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Abstract

Mature T helper (Th) effector cells originate following antigen recognition
by naive T precursors. The maturation process is accompanied by the
acquisition of specific effector functions that distinguish at least three dif-
ferent T helper subsets: Thl, Th2 and Th1l7. In general, maturation of
somatic cells is accompanied by terminal differentiation. However, accu-
mulating evidence shows that effector T cells retain a certain degree of
plasticity. This is especially true for Th17 cells, which have been shown to
converge towards other phenotypes in response to specific microenviron-
mental pressure. In this review we will discuss the experimental evidence
that supports the hypothesis of Th17 plasticity, with particular emphasis
on the generation of Th17-derived ‘non-classic’ Thl cells, and the molecu-
lar networks that control it. Moreover, we will consider why Th17 plastic-
ity is important for host protection, but also why it can have pathogenic
functions during chronic inflammation. Regarding the last point, we will
discuss a possible role for biological drugs in the control of Th17 plastic-
ity and disease course.
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Introduction

The immune system has evolved to mount specific and
specialized immune responses against invading pathogens.
In this context, CD4" T helper (Th) cells are crucial regu-
lators of adaptive immunity. Upon recognition of the
specific antigen presented by professional antigen-present-
ing cells, naive Th cells differentiate towards one of mul-
tiple possible lineages. In this way, CD4 Th cells
guarantee the optimal immune response to achieve
pathogen clearance. The original model of Th cell differ-
entiation, described in the early 1990s by Mosmann and
Coffman in mouse and by Romagnani in humans, con-
templated the existence of two alternative differentiation
programs, Thl and Th2."* Thl cells protect mainly from
intracellular pathogens through the secretion of inter-
feron-y (IFN-y), a cytokine that potentiates the phago-
cytic capacity of macrophages. In addition, Thl cells
promote the IgG class-switch of antigen-specific B lym-
phocytes.” Th2 cells protect from extracellular parasites

by the activation of mast cells, basophils and eosinophils,
the main characters of the so-called non-phagocytic
response.” Indeed, parasites are usually large and cannot
be phagocytosed. Th2 cells secrete interleukin-4 (IL-4)
and IL-13, which promote the production of antigen-
specific IgE, and IL-5, which promotes the differentiation
of eosinophils in the bone marrow and their survival in
the periphery. IgE-opsonized parasites can be recognized
by eosinophils by their low-affinity IgE receptors.” This
leads to the release of molecules that can damage the par-
asite’s robust tegument and to the secretion of histamine
and other mediators that promote contraction of intesti-
nal or bronchoalveolar districts to favor parasite expul-
sion.” The differentiation of naive cells towards these
alternative pathways is induced by different instructive
cytokines that are released by antigen-presenting cells in
the local microenvironment at the immune synapse.
Indeed, Thl cell development is favored by the presence
of IFN-y and IL-12, whereas Th2 cells are induced by the
presence of IL-4.> The role of instructive cytokines is to
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promote intracellular signaling pathways that activate lin-
eage-specific transcription factors, that in turn promote
chromatin remodeling and the stabilization of a specific
Th cell program. In particular, the transcription factors
signal transducer and activator of transcription 1
(STAT1), STAT4 and Tbet are crucial in Thl differentia-
tion, while STAT6 and GATA3 are involved in Th2 cell
development.”

