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T lymphocytes are essential for the development and reg-
ulation of adaptive immune responses. Upon engagement
of their specific antigen receptor in presence of appropriate
costimulatory signals and specific cytokines, naı̈ve CD4+ and
CD8+ T cells differentiate into specific effector or suppressor
subsets exhibiting distinct phenotypic characteristics and
functions. These specialized T lymphocyte subsets are dis-
tinguished by a dedicated transcription factor and cytokine
expression profile. Beyond T helper 1 (Th1) and T helper 2
(Th2) cells, T helper 9 (Th9), T helper 17 (Th17), T helper
22 (Th22), T follicular helper (Tfh), regulatory T cells (Treg),
and Type 1 regulatory cells (Tr1) have now been recognized as
distinct subsets into the CD4+ T lymphocyte compartment.
Similarly, advances have also been acquired regarding CD8+
cell subset diversity (Tc1, Tc2, Tc17, and CD8reg). Although
some of these polarized T cell subpopulations remain stable
and hardly transdifferentiate into other subsets, evidence
has been provided that others, such as Th17 or Treg cells,
display variable degrees of plasticity as demonstrated by their
capability to be “reprogrammed” into different suppressor
or proinflammatory effector T cells. T lymphocyte plasticity
depends onmicroenvironmentalmediators such as cytokines
and chemokines which vary in nature and amount during the
course of autoimmune diseases or the development of cancer.
A better understanding of the fundamental mechanisms and
the regulation of T lymphocyte adaptive plasticity is essential
for a comprehensive characterization of the pathogenesis

of immune mediated disorders and cancer immunosurveil-
lance. The possibility to interfere with the process of T cell
polarization may also open new therapeutic options.

In this special issue, authors addressed topics related to
the altered frequencies and functions of T lymphocyte subsets
and the molecular and cellular mechanisms responsible for
T cell lineage commitment, polarization, and reprogrammed
adaptive responses in health and pathology. E. Ivanova and
A. N. Orekhov provide an overview on the properties of T
helper lymphocyte subsets and describe signaling networks,
cytokines, transcription factors, and disturbances which can
cause immune dysregulation, such as excessive inflammatory
response in autoimmune diseases or enhanced immune
tolerance to tumors. T. Caza and S. Landas summarize the
epigenetic modifications of cytokine loci that determine
CD4+ T cell lineage specifications and emphasize the inter-
connected role of the serine-threonine kinase, mammalian
target of rapamycin (mTOR), and the cellular metabolism in
T helper subset polarization.

T helper lymphocytes play a key role in promoting
specific anticancer responses and in establishing immune
memory. Tumors commonly escape from elimination by the
immune system by using multiple strategies, notably the
active suppression and the modulation of effector immune
cells. Impaired effector T cell responses correlate with a poor
prognosis in patients with solid tumors. Among numer-
ous immune suppressive mechanisms employed by cancer,
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the deprivation of adenosine triphosphate (ATP) plays an
important role as ATP is essential for T cell activation.
Extracellular ATP concentration ismaintained by the ectonu-
cleotidase CD39 which is involved in the suppression of T
lymphocyte activation by CD11c+ dendritic cells infiltrating
tumors in the mouse lung LLC and mammary 4T1 cancer
models, as described by M. Trad et al.

To suppress T effector responses, tumors can promote
Treg expansion and suppressive function which correlates
with a poor prognosis in cancer patients. In human, the IL-
7 receptor (CD127) is often used to distinguish CD4+CD25+
Treg from activated T cells.The expression of CD127 strongly
correlates with that of FoxP3, amajor transcription factor that
participates to the development and regulatory function of
CD4+CD25+Treg. Treg suppressive functions rely on various
mechanisms involving IL-10 and TGF-𝛽 or cell surface lig-
ands. The upregulated expression of TGF-𝛽 complexed with
the latency associated peptide (LAP-TGF-𝛽) on Treg provides
an important functional hallmark in this subset. L. Islas-
Vazquez et al. investigated the expression levels of LAP-TGF-
𝛽 within the CD4+CD25+CD127- Treg subset in patients
with stage IV lung adenocarcinoma. The data indicate that
the frequencies of LAP-TGF-𝛽+ Treg are elevated and the
expression level of the LAP-TGF-𝛽 complex is significantly
increased in patients with lung adenocarcinoma. Addition-
ally, the authors report that Th17 cells and related cytokines
are increased in smoking subjects and lung adenocarci-
noma patients. The results suggest that smoking represent
an important cause of systemic inflammation, pointing out
the Th17/Treg balance as an important checkpoint in the
pathophysiology of lung adenocarcinoma. Complexity of
Th17 responses in the context of tumor is further discussed
by L. Guery and S. Hugues. Since the infiltration of tumors
by Th17 is associated with a better outcome, a strategy to
promote tumor-induced Treg differentiation toward a Th17
phenotype could be a beneficial approach for immunothera-
peutic interventions.

