to be
understood. Another important but poorly understood aspect of
T cell plasticity is how different tissue microenvironments impact
on human T cell differentiation and stability. The definition of the
relative plasticities or stabilities of human T cell subsets in different
tissues is highly relevant for future therapeutic interventions in so
different immune-related pathologies as chronic viral infections,
cancer, and autoimmune diseases.
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Upon recognition of a foreign antigen, CD4™T naive T lymphocytes proliferate and differ-
entiate into subsets with distinct functions. This process is fundamental for the effective
immune system function, as CD4* T cells orchestrate both the innate and adaptive immune
response. Traditionally, this differentiation event has been regarded as the acquisition of
an irreversible cell fate so that memory and effector CD4* T subsets were considered
terminally differentiated cells or lineages. Consequently, these lineages are conventionally
defined thanks to their prototypical set of cytokines and transcription factors. However,
recent findings suggest that CD4* T lymphocytes possess a remarkable phenotypic plas-
ticity, as they can often re-direct their functional program depending on the milieu they
encounter. Therefore, new questions are now compelling such as which are the molec-
ular determinants underlying plasticity and stability and how the balance between these
two opposite forces drives the cell fate. As already mentioned, in some cases, the mere
expression of cytokines and master regulators could not fully explain lymphocytes plas-
ticity. We should consider other layers of regulation, including epigenetic factors such as
the modulation of chromatin state or the transcription of non-coding RNAs, whose high
cell-specificity give a hint on their involvement in cell fate determination. In this review, we
will focus on the recent advances in understanding CD4* T lymphocytes subsets spec-
ification from an epigenetic point of view. In particular, we will emphasize the emerging
importance of non-coding RNAs as key players in these differentiation events. We will also
present here new data from our laboratory highlighting the contribution of long non-coding
RNAs in driving human CD4* T lymphocytes differentiation.
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THE REVOLUTIONS OF REGULATORY NON-CODING RNAs

At the beginning of this century, the results of the human genome
project highlighted the complexity of our genome. What emerged
was that the fraction of the genome that is informative is higher
than we expected. Subsequent analysis revealed that the vast
majority of informative sequences does not encode for proteins.
Indeed against a total of 62.1% of the human genome covered
by processed transcript (74.7% by primary transcripts), exons of
protein-coding genes cover only the 2.94% of the genome (1).
From an evolutionary point of view, the genome size is in close
relationship with coding potential in prokaryotes, which have hap-
loid genomes primarily composed by protein-coding sequences
(~88%). Conversely, in eukaryotes, a correlation lacks between
protein-coding gene number and organismal complexity. These
observations are likely explained by the evolution of a more sophis-
ticated architecture to control gene expression that includes the
expansion of non-coding regulatory RNAs (ncRNAs) (2). Thus,
we should clearly reassess the centrality of protein-coding RNAs
in favor of non-coding ones.

Non-coding RNAs with fundamental functions within cells are
known since the discovery of the first transfer RNA (tRNA) (3) and
comprise also ribosomal RNAs (rRNAs). Nonetheless, the interest
toward non-coding RNAs with regulatory functions arose with

the discovery of the first human micro-RNA, let-7 (4). In order
to apply a theoretical framework to the transcriptome, regulatory
ncRNAs are usually classified based on their dimension: “small”
ncRNAs being less than 200 nucleotides in length and “long” or
“large” ncRNAs (IncRNAs) ranging from more than 200 to tens of
thousands of nucleotides (Table 1).

Further complicating the picture, IncRNAs seem to be the pre-
ferred substrate for the generation of small RNAs (21). This maze
of non-coding transcripts was revealed also in a genome-wide
identification of IncRNAs in mouse CD8* T lymphocytes, where
18 of the identified IncRNAs appeared to overlap with annotated
miRNAs and 21 with snoRNAs (37).

Both classes can be further classified according to their posi-
tion relative to known sequences of the genome, like in the case
of promoter-associated RNAs (PASRs) or transcription initiation
small RNAs (tiRNAs). In particular, long non-coding RNAs are
usually classified relative to neighboring protein-coding genes.
They can be defined as “sense” if they are transcribed from the
same strand of the protein-coding gene or “antisense” if the oppo-
site is true. They can be “divergent” if their promoter and the one
of the coding transcript are in close proximity and located in a
head to head fashion. They can be “exonic” or “intronic” if they
overlap one or more exons, or an intron of the protein-coding

www.frontiersin.org

April 2015 | Volume 6 | Article 175 | 77


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00175/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00175/abstract
http://loop.frontiersin.org/people/168885/overview
http://loop.frontiersin.org/people/222465/overview
http://loop.frontiersin.org/people/49629/overview
http://loop.frontiersin.org/people/138634/overview
mailto:pagani@ingm.org
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Panzeri et al.

LncRNAs in human lymphocyte differentiation

Table 1 | Major classes of short and long regulatory non-coding RNAs.

ncRNA Length (nt)  Function
SHORT
miRNAs Micro RNAs 21-23 In animals, associate with the miRNA-induced silencing complex (RISC) and silence the
expression of target genes mostly post-transcriptionally (5-7)
snoRNAs Small nucleolar RNAs 60-300 Help the chemical modification of mMRNAs, thereby influencing stability, folding, and
protein-interaction properties (8, 9)
snRNAs Small nuclear RNAs 150 Assist splicing of introns from primary genomic transcripts (10, 11)
piRNAs Piwi-interacting RNAs 25-33 Associate with the highly conserved Piwi family of argonaute proteins and are essential for
retrotransposon silencing in germline, epigenetic modifications, DNA rearrangements, mRNA
turnover, and translational control also in soma (12-14)
PASRs Promoterassociated 22-200 Enriched at the 5’ end of genes, within 0.5 kb of TSS. Can be transcribed both sense and
short RNAs antisense. Their function and biogenesis is not fully understood (15, 16)
TASRs Termini-associated 22-200 Can be transcribed both sense and antisense near termination sites of protein-coding genes.
short RNAs Their function and biogenesis is not fully understood (15, 16)
siRNAs Short interfering RNAs 21-23 Processed from a plethora of genomic sources, both foreign (viruses) and endogenous (repetitive
sequences). Canonically induce the degradation of perfectly complementary target RNAs (17, 18)
tiRNAs Transcription initiation 15-30 Enriched immediately downstream transcriptional start sites (TSSs) of highly expressed genes.
RNAs Their function and biogenesis is not fully understood (16, 19, 20)
LONG
NATs Natural antisense >200 Transcribed from the same locus but opposite strand of the overlapping protein-coding
transcripts sequence. Involved in gene expression regulation, RNA editing, stability, and translation (21, 22)
PALRs Promoterassociated 200-1000 Enriched at promoters, found to regulate gene expression (23, 24)
long RNAs
PROMPTs  Promoter upstream 200-600 Enriched at TATA-less, CpG-rich promoters with broad TSSs. Affect promoter methylation and
transcripts regulate transcription (25-27)
TUCRs Transcribed >200 Perfectly conserved between human, rat, and mouse. Frequently located at fragile sites and at
ultraconserved regions genomic regions involved in cancer (28)
Intronic >200 Transcribed from introns of overlapping protein-coding sequences. Involved in the control of
RNAs gene expression, alternative splicing, and source for generation of shorter regulatory RNAs (29)
eRNAs Enhancerderived >200 Function still not completely understood. May functionally contribute to the enhancer function
RNAs (30-32)
LincRNAs  Long intervening >200 Gene expression regulation, regulation of cellular processes (33, 34)
(intergenic) RNAs
uaRNAs 3'UTR-derived RNAs <1000 Derive within 3’ untranslated region (3'UTR) sequences. Function still not clearly understood (35)
circRNA Circular RNA 100 to >4000 Diverse, from templates for viral replication to transcriptional regulators (36)

gene respectively. Instead, they can be “intergenic” (or “inter-
vening”; lincRNAs) if they lie within a sequence between two
protein-coding genes (38). In this review, we will focus on this
last category, which is probably the most studied given that the
location of these IncRNAs avoids complications deriving from
the overlap with other genes. The majority of known IncRNAs
is generated by the same transcriptional machinery of mRNAs.
This means that transcribed lincRNAs genomic sequences are
marked by RNA polymerase II occupancy and histone modifi-
cations that are shared with active protein-coding genes, such

as H3K4me3 at promoters and H3K36me3 within gene bodies
(39). They are capped by methylguanosine at their 5/, spliced,
and polyadenylated, even if the widespread representation of this
last property among known IncRNAs could be partially due to
the RNA sequencing strategies used for their identification (15,
40). Indeed, broader analysis identified about 39% of IncRNAs
to have at least one of the six most common poly(A) motifs,
compared to 51% for coding transcripts (1). These properties
imply that there are few distinctive biochemical features that allow
the distinction of IncRNAs from protein-coding mRNAs. Among
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them, IncRNAs have unusual exon structure, with on average 2-5
exons. Intriguingly, IncRNAs are significantly more likely to over-
lap repetitive elements and particularly RNA-derived transposable
elements (TEs). These last account for about 30% of human IncR-
NAs nucleotides, often in proximity of their transcriptional start
site (TSS), which could suggest that TEs could be important dri-
vers of IncRNAs evolution (see below). Nonetheless, the main
difference between IncRNAs and protein-coding genes relies by
definition on their coding potential: IncRNAs does not possess
open reading frames (ORFs), as evaluated based on: the conser-
vation of ORFs codons (41), ORFs length, the presence of known
protein domains, in vitro translation (42, 43), and ribosome foot-
printing (44) assays. However, these conceptual constraints are
terribly artificial: short, non-canonical peptides have been found
to arise from small ORFs within ncRNA (45-48); IncRNAs genes
can also code for proteins and have a double function (49) and ulti-
mately, the coding potential does not necessarily exclude a function
as RNA also for known mRNAs (50). Evolution makes bound-
aries between coding and non-coding genes fainter as ncRNAs
can evolve by pseudogenization. This event can follow disrup-
tion of the ancestral ORF, but not of the untranslated regulatory
regions (UTRs) in protein-coding genes duplicates (50) or can
arise without duplication, but from the co-option of ancestral
genes to different, non-coding functions (51). This was the case of
the long-known Xist RNA, involved in the silencing of the inac-
tive X chromosomes in eutherians. In particular, two exons of
the protein-coding gene Lnx3 are homologous to Xist. This gene
retained a protein-coding capacity at least in the common ancestor
of marsupials and placentals. Conversely, the Xist A-repeat impli-
cated in X-silencing function is not conserved. This sequence likely
arose from the insertion of a TE recruited to form a proto-Xist gene
(52, 53). Therefore, the difference between dosage compensation
in marsupials, eutherians, and monotremes can be ascribed from
the presence of a Xist-independent XCI in mammalian ancestor
and the peculiar evolution of the proto-Xist gene by pseudoge-
nization in the eutherian ancestor. Intriguingly, other IncRNAs
involved in X-inactivation are similarly examples of pseudoge-
nization (54). The boundary between coding and non-coding
is even less defined when ncRNAs arise from joining of coding
and non-coding exons through alternative splicing (55, 56), from
untranslated regions of mRNAs (57, 58) or from the opposite
strand of the overlapping protein-coding gene (59). Strikingly,
more than a half of protein-coding genes in mammals have a
complementary non-coding transcript (60). These findings fur-
ther challenge our “linear” model of the genome, prompting a
re-evaluation of current dogma and genes definitions. Genomic
regions indeed are far more complex than previously thought:
genes can be used for different purposes and different functional
elements can co-locate intermingling coding and non-coding
regions.

The interest toward IncRNAs has been rapidly growing and
their expressions have been quantitated in many different tissues
and cell types by high-throughput sequencing (RNA-seq). These
efforts retrieved catalogs with little overlap, so that the number of
known IncRNAs is still growing, in contrast with the number of
known protein-coding genes that has been remarkably stable over
years. Indeed, IncRNAs are far more cell-specific than mRNAs,

generally less but also more dynamically expressed at various dif-
ferentiation stages. For this reason, immune system is an excellent
context in which we can deepen our knowledge on IncRNAs. While
many excellent reviews cover the recent advances in understand-
ing the role of these molecules within the innate branch (61, 62),
little is still known about their importance for the human adap-
tive immune system. Effector lymphocytes are highly specialized
cells that arise from common progenitors through differentiation
processes still not completely understood. Besides, lymphocytes
can be purified through cell sorting from blood of healthy donors
and the existence of in vitro differentiation protocols provide the
ideal setting for the identification of IncRNAs expressed in the
human immune system and for their functional characterization.

Indeed, the growing interest on IncRNAs and the lack of knowl-
edge on their expression patterns in the human immune system
prompted us to perform the RNA-seq analysis on 13 human pri-
mary lymphocytes subsets purified by FACS sorting from healthy
donors (CD4™T naive, Ty1, Ty2, Tul7, Treg, Tem, Tem, CD8™*
naive, Tcum, Tewm, B naive, B memory, B CD25%) and to develop a
bioinformatics pipeline for lincRNAs identification.

Through this analysis, we identified long intergenic ncRNAs
genes expressed in these subsets and confirmed that lincRNAs cell-
specificity is higher than protein-coding genes even when com-
paring lincRNAs genes with membrane receptor protein-coding
genes, which are generally referred as the most accurate mark-
ers for lymphocyte subsets definition. Besides, a major outcome
of this analysis is the identification through de novo transcrip-
tome reconstruction of 563 novel, previously unannotated long
intergenic ncRNAs genes, increasing by ~12% the number of
lincRNAs known to be expressed in human lymphocytes (63).
Intriguingly, a fraction of lincRNAs specific for B cells and a frac-
tion of “pan-T” lincRNAs also exist (63). It would be extremely
interesting to study these lincRNAs during lymphocytes develop-
ment in order to understand their likely peculiar role in thymic or
bone-marrow-derived cells development.

These observations imply that the little overlap between avail-
able catalogs is a direct consequence of IncRNAs specificity and
that we could overcome this limitation only assessing IncRNAs
expression in every different, highly purified cell type at different
developmental stages, instead of considering tissues as a whole.
Moreover, due to their specificity of expression, human lympho-
cytes lincRNAs that are not yet annotated in public resources
would have not been identified without performing de novo
transcriptome reconstruction. As mentioned before, such tissue-
specificity has been linked to the enrichment of TEs in proximity
to lincRNAs TSS (64, 65). Moreover, RNA-seq experiments per-
formed in a human CD4" naive T cells in vitro differentiation
time-course suggest that lincRNA-specific expression in human
lymphocyte subsets is acquired during their activation-driven
differentiation from naive to memory cells (63).

These findings hint to the involvement of lymphocyte-specific
lincRNAs as fine-tuners in cell fate commitment, differentiation,
and maintenance of cell identity, as demonstrated by many exam-
ples in other cell types (66—68). Also, lincRNAs are functionally
involved in cell growth (69, 70), apoptosis (71-74), development
(75=77), imprinting (78-80), and dosage compensation (81) in
almost every cellular context (Table 2).
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Table 2 | Examples of lincRNAs with key roles in various cellular contexts.