More recently Harrington and Park with their col-
leagues defined the existence of a third, distinct, lineage
of Th cells producing IL-17, named Th17.%” Since this
discovery, most efforts have been focused on understand-
ing how these cells originate, what is their biological
function and their possible involvement in autoimmunity.
Th17 responses are induced against extracellular bacteria
and fungi, and through IL-17 promote the secretion of
IL-8 by tissue-resident cells, so favoring neutrophil
recruitment at sites of infection. Th17 cells also produce
IL-22, which has tissue protective functions.® In contrast
to Thl and Th2 polarization processes, there is still no
consensus in the literature regarding how Th17 responses
are induced. Indeed, multiple cytokines have been pro-
posed in various combinations to be the most effective in
driving Th17 polarization. To further complicate this sce-
nario, significant differences in mouse and human polar-
ization settings have been proposed. The paper by
Langrish et al. demonstrated that the development of IL-
17-producing cells is strictly dependent on the activity of
IL-23, which signals through STAT3.” Moreover, these
cells have a highly pathogenic potential in a mouse model
of experimental autoimmune encephalomyelitis. Subse-
quent studies instead proposed IL-6 and transforming
growth factor-fi (TGF-f) as crucial components of the
murine Th17 polarization cocktail.'®"" IL-6 turns on the
STAT3 signaling pathway, while TGF-f activates tran-
scription factors of the Smad family. However, as already
stated, there is still no consensus on the reciprocal role of
these cytokines. In particular, the role of TGF-f is
debated. Some studies in humans confirmed the impor-
tance of this cytokine.'*”'* Instead, other studies denied
the importance of TGF-f in Th17 development.'” Indeed,
IL-1f and IL-6"° or IL-1f and IL-23'7 were found to be
effective in generating Thl7 cells. In our experience,
TGF-B plays an indirect role in promoting Thl7 cell
development. Indeed, TGF-fi is an immunoregulatory
cytokine and is more effective in suppressing Thl rather
than Th17 cell responses,'® so indirectly promoting the
accumulation of IL-17-secreting cells. Moreover, we have
demonstrated that human Th17 cells preferentially
develop from a naive CD4" CD161" precursor that can
be detected in the umbilical cord blood and thymus,
under the combined activity of IL-1f and IL-23." It has
recently been shown that multiple redundant pathways
converge during the course of Thl7 differentiation
in vivo. Patients with IL-6 receptor (IL-6R) inactivating
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mutations have normal levels of circulating Th17 cells,
but their development in vitro from naive precursors is
affected.”® Hence, IL-6 signaling deficiency alone in vivo
can be substituted by other redundant factors. In agree-
ment with this, the frequency of peripheral
CCR4" CCR6" Th17 cells is normal in patients with auto-
somal recessive IL23R deficiency, but they do not differ-
entiate properly in vitro.”' A critical step during the
differentiation process is the activation of the transcrip-
tion factor STAT3, which controls the expression of sev-
eral genes associated with the Thl7 program.** The
importance of STAT3 in this process is demonstrated by
patients affected by the hyper-IgE syndrome, a genetic
disease caused by loss of function mutations in the
STAT3 locus, that display absence of Th17 cells.”” The
final differentiation step is the expression of the transcrip-
tion factor retinoic acid-related orphan receptor-yt
(ROR-yt),%* which defines Th17 as a distinct CD4 Th cell
lineage. ROR-yt activates a transcriptional program typi-
cal of Th17 cells that includes the expression of typical
surface molecules such as CD161, the chemokine receptor
CCR6 and IL-23R. Indeed, patients with RORC bi-allelic
inactivating mutations display absence of circulating Th17
cells.”

Despite CD4, Th effector cells are crucial players in the
fight against microbial pathogens, their activity must be
tightly controlled to avoid exaggerated and unwanted
responses. Indeed, inappropriate responses of Thl and
Th17 are responsible for autoimmune disease develop-
ment, and Th2 cells sustain allergic disorders.?® In this
view, regulatory T (Treg) cells have a crucial role in
maintaining tissue homeostasis through preventing inap-
propriate immune responses against self or innocuous
antigens. Treg cells express the transcription factor Foxp3
and can develop either in the thymus or in the periphery
(iTreg). A subset of Foxp3™ Treg cells has also been iden-
tified, type 1 regulatory cells (Tr1).>” The Trl cells origi-
nate in the periphery, produce high levels of IL-10 and
express CD49b and LAG3 on their surface.”®