In the same line, the research article by G. Tejón et al.
demonstrates that vitamin A restrains the reprogramming
of in vitro generated Treg into IL-17 producing cells in vivo
in an adoptive Ag-specific T cell transfer model of mouse
gut inflammation. The authors additionally report that the
presence of IL-2 during in vitro generation of Treg confers
resistance to Th17 conversion and that IL-2 cooperates with
retinoic acid (RA) to maintain Foxp3 expression following
stimulation under Th17-polarizing conditions. Of impor-
tance, gut microbiome significantly shapes T lymphocyte
dynamics in an inflammatory condition such as IBD, as
extensively reviewed by C. Larmonier et al. Therefore, Th17
and Treg stability and plasticity are regulated not only by the
signals they receive during their generation but also by their
local microenvironment.

The acute phase response also represents an example of
peripheral immune modulation. In the context of systemic
inflammation, some proteins, among which is 𝛼1-antitrypsin,
exert tolerogenic activities. The topic reviewed by B. Bara-
novski et al. underlines that 𝛼1-antitrypsin can indirectly
inhibit T cell responses, by targeting other immune cells. For
instance, 𝛼1-antitrypsinmaintain the semimature state of DC

which promotes Treg differentiation. This process appears
pivotal during experimental autoimmune encephalomyelitis,
rheumatoid arthritis, ulcerative colitis, and type 1 diabetes.
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The remarkable plasticity of CD4+ T cells allows individuals to respond to environmental stimuli in a context-dependent manner.
A balance of CD4+ T cell subsets is critical to mount responses against pathogen challenges to prevent inappropriate activation,
to maintain tolerance, and to participate in antitumor immune responses. Specification of subsets is a process beginning in
intrathymic development and continuing within the circulation. It is highly flexible to adapt to differences in nutrient availability
and the tissue microenvironment. CD4+ T cell subsets have significant cross talk, with the ability to “dedifferentiate” given
appropriate environmental signals. This ability is dependent on the metabolic status of the cell, with mTOR acting as the rheostat.
Autoimmune and antitumor immune responses are regulated by the balance between regulatory T cells and Th

17
cells. When a

homeostatic balance of subsets is not maintained, immunopathology can result. CD4+ T cells carry complex roles within tumor
microenvironments, with context-dependent immune responses influenced by oncogenic drivers and the presence of inflammation.
Here, we examine the signals involved in CD4+ T cell specification towards each subset, interconnectedness of cytokine networks,
impact of mTOR signaling, and cellular metabolism in lineage specification and provide a supplement describing techniques to
study these processes.

1. An Introduction to CD4+ T Cell Diversity

Production of a diverse repertoire of antigen-specific CD4+
T lymphocytes is essential for a host to respond to emerging
microbial threats to create memory for heightened sec-
ondary responses to previously encountered pathogens and
to suppress immune responses after microbial clearance to
avoid tissue damage resulting from excessive or protracted
inflammation [1]. Plasticity of CD4+ T cells is required to
maintain immunocompetence after the thymic involution
in adulthood [2]. Varying functional CD4+ T cell clones
are also required to operate immune responses in different
tissues as well as to produce high-affinity, class-switched
immunoglobulin [3].

It is hypothesized that CD4+ T cells undergo subset
specification but not lineage determination [3]. CD4+ T cells
mature to form subsets with specified phenotypes and differ-
ences in cytokine production but fall short of terminal differ-
entiation. Specification is a reversiblematuration process that
allows CD4+ T cells to undergo alternate fates, depending on

environmental signals received. Signals contributing to sub-
set specification include the prevailing cytokine environment,
cytokine receptor expression profiles, transcription factor
expression, and differential chromatin remodeling of loci that
regulate production of effector cytokines [4].

Näıve CD4+ T cells undergo specification by many
innate immune signals, including cytokines, chemokines,
and inflammasome activation, which result in activation of
signal transducers and activators of transcription, subsequent
activation of lineage-specific transcription factors, cytokine
production, and epigenetic adjustments at the cytokine loci
to result in commitment to a given lineage.