LncRNA Cellular context Function

H19 HSC, placenta Maternally expressed imprinted gene important for inhibiting placental growth (69) and maintaining adult
hematopoietic stem cell populations (HSC) via miR-675 generation and repression of Igf1r (70)

GAS5 T lymphocytes, Plays an essential role in normal growth arrest inT lymphocytes (71). Its increased level of expression correlate with
cancers cell death and reduced cell proliferation both in prostate (72) and colorectal cancer cell lines. Its lower expression is
instead significantly correlated with larger tumor size and poor prognosis in colorectal cancer patients (74)

Linc-MD1 Muscles Governs the timing of muscle differentiation by acting as a competing endogenous RNA (ceRNA) with respect to
miR-133 and miR-135 in mouse and human myoblasts (75)

Xist Somatic cells Expressed by the future inactive X chromosome, triggers gene silencing in cis by coating the chromosome. It
induces a cascade of chromatin changes, post-translational histone modification and DNA methylation, and leads
to the stable repression of X-linked genes, ensuring proper dosage compensation (81)

KCNQ10T1 Most tissues Paternally expressed antisense transcript to an interior portion of Kncq7, part of an imprinted locus on human
chromosome 11p15. It is critical for imprinting-mediated silencing in most tissue, via long-range intrachromosomal
loop and recruitment of polycomb repressive complex 2 (PRC2) (78-80)

Long non-coding regulatory RNAs exert their function in these
fundamental processes interacting with chromatin or DNA mod-
ifiers and transcription factors (TFs) modulating gene expression
(82); competing with micro-RNAs acting as sponges (83); mod- .
ulating subcellular trafficking (84), translation (85), splicing (86), RN AR N
and likely through many other mechanisms still to be discovered % sg"\:.-s“f,’m:‘“
(Figure 1). R é,l ZANS ] 'ﬁm“ i

Long non-coding regulatory RNAs functional flexibility derive ({ s LLHLGLOLOLN
from their intrinsic propensity to fold into thermodynamically
stable secondary and higher orders structures that function as
interaction modules (87). Each module can fold independently
from another, forming bonds at the level of Watson—Crick, Hoog-
stein, and ribose face (88, 89). These RNAs can rapidly shift
between diverse stable structural conformation, allowing allosteric
transitions that can act as switches in response to environmen-
tal stimuli. They are also processed faster than mRNA, given
that they must not be translated, allowing a rapid response to
signals. LncRNAs can also be regulated via more than a hun- miRNAs
dred different nucleotide modifications, like in the case of tRNAs, »}% {5 q/lmz
rRNAs, and snoRNAs (90-92) that modulate their function and % ®
probably their structure. RNAs can generate multiple modules @\ \
within their structure, allowing the interaction with multiple IFNul AS ibosome @
players, the reception of multiple stimuli, and the generation of Cytoplasm
multiple outputs. The required pairing is likely extremely flexi-
ble, such as in the case of micro-RNAs, and allows mismatches, FIGURE 1 | Examples of the main functions associated to lincRNAs.
bulges, and wobblings (93). Many of these interaction mod- (1-5) LincRNAs described in the immune system. (1) Modulation of cell
ules derive from repetitive elements, such as transposons that growth and apoptosis mediated by GAS5 that acts inhibiting glucocorticoid
took advantage of the fewer constraints that IncRNAs sequences receptors binding to their DNA responsive elements; (2) Ja recombination

. . o guided by the PARLTEA; (3) Tmevpg1 recruits WDR5 to induce IFNy
have compared to protein COdmg genes (1’ )4)' Indeed, IncRNAs expression; (4) Nron modulates the import—export of NFAT to the nucleus;

Nucleus Tmevpgl

NFAT

>\
LI
® NLS

rate of sequence evolution is higher relative to protein-coding (5) IFNa1-AS acts as a competing endogenous RNA, releasing IFNa from
genes, even if also these transcripts exhibit evolutionary signa- micro-RNA inhibition. In light red other mechanisms are described for
tures of functionality. They evolve under modest but detectable lincRNAs outside the immune system.

selective pressure, accumulating fewer substitutions than neu-
trally evolving sequences (95, 96). Likely, conservation of rela-
tively small units of IncRNAs sequences (estimated to be less could be the reason why existing bioinformatic approaches fail
than 5%) could be sufficient to preserve their function, con- to detect low level and scattered selective constraint within these
sidering their already mentioned modular structure (97). This loci (97).
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Through such a plastic and versatile structure, IncRNAs can
exert their functions binding to proteins, other RNAs (98), and
probably also DNA, even if there is still little evidence on the exis-
tence of RNA:DNA triplex (99, 100). In particular, IncRNAs can
act as scaffolds, bridging together different molecules in a coordi-
nated hub, like in the case of NEAT1: a highly abundant IncRNA
that controls sequestration of proteins involved in the formation
of paraspeckles, nuclear domains associated with mRNA reten-
tion and pathologically enriched in influenza and herpes viruses
infections (101, 102). LncRNA can also act as guides, recruiting
proteins at specific loci: this has been hypothesized in the case of
recombination events that mediate genetic diversity in develop-
ing lymphocytes as class switch (CS) and V(D)J recombinations
that seem to be mediated by sense and antisense transcripts that
dictates the locations of combinatorial events (103—105). Again,
IncRNAs can act as control devices or riboswitches in response
to extracellular stimuli. For example, they can act as decoys, pre-
cluding pre-existing interactions such as GAS5 RNA that detach
glucocorticoid receptor (GR) from its responsive elements in con-
ditions of growth arrest (106, 107). Nonetheless, the regulatory
potential of IncRNAs has been better characterized in the context
of the epigenetic regulation of transcription that ultimately defines
the cell transcriptome.

THE ROLE OF LONG NON-CODING RNAs IN EPIGENETICS
Histones and DNA modifications together with the tridimensional
chromosomes conformation within the nucleus define, at least in
part, the epigenetic landscape of the cell. This extremely dynamic
context modulates gene expression and dictates the final transcrip-
tional output in response to environmental stimuli. By definition,
these modifications are then propagated throughout cell divisions.
This process is important in every moment of cell life, but partic-
ularly during differentiation. Indeed, every cell within our body
harbor the same genome, but every cell acquires a particular phe-
notype according to intrinsic and extrinsic cues that ultimately
defines its epigenome and therefore its fate during differentiation.
Epigenetics also defines to what extent this fate can be irreversible
or plastic (108-110).

As mentioned before, human lymphocytes are an interesting
model system for understanding the basis of cell fate specifi-
cation and plasticity. Indeed, although traditionally the broad
range of effector lymphocytes has been referred to as composed
by distinct lineages, it has become increasingly clear that these
cells also have notable features of plasticity. Differentiation of
naive cells into specific helper subsets requires the integration
of extrinsic cues that converge into cell-intrinsic changes in the
epigenetic landscape on the genome (111, 112). The interest
within the field has been focused on the regulation of proto-
typical cytokine genes for each subset such as Ifng gene for
Tyl or II-4 for T2 CD4™ lymphocytes. Much work has been
done in both cases to define the complex genetic structure of
these loci and the cis regulatory elements bound by TFs and
chromatin modifiers promoting or repressing their transcription
(113-115). The importance of the setting of epigenetic memory
at these fundamental loci was underlined also by treatment with
DNA methylation inhibitors (116, 117) or histones deacetylases
inhibitors (118-120) and by deletion of DNA methyltransferase

(121-123), which caused respectively: constitutive production of
IEN-y, enhanced production of both Tyl and Ty2 prototypic
cytokines, and inability to activate the proper pattern of expressed
cytokines. The same is true for deletion of components of tritho-
rax group (TrxG) or polycomb repressive complex (PRC) that
dictates active or repressive epigenetic marks at fundamental loci
for proper T-helper cell differentiation, such as II-4, II-5, Il-13, and
Gata3 (124-129). The pattern of chromatin marks is conventional
for signature cytokines: active marks are present at prototyp-
ical cytokines whereas repressive marks restrain the expression
of antagonistic molecules. However, master regulators and other
TFs, usually considered as definers of lineage-specific identity, are
characterized by bivalent poised domains, in which both active
and repressive chromatin marks are present (130, 131). This his-
tone epigenetic status is peculiar also to promoters in embryonic
stem cells, where it poises the expression of key developmental
genes thus allowing their timely activation in the presence of dif-
ferentiation signals and concomitantly precluding expression in
their absence (132). Indeed, while the expression of master TFs is
quite rapid, cell divisions are required for cytokine loci to become
accessible or conversely repressed. Indeed, GATA3 and T-bet/STAT
proteins initiate the epigenetic changes at IFN-y and IL-4 loci
that follow the initial activation of naive T cells and differentia-
tion toward Ty 1 and Ty2 cell fate (133, 134). These observations
imply that T-helper cells harbor both clear-cut and plastic epige-
netic marks. Nonetheless, we must consider that even cytokines
genes that are clearly defined epigenetically, can be expressed
or repressed in unexpected context, as reported in Tyl cells
converted in IL-4-producing cells during strong Ty2-polarizing
helminth infections (135) or stable Ty 1/TH2 hybrid cells derived
after parasite infections (136). Therefore, other players must be
involved to define the degree of plasticity of lymphocytes in
response to these ever-changing environmental conditions during
differentiation.

Long non-coding regulatory RNAs have been linked to epige-
netic control of gene expression since the first studies regarding
the already mentioned Xist transcript, involved in X chromosome
inactivation in eutherians. Many other IncRNAs have been asso-
ciated to chromatin or DNA modifiers and even TFs, thanks to
specific mechanistic studies or high-throughput screenings (82,
137-139). This interplay can be observed across a broad range of
eukaryotic organisms, suggesting that the epigenetic role of IncR-
NAs is conserved, even if their mere sequence conservation is often
limited (as described previously). It seems that IncRNAs could
act as scaffolds, physically associating with proteins that modify
chromatin either activating or repressing gene expression. Thanks
to the already discussed structural properties of RNA, IncRNAs
could organize multiple players in spatially and temporally con-
certed actions (138). Not only: thanks to their ability to base pair
with other nucleic acids, they could recruit these modifiers at spe-
cific loci, therefore conferring them specificity of action (98). This
property has been an unsolved issue, given that chromatin mod-
ifiers do not possess intrinsic bias toward consensus sequences,
at least in mammals, while in Drosophila these “docking sites” are
well defined (140, 141). Interestingly, while many of these enzymes
lack DNA-binding properties, they instead possess RNA-binding
motifs (142—144).
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The majority of reported IncRNAs are involved in the repres-
sion of gene transcription, in particular by interacting with
polycomb group (PcG) proteins. The first examples of a direct
interaction with PRC2 are the already mentioned Xist (145) and
Kcenglotl, expressed only in the mammalian paternal chromo-
some and involved in the silencing of 8—10 protein-coding genes
(146). In both these cases, IncRNAs are strictly required for the
enrichment of PRC2-associated proteins and for the trimethyla-
tion of the lysine 27 of histone H3 at specific loci. Furthermore,
other IncRNAs such as NEAT2 and TUG1 promote relocation of
growth-control genes at foci of PcG proteins (called PcG bod-
ies), therefore likely facilitating the concerted repression/activation
of the transcription units in response to mitogenic signal (147).
Many other protein complexes have been found to interact with
IncRNAs, the majority targeting histones, either methylases or
demethylases, but other involved in DNA methylation (148).
Indeed, IncRNAs can bind proteins part of the TrxG (68) that
antagonize PcG-mediated silencing (149). Interestingly, an anti-
sense IncRNA has been recently involved in recruiting a regulator
of DNA demethylation at a specific promoter (150). This process
remains still largely unknown and it has only recently been asso-
ciated to active enzymatic reactions, via TET family of methyl-
cytosine dioxygenases (151, 152). Even in this case, one of the
unsolved questions has been how locus-specificity can be achieved.
Particularly, DNA demethylation is often restricted to few dinu-
cleotides at the TSS. The precise mechanism, though, through
which IncRNAs could direct DNA or chromatin modification has
never been described. Indeed in all reported examples, correlations
have been described between IncRNA-modifiers associations and
loss of modification after IncRNA gene silencing.

Long non-coding regulatory RNAs are supposed to confer
binding specificity to modifiers and recruiting them either in cis
or in trans. In the first case, IncRNAs could act directly on sites
where they are synthesized without needing to leave DNA. The
current hypothesis suggests that the 5 region of the nascent tran-
script could bind proteins while the 3’ is transcriptionally lagging,
being still tethered to chromatin by RNA polymerase (153). This
model is particularly intriguing as through this mechanism, IncR-
NAs could exert an allele-specific effect, like in the well-studied
case of Xist. In trans regulation is instead achieved when IncRNAs
act modulating genes across great distances or even on different
chromosomes (154). Regarding this dichotomy, we must under-
line once again its artificiality. Indeed, chromosomes fold into
complex, three-dimensional territories together with specialized
subnuclear bodies. Proteins that are part of the transcriptional or
splicing machinery and regulators of these processes group at these
foci (155, 156). These structures are not static, but on the contrary,
large-scale chromosomal repositioning is observed in response to
environmental stimuli or during differentiation (157, 158). Sub-
nuclear movements are of key importance in regulating events
like transcription and rearrangement that occur at immunoglob-
ulin loci during B lymphocytes development (159). The dynamic
folding of the genome into higher order structure encompasses
loci belonging to the same chromosome, even hundreds of kilo-
bases apart, or different ones, bringing together regions that are
distant if we consider the genome as linear. Therefore, in this con-
text, it is extremely difficult to discern what regulations are in

cis or in trans, especially when they involve long distance inter-
actions. Intriguingly, lincRNAs have been found to regulate the
formation of subnuclear structures, such as NEAT1, required for
paraspeckles nucleation (101). LncRNAs can also affect directly
the three-dimensional organization of chromosomes enhancing
the function of proteins involved in looping formation, like the
insulator protein CTCF (160). There are also many examples of
IncRNAs involved in three-dimensional local chromatin looping
that brings together the ncRNA gene with the region that it regu-
lates within the same chromosome (68, 161). Recently, a lincRNA
called Firre has been shown to recruit specific gene loci located on
different chromosomes, acting as a docking station for organizing
trans-chromosomal associations. Consistently, genetic deletion of
Firre leads to a loss of proximity of several trams-interactions
(162). A peculiar type of IncRNA has been described that is
transcribed from enhancer regions (eRNAs). Classic enhancer ele-
ments therefore likely act through transcription of these IncRNAs
that upregulate expression at promoters via the recruitment of
Mediator complex (163, 164). Finally, there is increasing evidence
that even promoters could be transcribed (165), producing IncR-
NAs probably involved in the enhancer—promoter loop that was
hypothesized years ago but never fully resolved (166).

LONG NON-CODING RNAs IN THE ADAPTIVE IMMUNE
SYSTEM

The adaptive immune system is an extraordinary context for the
study of the role of lincRNAs in differentiation. Indeed, upon
antigen stimulation, naive CD4" T cells differentiate into dis-
tinct T-helper subsets that were traditionally considered lineages
and defined by a prototypic set of expressed cytokines and mas-
ter TFs. Recently, this relative simple scenario, although useful,
has been subjected to debate. CD4% T cells demonstrated to
exhibit substantial plasticity and it has become increasingly clear
that they can change the pattern of cytokines and TFs accord-
ing to the milieu they encounter through their life (167, 168).
Not only, in some cases, they can concomitantly express other
cytokines and TFs together with their prototypical set. Best exam-
ples include IL-10, once thought to specifically identify T2 and
now known to be produced also by Ty1, Treg, and Ty17 cells
(169) and IFN-vy, the classic Tyl cytokine, frequently released
by Tu17 cells simultaneously with IL-17 (170, 171). Regarding
master TFs, Tregs can express Foxp3 (their prototypical TF), but
also RORyt (Ty17 TF) and Runx3 (172—174); similarly Tpy cells
can differentiate from FOXP3 positive cells also expressing Bcl6
(their specific TF) (175, 176). In this context, IncRNAs have a
fundamental role in governing flexibility and plasticity or main-
tenance of cell identity, together with lineage-specific TFs and
other ncRNAs. In particular, what is emerging from the litera-
ture is that ncRNAs typically act as fine-tuners of fate choices and
this seems to be true not only in the immune system. Nonethe-
less, in the case of CD4™" T-cell subsets that are specified but not
fully determined, subtle changes in extrinsic signals can reverber-
ate through responsive ncRNAs inducing changes that alter cell
phenotype (38, 177, 178). Usually, the stability of lineage identity
is achieved through the implementation and inheritance of epi-
genetic modification, but as mentioned before, IncRNAs can act
directly on histone and DNA modifiers redefining this context.
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Conversely, IncRNAs can also buffer this situation in other condi-
tions, acting as maintainers of cell identity. In the cellular system,
IncRNAs can be regarded as minor nodes in a huge interconnected
network (179), as they usually interact with few other players.
This condition allows them to be more flexible and sensitive to
variations without disrupting the whole network integrity (180).
This is true both over a very short period, as cells can easily and
rapidly adapt to environment, and also over long evolutionary
periods, as IncRNAs are among the fastest evolving sequences in
the genome (95, 181-183). Conversely, master transcription reg-
ulators can be considered highly connected hubs, which confer
robustness to the network. Indeed, very few protein-coding genes
have been lost from worms to human and mutations are most
often pathological (184, 185).