Plasticity of Th17 cells

The original model of Th cell differentiation considered
polarized cells as terminally differentiated and unable to
acquire phenotypical properties typical of other subsets.
This concept originated mainly from experiments that
suggested the existence of a transcriptional program that
is reinforced by epigenetic changes and that antagonizes
the expression of a gene signature from alternative sub-
sets. Indeed, it was demonstrated that recently in vitro
polarized Thl or Th2 cells could be redirected towards
the opposite lineage if cultured in the presence of the
appropriate cytokine cocktail. Instead, long-term polar-
ized cells maintained their original phenotype even if
stimulated with cytokines promoting the development of
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the opposite lineage.” To further reinforce this hypothe-
sis, several data showing the reciprocal counter-regulation
of Thl and Th2 differentiation programs were published.
Indeed, it has been shown that Tbet is induced down-
stream of the IFN-y—STAT] signaling pathway’® and pro-
motes Runx3 expression. Tbet and Runx3 then cooperate
to increase IFNG gene transcription and IL4 gene silenc-
ing.’! On the other hand, IL-4 represses the Th1 differen-
tiation program by inhibiting the expression of the IL-
12Rf2 chain, so impeding IL-12 sensitivity.”> Counter-
regulation of alternative Th phenotypes was demonstrated
even after the discovery of the Th17 subset. Indeed, IL-
27, a cytokine that belongs to the IL-12 family, was
demonstrated to trigger Thl cell development through
the up-regulation of Tbet and IL-12Rf2, while inhibiting
the Th17 program.’** Similar evidence was produced
regarding the ability of Th2-associated molecular machin-
ery to impede Th17 differentiation.’*"®

Despite all these findings, several others confuted the
idea that polarized Th cells are terminally differentiated.
Indeed, it was demonstrated that allergen-specific Th2
cells can be redirected towards IFN-y production®”*® and
that either Thl or Th2 cells can express alternative cyto-
kine genes when stimulated under opposite polarizing
conditions.” The concept of Th cell plasticity became
even more evident for the Thl7 subset. Our group
demonstrated that cells simultaneously producing IL-17
and IFN-y (named Th17/Thl) were detectable in the gut
of patients with Crohn’s disease. Th17/Th1 cells exhibited
features of Th17 cells, such as expression of the surface
markers CCR6 and IL-23R and of the transcription factor
ROR-7t.* These data suggested the possibility that Th17/
Thl cells may originate from Thl7 upon appropriate
cytokine stimulation. Indeed, culturing of Th17 cells in
the presence of IL-12 resulted in an up-regulation of Tbet
expression and an increase of IFN-y production.*® More-
over, our group provided evidence that the phenotypical
conversion of Th17 cells can further progress to a com-
plete trans-differentiation to a Thl phenotype with loss
of IL-17 secretion. This process is induced by IL-12 and
occurs at sites of chronic inflammation such as the
affected joints of children with juvenile idiopathic arthri-
tis.*"** Thl cells derived from the shifting of Th17 pre-
cursors were defined as non-classic Thl. Non-classic Thl
cells are phenotypically distinct from classic Thl, that
instead do not derive from Th17. Indeed, non-classic Th1
cells express surface markers of the Th17 phenotype such
as CCR6, CD161 and IL-23R and the transcription factor
ROR-yt, although at lower levels than Th17. In parallel,
non-classic Thl cells acquire Thl features such as expres-
sion of the chemokine receptor CXCR3 and of the tran-
scription factor Tbet.*> Non-classic Thl cells produce
IFN-y and granulocyte-macrophage colony-stimulating
factor (GM-CSF) as classic Thl cells do.** More recently
we showed that also tumor necrosis factor-o. (TNF-o) can
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promote the development of non-classic Thl cells from
Th17 cells.*” In addition to these data demonstrating the
plasticity of human Th17 cells, similar findings have been
obtained in mouse. Lee et al.*® demonstrated that in vitro
generated Th17 cells could be redirected towards a Thl-
like phenotype when exposed to IL-12 or IL-23 in a
STAT4- and Tbet-dependent manner. The same pheno-
typic transition was observed even in vivo in a model of
colitis when reconstituting Ragl '~ mice with in vitro gen-
erated Th17 cells.** However, most murine data were
generated using in vitro polarized Th17 cells, thus raising
some concerns about their real phenotypic stability. Sup-
porting this possibility, Lexberg et al.*” demonstrated that
murine in vitro polarized Th1l7 cells can be shifted
towards Thl or Th2 if exposed to IL-12 or IL-4, respec-
tively, while in vivo polarized Th17 cells are instead phe-
notypically stable. However, the same authors provided
evidence in a subsequent publication.*® that in vivo gener-
ated murine Th17 cells are also plastic. Indeed, these cells
do not express the IL-12Rf2 chain, so are not sensitive to
IL-12 stimulation. However, the authors demonstrated
that IFN-y up-regulates the expression of the IL-12Rf2
chain by Th17 cells, which become Th17/Thl following
IL-12 exposure. It has also been demonstrated that Th17
cell plasticity is strictly dependent on their metabolic
activity because strong mTORCI signaling and anabolic
metabolism are required for their trans-differentiation
into Thl cells.*