Once a näıve T cell is primed by signals received from
an antigen-presenting cell, proliferation occurs before lin-
eage specification begins. If differentiation of CD4+ T cells
occurred early after priming, peripheral CD4+ T cells would
be restricted with binary options, being able to turn on or
repress production of only a restricted subset of cytokines
[5]. Subset determination occurring after clonal proliferation
is consistent with an activated CD4+ näıve T cell producing

Hindawi Publishing Corporation
BioMed Research International
Volume 2015, Article ID 521957, 13 pages
http://dx.doi.org/10.1155/2015/521957

http://dx.doi.org/10.1155/2015/521957


2 BioMed Research International

many diverse progenywith pleiotropic, distinct fates, produc-
ing a highly flexible, dynamic, and context-driven CD4+ T
cell repertoire [5].

Surprisingly, CD4+ T cell that has undergone lineage
specification is capable of adopting alternate fates when
innate immune signals change. The molecular basis for
cytokine memory involves imprinting gene loci encoding
cytokines by demethylation of DNA or histone acetylation
as cells progress through S phase, so stable patterns of gene
expression occur with an increasing number of cell divisions
[6]. Yet, later chromatin remodeling occurs within CD4+ T
cells to turn on new cytokine production profiles [5].

In this review, we will first examine functional differences
between CD4+ T cell subsets and their lineage specification.
A focus on the interconnectedness among pathways of
maturation will follow with a presentation of experimental
evidence supporting the hypothesis that CD4+ T cells main-
tain plasticity. The role of mTOR and cellular metabolism in
T cell differentiation and function will be discussed. Finally,
the impact of CD4+ T cell subsets in immunopathology and
in antitumor immune responses will be considered.

2. T Cell Subsets and Lineage Specification

2.1. CD4+ T Cell Diversity Begins during Development. Diver-
sity of the CD4+ T cell repertoire begins during intrathymic
development.Thymocyte differentiation produces a diversity
of CD4+ T cells with varying antigen specificities through 𝛽-
selection, followed by 𝛼-chain rearrangement to form diverse
𝛼𝛽 TCR specificities [27]. CD4 lineage selection is mediated
through interaction of the T cell receptor (TCR) with class
II MHC ligands. CD4+ T cell development is promoted
by high TCR signal strength and signaling downstream of
the TCR contributes to CD4 lineage commitment through
association of Lck with the CD4 coreceptor and MAP kinase
signaling to favor maintenance of CD4 expression with
concurrent downregulation of CD8 [28]. CD4 commitment
is mediated through induction of the transcription factor,
T helper-inducing POZ/Kruppel-like factor (Th-POK), by
GATA3 which represses Runx3 to release activity of the CD4
silencer [10, 29].

The lineage decision of commitment to the CD4+ or
CD8+ T cell lineage was thought to be committed and
inflexible, although it is now understood that there is a
high degree of latitude in the CD4+ T cell compartment
[3]. Lineage commitment is regulated not only through
positive and negative selection but also through additional
mechanisms. Helper-deficient (HD) mice, which lack the
ability to produceCD4+ T cells, have spontaneous redirection
of MHC class II-restricted T cells to the CD8+ lineage. The
factor identified to be responsible for the redirection of the
MHCII-restricted T cells to the CD8+ lineage was a mutation
within the transcription factor, ThPOK. Wild-type ThPOK
suppresses the cytolytic gene expression profiles in CD4+
T cells to induce lineage maturation and is both required
and sufficient for maturation of the CD4+ T cell lineage.
It was recently identified that antigen-experienced CD4+ T
cells can turn off ThPOK to reactivate genes of the CD8

lineage, showing that this maturation step in intrathymic
development is not fixed [30].

Early after priming by the innate immune response, CD4+
T cells are able to undergo conversion to an alternate subset
through cytokine and chemokine receptor signaling, which
induces changes in transcription factor expression [3]. T
cell subset specification is influenced by interactions with
dendritic cells (DCs) or peritoneal macrophages, the dose
and form of presented antigen, the affinity of peptide-TCR
interaction, cytokines, and costimulatory interactions [4, 31].
Asymmetric cell division during the DP to SP transition in
intrathymic development also influences CD4+ T cell lineage
decisions as daughter cells may “inherit” unequal shares
of signaling molecules due to altered positioning across
autocrine or paracrine chemokine gradients, influenced in
part by Notch signaling [10]. Notch binding DLL 1 and 4
ligands promote lineage commitment to theTh

1
subset, while

Notch-Jagged interactions result in Th
2
specification [7].