Several single-case or genome-wide studies on IncRNAs in the
murine adaptive immune system or cell lines are now available in
the literature, whereas only few studies have been conducted until
now in the human context. The number of studies that unveiled
the function and mechanism of a specific IncRNA is so small that
can be counted on one hand (Table 3).

The importance of the studies in the human immune system is
underlined by the fact that the differences between experimental
animal models and human are still subject of debate in terms of
immunologic responses (199-201). Moreover, there are increasing
evidences that ncRNAs are poorly conserved between animal mod-
els and human (202, 203). In particular, IncRNAs are really fast-
evolving elements as demonstrated by the fact that over 80% of
the human IncRNAs that arose in the primate lineage, only 3% are

Table 3 | Studies on IncRNAs in the adaptive immune system.

Sample

LncRNAs

Function

Granulocytes, monocytes, NK, B, naive
CD8* and CD4*, memory humanT cells;
in vitro polarized precursors T-helper, T40,
Ty1, and T2 human cells

CD4~-CD8~, CD4*CD8*, CD4+CD8™,
activated CD4* mouse T cells

17 T-cell leukemia cell lines

Naive, memory, activated, non-activated
mouse CD8™ T cells

CD4-CD8~, CD4*+CD8*, CD4*, CD8*

mouse thymic T cells, and thymus-derived

Treg cells. In vitro differentiated Ty 1, TH2,
Th17 and induced Treg

Infected Namalwa B lymphocytes

Jurkat cells, primary lymphomas,
lymphoma cell lines, CD19" B cells

Activated human CD4* T cells

Jurkat cells

CEM-C7 CKM1, jurkat JKM1, human
primary lymphocytes

Human CD4*, CD8* cells, PBMC
Thymocytes

HumanTy1 cells

Human primary CD4* and CD8* T cells,
primary and polarized (from CD4* and
CD8* T) CD4* CM, Ty1, T2, Ty17 and
Treg cells; neutrophils, basophils, CD8*
CM, B cells

240 IncRNAs associated with
autoimmune disease (AID)
loci (RNA-seq)

31423 IncRNAs (IncRNA
microarray)

Thy-ncR1 (expression profiling
of 10 thymus-specific ncRNA)

Over 1000 mouse and human
IncRNAs (microarray)

1524 lincRNA genes
(RNA-seq); LincR-Ccr2-5’AS

IFNA1-AS

Saf/FAS-AS1

BIC RNA (EST library analysis)
NRON (shRNA knock-down
screening)

GAS5H

NTT
TEA

NeST/Tmevpg1/IFNG-AS1

GATA3-AST

Analysis of the expression profile of the AlD-associated IncRNAs
(186)

Expression analysis and prediction of function (187)

Enriched in human immature cells; acts as a cytoplasmic
riboregulator that reduces the level of MFAP4 mRNA (188)

Expression and conservation analysis (37)

Expression analysis and ChIP-seq data analysis to identify lincRNA
genes and possible regulators. LincR-Ccr2-5'AS is T 2-specific and it
reduces the expression of Cer1, Cer2, Ccr3, and Cerb. It contributes
to the migration of T2 cells (189)

Cytoplasmic post-transcriptional stabilization of IFN-a1 RNA masking
a miRNA-binding site (190)

Regulates the alternative splicing of Fas which is impaired in
non-Hodgkin's lymphomas associated with poor prognosis (191, 192)

Proto-oncogene, induced upon activation, sensitive to
immunosuppressive drugs (193)

Regulates NFAT subcellular localization as part of an RNA-protein
complex (84)

Necessary and sufficient for growth arrest. Acts competing from
GREs (71, 106)

Unknown, it shows a similar expression pattern to IFNyR (194)
Instruct the activity of Ja promoters and recombination (103, 195)

Dependent on STAT4, T-bet, and NFkB. Contributes to /fng
expression by binding WDR5 and alter H3K4me3 (196, 197)

Specifically expressed in T2 cells (198)
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conserved across tetrapods and most mammalian IncRNAs lack
known orthologs outside vertebrates (97). In detail, even between
mouse and human, IncRNAs are poorly conserved (204-206).
Despite their rapid evolution, IncRNAs are selected more than neu-
tral sequences and in particular more than intergenic regions, but
significantly less than mRNAs (96, 97, 207). It must be underlined
that the conservation rate reported could be overestimated: substi-
tution rates are derived from whole-genome alignment and based
on the assumption that even segment of homologies imply that
that segment belongs to the same RNA class, but this is not neces-
sarily the case. Indeed, it could be that in another genome context
a specific IncRNA gene segment is transcribed and processed as
part of a protein-coding RNA (208). A striking example is Hotair
that is involved in the regulation of the highly conserved clus-
ter of Hox genes (68). The human lincRNA is conserved in the
mouse genome (209), nonetheless only the 3’ region is effectively
part of the murine homolog (183). The importance of studying
lincRNAs specifically within the human immune system derives
from these considerations, but this field is still poorly investigated.
The majority of the studies focused on the innate immune system
(210-212) or analyzed pathological situations, such as cancer-
related IncRNAs (192, 213) or responses to specific infections
(102, 214-216), mostly in mice. The first functional study that
focused on the adaptive immune system, and in particular on
Tyl and Ty2 lymphocytes, involved a lincRNA, Tmevpgl, that
is selectively expressed in Tyl cells via STAT4 and T-bet, both
in mouse and human. It participates in the induction of IFN-y
expression strictly in response to Ty 1 differentiation program and
not in other cellular contexts. These results highlight once again
the complexity of gene expression regulatory network and the
specificity of action of lincRNAs (196). Another paper described
a lincRNA, GATA3-AS]1, specifically expressed in primary Ty2
cells and hypothesized its co-regulation with GATA3 (198). GAS5,
expressed in human T lymphocytes, is degraded in optimal growth
conditions, but it accumulates contributing to growth arrest in
starving conditions (107). In this situation, it competes with GRs
DNA-binding sequences, suppressing GR-mediated transcription
(106). Broader studies have been performed on the CD8" T cell
transcriptome (37), and recently on CD4" T lymphocytes (189),
but still on mice models. In B cells, chromatin remodeling asso-
ciated with V(D)] recombination has been potentially linked to
a widespread antisense intergenic transcription that occurs in the
variable (V) region of the immunoglobulin heavy chain (Igh) locus
(104, 105). So far, no studies have been published that performed
a deep transcriptomic analysis on human primary lymphocytes
from healthy donors, identifying IncRNAs fundamental for dif-
ferentiation processes. These few examples are just clues of the
importance that lincRNA could have for the proper function also
of the human immune system and prompt to a deeper analysis of
their role in this particularly intriguing context.

LONG NON-CODING RNAs AS EPIGENETIC MODULATORS IN
LYMPHOCYTE DIFFERENTIATION

Traditionally, the secretion of IFN-y and TNF-a characterizes
Ty 1 lymphocytes, whereas IL-4, IL-5, and IL-13 are considered
prototypic cytokines secreted by Tr2 cells. According to this clas-
sic paradigm, these differences underline the different functions

exerted by these lymphocytes: Ty1 are considered as important
to eliminate intracellular bacteria and viruses, whereas T2 to
resist parasitic infections (217). The advantage of solid in vitro
differentiation protocols allowed a deep understanding of the
genetic mechanisms governing these cells. Since the discovery of
this dichotomy, other cell subsets have been identified, but this
Ty 1/Ty2 paradigm was undoubtedly useful. Therefore, it is not a
case that among the few IncRNAs identified in the immune sys-
tem, many of those functionally characterized have been described
in these two cell subsets. Nevertheless as mentioned before, just
one lincRNA, Tmevpgl (also known as NeST or IFNG-AS1) has
been characterized in deep. Tmevpgl is located proximal to IFN-
y gene both in mice and humans, antisense and convergently
transcribed respect to the neighboring gene and plays a role in
chromatin remodeling. This transcript is a Ty 1-specific lincRNA:
itrequires STAT4 and T-bet for being transcribed and is also bound
by CTCF and cohesin during lineage-specific induction (196).
Therefore, Tmevpgl is directly dependent on the activation of a
Ty 1-polarizing transcriptional program, in which the presence of
IL-12 leads to the activation of the JAK/STAT pathway via STAT4
(and STAT1) that induces the expression of T-bet. Interestingly,
Timevpgl gene harbor sequences regulated by histone acetylation
and DNase I hypersensitive sites found in Ty 1 but not T2 cells
(218,219). Tmevpgl, in its turn, plays a direct part in defining the
proper Tyl cytokine expression pattern, influencing Ifng tran-
scription in the presence of T-bet (196), via H3K4 trimethylation
by WDRS5 binding in mice models (197).

Given the increasing number of IncRNAs described in differ-
ent cellular contexts and the high number of specific lincRNAs
expressed in the different lymphocytes subsets identified with
the aforementioned RNA-seq analysis, many more lincRNAs will
likely be characterized in the future with a relevant function in the
human immune system. A major limitation, though, in the stud-
ies on IncRNAs is that there is little biological knowledge on the
biochemical or molecular function of IncRNA genes. Compared
to classical protein-coding gene studies, hints on their functions
cannot be gained simply by the analysis of their primary sequence
and application of computational methods to infer IncRNA func-
tion are also still in their infancy. As lincRNAs have been reported
to influence the expression of neighboring genes (25, 26, 28, 39),
one possible approach to investigate their putative function is to
focus on lymphocyte lincRNAs proximal to protein-coding genes
involved in key cell-functions.

Through this approach, we identified a Ty 1-specific lincRNA
that localized ~140 kb upstream to MAF that was therefore called
linc-MAF-4. MAF is a TF involved in Ty2 differentiation and
required for the efficient secretion of IL-4 by T 17 and the proper
development of Try cells (220-222). Intriguingly, the expression
of linc-MAF-4 is negatively correlated with respect to the expres-
sion of MAF: linc-MAF-4 expression is high and specific in Ty1
lymphocytes, where MAF is lowly expressed whereas in T2 cells
the expression of linc-MAF-4 is extremely low and MAF is highly
expressed. Coherently, linc-MAF-4 knock-down in naive CD4* T
cells increased the expression of MAF and interestingly induced a
more general skewing of the whole transcriptomic profile of these
cells toward a Ty2-like fate (63). The regulation exerted by linc-
MAF-4 on MAF gene was analyzed in more detail and this lincRNA
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FIGURE 2 | Mechanism of action proposed for linc-MAF-4.

proved to modulate MAF expression in cis, as hypothesized by
expression analysis. Linc-MAF-4 exerts this regulation by exploit-
ing a chromatin loop that brings its genomic region close to the
promoter of MAF gene. Indeed, the chromatin organization of this
region allows linc-MAF-4 transcript to recruit chromatin remod-
elers that inhibit MAF transcription. In particular, linc-MAF-4
was found to associate with EZH2, key enzymatic subunit of the
PRC2 complex, and LSD1. These proteins methylate H3K27 and
demethylate H3K4, respectively: two histones modifications that
code for transcriptional repression. (63). A similar mechanism was
described for other lincRNAs, such as HOTAIR and MEG3 (154,
223) but never before for other IncRNAs expressed in the adaptive
immune system (Figure 2).

Changes of lincRNAs expression during naive to memory
CD8™ T-cell differentiation (37) and during naive CD4™" T cells
differentiation into distinct helper T-cell lineages (189) have been
described in the mouse immune system. linc-MAF-4, though, is,
to our knowledge, the first example of a lincRNA playing a role
in the proper differentiation of human Ty1 cells, suggesting that,
besides cytokines and TFs, IncRNAs take part in the Ty 1 differ-
entiation program as already shown in many other cell types. At
this point, an obvious question arises: to what extent are these
cells plastic? These findings are evidences that it is possible to re-
direct the differentiation path of naive CD4™ T cells acting on their
lincRNA content. Nevertheless, could it be possible to modulate
already committed cells? We would expect that the mere down-
regulation of a lincRNA would not be sufficient nor a lincRNA
knock-out: as mentioned before, lincRNAs are minor nodes in a
huge interconnected network composed by feedback mechanisms
and epigenetic marks that act stabilizing a pre-existent differen-
tiation status. However, a modulation in lincRNA content may

be sufficient to make these cells more responsive to environmen-
tal cues that could overcome stabilizing forces, inducing a sort of
trans-differentiation event. Functional characterization of other
IncRNAs is required to address this crucial issue and to assess the
extent of their contribution to cell differentiation and to the main-
tenance of cell identity in human lymphocytes. Based on what
we discussed so far on IncRNA functions and cell-specificity, we
believe that future studies will show how these molecules could be
capitalized as new molecular targets for the development of novel
and highly specific therapies for diseases, such as autoimmunity,
immunodeficiencies, allergy, and cancer.
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Barrier sites such as the gastrointestinal tract are in constant contact with the environ-
ment, which contains both beneficial and harmful components. The immune system at
the epithelia must make the distinction between these components to balance tolerance,
protection, and immunopathology. This is achieved via multifaceted immune recognition,
highly organized lymphoid structures, and the interaction of many types of immune cells.
The adaptive immune response in the gut is orchestrated by CD4™ helperT (Th) cells, which
are integral to gut immunity. In recent years, it has become apparent that the functional
identity of these Th cells is not as fixed as initially thought. Plasticity in differentiated T cell
subsets has now been firmly established, in both health and disease. The gut, in particular,
utilizes CD4* T cell plasticity to mold CD4™ T cell phenotypes to maintain its finely poised
balance of tolerance and inflammation and to encourage biodiversity within the enteric
microbiome. In this review, we will discuss intestinal helperT cell plasticity and our current
understanding of its mechanisms, including our growing knowledge of an evolutionarily
ancient symbiosis between microbiota and malleable CD4+ T cell effectors.

Keywords:T cells, plasticity, intestines, Th1 cells, Th17 cell

equally to this work.

INTRODUCTION

The adult human gastrointestinal tract is the largest surface area
of the body that contacts with the environment, covering 200—
300 m? (1). This intestinal surface is constantly exposed to a diverse
range of foreign antigens originating from microorganisms (both
commensals and pathogens) and food antigens from the diet (2).
Commensal microorganisms play an essential role in extracting
nutrients from food that are otherwise inaccessible to the host
[such as the metabolism of vitamin K by E. coli (3)], they are
required for the development of the host’s immune system and
for the prevention of colonization of the gastrointestinal tract
by pathogens. Mucosal pathogens, including viruses, fungi, par-
asites, and bacteria, can cause pathology either by local effects
after mucosal colonization — such as inducing local inflammation
or secreting toxins — or, through systemic infection after breeching
mucosa. Microorganism-derived antigens, food-derived antigens,
and airborne particles, can be potential immunogens. An inap-
propriate response to these immunogens at the mucosal surface
can be detrimental, leading to local or systemic pathology that
result in acute or chronic inflammation. Therefore, it is essential
that the myriad of antigens present at the intestinal surface is dealt
with appropriately to minimize potential danger and maximize
host benefit. This protection is achieved by a flexible, multi-
layered system of physical, and immunological barriers within the
gastrointestinal tract.

A central part of the complex host defense system is gut-
associated lymphoid tissue (GALT). GALT is a system of highly
organized immune structures strategically placed along the entire
gastrointestinal tract, containing specialized micro-environments
where gut-derived antigens are presented by professional antigen
presenting cells (APCs) to lymphocytes [reviewed recently in Ref.
(4)]. The broad antigenic sampling within the GALT facilitates

the interaction between rare antigen-specific B and T cells lead-
ing to the initiation of an appropriate adaptive immune response
(5). CD4™" T cells are critical players in the adaptive immune
response within the GALT. Naive T cells egress from the thymus
as immature T cells with a broad range of T cell receptors (TCRs)
and can be activated in the periphery following encounter with
their specific antigen. T cell activation is initiated by ligation of
the TCR by peptide-MHC class II complex in conjunction with
co-stimulatory signals. During T cell priming, cytokine receptor
ligation can skew activated T cells into a particular effector cell
type (6). These cell types are commonly referred to lineages or
subsets, with each being identified by selected expression of char-
acteristic transcription factors and effector molecules (7). With
the exception of thymically derived regulatory T cells (Tregs)
[reviewed in Ref. (8)], thymic emigrants lack any predisposition
to make effector molecules associated with a particular CD41 T
cell subset, and require signals in the periphery to skew their dif-
ferentiation into a particular cell subset. Present understanding of
T cell lineage commitment is dominated by single fate model, a
process whereby a naive T cell differentiates along a terminal fixed
expression program, in response to signals at the time of antigen
encounter. However, this view has needed revision in light of find-
ings from many groups, which together demonstrate that CD4* T
cell subset fate is not a permanent attribute, but rather a flexible,
plastic, feature that can be modified to suit the requirements of the
immune system at a particular point in space and time. Thus, the
new paradigm of T cell differentiation encompasses the ability of
CDA4™ T cells to change between expression programs traditionally
thought to be mutually exclusive terminal states of differentiation
(9). This feature has been reported in vivo in several experimental
systems, and intriguingly, is a prominent feature of CD4" T cell
biology within the GALT.
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The detailed mechanisms underlying T cell plasticity within the
GALT remains to be defined, but several factors that facilitate its
occurrence have been proposed and can be divided into extrin-
sic and intrinsic pathways. In this review, we will summarize the
recent literature on CD4™" T cell plasticity in the gut, highlight
possible underlying mechanisms and discuss its potential benefits
for intestinal homeostasis and health.