Differentiation routes of Th17 cells towards different
phenotypes other than Thl have been demonstrated. Our
group has shown the existence of Th17/Th2 cells, produc-
ing both IL-17 and IL-4, that originate from Thl7 upon
exposure to IL-4.°° Th17/Th2 cells are enriched in the
blood of patients with chronic asthma.®® Of note, an
accumulation of this subset in the bronchoalveolar lavage
of individuals with asthma is associated with steroid-resis-
tant forms of the disease, the so-called ‘difficult to treat
asthma’®' In mice it has been demonstrated that Th17
cells accumulate in intestinal Peyer’s patches where they
acquire T follicular helper cell properties, leading to the
promotion of IgA production.’® Finally, it has been
shown that murine intestinal Th17 cells can also differen-
tiate into Type 1 regulatory cells through a mechanism
that includes TGF-f signaling and the transcription factor
aryl hydrocarbon receptor (AhR).”> Collectively these data
further support plasticity of the Thl17 phenotype and
highlight the possibility that these cells may behave as
pro- or anti-inflammatory depending on the specific
microenvironmental context. Finding out how to redirect
Th17 responses may have clinical implications as it may
be relevant to modulate the course of not only chronic
inflammatory diseases but also tumoral diseases.

Plasticity towards the Th17 phenotype is more debated.
Thl cells are traditionally considered a highly stable cell
subset. Indeed, we and others have shown that Thl cells
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(either classic or non-classic) are resistant to the activity
of pro-Th17 cytokines.**** Only ROR-yt forced expres-
sion by way of lentiviral vector can trigger IL-17 produc-
tion by Thl cells.**>* Supporting this notion, it has been
shown that several molecular mechanisms stabilize the
Th1 phenotype and restrain the expression of Th17 genes.
Retinoic acid via its receptor RARw has a critical role in
maintaining Thl cell lineage as it promotes STAT-4, Tbet
and IFN-y while simultaneously inhibiting the expression
of Thl7-associated genes.”” In agreement with this, we
have shown that human Thl cells express the transcrip-
tion factor Eomes, which selectively inhibits the expres-
sion of RORC2 and IL17A. Of note, Eomes is expressed
also by non-classic Thl cells, which suggests that the dif-
ferentiation of Th17 cells into Th1 is irreversible, at least
until the molecular machinery that stabilizes the Thl phe-
notype is expressed.** For this reason, the development of
non-classic Thl cells from Thl7 is tightly controlled.
Indeed, we have shown that acquisition of Eomes expres-
sion by Thl7 cells is strongly regulated and requires
proper IL-2 sensitivity.* It is known that Th17 cells have
reduced IL-2 production®®’ and sensitivity®, thus indi-
rectly controlling Eomes expression.