During at least the first several rounds of cell division
under polarizing conditions, Th subset populations are het-
erogeneous, have low frequencies of cytokine producing cells,
and have reversible phenotypes and effector cytokine produc-
tion [4]. CD4+ T cells are plastic at this stage and beyond
and are capable of switching their phenotypes to produce
cytokines based on their activation status, environment, and
metabolism. Reversibility is possible because the lineage-
specific transcription factors that act as master regulators for
subset specification are not fully repressed in other lineages
but carry both permissive and repressive epigenetic marks
or bivalency [3]. Bivalent epigenetic marks allow for rapid
transition between active transcription and repressed tran-
scription [32]. CD4+ T cells maintain flexibility in expression
of genes encoding transcription factors that regulate cytokine
loci, allowing adaptation to altered programs of cytokine
expression in a potentially damaging inflammatory milieu
[12].

2.2. CD4+ T Cell Subsets. Identification and characterization
of CD4+ T cell lineage subsets began nearly three decades
ago with the landmark papers of Mosmann et al., which
described and identified two CD4+ T cell subsets, Th

1
and

Th
2
[8, 33–35]. Subsets of CD4+ T cells were identified

based on production of cytokines in specific responses to
antigen or generalized stimulation with ConA [33, 34]. It was
identified that Th

1
cells produce IL-2 and IFN𝛾, while Th

2

cells produced IL-4, IL-5, preproenkephalin, and p600 [34].
Both clones produced IL-3, GM-CSF, and TNF. They further
defined the role of Th

1
cells in mediating antigen-specific,

MHC restricted, delayed type hypersensitivity reactions for
a variety of antigens, while this ability was absent in Th

2

cells [8]. Additionally, it was shown that Th
2
cells produce

a “cytokine synthesis inhibitory factor” capable of inhibiting
Th
1
cytokine production without a change in viability of the

Th
1
clones [35]. These discoveries first identified that CD4+

T cells were functionally and phenotypically heterogeneous
and capable of cross talk.

One mechanism in which CD4+ T cells undergo subset
specialization is through responding to cytokine signals
produced in the innate immune response, inducing activation
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of lineage-specific transcription factors that result in produc-
tion of a set of effector cytokines [4]. The initial priming
cytokines are those produced by antigen presenting cells
(APCs) [5]. Activated APCs deliver three types of signals
required for the clonal expansion and maturation of CD4+
T cells [31]. The first signal is mediated by the peptide-MHC
interaction with the TCR.The second involves costimulatory
interactions between the APC and the T cell. The third
signal directs differentiation of näıve T cells to effector T
cell subsets through cytokines, Ras-MAPK signaling, and
Notch ligand interactions [31, 36]. Pathogen recognition
by macrophages and dendritic cells of the innate immune
response initiates a signaling program that stimulates T
lymphocytes and initiates adaptive responses [37].The fate of
a näıve T cell to undergo subset differentiation depends upon
cytokine signaling and activation of proteins of the signal
transducer and activation of transcription family (STATs).
STAT activation is mediated by Janus kinases (JAKs) that
are induced during the initial priming period. JAK-STAT
triggering leads to activation of lineage-specific transcription
factors, which results in expression of effector cytokines [4].

The differential function of CD4+ T cells is deter-
mined through which specific cytokines they produce [38].
Cytokines responsible for induction of CD4+ T cell differen-
tiation, lineage specific transcription factors activated during
subset specification, effector cytokines produced, and general
functions of T cell subsets are summarized in Table 1.

Known CD4+ T cell subsets include Th
1
, Th
2
, Th
17
, Th
9
,

Th
25
, T follicular helper cells (TFH), and regulatory T cells

(Treg). Th1 cells are produced in response to intracellular
pathogens (including parasites, viruses, and intracellular bac-
teria) and mediate cell-mediated immunity and delayed-type
hypersensitivity reactions [8]. The Th

1
program is induced

by IFN𝛾 produced by natural killer (NK) and dendritic cells,
which activates STAT1, resulting in activation of the lineage-
specific transcription factor T-bet [9]. IL-27, a cytokine of the
IL-12 family, also contributes to STAT1 phosphorylation and
T-bet activation. T-bet expression increases production of the
IL-12 receptor, which activates STAT4, leading to activation
of IFN𝛾 transcription and subsequent IFN𝛾 production [7].
This serves as positive feedback, stimulatingmore naı̈ve T cell
clones to undergo Th

1
specification to polarize the immune

response towards fighting an intracellular pathogen. Th
1

cells also produce TNF𝛼 and lymphotoxin, cytokines which
trigger neutrophil chemotaxis and macrophage activation to
potentiate innate immune reactions [38, 39]. Th

1
cells also

help B cells in antibody class-switching to produce high-
affinity IgG for opsonization of an offending pathogen [40].