CD4* T CELL DIFFERENTIATION IN THE GALT

The GALT contains one of the largest lymphoid cell population
found anywhere in the body. GALT is distributed along the intesti-
nal tract and is separated from the luminal content, containing
about 100 trillion microorganisms (10) and many dietary prod-
ucts, by a single epithelial layer covered with an intricate network of
glycoproteins; the mucous layers. The GALT provides three func-
tions: provides antigenic samples from throughout the GI tract;
optimizes the opportunities for naive lymphocytes to encounter
antigen, and finally supports the activated lymphocyte and its
initial differentiation. A network of highly organized lymphoid
structures comprise the GALT (Figure 1) — including mesenteric
lymph nodes (mLNs), Peyer’s patches (PPs), isolated lymphoid
follicles (ILFs), cryptopatches (CPs), and fat-associated lymphoid
tissues — as well as the loose connective tissue of the lamina propria
(LP). Despite the numerous types of GALT, the organization of
all GALT lymphoid tissues shares a basic cellular architecture that
facilitates the interaction of APCs with lymphocytes and their sub-
sequent activation and differentiation. However, the GALT tissues

differ from each other both in function and in the physical distance
to the intestinal lumen; CP and ILFs are located directly under-
neath the epithelial layer, PPs are further from the lumen and
most distant are mLNs and fat-associated lymphoid tissues. The
specialized functions of each the GALT tissues have been recently
reviewed in Ref. (4), and therefore will not be discussed in detail
in this review.

Naive L-selectin-expressing CD4" T cells migrate from the
blood through high endothelial venules (HEVs) to the PPs, CP,
ILFs, and mLNs. In these inductive sites of the adaptive immune
system, they encounter their cognate antigen presented by APCs
on MHC class II. Naive T cells that did not encounter their cognate
antigen leave via efferent lymphatic vessels into the systemic cir-
culation to continue their search for their cognate antigen. In PPs,
CP, and ILFs, dendritic cells (DCs) receive antigens transported
from the mucosal surface by specialized epithelial cells overlying
these lymphoid structures, the microfold (M) cells, and Goblet
cells [reviewed in Ref. (4)]. mLNs receive antigens via afferent
lymphatics that are connected with the PPs, while fat-associated
lymphoid tissues obtain antigen by lymphatic drainage directly
from the intestine and from the peritoneal cavity (4).

After activation in the intestine CD4% T cells proliferate,
shed L-selectin from their surface, increase surface expression of
gut-specific adhesion molecules and differentiate into an effector
T cell, of a particular subset. Antigen-experienced effector T cells
usually leave via efferent lymphatic vessels and home to effector
tissues such as the intestine after re-circulation in the blood, but
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some remain in the lymphoid organs to perform their specialized
effector functions (11). Upon arriving in the intestine, effector T
cells are likely to re-encounter their specific antigen presented by
a diverse range of cells such as macrophages, B cells various types
of DCs, and stromal and epithelial cells. This second antigen-
specific interaction will trigger the T cells to execute their effector
function.

It is the nature of antigen presentation and the surrounding
micro-environment that largely seems to determine the outcome
of CD4*" T cell differentiation and the subsequent spectrum of
T cell identities leaving the lymphoid structures (6). The CD4* T
cell subsets currently recognized are: T helper cells of type-1 (Thl),
Th2, Th9, Th17, Th22, Tregs, and follicular helper T cells (Tth).
Each subset is characterized by the potential to produce a defined
set of mediators such as cytokines and chemokines, respond to
particular stimuli via the expression of selected cytokine and
chemokine receptors, largely driven by so called “master regulator”
transcription factors (summarized in Table 1).

CD4+ T CELL PLASTICITY

Plasticity of effector CD4™ T cells has been increasingly recognized
in recent years. Initially, there were single reports of observations
of particular subsets behaving “non-typically,” by the expression
of transcription factors, cytokines, or both, of another subset.
Together these various reports support a more nuanced view of Tth
differentiation, in place of the monolithic view of distinct, non-
interchangeable lineages (12). T helper cells are able to acquire a
mixed phenotype or to switch entirely to the transcription and
cytokine profile of another lineage (Table 2). These hybrid cells
or ex-Th lineage cells may either directly differentiate from naive
CD4™ T cells or arise during secondary immunological challenge.
Current data suggest that, within the gut, particular transitions
between CD4™ T helper cell subsets occur and are important for
maintaining gastrointestinal homeostasis, as outlined below.

Th1/Th2 CELL PLASTICITY

T helper cells of type-1 cells are an abundant effector population
in the gut responsible for protection against invading intracellular
bacteria and viruses (31). In contrast, Th2 cells are absent in the
intestine of laboratory mice and humans under healthy conditions
(31, 32); not surprising in view of their role in coordinating host
responses to helminths and the absence of these organisms in a
healthy intestinal flora (31). Identification of Th1 and Th2 as dis-
tinct cell types was the first, time where CD4™ T cell subsets were
divided on the basis of phenotypic differences in vitro (33). It is
therefore interesting that culture of T cells under mixed Th1l and
Th2 conditions results in a continuum of cytokine expression,
with some single positive IFNy™ or IL-4" and double positive
cells, correlating with expression levels of Tbet and GATA-3 (34),
the respective master transcription factors for the Thl and Th2
subsets, demonstrating these cell fates are not a distinct as origi-
nally thought. Importantly, this finding is consistent with in vivo
observations; during infections with Heligmosomoides polygyrus,
a parasite that triggers a strong Th2 response, Th1/Th2 hybrid
cells were observed (13). In the intestine, mLNs and spleen, these
Th1/Th2 hybrid cells express simultaneously the Tbet and GATA-3
and not transcription factors of other subsets [retinoic acid (RA)
receptor-related orphan nuclear receptor (ROR)yt or Bcl-6]. In
addition, they express the Thl cell-associated molecules CXCR3
and IFNYy concordantly with the Th2 cell-associated IL-33R, IL-4,
IL-13, and IL-5. Furthermore, Th2 cells in vivo can express Tbet
and IFNy upon infection with lymphocytic choriomeningitis virus
(LCMV), a potent Th1 skewing pathogen. These Th1/Th2 hybrid
cells represent a stable phenotype, where attempts at reprogram-
ing by stimulation under Th1 or Th2 polarizing conditions result
in quantitative changes of Th1/Th2 cytokine production with-
out fully extinguishing either. Upon transfer into wild-type mice,
around 20% of LCMV-specific Th1/Th2 cells maintained their
expression of GATA-3, IL-4, and IL-13 alongside Tbet and IFNy

Table 1 | Effector CD4* T cells in the gut.

Cell Differentiation Transcription Cell surface Location in Function
type signals factor (master and cytokine the gut under in the gut
transcription factor) markers homeostatic conditions
Th1 112, IFNy Tbet, STAT1, STAT4, and CXCRS, IFNy mLN, PP, CR ILF, and LP Responding to intracellular
Runx3 pathogens and assisting with viral
infections
Th2 14, 112 GATA-3, STATB, and STATS  IL-33R, IL4, I1-13, and I5  Virtually absent Responding to helminths
Th9  TGFB, I-4 PU.1 -9 Exact location to be determined Involved in tumor immunology
Th17 1-6, TGFB, IL-18, and  RORyt, AhR, STAT3, Batf, CD161, IL-17A, Il-17F and  mLN, PR CR ILF, and LP Protect the host from infectious
(123, 1-:21) Runx1, and RORa GM-CSF assault at mucosal site
Th22 16, I-13, and TNFa  AhR CCR4, CCRe, CCR10, and  Exact location to be Wound repair and induction of
22 determined antimicrobials
Tfh -6, =21 Bcl-6, Ascl2 CXCRb, PD-1, and IL:21 PP ILF? Induce IgA production by GC B
cells to maintain a healthy
microbiota
iTreg TGFB, 11:2 Foxp3, STATH 10, TGFB mLN, PP CP ILF, and LP Suppressor capacity, keep

homeostatic balance in gut
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expression many months after systemic infection with LCMV. Ear-
lier work from the same group has shown that the development
of LCMV-specific Th1/Th2 hybrid cells originating from antigen-
experienced Th2 cells required TCR engagement, not just a “Th1
milieu” provided by LCMV challenge and are stable in vivo for
months (35).

Functionally, the Th1/Th2 hybrid cells have the capacity to
elicit Th1l and Th2 cell responses but with a decreased Th-specific
potency compared their single identity counterpart. Mice that
received in vitro derived Th1/Th2 cells before the induction of
type-1 inflammation showed signs for delayed-type hypersensitiv-
ity but not as strong as after a transfer of pure Th1 cells. Similarly,
the transfer of Th1/Th2 cells reduced the signs for induced allergic
airway inflammation compared to a Th2 cell transfer (13).

Th17/Th1 CELL PLASTICITY

In health, Th17 cells preferentially home to small intestinal LP
(26) and are important for intestinal homeostasis [reviewed in Ref.
(36)]. Th17 cells are characterized by the expression of IL-17A, IL-
17F, and IL-22 and the lineage-defining transcription factor RORyt
(37-39), which acts in co-operation with other transcription fac-
tors, including aryl hydrocarbon receptor (AhR) and RORa (40,
41). Shortly after the first descriptions of Th17 cells, cells making
both IL-17 and IFNYy, so called double producers, were noted. In
the intestine of patients with Crohn’s disease (CD), IL-17A IFNy-
double positive CD4™ T cells co-expressing RORyt and Tbet have
been found (14), sometimes with frequencies above those of single
positive T cells (15). Cosmi et al. characterized these double pro-
ducers further and found that virtually all IL-17tIFNy*CD4*
T cells, as well as Th17 cells expressed the lectin-like surface
molecule CD161 (15). This led them to conclude that human
Th17 and Th17/Th1 cells exclusively originate from an NKT-like
CD1617CD4" T cell precursor. Furthermore, Kleinschek et al.
showed that CD1617CD4™ T cells preferentially home to the gut
due to their high expression levels of CCR6 and integrin 7. They
confirmed that these cells can be induced to produce IFNy in
addition to IL-17 (16). In mice, colitis studies revealed not only
the presence of Th1/Th17 hybrid cells (17-19) but also that Th17
cells, initially unable to produce IFNy, abolish IL-17 production
completely and switch on IFNy (ex-Th17™01) (18, 20, 42).

Hirota et al. used an IL-17-fate reporter mouse that perma-
nently marks IL-17-producing cells to show that these ex-Th17™!
cells undergo a near complete switch from Th17 cell to Thl cell,
except for the maintenance of IL-1R and AhR expression as rem-
nants of their former identity (26). Since Th1 cells are not known
for the expression of the IL-1R, ex-Th17™! cells are unique within
the Th1 lineage in the ability to respond to the acute phase reactant
IL-1. AhR expression has been shown to increase Th17 cell activity
and particularly drive the expression of IL-22 (40). It is currently
not known what the role of AhR is in ex-Th17™! cells, however,
it is tempting to speculate that there is a role in coordinating IL-
22 production at barrier sites such as the intestine, where IL-22R
is expressed by epithelial cells (43). IL-22 deficiency worsens the
colitis induced by either dextran sodium sulfate or by T cell trans-
fer (44), and results in reduced secretion of antimicrobial agents
important for maintaining epithelial health (45, 46). Interestingly,
AhR has been shown essential for the long-term maintenance of

lymphoid cells, such as innate lymphoid cells (ILC) type 3, intra-
epithelial lymphocytes (IELs), and tissue resident cells, at epithelial
barrier sites (47—49). This suggests that ex-Th17™! cells may be
maintained in the intestine providing long-term protection or
upholding aberrant immunity, in part through IL-22 signaling,
with the help of AhR ligands.

Because the frequency and number of IL-17/IFNy double pro-
ducers are increased in the gut of CD patients (14), they have been
implicated in disease pathogenesis. However, it is unknown if the
presence of Th17/Thl hybrid cells in CD patients are a cause or
a consequence of the disease. These hybrid cells could develop
as a bystander product of inflammation, or might drive the ini-
tial inflammatory response. In colitis models, the pathogenicity of
Th1/Th17 hybrid cells and ex-Th17 cells is linked with Tbet. How-
ever, the role for Tbet in the pathogenicity of Th17 cells remains
controversial (50-53) and switching to Th17/Thl or IFNyTex-
Th17 might involve Runx family members in co-operation with
Tbet (54).

Th17/Th2 CELL PLASTICITY

Naive T cell activation in vitro in the presence of IL-4 inhibits
RORyt expression and IL-17 production (55), which makes the
existence of T cells with a hybrid phenotype of Th17/Th2 cells
seem unlikely. However, in vivo studies identified CD41 T cells
simultaneously expressing IL-4 and IL-17 (22). These Th17/Th2
hybrid cells were reported to be present in draining LNs and
mLNs of mice with experimental autoimmune encephalomyelitis
(EAE) that either had a CD4-specific Bcll1b-deficency or were
treated with IL-4. In EAE, Th17 cells are pathogenic when they
gain access to the central nervous system (CNS), contributing to
CNS inflammation. EAE-induced Bcl11b-deficient mice showed a
delayed onset and reduced disease severity, attributed to a redi-
rection of T helper cells away from a draining LN/CNS route
to the intestine. Even though an accumulation of Th17 cells
in the intestine has been reported to cause colitis these mice
were asymptomatic.

Th17-TO-Treg CELL PLASTICITY

A different approach was chosen to address Th17 cell plasticity
by Carbo et al. (23). Computational modeling predicated a role
of the nuclear receptor peroxisome proliferator-activated receptor
gamma (PPARY) in a phenotype switch from Th17-to-Treg cell
in the murine gut. In silico, PPARY activation of fully differenti-
ated Th17 cells reduced IL-17 and RORyt, while initiating Foxp3
expression. In vitro, analysis confirmed these in silico predictions.
Polarized Th17 cells treated with pioglitazone, a synthetic PPARy
agonist, induced Foxp3 and inhibited RORyt and IL-17A expres-
sion. This effect was not observed in PPARy-deficient Th17 cells.
Mice that received pioglitazone orally to activate PPARY recovered
from transferred colitis, with a phenotypic switch in transferred T
cells, from a predominantly Th17 phenotype to an iTreg cell phe-
notype characterized by decreased IL-17 and RORyt and increased
expression of Foxp3.

In humans, IL-177 FOXP3% T cells were identified in inflamed
intestinal mucosa of patients with CD, but not in patients with
ulcerative colitis or healthy controls (24). These Treg/Th17 cells
shared characteristics of Th17 and Treg cells, expressing RORC
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(encoding RORyt) and CD161 and showing Treg-typical suppres-
sor activity in vitro. In addition, the majority these FOXP3TIL-
177 T cells expressed CCR6, a receptor that mediates homing to
skin and mucosal tissues (56) and high levels of integrin a4f7
and CD103, markers for gut-homing potential. Analysis of the
TCR repertoire suggested that FOXP3TIL-17" cells develop from
FOXP3™ Tregs when exposed to inflammatory signals in the gut
(24) and in vitro stimulation of FOXP3™ circulating cells can result
in IL-17 expression (57). In human tonsils obtained after routine
tonsillectomy, up to 25% of the FOXP3"CD4" T cell popula-
tion can produce IL-17 upon activation (25). These FOXP31IL-17
producers are CCR6™, co-express RORC and FOXP3 and dis-
play cell-contact dependent suppressive properties (25). Whilst
FOXP3'IL-17" cells in the LP appear unique to areas of intestinal
inflammation in CD (24), in tonsil they are much more readily
identifiable (25). Together these observations suggest that het-
erogeneity in the GALT micro-environment can influence Th17-
Treg plasticity. Intriguingly, the FOXP3*IL-17" T cells from CD
patients also express IFNYy, IL-22, and IL-21 (24), suggesting plas-
ticity not just between Th17 and Treg, but with other CD4™
effector states.