Another report showed instead that during intestinal
inflammation in mice the TGF-f—Runx1 axis can differenti-
ate Th1 cells into Th17.°° However, as all experiments were
performed with in vitro polarized cells, the possibility that it
may happen in vivo is still debated. Regarding plasticity of
Treg cells towards Th17, it has been shown the existence of
a population of regulatory cells co-expressing Foxp3 and
ROR-yt that potently suppresses inflammation in a T-cell-
dependent colitis model.®® These cells originate mainly
from Foxp3" ROR-yt~ precursors61 and acquire IL-17 pro-
duction thanks to ROR-yt expression.62 Hence, Fox-
p3" ROR-yt" cells are considered to be bifunctional because
they exhibit both pro- and anti-inflammatory properties.®®

Epigenetic control of Th17 cells plasticity

T helper cell polarization is accompanied by chromatin
remodeling to sustain the expression of a specific tran-
scriptional program. Architectural changes of chromatin
structure are achieved through the addition of epigenetic
marks that include mainly histone modifications and
DNA methylation. Wei et al.** demonstrated that murine
naive, Thl, Th2 and Th17 cells display distinct histone
H3 lysine 4 (H3K4) and lysine 27 (H3K27) trimethylation
at cytokine gene loci, confirming the lineage commitment
of these subsets. However, they also provided evidence
that transcription factor genes display instead bivalent
histone marks, suggesting that this might be crucial for
Th cell plasticity. Mukasa et al. confirmed that the IL-12-
driven plasticity of murine in vitro polarized Th17 is sus-
tained by epigenetic remodeling. Indeed, upon IL-12
treatment, Th17 cells underwent a rapid reorganization of
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histone modifications, with the accumulation of permis-
sive marks at Tbx21 and Ifng genes and the concurrent
appearance of inhibitory marks at Rorc2 and Il17 loci.®®
Of note, similar data were generated also in a subsequent
study performed on in vivo polarized Th17 cells.®® This
paper highlighted also the presence of repressive histone
marks at the Il12rf2 gene, which correlates with the
reduced sensitivity of in vivo generated Th17 cells to IL-
12."® Cell activation lead to the removal of non-permis-
sive histone modifications and to the expression of the
IL-12RB2 chain.®® The first data on epigenetic plasticity
of human Th17 cells were provided by a study performed
on in vivo generated Thl and Th17 cells. The authors
showed that human Thl and Th17 cells have a distinct
profile of histone modifications and DNA methylation at
cytokine (ILI17, IFNG) and transcription factor (RORC2,
TBX21) genes.”* When cultured in the presence of IL-12
in vitro, Th17 cells acquired the capacity to produce IEN-
7, but this was not mirrored by the appearance of epige-
netic permissive modifications. Hence, the authors con-
cluded that, despite the possible transient expression of
non-signature cytokines, human T cells are epigenetically
stable and DNA methylation has a crucial role in main-
taining their phenotypic identity. However, these conclu-
sions were drawn from the exposure of ex vivo-recovered
cells to IL-12 in vitro, which may not recapitulate what
really happens in vivo. Indeed, in a subsequent study we
took advantage of a combination of surface markers and
cytokine production capabilities to sort in vivo generated,
Th17-derived, non-classic-Thl cells. DNA methylation
analysis showed that non-classic Thl cells have reduced
CpG methylation at ILI7A and RORC2 gene loci, which
confirms their Th17 origin. Moreover, these cells exhib-
ited complete demethylation of TBX2I and IFNG genes,
that instead are fully methylated in Th17 cells.”” Hence,
in vivo plasticity of human Th17 cells towards Thl is sus-
tained at an epigenetic level.