Th17/Tth CELL PLASTICITY

In addition to a Th17-to-Th1 conversion, Th17 cells can acquire
a Tth cell phenotype (26), including expression of Bcl-6, the
transcription factor that is both necessary and sufficient for the
formation of Tth (58—-60). Tth provide antigen-specific help to
germinal center (GC) B cells via CD40L, IL-4, and IL-21 (61). The
only GALT to contain GCs are the PP and mLNs, and within these
structures Tth act to select high-affinity GC B cells to exit the PP
GC as long-lived IgA secreting plasma cells and memory B cells
(62). An IL-17-fate reporter mouse was used to show that trans-
fer of Th17 cells into a T cell deficient recipient could support
high-affinity IgA production in the GCs of PPs by converting into
Tth cells (26). Interestingly, this conversion resulted in the loss
of IL-17 expression and other Th17 associated features to enable
these cells to effectively switch into Tth cells in the PP. The phys-
iological relevance of these ex-Th17™™ cells in host defense or in
microbial homeostasis remains to be elucidated. But, the essential
role for Th17 cells in the production of high-affinity IgA (26) sug-
gests that this Th17 to Tth cell switch is critical for IgA-dependent
immune responses.

IgA production in the gut can occur outside the GC but the IgA
species are low-affinity, with little somatic hypermutation (63).
The production of GC-derived IgA is essential for the maintenance
of bacterial communities in the gut. Mice that express a mutated
form of activation-induced cytidine deaminase (AIDG23S) that
allows class switch to IgA but not somatic hypermutation have
alterations of the gut microbiota, suggesting that IgA derived from
the PP GC response is essential for maintaining homeostasis of
the gut microbiota (64). This demonstrates that high-affinity IgA
promotes healthy microbiota, rather than target it for elimination
like IgG derived from the LN and spleen (62). The production of
immunoglobulin that nourishes commensal microbiota is one of
the features that discriminates the function of GALT GCs from
peripheral GCs, and may be one of the reasons that GALT GC T
cells exhibit plasticity that is not observed in the GCs of lymph

nodes and spleen. Selective IgA deficiency (OMIM 137100) is a
common incidental finding amongst blood donors (with numer-
ous reports since the 1970s), without any particular symptomatol-
ogy originally appreciated [reviewed in Ref. (65)]. However, it has
recently been reported that IgA-deficient persons have increased
frequency of gastrointestinal and respiratory infections, and of
allergy and autoimmunity (66).

Treg-TO-Tfh CELL PLASTICITY
In mice, Th17 cells are not unique in their ability to switch to
a Tth cell phenotype, also Foxp3™ cells have been reported to
be able to do this in the PP GCs (27, 28). The first study used
adoptive transfer of CD4TEGFP" cells from spleen or LNs of
Foxp3—EGFP reporter mice into T cell deficient mice (27). Whilst
80% of Foxp3™ T cells switched off Foxp3 expression in the PPs,
about half of the transferred cells kept their Foxp3™ profile in the
LP of the small intestine as well as in the spleen. The ex-Treg!™
cells that form in the PP expressed Bcl-6 and also IL-21, CXCRS5,
CD40L, ICOS, PD-1, and CD28, all associated with Tth cell func-
tion (61). Functionally, it has been shown that these ex-Treg™™ cells
induce GC formation in PPs and facilitate IgA-producing cells in
the gut (27). These findings appear in contrast with the work of
Hirota et al. that identified ex-Th171® cells (26). In the study by
Hirota et al., mucosal Foxp3™ T cells transferred into TCRa ™/~
hosts did not differentiate into Tth cells, induce GC B cells or IgA
production. It remains unclear whether differences in the models
(Tsuji: CD3e ™/~ recipients; Hirota: TCRa ™~ recipients) or source
of cells transferred (Tsuji: spleen and LN, Hirota: mucosal origin)
or intestinal environment of the transfer recipients explain the dis-
crepancies. In a separate study, Takahashi et al. transferred iTreg
cells into TCRa~/~ mice and showed that these cells can lose Foxp3
expression and become Tth in the PP (67). Intriguingly, transferred
iTreg cells were more likely to lose Foxp3 expression in the PP
than in the spleen, suggesting that the micro-environment of the
gut affects the plasticity of Tregs. The conversion of Treg-to-Tth
in the gut is controlled, in part, by expression of microRNA-10a
that suppresses Bcl-6 and Ncor2, thereby repressing of Treg-to-Tth
conversion in the gut (67).

Not all Tregs within the PP convert into Tth, however, there is
a regulatory population of CD4™" T cells in GCs; T follicular reg-
ulatory cells (Tfr) (68—70). Tfr are the progeny of Foxp3+tCD4*
cells that share phenotypic characteristics of Tth cells, including
CXCR5, PD-1, and Bcl-6 expression. In peripheral secondary lym-
phoid organs, Tfr control the size and output of the GC response
(68-70). In PP GCs, Tfr control the quality of IgA produced, which
in turn promotes diversity within the microbial community of the
gut (28). Taken together, conversion of Treg-to-Tth in the gut is
finely balanced to ensure the ratio of Tth to Tfr within the PP sup-
ports high-affinity IgA production and homeostasis of commensal
bacteria.

Th2-TO-Tth CELL PLASTICITY

The gastrointestinal helminth parasite H. polygyrus has been
shown to give raise to Th1/Th2 hybrid cells but also been suggested
give rise to Th2/Tth hybrid cells (71). These hybrids were described
as IL-4 producing CD4™ cells expressing CXCR5, ICOS and PD-
1, Bcl-6 and IL-21 and that localized in B cell follicles of mLNs
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after H. polygyrus infection. Zaretsky et al. found similar IL-
4+TCXCR5TPD-1%" Th cells after immunization with schistoso-
miasis soluble egg antigen (72). A later study using dual reporters
for IL-4 and IL-13 and N. brasiliensis infection demonstrated that
Tth phenotype cells express IL-4 but not IL-13, whereas Th2 cells
express both prototypic Th2 cytokines. Importantly, IL-4™ Tfh
cells are Bcl-6T and do not express high levels of GATA-3, suggest-
ing that these cells are Tth cells that produce IL-4 rather than bona
fide Th2/Tth hybrids (73).

CD4* T CELL INTO CYTOTOXIC CD4* T CELL CONVERSION

Among the CD4™" IELs a population of cells has been described
thatlost its CD4-lineage transcription factor ThPOK and acquired
the CD8-lineage transcription factor Runx3 (29, 30). The induc-
tion of Runx3 expression by CD4™ T cells was associated with
expression of CD8aa, the natural killer cell — and CTL-related
molecule 2B4 (CD244) and Tbet (29). In addition, these cells
expressed granzyme and the activation-induced degranulation
marker CD107a (LAMP-1) (30). As well as closely resembling
mature CD8% CTLs, these cells showed high cytolytic activity.
At the same time, these cells lose their ability to produce IL-17 and
to express RORyt (29, 30). Fate-mapping and adoptive transfer
experiments by Mucida et al. showed that CD41 CTLs originate
from ThPOK™ naive CD41 T cells (30).

The loss of ThPOK together with the inability to produce IL-17
in the intestine had physiological implications on the develop-
ment of colitis. Conditional deletion of ThPOK in CD4™ T cells
prior to their transfer into lymphopenic Rag~/~ deficient mice
enhanced the differentiation of CD4+tCD8a™ CTLs in the gut of
the recipients, which, as a consequence, saw a reduction in intesti-
nal inflammation compared with controls (29). By contrast, the
transfer of Runx3-deficient CD4™1 T cells resulted in an exacer-
bated intestinal inflammation, but provided recipient mice with
increased protection against infection with the enteropathogenic
bacterium Citrobacter rodentium (29). A role of CD41 CTL cells
in celiac disease is suggested by their restriction to MHC class 1I,
their induction by dietary antigen, responsiveness to IL-15, and
cytotoxic potential (30).

MECHANISMS OF CD4* T CELL PLASTICITY

Very little is known about the underlying mechanisms determin-
ing CD4™ T cell plasticity. It is likely that the same factors that
are involved in T cell differentiation are implicated in a phenotype
switch, but this remains largely untested.

The development of some CD4™" T hybrid cells or ex-Th lineage
cells seem to predominantly take place in the intestine, indicating
that the micro-environment has a major influence on CD4™ T cell
plasticity and identity. For example, the micro-environmental cues
contributing to a phenotype switch between Th17 and Tfh seem
to be unique to the PP, as the plasticity of Th17 cells toward a Tth
cell fate was restricted to the micro-environment of PPs and did
not occur in peripheral LNs (26). Likewise, transferred Foxp3™
T cells lost Foxp3 expression and acquired Tth features preferen-
tially in the PPs (27, 65). Further evidence of the unique nature
of the PP comes from in vitro stimulation assays in which APCs
from PP and spleen generate different CD4™" effectors (74, 75).

DIETARY
PRODUCTS

D4+ T CELLS
Epigenetic factors
Transcription factors
micro-RNA

MICRO-
ORGANISMS

INNATE
IMMUNE CELLS
Cytokine production

Co-stimulatory factors
JCR signalling

FIGURE 2 | Possible mechanisms of CD4* T cell plasticity in the gut.

Factors enabling CD4™" T cell plasticity could, in part, originate
from the microbiota or dietary products that effect CD4™ T cells
either directly or indirectly via innate immune cells. These extrin-
sic cues can alter transcription factor and microRNA expression
and epigenetic markers such as histone modifications (Figure 2).
For example, microRNA-10a dampens the conversion of Treg cells
to both Th17 and Tth cell fates (67). In addition, the cellular com-
position of the GALT, enriched in non-conventional lymphocytes
such as ILCs, IEL populations of TCRy3™,and CD8aatTCRaf™ T
cells and mucosal associated innate NKT cells, is substantially dif-
ferent compared with other secondary lymphoid organs and will
contribute to a different environment in which T cells encounter
antigen and are maintained.

MICROBIOTA

The nature of antigen or metabolic products provided by the gut
microbiota plays a role in T cell plasticity. There are a num-
ber of examples where CD4% T cell subsets are expanded in
response to particular microbial species and their products. Using
germ-free mice, a mixture of 17 Clostridia species were selected
from human gut flora for their ability to induce mucosal Tregs
(76). Introduction of these 17 strains mitigated colitis and aller-
gic diarrhea models (76). This protective effect is mediated by
short chain fatty acids, products of these 17 bacteria (and of Bac-
teroides fragilis, also shown to induce Tregs) (77). The microbiome
is shaped, in part by induced Tregs, and mice lacking induced
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Tregs are more susceptible to colitis and asthma (78). Thus
the gut microbiome is implicated in the protection of autoim-
munity and autoinflammation both in the gut and at distant
sites. Recent work provides evidence for a symbiosis between
CD4T T cell subsets and the microbiome (28). Lack of Tfr
resulted in poor quality IgA production and a limited biodiver-
sity of the microbiome. The presence of Tfr permitted a more
diverse microbiome including a larger representation of non-
pathogenic Clostridia (28), which establishes a positive feedback
loop between CD4 ™ cells and the microbiome mediated through
SCFA, Foxp3 expression, and IgA production. This narrowing
of the microbiome and subsequently SCFA deplete environment
might explain the association between IgA deficiency and allergy
and autoimmunity (66). Taken together, these studies provide evi-
dence that the gut microbiota and CD4" T cell fate within the
gut are inter-dependent, with each affecting the composition of
the other.

CD4+CD8at CTLs are absent from the intestines of germ-free
mice and of mice mono-colonized with segmented filamentous
bacteria (SFB), but appear in the intestines following reconsti-
tution with specific non-pathogenic microorganisms (30). Little
is known about the mechanisms how antigens originating from
microbiota induce a phenotype switch. However, data on Th17
cell differentiation indicate that SFB colonization promotes Th17
cell commitment by the expression of inflammation-associated
genes, such as the gene for serum amyloid A (SAA) (79). Some
Th17 cells from murine gut have TCR specific for SFB-derived
antigen (80). In addition, it has been shown that ATP derived
from commensal bacteria activates CD70M8" CD11¢1°V cells in the
LP, leading to enhanced differentiation of Th17 cells (81). There-
fore, changes in the concentration of SAA or ATP could either
induce a switch toward Th17 phenotype or destabilize Th17 cell
commitment toward another phenotype.

DIETARY PRODUCTS

Dietary products, mainly after being processed by microorgan-
isms, can induce phenotype switch. PPARy has been identified
to induce a Th17-to-Treg cell switch (23). This nuclear receptor
regulates fatty acid storage and glucose metabolism. Therefore,
consumption of food containing certain fatty acids may pro-
mote a phenotype switch from Th17-to-Treg cells. Several dietary
products have been reported to promote or inhibit lineage com-
mitment [reviewed in Ref. (2)]. It is likely that these factors are
also candidates to induce a phenotype switch of CD4" T cells.
In addition, dietary products could influence a phenotype switch
by affecting metabolic and signaling pathways and epigenetic
status.

INNATE IMMUNE CELLS: PROVIDERS OF COSTIMULATION AND
CYTOKINES

Innate immune cells are abundant in the GALT. They have the
potential to influence CD4™ T cell plasticity via their determi-
nation of the micro-environment via the secretion of soluble
mediators, expression of co-stimulatory molecules, and via their
potential to act as APCs. Mucida et al. demonstrated that con-
tinuous activation of CD4™" T cells by oral administration of an
antigen is necessary for a phenotype switch to CD4™ CTLs (30). It

has been reported previously that antigen dose and peptide/TCR
affinity can influence Th commitment (82).

Co-stimulatory factors have been shown to play a role in Treg-
to-Tth plasticity. Blocking the interaction of CD40, expressed on
APCs such as B cells and DCs, with CD40L, found on T cells, is
able to prevent a phenotype switch from Treg cell to Tth cell (27).

The role of cytokines in Th17 cell plasticity has been studied by
several investigators but has not yet been fully elucidated. However,
it is clear that IL-23-dependent pathway does play an important
role. In Helicobacter hepaticus-induced typhlocolitis, nRNA levels
for IL-23p19 were elevated after bacterial inoculation and ex vivo
IL-17A™ cells isolated from the colitic intestine expressed both
subunits of the IL-23R, indicating that IL-23 acts on Th17 cells
to induce a program resulting in IFNy production (18). T cell
transfer studies also showed that IL-23 is required for the appear-
ance of IL-17ATIFNy™ double-producing T cells in the intestine.
Transferred naive CD4™ T cells developed to Th1/Th17 hybrid
cells in Rag™/~ mice, but not in p19~/~ RAG™/~ mice [lacking
IL-23; (21)]. These studies were extended by Ahern et al. demon-
strating that in the intestine the emergence of IL-17ATIENy™
double-producing Th cells, but not IL-17A single producing Th
cells, requires T cell-intrinsic IL-23 signaling by transferring IL-
23R/~ CD45RBhigh CD4* T cells into full hosts (17). In humans,
CD1617CD4* T cells from CD patients readily produce IL-17 and
IFNy upon stimulation with IL-23, whereas, in healthy subjects,
IL-1P was required alongside IL-23 (16).

The role of IL-12, the primary cytokine inducing Th1 cell dif-
ferentiation, in mediating Th17-to-Thl cell conversion remains
controversial. In vitro, obtained results differ from those data being
observed in in vivo models. Upon transfer of naive CD4™" T cells,
Th17/Th1 cells were detected in the mLNs of IL12p35-Rag-double
deficient mice (lacking IL-12), demonstrating that IL-12 is negli-
gible in Th1/Th17 induction in the intestine (21). In contrast, Lee
et al. showed in vitro that in both IL-23 and IL-12 are able to
switch off IL-17 and enhance IFNy production in a STAT4- and
Tbet-dependent manner. It has also been shown that ex vivo Th17
cells can be converted into a Th1-like phenotype following IFNy-
induced expression of Tbet and acquisition of IL-12RB2 surface
expression (83, 84). Lee et al. investigated the effect of additional
cytokines on Th17 cell plasticity and found that Th17 cells require
TGFB for sustained expression of IL-17F and IL-17A (20).

Although the precise role of IL-23 in the Th17-to-Th1 cell con-
version requires further investigation, it does not seem to play an
essential role in a phenotype switch from Th17 to Tth cell. Th17
cells can give rise to Tth cells in IL-23-competent and -deficient
mice (26). For a phenotype switch from Tregs to Tth cells it has
been shown that the cytokine IL-6 can to down-regulate Foxp3,
and this may be relevant to Treg plasticity in the IL-6 rich PPs (85).

TRANSCRIPTION FACTORS

Transcription factors maintain and instruct lineage programs by
complex mechanisms, often involving several cooperating tran-
scription factors, and their binding and access to specific DNA
sequences. The expression of lineage determining transcription
factors is induced by multiple factors in the micro-environment,
including cytokines. Their regulation falls outside the scope of this
review, but their interactions are of importance in maintaining Th
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identity and are likely to play a prominent role in ultimately gener-
ating hybrid Th cells and Th identity conversions. Co-expression
of IENy and Th2-associated cytokines in the same T cell seems to
be enabled by signals that keep both Tbet and GATA-3 expression
in balance, which is in contrast to studies examining chromatin
modification at Tbx21 and Gata3 (86, 87).

The loss of a single transcription factor can tip the balance in
favor of an alternative lineage. In Bcll11b-deficient mice, GATA-3
expression in Thl7 cells is unrestrained, resulting in GATA-3-
mediated IL-4 production (22). This change in cell phenotype
feeds back to the micro-environment, and has further implica-
tions for T cell biology. For example, the cytokine mix produced by
Th2/Th17 hybrid cells triggers gut-imprinting properties in DCs.
IL-4 together with GM-CSF enhance the expression of the enzyme
RALDH2 in DCs (88, 89), leading to elevated levels of RA (90) that
imprint gut-homing properties on T cells, such as a4p7 and CCR9
(91). Similarly, the termination of ThPOK in mature CD4™" T cells
enables the de-repression of the CTL program (30), resulting in
MHC class II restricted CD4™ T cells with a cytotoxic effector
function. This process can be further promoted by Runx3 (29).

The factors responsible for carefully balancing two transcrip-
tional programs within a single T cell may be present together
from the moment of T cell differentiation or may be induced later.
In vitro, data have shown that expression of one differentiation
program is often found to be mutually exclusive with factors from
another (55). Yet, differentiation of some programs are character-
ized by co-expression of two pathways from the start, such as seen
with iTreg differentiation in which T cells co-express Foxp3 and
RORyt from the start (25). These in vitro observations are often
not recapitulated in vivo and vice versa. This highlights missing
links in our understanding of which factors are required to deter-
mine full Th effector cell differentiation, which factors enable T
cells to postpone the identity decision, as well as those that can still
interfere at later stages.

EPIGENETICS

The observed stability or plasticity of Th subsets is governed by the
epigenetic regulation of the key transcription factors and cytokines
and their access to downstream genes (92). Whether a particular
gene is poised for expression is controlled by the chromatin struc-
ture and histone or DNA modification state. Wei et al. evaluated the
histone H3 methylation status over the entire genome in a variety
of defined Th subsets (87). Promoter regions for Tbx21 (encoding
Tbet) in Th1 cells and Rorc (encoding RORyt) in Th17 cells dis-
played a permissive methylation state (H3K4me3) associated with
full expression of these master regulators in each lineage. How-
ever, the promoter region for Tbx21 in Th17 cells had a bivalent
status characterized by H3K4me3/H3K27me3, reflecting the rela-
tive instability of these cells and their potential to acquire another
Th cell phenotype. In addition, it has been shown that treatment
of naive T cells under Treg polarizing conditions with the fatty
acid, butyrate, enhances permissive acetylation in the promoter
region of the Foxp3 locus. Butyrate, being a large bowel fermenta-
tion product, provides a link between microbial products and Treg
cells by epigenetic mechanisms. Beyond histone modifications,
miRNAs offer a further tuning of gene expression and CD4*
phenotype, as illustrated earlier.

FUNCTION

CD4™" T cell plasticity is important in the resolution of infec-
tions but can contribute to immunopathogenesis. The ability to
switch or combine effector phenotypes can generally be seen as a
very useful feature in the arsenal of the adaptive immune system.
It is an additional tool providing flexibility to adequately con-
trol rapidly changing microorganisms. It allows the retention of
TCRs with a useful track record while displaying a high degree of
flexibility and adaptation depending on local environmental cues.
Therefore, a phenotype switch may facilitate the ability to respond
more quickly to changing immunological challenges and to suc-
cessfully terminate immune responses after pathogen clearance.
This flexibility may be especially important and useful at epithe-
lial interfaces, where luminal content is constantly changing and
the largest population of microorganism is encountered.

The ability to switch from one phenotype to another or obtain
features from two effector programs increases the efficiency of a
response. Combining effector mechanisms would enable the con-
trol of complex organisms that have evolved ways to deal with one
predominant effector subset. This implies that effector programs
can co-exists within one T cell, while the co-existences of differ-
ent effector subset within the same micro-environment may be
harder to achieve and maintain. It is worth noting that reports on
Th cells displaying a hybrid phenotype highlight that such cells
are less effective in dealing with situations where one part of their
identity is required compared with the single identity T cells. This
indicates that each identity is weakened by the presence of the tran-
scriptional program of the other, a feature that could be abused by
microorganisms. Conversely, producing these “weakened” T cells
may be method of peripheral tolerance — in an inflamed milieu,
T cells are stimulated under polarizing conditions and develop
a single identity, whereas non-inflamed milieu offers conditions
less favorable to any single identity and the “weakened” T cells are
tolerized.

An additional physiological role for CD4™1 T cell plasticity is
the gaining of specific functional features that require aspects of
the previous full identity combined with a very specific trade. This
is the case for Tth cells that can develop from committed Th17 or
Treg cells. In case of ex-Th17™™ cells, they represent a subset of Tth
cells that are specialized to promote high-affinity IgA production
in the GCs of PPs. A similar specialized role in GC B cell support
is likely the case for ex-Treg'™. These Tth adopters have only been
found in the PP and only support IgA production, demonstrating
that this plasticity is unique to the gut environment.

Lastly, the transcriptional programs of each T cell effector sub-
set may not be compatible with long-term survival. Effector cells
that switch to a Th1 cell phenotype, may be maintained better as
memory cells due to the activity mediated by Tbet. Recent reports
describe a role of Tbet expression gradient as a regulator of CD4™"
T cell memory formation, with highly Th1-polarized Tbet™ cells
displaying end-effector features and a short lifespan, whereas Th
cells with a lower expression of Tbet are able to enter the long-lived
memory T cell pool (93, 94). This is to some degree mimicked by
the finding that long-lived ex-Th17 cells acquired Tbet expression,
albeit at levels lower than their Th1 counterparts.

From a therapeutic viewpoint, contemplating a deliberately
induced phenotype switch could be used to up- or down-regulate
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the different effector arms of the adaptive immune response.
Dampening CD4" T cell function would be useful for autoim-
mune disorders including CD and multiple sclerosis. In a coli-
tis model, oral pioglitazone induces a switch from Th17 to an
iTreg phenotype, improving disease and in EAE (a model of MS)
pathogenic Th17 cells can be redirected to gut, again improving
disease. Enhanced CD4" T cell responses could improve cancer
surveillance and clearance. Whilst phenotypic switching appears
to occur in very specific circumstances, some of these conditions
are encountered spontaneously in healthy animals. Thus strate-
gies to induce phenotype switching, with minimal side effects or
co-morbidities, might be identifiable.

CONCLUSION

The nuanced view of Th differentiation suggested that within any
CD4™ effector population there are varying ratios of lineage deter-
mining transcription factors in each cell, with correspondingly
graded cellular phenotypes. In GALT these ratios integrate a num-
ber of different signals — microbial products, dietary influences,
costimulation, cytokines, and epigenetic modifications. Variation
in these signals and their interpretation is the substrate for hetero-
geneity of CD4™ T cells. As these microbial and dietary cues are
unique to GALT, perhaps even unique to the most luminal GALT,
such as PP, they could together provide a micro-environment per-
missive for plasticity, in contrast to other secondary lymphoid
organs, where plasticity is less frequently reported and where much
of the rigid in vivo definitions of the CD4™ subsets were derived.
Whether the phenotypic switches described herein are unique to
an in entero environment is unknown. It is possible that similar
blurring of CD4™ subsets occurs at other mucosal sites, balanc-
ing tolerance, protection, and immunopathology with the need to
maintain a diverse microbiome. To understand the precise factors
underlying plasticity is relevant for our understanding of host (and
microbiomial) health, host defense, pathogenesis of various gas-
trointestinal diseases and also for development and optimization
of vaccines, where an enforced Tth phenotype is desired.
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T follicular helper (Tfh) cells are the subset of CD4T helper cells that are required for genera-
tion and maintenance of germinal center reactions and the generation of long-lived humoral
immunity. This specialized T helper subset provides help to cognate B cells via their expres-
sion of CD40 ligand, IL-21, IL-4, and other molecules. Tth cells are characterized by their
expression of the chemokine receptor CXCRb5, expression of the transcriptional repres-
sor Bcl6, and their capacity to migrate to the follicle and promote germinal center B cell
responses. Until recently, it remained unclear whether Tfh cells differentiated into memory
cells and whether they maintain Tfh commitment at the memory phase. This review will
highlight several recent studies that support the idea of Tfh-committed CD4 T cells at the
memory stage of the immune response. The implication of these findings is that memory
Tfh cells retain their capacity to recall their Tfh-specific effector functions upon reactivation
to provide help for B cell responses and play an important role in prime and boost vaccina-
tion or during recall responses to infection. The markers that are useful for distinguishing
Tth effector and memory cells, as well as the limitations of using these markers will be dis-
cussed. Tth effector and memory generation, lineage maintenance, and plasticity relative
to otherT helper lineages (Th1, Th2, Th17 etc.) will also be discussed. Ongoing discoveries
regarding the maintenance and lineage stability versus plasticity of memory Tfh cells will
improve strategies that utilize CD4 T cell memory to modulate antibody responses during
prime and boost vaccination.

Keywords:T follicular helper cells, memoryT cells, Bcl6, CXCR5, helperT cells

INTRODUCTION
Effective B cell responses to infectious diseases or immuniza-
tion require the assistance of CD4+ helper T cells. A specialized
subset of CD4 T cells named T follicular helper (Tth) cells are
required for providing this help to antigen-specific B cells. With-
out cognate Tth help, activated B cells are unable to generate and
maintain the germinal center response that is required for efficient
somatic hypermutation of immunoglobulin genes and the selec-
tive processes that facilitate affinity maturation of antibodies (1,
2). Furthermore, the germinal center reaction is the origin of long-
lived memory B cells and long-lived plasma cells that populate the
periphery and bone marrow (respectively), and provide long-term
antibody-mediated protection against (re)exposure to pathogens
(3). Thus, Tth cells play a critical role in the generation of effective
and long-lived humoral immune responses to antigens (1).

T follicular helper cells were first identified as a subset of CD4
T cells isolated from human tonsils (4, 5). These cells expressed
the B cell follicle homing chemokine receptor CXCR5 and the
inducible costimulator (ICOS), and localized within the germi-
nal center (4, 5). Furthermore, these human tonsil CXCR5+ cells
(compared to CXCR5—CD45RO+ T cells) efficiently promoted
production of class switched immunoglobulin (Ig)G and IgA in T
cell:B cell co-culture assays (4—6). Interestingly, CXCR5+ CD4 T
cells from human blood, which were presumed to be the memory
counterparts of CXCR5+ cells in tonsils and lymph nodes, did
not efficiently produce the Thl signature cytokine IFNy or the
Th2 cytokines IL-4, IL-5, and IL-13 (5). Together, these studies
suggested that the CXCR5+ Tth cells represented a novel subset of

helper T cells with the specific functions of providing help for B cell
responses and that are distinct from Th1 and Th2 cells. Since these
initial seminal reports describing Tth cells, extensive studies have
demonstrated that while Tth cells share certain similarities with
Th1, Th2, and Th17 cells (depending upon context of infection or
vaccination), these cells have unique developmental requirements
and distinct phenotypic, homing, and functional qualities com-
pared to other T helper cell lineages (Th1, Th2, Th17, Treg) (1).
Upon activation with cognate antigen by dendritic cells,
antigen-specific CD4 T cells can differentiate to become vari-
ous types of effector CD4 T cells with specific roles in promoting
anti-pathogen immune responses (Figure 1). Early differentiation
toward the Tth lineage requires ICOS expression and signaling
to induce expression of the transcriptional repressor Bcl-6 (7).
Bcl6 is required for Tth cell generation, maintenance, and func-
tion, establishing Bcl6 as a central regulator in Tth cell lineage
development (Figure 1) (8—10). Bcl6 expression promotes Tth
differentiation, at least in part by suppressing transcription of
the transcriptional regulators Tbet, RORyt, GATA3, and Blimp-
1 (8-10), and through other potential mechanisms, such as the
repression of microRNAs (10). In addition, cytokines such as IL-6
and IL-21 (11), and other molecules such as SAP are important for
Tth differentiation and function (12, 13). Importantly, interactions
with cognate B cells were required for amplifying the expression of
Bcl6 for the maintenance of the Tth phenotype during the immune
response (7). During Tth differentiation, Bcl6 plays an important
role in suppressing Blimp1 (8), which is a regulator of Th1, Th17,
and Th2 lineage cells (1). Thus, the promotion of Bcl6 coupled to

www.frontiersin.org

February 2015 | Volume 6 | Article 16 | 103


http://www.frontiersin.org/Immunology
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/about
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00016/abstract
http://www.frontiersin.org/people/u/142964
mailto:jshale@emory.edu
http://www.frontiersin.org
http://www.frontiersin.org/T_Cell_Biology/archive

Hale and Ahmed

Tfh memory cells

IL-12 .
Type | IFN Th1 ‘ ThetM
IL6, IL-21 : Bcl6*
ICOS T ‘ Thet®
hi
IL-4 Th2 ‘ Gata3d
IL6, IL-21 : 4
Th Bcl6
ICOS ‘ b
IL-6
1B Th17 RORyt"
TGFB i
IL6 ||_ 21" Tth ‘ Bcle®
RORyt"®

FIGURE 1 | T follicular helper cell differentiation and context-dependent
Tfh cell heterogeneity. Following activation of naive CD4 T cells, cells
proliferate and undergo fate decisions in response to cytokines and other
differentiating factors. Tfh cell differentiation is influenced by IL-6 and IL-21,
and dependent upon ICOS signaling for expression of the transcription
factor Bcl6. Cytokines including IL-12, IL-4, IL-1B, and many others, direct
(A) Th1, (B) Th2, and (C) Th17 cell differentiation, respectively. The
context-dependent cytokine milieu also influences Tfh cell differentiation;
thus, Tth effector cells can express some low/intermediate levels of the
transcription factors Tbet, Gata3, and RORyt, which are associated with the
(A)Th1, (B)Th2, and (C) Th17 cell lineages, respectively.

the repression of Blimpl1 plays a role in the differentiation, func-
tion, and possibly the stability of Tth cells in relation to other T
helper cell subsets. Additional transcription factors such as Maf
(14, 15), Ascl2 (16), and others play important roles in Tfh cell
differentiation and/or function (1).