Thay plasticity and host defense

Despite Th17 plasticity having been clearly demonstrated
and characterized at molecular level, the biological signifi-
cance of this phenomenon is less clear. Transition to the
non-classic Thl phenotype may be associated with the
acquisition of peculiar antimicrobial properties that may
be fundamental for pathogen clearance. Th17 responses
are classically associated with neutrophilic inflammation,
which is commonly present during the initial phases of
bacterial infections. However, exaggerated and sustained
neutrophil activity may also lead to tissue damage, hence
the shifting to a macrophage-based (Thl-triggered)
response may be important in chronic infections. It is
also worth mentioning that non-classic Thl cells have a
unique pattern of chemokine receptors, i.e. CCR6 and
CXCR3 co-expression, that allows migration to tissues
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expressing either Thl7 (CCL20) or Thl (CXCL9,
CXCL10, CXCL11) -recruiting chemokines.*> Regarding
host protection, it has been demonstrated that Mycobac-
terium tuberculosis-specific T cells are multifunctional
(IFN-y*, TNF-o", IL-2") and are contained in the
CXCR3" CCR6"  subset.®®®® Further supporting these
data, patients with bi-allelic RORC loss of function muta-
tions present not only with chronic candidiasis due to the
absence of IL-17-producing cells, but also mycobacterio-
sis. Indeed, these patients displayed a defective IFN-y pro-
duction by CD4" CXCR3" CCR6" cells in response to the
weak pathogen bacillus Calmette-Guérin.> Non-classic
Thl cells cooperate also with classic Thl cells in the
response against influenza.®® Hence, non-classic Thl cells
provide a specific line of defense against certain patho-
gens. In addition, it has been shown that CCR6" CXCR3"
Th17/Th1 cells responded specifically to extracellular bac-
teria such as Streptococcus pneumoniae, Escherichia coli
and Lactobacillus rhamnosus.”’ The observation that dif-
ferent pathogens evoke distinct multifunctional Thl7
responses further supports the concept that T-cell plastic-
ity is aimed to provide the optimal response to the speci-
fic invading pathogen. Indeed, Candida-albicans-specific
Th17 cells were shown to produce IL-17 and IFN-y but
no IL-10, whereas Staphylococcus-aureus-specific Th17
cells produced IL-17 and no IFN-y but could also secrete
IL-10 upon restimulation”' (Fig. 1).