T follicular helper cells have developmental requirements that
differ from those that promote Thl, Th2, and Th17 effector cell
development (1). However, depending upon the type of infection
(viral, helminth, fungal, etc.) or immunization and the inflamma-
tory environment that is generated, Tth cells can express low to
intermediate levels of Tbet, Gata3, or RORyt (Figure 1) (17-20).
This intriguing context-dependent transcription factor expres-
sion in Tth cells results in a variety of Tth cell subsets that can
express low levels of specific cytokines that can influence anti-
body class switching (17, 21, 22). Thus, studying the complex
relationship between Tth cells and their non-Tth cell counterparts,
and whether they remain phenotypically and functionally distinct
throughout the immune response and beyond is critical to under-
standing Tth cell commitment and flexibility and to determining
their biologically important roles during specific types of immune
responses.

LINEAGE-COMMITTED MEMORY T HELPER CELLS

The adaptive immune system responds to infectious challenge with
two major goals. The first goal is to generate sufficient numbers
of antigen-specific effector cells to limit and clear the pathogen.
The second priority is to provide long-lasting immunity that
will defend the host from subsequent exposure to the pathogen

(23). The activation-driven proliferation and lineage differenti-
ation of CD4 T cells in vivo is accompanied by the progression
of memory differentiation. Following clearance of antigen, the
majority (approximately 90-95%) of antigen-specific effector T
cells undergo apoptosis, leaving behind a population of memory
cells. In some experimental models, antigen-specific CD4 mem-
ory T cells gradually decline over long periods of time (24, 25).
For example, Listeria monocytogenes infection-induced memory
CDA4 T cells are present at relatively high frequencies 90 days post-
infection; however, by approximately 250 days post-infection, the
population has largely disappeared from the spleen and lymph
nodes (25). In contrast, human studies reveal that long-lived
vaccinia-specific memory CD4 T cells are relatively stable for at
least several decades after smallpox vaccination (26, 27).

Memory T cells possess many important features compared to
their naive CD4 T cell precursors. First, antigen-specific mem-
ory cells are found in increased numbers relative to their naive
antigen-specific precursors, providing better coverage and a more
rapid cellular response upon pathogen rechallenge. Second, mem-
ory cells are not restricted to blood circulation and secondary
lymphoid organs, but instead may also traffic to and reside in
non-lymphoid tissues, where they may rapidly exert effector func-
tions if their specified pathogen gains entry to that particular
anatomical site. Third, memory T cells have undergone changes
in cell-intrinsic programing, allowing them to rapidly recall their
effector functions, such as prompt expression of specific effector
cytokines, chemokines, and cytotoxic molecules. Finally, mem-
ory cells are long-lived, and a central feature of their longevity is
dependent on their ability to undergo homeostatic proliferation
in the absence of antigen (23, 28).

Combining the study of T helper lineage differentiation and T
cell memory differentiation in vivo following vaccination or infec-
tion is incredibly complex. However, it provides the opportunity to
gain vital understanding into the heterogeneity and lineage com-
mitment and flexibility of the resulting antigen-specific memory
CDA4 T cells that will be informative for ongoing and future vaccine
discovery/development efforts. It has become clear that among the
vast heterogeneity of memory CD4 T cells, many memory cells
demonstrate commitment to a previously defined T helper lin-
eage. The existence of Thl-commited long-lived memory CD4 T
cells was demonstrated in BAC transgenic mice that used a reporter
to indicate transcription of the Ifng gene. In this study, Harrington
et al. demonstrated that these memory cells were derived from the
effector Th1 cells, and rapidly recalled IFNYy expression at the effec-
tor phase (29). Several other studies similarly found that subsets of
LCMV-specific and Listeria-specific memory CD4 T cells with dis-
tinct phenotypes were committed Th1 memory cells that recalled
IFNYy expression and expression of other Th1 effector molecules
(20,30, 31). One study utilized an IL4 IRES EGFP reporter mouse
to demonstrate that Th2 effector cells (EGFP+) generated from N.
brasiliensis infection could provide anti-parasite protective immu-
nity after adoptive transfer into immunocompromised recipient
mice and 30 days resting before parasite challenge (32). Similarly,
Trichuris-specific Th2 memory cells recall their Th2 effector func-
tions and mediate anti-parasite immunity (33). While Th17 CD4
T cells generated by intranasal Listeria infection (a Th1 pathogen)
do not form memory cells (25), Candida and other fungal vaccines,
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as well as other conditions have been shown to induce Th17 mem-
ory cells in vivo (34-36). Together, these studies demonstrate the
characteristics and programs of polarized effector Thl, Th2, and
Th17 cells that are generated early during effector differentiation
are preserved in resting memory cells. Importantly, these effector
programs are recalled after reactivation in vivo to infectious chal-
lenge in an antigen-specific manner, and with the appropriate T
helper effector response to effectively eliminate the pathogen.

T FOLLICULAR HELPER MEMORY CELLS

The establishment of Tth cells as an independent effector T helper
subset, and the factors that drive Tth differentiation being defined,
provides a strong rationale for exploring whether Tth cells that
progress to become memory cells maintain their Tfh attributes
following resolution to the immune response. However, given the
potential flexibility/plasticity of Tth cells toward repolarization
(37), one might predict that Tth cells generate non-committed
memory CD4 T cells. Several fundamental questions exist regard-
ing the relationship of Tth cells and memory cells. First, do Tth
cells survive to become memory cells? Second, do memory cells
derived from Tth cells maintain their commitment/programing to
recall Tth effector cells, or, instead possess pluripotency/plasticity
to become cells of other T helper lineages? The answer to these
questions provides profound insight into the importance of how
Tth differentiation during primary immune responses to natural
infection and vaccination have the potential to influence secondary
antibody responses. Several recent studies have provided insight
into the existence and characteristics of memory Tth cells and
their capacity to recall Tth-specific effector functions following
reactivation with antigen.

One early study investigating memory Tth cells in mice
described a population of CXCR54+ICOS+ cells in the drain-
ing lymph nodes 30-56 days following immunization with pigeon
cytochrome C in adjuvant. Compared to day 7 Tth effector cells,
day 30 PCC-specific cells had decreased ICOS and OX40 expres-
sion. The authors reported that these were a subset of memory Tth
cells with enhanced recall capacity upon immunization 6-8 weeks
after priming (38). However, this study further reported the per-
sistence of antigen for more than 75 days after immunization and
the maintenance of CD69 on these PCC-specific CD4 Tth cells
indicate that this experimental system promotes long-lived anti-
gen depots. Thus, the CXCR5-+ICOS!® cells identified in this study
cannot be clearly distinguished as true memory cells that survive
in the absence of antigen (38).

A study by MacLeod and Marrack provided a stronger basis for
the existence of memory CD4 T cells with accelerated Tth function
during recall responses (39). Their study demonstrated that on a
per cell basis, antigen-specific memory CD4 T cells (compared to
Ag-specific naive cells) provided accelerated B cell responses and
antibody class switching. Interestingly, this accelerated B cell helper
capacity was contained within the CXCR5+ subset of memory
CD4 T cells, resulting in higher OVA-specific IgGl titers following
adoptive cell transfer and followed by immunization. The authors
suggested that CXCR5 chemokine receptor expression promotes
their more rapid migration of reactivated memory CD4 T cells to
B cell follicles, allowing them to provide accelerated help to the B
cell response (39).

It was unknown whether Tth cells were able to survive and
become memory cells. To address this question, Weber et al. used
protein immunization in CFA to induce TCR transgenic CD4
effector T cells, sorted them into CXCR5— and CXCR5+ sub-
sets, and then adoptively transferred these into naive recipient
mice (40). Fourteen days later, adoptively transferred CXCR5+
effector cells had become CXCRS5 low/negative. After resting these
cells in naive recipient mice for several weeks, a large proportion
of transferred Tth cells quickly recalled a Tth phenotype within
2.5days following re-immunization, expressing higher levels of
PD-1, Bcl6, CXCR5, and IL-21 compared to non-Tth cells and pri-
mary effector cells (40). While the time periods that these cells were
rested in the absence of antigen were relatively brief, this study was
highly suggestive that effector Tth cells could be maintained in the
absence of antigen and preferentially recall a Tth phenotype. A
study by Choi and colleagues addressing the fate commitment of
Tth cells demonstrated that day 3 LCM V-specific Tth effector cells,
following adoptive transfer into day 3 LCMV-infected (infection-
matched) recipient mice, were maintained up to 45 days later
and retained CXCRS5 surface expression (41). An additional study
demonstrated that CXCR5+RFP+- (from Bcl6 RFP reporter mice)
OTII cells induced by Ova/CFA immunization can persist follow-
ing adoptive transfer for 20 days, and upon OVA+CFA immuniza-
tion preferentially recall Tth cells in the draining lymph node (42).
Together, these studies clearly demonstrate that not all Tth effector
cells are terminally differentiated and fated to die. Instead, some
Tth effector cells progress to become memory cells that have some
similar features compared to their Tth effector predecessors.

Our study investigated the differentiation of Thl and Tth
cells following acute LCMV infection using the adoptive trans-
fer and analysis of LCMV-specific CD4 T cells (SMARTA TCR
transgenic) induced by acute viral infection (20). Following the
clearance of acute LCMV infection and the corresponding con-
traction of virus-specific CD4 T cells, both Th1 and Tth memory
subsets are maintained at relatively stable numbers for approx-
imately 60-150days post-infection (20). Resting PD-1— and
ICOS—CXCR54Ly6c!® memory CD4 T cells shared phenotypic
and gene expression similarities to CXCR5+Ly6c!® effector Tth
cells, suggesting a direct lineage-relationship between these pop-
ulations at the different stages of the immune response. Adoptive
transfer of CXCR5+ memory subsets followed by LCMV Arm-
strong challenge resulted in Tth secondary effector cells with ability
to rapidly recall a Tth effector phenotype and promote the gen-
eration of germinal center B cells. In addition, when CXCR5+
memory cells were transferred to B cell deficient recipient mice
that were then infected, a large proportion of the resulting effector
cells recalled and sustained a Tth-like phenotype, while primary
effector cells generated from naive (uncommitted) SMARTA cells
did not. These latter results indicate that CXCR5+ memory cells
have acquired and maintained a Ttfh-biased cell program rela-
tive to their naive cell counterparts (20). Interestingly, while there
was some apparent flexibility by some CXCR5+4 memory cells to
generate CXCR5— Th1-like secondary effector cells, cell-intrinsic
restrictions impaired the Th1 effector program, resulting in poor
granzyme B and IFNy expression. The results from this study
argue in favor of Tth lineage commitment within the CXCR5+
Tth memory cell population (20).
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In contrast to these many studies that report the existence of
memory Tth cells that promptly and preferentially recall Tth phe-
notype and function upon rechallenge, one study reported that
L. monocytogenes specific (identified by MHC class II tetramer)
CXCR5+ memory CD4 T cells are pluripotent, promoting the
recall of both Tth cells and non-Tth (Th1) cells (31). Another study
of influenza infection in IL-21 GFP reporter mice showed that the
adoptive transfer of polyclonal CXCR5+GFP+ Tth CD4 effector
cells gave rise to memory cells with sufficient plasticity to gener-
ate secondary effectors of both Tth cells and non-Tth cells. Thus,
Luthje et al. conclude that Tth effector cells are “uncommitted”
regarding their T helper lineage (43). Interestingly, these stud-
ies both used adoptive transfer of polyclonal CD4 T cells (31, 43),
while studies demonstrating relative Tfh commitment of CXCR5+
Tth memory cells utilized TCR transgenic cells specific for a single
epitope (20,40,42). Because strength and/or longevity of TCR sig-
naling influences Th1 versus Tth differentiation (44, 45) as well as
memory CD4 T cell differentiation (46), individual TCRs within
the Tth effector population may confer varying degrees of lineage
commitment in CXCR5+ Tth memory cells. Going forward, it will
be interesting to determine whether different TCRs, infection and
immunization systems, and other factors play a role in the degree
of plasticity versus commitment in memory Tth cells.

There are many well described Tth cell markers; however, there
are relatively few markers useful for clearly distinguishing rest-
ing memory Tth cells. Antigen-specific memory Tth cells express
CXCRS5, but lack Bcl6, ICOS, and expression of many other Tth
molecules (20, 41, 47) (Figure 2). In addition, memory Tth cells
do not express CD69 (20), an indicator of ongoing antigen stim-
ulation. A recent study demonstrated that folate receptor 4 (FR4),
a surface receptor that is upregulated on Tth cells but not Thl
cells during acute viral infection, is maintained on the surface of
CXCR5+ memory Tth cells (48). To date, the best marker for
identifying memory Tth cells is CXCR5 (18, 20,41,47) (Figure 2);
however, not all CXCR5+ memory cell subsets exhibit specific Tth
function upon reactivation (47). Figure 2 shows some of the phe-
notypic markers associated with the memory Tth cell phenotype.

It has become clear that Tth effector cells can become memory
Tth cells with cell-intrinsic programs that promote the recall of Tth

cells upon reactivation. It is therefore possible to propose models of
T helper cell differentiation wherein naive CD4 T cells give rise to
Tth and other T effector lineage cells (Th1, Th2,or Th17 depending
upon context of the pathogen or inflammation), and these effector
cells give rise to memory cells that strictly maintain their lineage
commitment and recall their lineage upon reinfection or boosting
with antigen (Figure 3A). However, memory T cell populations
are characterized by a vast degree of phenotypic and functional
heterogeneity. A second and more comprehensive model would
suggest that as effector cells differentiate, individual cells acquire
varying degrees of programing toward the Tth or other T effector
lineage cells that can be stably maintained in resting memory cells
(likely through epigenetic mechanisms) (Figure 3B). The resulting
population of antigen-specific memory cells would then contain
a wide spectrum of cells with varying degrees of lineage commit-
ment versus pluripotency/plasticity (Figure 3B). This latter model
may account for why some studies report lineage commitment
within Tth cell subsets, while others studies report relative non-
commitment or plasticity. Future mechanistic studies will provide
improved insight into the heterogeneity of memory CD4 T cells in
relation to their T helper lineage commitment and recall potential.
Furthermore, determining whether Tth memory cells are home-
ostatically maintained over time at very late memory timepoints
remains to be explored.

HUMAN T FOLLICULAR HELPER MEMORY CELLS

The original reports describing CXCR5+ Tth cells in human
tonsils had differing ideas regarding the existence of memory
Tth cells. One report described that tetanus-antigen-specific pro-
liferation was induced in CD4+4CD45RO+CXCR5— but not
CD4+CD45RO+CXCR5+ cells, thus suggesting that Tth cells
likely disappear along with germinal centers, and are prone to
apoptosis due to their high levels of Fas expression (4). In con-
trast, the other report showed that unlike the activated tonsillar
CXCR5+ CD4 T cells that were CD69+HLA-DR+ICOS+, cir-
culating CXCR5+ cells in human blood are CD69—HLA-DR—
ICOS—, and hypothesized that these blood CXCR5+ cells repre-
sent memory Tth cells (5). Since these initial observations, whether
activated human Tth cells become memory T cells, and whether

FIGURE 2 | Markers of effector and memory Tfh cells. Tfh effector CD4 T
cells express high levels of the chemokine receptor CXCRS5, the inhibitory
receptor PD-1, ICQOS, the transcriptional repressor Bcl6, the transcription
factor c-Maf, and many other molecules. After antigen clearance, resting
memory Tfh cells no longer express Bcl6, ICOS, and IL-21 and many other Tfh
associated molecules. Tfh memory cells are characterized by intermediate
expression of CXCR5 and other Tfh related molecules and the absence of
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activation dependent molecules. Bcl6 expression is not detected in memory
Ttfh cells; however, Maf and other transcription factors are maintained at
low/intermediate levels. PD-1 is absent from antigen-specific memory Tfh
cells in mice, however, human CXCR5+CXCR3— memory Tfh cells maintain
low levels of PD-1 expression that is not dependent on TCR signaling. Folate
receptor 4 (FR4), a molecule that is highly expressed on effector Tth cells, is
maintained on CXCR5+ memory Tfh cells.
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FIGURE 3 | Models of T helper lineage commitment in memory CD4T
cells. Following activation, naive CD4 T cells undergo dramatic antigen
dependent proliferation to generate effector CD4 T cells. Following antigen
clearance, the majority of effector cells undergo apoptosis, leaving behind a
pool of antigen-specific memory cells. Upon reinfection or antigen boost,
memory cells become reactivated and proliferate, generating secondary
effector cells. (A) Potential model for lineage commitment of Tfh memory
cells. In this model, antigen-specific CD4 T cells differentiate to become
either lineage-committed Tfh cells or lineage-committed effector cells of
other lineages (either Th1, Th2, or Th17 depending upon the context of
infection or inflammatory stimulus). Resting memory Tfh and non-Tfh cells
would maintain their lineage-specific programing, and upon reactivation,
would faithfully recall their previously defined T helper lineage phenotype
and functions. (B) In this second model, antigen-specific CD4 T cells
differentiate toward either Tfh or non-Tfh (Th1, Th2, or Th17) effector cells;
however, depending upon the integration of many different stimuli (TCR
signals, inflammation, interactions with various antigen-presenting cells,
etc.), individual effector cells become transcriptional and epigenetically
programed with varying degrees of polarity toward Tth or non-Tfh cell
lineages. Following antigen clearance and T cell contraction, the
antigen-specific memory pool is highly heterogenous, being comprised of
cells with varying degrees of lineage commitment and T helper
lineage-specific recall potential, including highly committed Tfh memory
cells, more plastic/pluripotent Tfh and non-Tfh (Th1, Th2, and Th17) memory
cells, and highly committed non-Tfh (Th1, Th2, and Th17) memory cells.

they maintain their Tth function upon reactivation has remained
unclear. Recent reports have shed light on the nature of human
CXCR5+ memory Tth cell ontogeny and function (18, 37, 47).