Thay to Tha cell plasticity and disease

Chronic inflammatory disorders were originally consid-
ered to be the result of uncontrolled autoreactive Thl
responses. However, with the discovery of the Th17 sub-
set, it has been proposed that these cells may play a criti-
cal pathogenic role. Contrasting data have been proposed
on the reciprocal role of Thl and Th17 cells in autoim-
munity.”> A solution to this debate came with the discov-
ery of Thl7 plasticity and the finding that cells
simultaneously producing IL-17 and IFN-y were detect-
able at sites of inflammation. Since that observation data,
both in mice and humans, have been reported regarding
the crucial role of the Th17 to Thl trans-differentiation
in sustaining chronic inflammation in different organs
(Fig. 2). It has been demonstrated that Th17 cells can
induce pancreatic inflammation and type 1 diabetes in
mice only after their transition to a Thl phenotype.”’
Diabetes development could be prevented through the
administration of a neutralizing anti-IFN-y antibody but
not by an anti-IL-17 antibody.”* In agreement with this,
Th17 cells from children with type 1 diabetes exhibited
enhanced plasticity, and the degree of Th17/Th1 plasticity
was correlated with the impaired glucose control.”> A sig-
nificant amount of data strongly suggests a pathogenic
role for Th17 plasticity in inflammatory bowel diseases.
Cells simultaneously producing IL-17 and IFN-y were
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detected in the gut of patients with Crohn’s disease.* In
a colitis model induced by transfer of in vitro polarized
Th17 cells into Ragl” recipient mice, it was demon-
strated that transition of Th17 cells to Thl occurs in vivo.
Transition was IL-12- and IL-23-dependent and was cor-
related with colitis development as neutralization of these
cytokines significantly ameliorated disease score.*® This
hypothesis was further confirmed by a subsequent study
showing that acquisition of IFN-y production is crucial
for colitis development following transfer of in vitro
polarized Th17 cells into Ragl™~ mice. Of note, Th17 to
Th1 transition was largely STAT4-dependent and required
Tbet activity.”® Regulatory T cells have an important role
in this process by preventing the development of colito-
genic non-classic Thl cells, thus favoring an accumulation
of Th17 and Th17/Th1 cells, which are non-pathogenic.”
Th17 plasticity was observed even in a model of colitis
induced by experimental infection with Helicobacter hep-
aticus.”® Similar observations have been produced in
experimental autoimmune encephalomyelitis, the mouse
model of multiple sclerosis. Indeed, it has been shown
that IFN-y" IL-17" cells infiltrating the central nervous
system (CNS) are enriched in cells specific for the myelin
antigen MOGs;s 55. Development of IFN-y-producing
Th17 cells was Tbet-dependent, as Tbet”™ mice showed
higher levels of IL-17" IFN-y~ cells. Moreover, Tbet
mice developed a milder disease than wild-type con-
trols.””®" In humans, Th17/Th1 cells were enriched in the
peripheral blood and CNS of individuals with relapsing—
remitting multiple sclerosis and produced IL-17, IFN-y
and GM-CSF. More importantly, Th17/Thl cells derived
from CNS produced effector cytokines in response to
myelin-derived peptides, but Thl cells did not®' A
pathogenic role for non-classic Thl cells has been pro-
posed also in arthritis. We and others have demonstrated
that non-classic Thl cells develop in the inflamed joints
in patients with juvenile idiopathic arthritis under the
activity of IL-12.*"** Of note, the frequency of non-classic
Th1 cells in the synovial fluid was directly correlated with
parameters of disease activity.*” Synovial fluid-infiltrating
non-classic Thl cells were also found to produce the pro-
inflammatory cytokine GM-CSF, and the frequency of
GM-CSF-producing cells was strictly correlated with the
erythrocyte sedimentation rate, further supporting their
pathogenicity.*? In addition, non-classic Th1 cells, as well
as classic Thl, produce TNF-¢, which directly induces
CD106 expression by synovial fibroblasts, so promoting
leukocyte retention in the inflamed joints.*’ Pathogenicity
of Th17 to Thl trans-differentiation has been demon-
strated also in the context of graft-versus-host disease®*
while, on the contrary, Th17 cells seem phenotypically
stable in the autoimmune kidney diseases.®” The last find-
ing suggests that the microenvironment directs Th17 plas-
ticity. In this view, the microbiome can play a crucial role
because bacteria or their products interact with T cells at
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Figure 1. T helper type 17 (Th17) cell plasticity and protection from invading pathogens. Th17 cells can produce different combinations of cytokine
to promote pathogen clearance. Following Staphylococcus aureus infection, antigen-presenting cells produce interleukin-1f (IL-1f), IL-6 and IL-23
that promote the development of Th17 cells co-secreting IL-17 and IL-10. In response to Candida albicans infection instead, IL-6 and IL-23 favor
the appearance of Th17 cells producing IL-17 and interferon-y (IEN-y). Response to Mycobacterium tuberculosis is driven by non-classic Th1 cells,
which originate from Th17 following exposure to pro-Th1 cytokines such as IL-12 and tumor necrosis factor-o. (TNF-a). It is presently unknown if

non-classic Th1 cells can directly originate from naive precursors (dotted arrow). Influenza-specific T cells can be found either in the classic or in

the non-classic Th1 subsets. Also in this case it is still to demonstrate if non-classic Thl cells generate entirely from Th17 or whether a direct polar-

ization route exists. Orange cells: Th17; red cells: non-classic Thl; green cells: classic Thl.

mucosal surfaces. Hence, Th17 cells may polarize or not
depending on their location (a sterile organ or mucosal
surfaces with direct contact with the external environ-
ment). Moreover, even at mucosal surfaces different
microbiome composition may affect Th17 cell fate. How-
ever, Th17 cells have a different ability to polarize also in
different ‘sterile’ organs, such as pancreas, joints or kidney.
Hence, the microbiome alone cannot be entirely responsi-
ble for the polarization capacity of Th17 cells. Understand-
ing which factors promote plasticity or stabilization of the
Th17 phenotype is therefore a matter of interest.

Targeting Thaz plasticity with biologicals

Accumulating data on inflammatory disorders in humans
and experimental mouse models show that chronic
inflammation can promote Th17 plasticity. Development
of Th17-derived non-classic Thl cells is strictly correlated
with the severity and quality of inflammation and may be
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considered a selective target for biological treatment. The
scenario that appears from experimental evidence suggests
that IL-17 may be the ideal target during initial phases of
Th17-mediated inflammation and in those cases where
Th17 cells are present also during the chronic phase of
the disease. In this view, the anti-IL-17 antibody Secuk-
inumab is already available and successfully used in psori-
asis.®*®” However, in those cases where non-classic Thl
cells are the most pathogenic subset, targeting IL-17 may
become less beneficial. Targeting IL-17 was less efficacious
in rheumatoid arthritis and uveitis than in psoriasis and
even ineffective in Crohn’s disease.’**® Indeed, IL-17 has
a crucial role for the maintenance of the homeostasis at
mucosal surfaces, so its targeting during the course of
intestinal inflammation may have even worse effects, pos-
sibly due to an altered protection to microbial invasion.
For this reason, targeting those axes that promote Th17
phenotypic shift may be beneficial. In this view, the anti-
TNF-2 monoclonal antibody etanercept has been shown

© 2019 John Wiley & Sons Ltd, Immunology, 158, 287-295
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chronic, macrophage-derived IL-12 and tumor necrosis factor-o. (TNF-o) act on activated Th17 cells, which acquire interferon-y (IFN-y) produc-

tion and a Th17/Th1 phenotype. If inflammation persists, pro-Th1 cytokines can convert Th17/Th1 into non-classic Th1 cells, which are commonly

found at later stages of inflammation together with classic Th1 cells. Both subsets of Th1 cells produce IFN-y and granulocyte-macrophage colony-

stimulating factor (GM-CSF), which increase the antimicrobial functions of macrophages.
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Figure 3. Targeting T helper type 17 (Th17) plasticity with biologicals.
Thl7-mediated inflammation can be targeted with neutralizing anti-
interleukin-17 (IL-17) monoclonal antibodies (mAbs). To prevent the
acquisition of interferon-y (IFN-y) production by Th17 cells and also
the development of non-classic Thl cells can be used either anti-tumor
necrosis factor-o. (TNF-) or anti-p40 mAbs. p40 is a subunit shared
by IL-12 and IL-23 cytokines, which have both Thl polarizing effects
on Th17 cells. Targeting p40 allows simultaneous inhibition of IL-12
and IL-23.

to favor an accumulation of Th17 cells and a reduction
of non-classic Thl cells in vivo. In agreement with this,
etanercept prevented non-classic Thl cell development

© 2019 John Wiley & Sons Ltd, Immunology, 158, 287-295

from Th17 in vitro."> Anti-TNF-o treatment is approved
for the treatment of several immune-mediated diseases
including Crohn’s disease, rheumatoid arthritis, psoriasis
and spondyloarthritis.***> Abatacept, the CTLA-4-IgG
fusion protein that prevents T-cell activation by binding
to CD80 CD86 on antigen-presenting cells, has been
shown to reduce IFN-y and TNF-a production by anti-
CD3 stimulated cells, so indirectly preventing possible
Th17 trans-differentiation.”® Other biologicals targeting
IL-12 or IL-23 may also be useful as these cytokines are
involved in non-classic Thl cell generation. Indeed ustek-
inumab, a monoclonal antibody that selectively targets the
p40 chain shared by IL-12 and IL-23, improves symptoms
in Crohn’s disease and psoriatic patients.”**® Finally,
antibodies directly targeting effector cytokines produced
by both classic and non-classic Thl cells such as IFN-y
and GM-CSF have shown promising effects””® (Fig. 3).

Conclusions

Development of Thl7-derived non-classic Thl cells is
strictly controlled at molecular level and sustained by epi-
genetic and transcriptional events. Non-classic Thl cells
are crucial players in host protection — they cooperate
with other Th subsets in microbial fight and provide a
line of defense against specific pathogens. However, they
are also responsible for chronic inflammation when their

293
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activity becomes deregulated. Targeting Thl7 plasticity

with biologicals may provide a valuable tool for the treat-
ment of chronic inflammatory disorders.
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