One study described a population of circulating human
CXCR5+ central memory CD4 T cells that expressed CXCL13
and promoted B cells to undergo plasma cell differentiation and
Ig secretion (37). Another recent study investigating circulating
CXCR5+ CD4 T cells in human blood revealed that these cells
share functional characteristics with Tth cells. CXCR5+4- cells pro-
moted the isotype switching and antibody production of IgG, IgA,
and IgE isotype switched antibodies in T:B cell co-culture exper-
iments, while CXCR5— cells did not promote switched antibody
production (18). Their study further categorized the CXCR5+
population into CXCR3+CCR6— (Thl-like), CXCR3—CCR6+
(TH17-like), and CXCR3—CCR6— (Th2-like) subsets. While
CXCR5+CXCR3+4CCR6— cells did not provide help in these
co-culture assays, CXCR5+CXCR3—CCR6+ cells promoted high
levels of IgG and IgA antibodies, while CXCR5+CXCR3—CCR6—
cells promoted high IgG and IgE, and intermediate levels of IgA.
This study highlights the function of reactivated CXCR5+ CD4 T
cells from peripheral blood to promote antibody production, and
further defines the vast heterogeneity of CXCR5+ cells in rela-
tion to the Thl, Th2, and Th17 lineage of cells (18). The CD69—
and ICOS— phenotype of these circulating CXCR5+ cells (prior
to reactivation) suggests that they are resting memory cells (18).
However, inability to identify antigen-specific cells and relate them
to a known time of antigen exposure lead to difficulty in conclud-
ing whether they are indeed true memory Tth cells that persist
long-term in the absence of antigen and maintain their lineage
characteristics in their resting state.

Locci et al. profoundly advanced the understanding of human
Tth memory cells and clarified their existence. Their study
identified that blood CXCR5+CXCR3— cells that had a non-
activated/resting phenotype could be stratified into either PD-1—
or PD-1'% subsets (47). Interestingly, low PD-1 expression was
stably maintained on this latter subset of cells during 20 day cul-
ture in vitro in the absence of TCR stimulation, suggesting that
sorted CXCR54PD-11% cells express these molecules (PD-1 and
CXCR5) as a part of the Tth transcriptional program. Indeed, the
transcriptional profile of these CXCR5+CXCR3—PD-1°% cells
is similar (albeit reduced) to that of germinal center Tfh cells
from human tonsils, and these cells promoted the highest IgG
antibody production and plasmablast differentiation in T:B cell
co-culture experiments compared to other subsets of CXCR5+
cells (47). Furthermore, characterization of tetanus-specific CD4
T cells in healthy human donors (identified using HLA tetramers
bearing tetanus peptide), demonstrated the existence of this
CXCR54CXCR3—PD-1!°" phenotype among resting antigen-
specific memory cells (Figure 2). Together, these experiments
define the phenotype and function of human memory Tth cells
and combine to fortify the idea that memory Tth cells exist within
the pool of resting human antigen-specific memory cells (47).

Defining strategies and markers to distinguish and character-
ize antigen-specific human Tth effector and memory subsets is
difficult, and is the focus of many recent and current lines of
research (18, 47, 49-51). The vast heterogeneity of effector and
memory CD4 T cells in human blood and other tissues has led
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to difficulty in understanding what Tth-like cell subsets serve
as the best correlates of effective antibody responses, and what
subsets actually provide the help for the B cell response in vivo
(51). Some of the differences for Tth and/or Tth memory mark-
ers utilized in these various studies may result from the different
types of infections or vaccinations studied, the timepoints ana-
lyzed (early after vaccination versus long-lived memory cells), and
the varying analysis of “bulk” memory populations of unknown
antigen-specificities versus analysis of tetramer+ pathogen spe-
cific memory cells (18, 47, 49-51). As better markers, reagents,
and methods for studying antigen-specific Tth responses become
available, the developmental requirements and heterogeneity of
human memory Tth cells and their relationship to other T helper
cell subsets will be better understood. This will open doors to more
clearly define the specific roles that Tth memory cells play during
recall responses by human Tth cells during boosting or in response
to natural infection.

PRESERVING THE Tth PROGRAM IN RESTING MEMORY Tth
CELLS

A complex combination of cytokines, transcription factors (52),
STAT molecules (53), and epigenetic changes (54, 55) combine
to delineate both the initial differentiation and stability of T
helper lineages. Extrinsic factors that drive CD4 T cell acti-
vation and T helper cell differentiation are absent after anti-
gen/pathogen clearance. Consequently, transcription factors such
as Tbet and Bcl6 and other molecules that define T helper lin-
eages are downregulated on memory CD4 T cells (20, 31, 40,
41). A critical question regarding the existence of CXCR5+ Tth
memory cells (and other specialized T helper cell memory sub-
sets) remains: how do memory cells maintain lineage commitment
and remember the gene expression programs of their previously
defined T helper lineage in the absence of antigen and inflamma-
tory signals (Figure 4A) (56, 57)? While the answer to this question
for memory Tth cells is currently not resolved, it is likely that the
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FIGURE 4 | Potential mechanisms that promote Tfh recall responses
from memory Tfh cells. (A) Differentiated CXCR5+ memory Tfh cells
possess cell-intrinsic programs that promote the preferential generation of
Tth secondary effectors cells upon reactivation with antigen. In contrast,
uncommitted naive CD4 T cells are pluripotent, with the capacity to
generate a balance of Tth and non-Tfh (Th1, Th2, Th17) effector cells
following activation. (B) The maintenance of Tfh associated transcription
factors may promote the recall of the Tfh cell program and inhibit the
differentiation of other T helper lineages following activation. The
transcription factor Maf, is maintained at low levels in human Tfh memory
cells. While Bcl6 expression is not detectable in memory Tfh cells, it is
possible that soon after reactivation, rapid reexpression of Bcl6 directs Tth
gene expression as well as inhibits Blimp1 and high expression of Tbet,
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Gata3, and RORyt. (C) CXCR5 and CCR7 coexpression on memory Tfh
cells may provide localization of memory Tfh cells along the T:B cell border
either before or early after reactivation, promoting increased interactions
with B cells that can reinforce the Tth cell phenotype and function. In
contrast, CCR7+ (CXCR5—) naive CD4 T cells will become activated in T
cells zones by antigen-bearing dendritic cells. (D) Epigenetic programs
acquired during Tfh effector differentiation can be maintained in resting
memory Tfh cells throughout homeostatic proliferation. Transcriptionally
permissive histone modifications and unmethylated DNA at “poised” Tfh
associated loci in memory Tfh cells will promote the rapid reexpression of
these genes upon reactivation. In addition, repressive histone
modifications and DNA methylation will prevent reexpression of Th1, Th2,
and Th17-associated genes.
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reexpression of key transcription factors, as well as the epigenetic
state of genes related to Tth cell development and function, play
an important role in directing Tth memory cells toward recall-
ing a secondary Tth response. Potential mechanisms (that are not
mutually exclusive — and more likely work in concert) for preserv-
ing the program of Tth memory cells that promote the recall of
Tth secondary effector cells are shown in Figures 4B—D.

Bclé6 plays a critical role in defining the phenotype and function
of Tth cells (8—10). Although all of the mechanisms by which this
transcriptional repressor positively directs the Tth gene expression
program, Bcl6 expression can induce CXCR5 expression (9, 15),
likely through an indirect mechanism. Bcl6 overexpression in naive
human CD4 T cells promotes the regulation of genes required for
germinal center trafficking and interactions with B cells, and in
cooperation with Maf induces expression of other key Tth genes
(15). Tt is clear that while many Tfh associated genes are down-
regulated in resting CXCR5+ memory cells, these cells maintain
a Tfh-like gene expression profile for many other Tth associated
genes (20, 47). Bcl6 transcript was not detectable in memory Tth
cells (20, 41, 42, 47). However, this does not rule out that very
low levels of Bcl6 expression could bias the recall of memory
Tth cells early after cell reactivation by promoting the Tth phe-
notype and inhibiting Blimp] activity (Figure 4B). Furthermore,
because memory B cells can present antigen to and rapidly induce
Bcl6 expression in memory Tth cells (58), the Bcl6-dependent Tth
transcriptional program may be robustly reinforced in memory
Tth cells upon reactivation in vivo.

Maf gene and protein expression were found at low lev-
els in human blood Tfh memory cells (CXCR54+CXCR3—
PD-1+) (47), suggesting that this important transcriptional reg-
ulator of Tth cell functions (14, 15) may play a role in preserving
aspects of the Tth phenotype and program in these memory cells.
In addition, Ascl2, a recently described transcription factor was
shown to be required for early Tth differentiation and function
(16). Overexpression of Ascl2 results in CXCRS5 expression, CCR7
downregulation, and subsequent migration to the follicles. Ascl2
binds to conserved non-coding sequence regions of the Cxcr5
locus and promotes Cxcr5 gene expression. Interestingly, Ascl2
did not induce Bcl6 expression. It is therefore possible that Ascl2
expression in Tth memory cells may be important for maintenance
of CXCRS5 expression in resting memory Tth cells (16). Currently,
it is unclear what specific roles Bcl6, Maf, Ascl2, or other transcrip-
tion factors play in preserving CXCR5 expression on memory Tth
cells, and promoting maintenance of the Tth gene expression pro-
gram (Figure 4B). Upon reactivation, it is possible that CXCR5+
Tth memory cells are already localized (or rapidly relocalize) to
the T:B border, resulting in interactions with B cells that would
then reinforce Bcl6 reexpression and other Tth transcription fac-
tors (Figure 4C). In turn, this might preferentially promote the
Tth program (over other T helper lineage programs) during the
secondary response (Figure 4C). Currently, it remains unclear how
these and other transcription factors influence the maintenance of
the Tth program and the repression of other T helper cell lineages
in Tth memory cells.

Transcription factors that have been termed lineage “master
regulators,” such as Tbet, RORyt, and Gata3 are not always limited
in their expression to a single subset of differentiated CD4 T cells

and can be expressed in Tth effector cells (Figure 1) (1). The
expression of these factors in Tth effector cells is believed to be
important for promoting expression of key cytokines that direct
specific isotype class switching in cognate germinal center B cells
(17, 21, 22). The balance of Bcl6 and Tbet has been shown to
have important effects of differentiation and gene expression by
Th1 and Tth cells (59-61). Interestingly, following LCMV infec-
tion, mouse Tth cells co-express Bcl6 and intermediate levels of
Tbet (20). The resulting Tth memory cells do not have detectable
Bcl6, but surprisingly, maintain low levels of Tbet gene and pro-
tein expression (20). Despite this Tbet expression (and lack of
Bcl6), adoptively transferred Tth memory cells predominantly
generate Tth secondary effector cells following reinfection (20).
This finding invokes the idea that beyond the simple balance
of lineage-associated transcription factors, transcriptional pro-
graming through epigenetic modifications likely plays a role in
promoting the reexpression of Tth genes and repressing the gene
expression programs of other T helper cell lineages (57).

The maintenance of gene expression and lineage-differentiation
programs in the absence of inflammatory/differentiating signals is
reinforced by epigenetic programs that are acquired during the
initial effector T cell differentiation (54, 57). The combination
of epigenetic modifications to histones to regulate the structure
of chromatin and the methylation of DNA at CpG motifs that
determine the binding of inhibitory methyl-binding domain pro-
teins can be conserved in daughter cells throughout cell division
(62), providing a mechanism for gene expression programs to be
maintained during T cell homeostatic proliferation (57). Further-
more, transcriptionally permissive epigenetic marks are positively
associated at loci of lineage-specific cytokines for each T helper
lineage, while repressive marks at specific loci relevant to other
T helper lineages serve to prevent inappropriate gene expression
and suppress the differentiation toward alternative lineages (54,
57). Lu et al. observed that positive chromatin marks were associ-
ated in Tfh-like cells at the Tbx21, Gata3, and Rorc loci, and that
these cells could be repolarized toward Th1, Th2, and Th17 cells
when restimulated under polarizing conditions (63). This study
highlights that certain features of the Tth program may partially
overlap with Th1, Th2, and Th17 cell programs, possibly allowing
greater plasticity toward the capacity to produce multiple lineage-
defining cytokines. In addition, in vitro differentiated Thl and
Th2 cells (but not Th17 cells) can become Tth cells following
adoptive transfer and immunization with protein in adjuvant (42).
Together, these studies demonstrate that there is a degree of flex-
ibility between effector Tth cells and other T helper cells. Further
work is required to determine whether and how such flexibility
applies to CXCR5+ memory Tth cells generated in vivo. It is pos-
sible that context-dependent selective processes during memory
T cell development promote antigen-specific memory T cells that
are either more or less committed to Tth differentiation compared
to their effector (precursor) counterparts (Figure 3).

Methylation of CpG motifs in regulatory regions of genomic
DNA serve as a transcriptionally repressive mark through recruit-
ment of methyl-binding domain proteins (62, 64). Loss of DNA
methyltransferase activity has dramatic effects upon CD4 differ-
entiation, resulting in loss of restriction of key lineage-associated
cytokine and transcription factor genes (65-69). DNA bisulfite
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sequencing analysis of LCMV-induced CD4 T cells revealed that
the Gzmb locus (encoding granzyme B) became demethylated in
Thl but not Tfh effector cells. Furthermore, the maintenance
of DNA methylation at the Gzmb locus in CXCR5+ memory
Tth cells was predictive of both their capacity to recall the Tth
effector phenotype upon reactivation with antigen in vivo, and
also their inability to efficiently express granzyme B, even among
the small fraction of Thl-like secondary effector cells that had
downregulated CXCRS5 expression (20). Thus, repression of Th1-
associated gene expression programs (such as Gzmb) in mem-
ory Tth cells likely plays an important role in the maintenance
of the Tfh program in resting CXCR5+ Tth memory cells by
repressing the expression of genes associated with Thl effec-
tor function (Figure 4D). Future work is needed to characterize
permissive versus repressive epigenetic marks (for loci of lineage-
associated cytokines, effector molecules, and transcription factors)
in antigen-specific memory Tth, Th1, Th2, and Th17 cells, provid-
ing needed insight into the plasticity versus commitment of mem-
ory CD4 T cell subsets induced by infection and immunization.

CONCLUDING REMARKS

The discovery that phenotypically unique subsets of CXCR5+
memory CD4 T cells have recall potential specific for Tth func-
tion invites important questions for future study that will inform
vaccination strategies for infectious diseases. Understanding the
mechanisms of how Tth memory cells acquire and preserve the
Tfh gene expression programs and preferentially recall these pro-
grams upon reactivation will provide important insight into the
lineage maintenance and plasticity of these cells. Finally, future
work is needed to determine the optimal ways to utilize Tth mem-
ory cells during prime and boost immunization to promote ways
that improve protective and long-lived antibody responses.
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