Th
2
specification is required for B cell help in humoral

immunity and elimination of extracellular microbes and
intestinal helminthes [5, 40]. Th

2
cells are involved in anti-

body class-switching to produce IgE which can provoke or
sustain allergic reactions [8, 36, 39]. Differentiation of the
Th
2
subset requires IL-4 produced by Notch ligand activation

of dendritic cells which, in turn, induces STAT6, which
activates the lineage-specifying transcription factor, GATA-
3 [36]. GATA-3 activates transcription of the Th

2
cytokine

cluster leading to IL-4, IL-5, and IL-13 production. Th
2

cytokines provide positive feedback for maturation of näıve

T cells to the Th
2
lineage and inhibit Th

1
development [39]

by the homeostatic cytokine IL-10.Th
2
cells also heighten the

innate immune response through activation of macrophages
by induction of IL-4 andmacrophage activating factor (MAF)
[5].

Th
17

cells provide protection against bacteria and fungi
at mucosal surfaces and confer coverage of some microbes
that are not targeted in Th

1
or Th

2
responses, including,

but not limited to, Mycobacterium tuberculosis, Bacteroides
fragilis, and Klebsiella pneumoniae [15]. Induction of the
Th
17
lineage occurs when IL-6, IL-23, and TGF𝛽 are present

in the inflammatory milieu without IL-4 or IL-12 (which
promote Th

2
or Th

1
responses, resp.) [41, 42]. Toll-like

receptor signaling, leading to MyD88 signaling, is another
innate immune signal fostering Th

17
differentiation [43]. IL-

6 promotes STAT3, which induces retinoic orphan receptor
(ROR) transcription factors, ROR𝛼 and ROR𝛾T, leading to
production ofTh

17
cytokines IL-17, IL-17F, and IL-22 [44, 45].

Mucosal immunity is provided through Th
9
, Th
22
, and

IL-25 producing cells [46]. Th
9
cells provide protection

against intestinal helminth infections [13]. IL-9 producing
cells are proinflammatory as they stimulate proliferation and
inhibit apoptosis of hematopoietic cells and also activate
Th
17

cells [47]. This is due to stimulation of Jak1 by IL-
9, resulting in activation of STATs 1, 3, and 5. Th

9
cells

undergo a maturation program similar to Th
2
cells, with IL-

4 inducing STAT6 activation and produce the Th
2
cytokines

IL-9 and IL-10, but, unlike Th
2
cells, they require TGF𝛽

for maturation [13, 48]. The lineage-specific transcription
factor for Th

9
development may be the activator protein 1

family transcription factor, BATF, leading to a transcriptional
programwhich results in increased IL-9 and IL-10 production
[13, 49]. Th

22
cells are CD4+ T cells that are phenotypically

and functionally related to Th
17

cells that participate in
wound repair and in protection against bacterial, viral, and
fungal infections at epithelial surfaces, including the skin
and GI tract [21]. They prevent translocation of microbes
across epithelia, which limit the extent of infection [18]. Th

22

specification is promoted by IL-6 and TNF-𝛼, which induces
STAT3, and expression of the aryl hydrocarbon receptor [19].
This parallels Th

17
maturation, and numerous phenotypic

markers are expressed in common between Th
17

and Th
22

cells, including CCR6, CCR4, dipeptidyl peptidase IV, CD26,
andCD90 [20]. CCR10 is also expressed onTh

22
cells, distinct

from Th
17

[20]. Th
22

cells produce IL-22, IL-13, fibroblast
growth factor, CCL15, CCL17, andTNF𝛼 at epithelial surfaces.
IL-22, an IL-10 family cytokine, production is not unique to
Th22 cells but is also produced byTh

1
andTh

17
cells; however,

Th
22

cells can produce IL-22 in the absence of IFN𝛾 or IL-
17 [20]. IL-25-producing cells may represent a new subset,
Th
25

cells, which stimulate nonlymphoid cells to produce
effector cytokines in response to extracellular pathogens [22].
They are induced by the transcription factor Act1, but can
be derived from the Th

2
lineage [12, 46]. IL-25-producing

cells and the Th
2
subset may be linked as IL-4 is required for

production of both cell types and IL-25 enhances production
of Th

2
cytokines, inducing IL-4, IL-5, and IL-13 secretion

[12, 50].
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T follicular helper cells (TFH) improve B cell class-
switching for immunoglobulin production and guide B cells
into germinal centers by chemotaxis mediated by CXCR5
signaling [23]. TFH cells require a strong TCR signal for
induction, which is also required for Treg responses [24,
51]. TFH specification requires activation of the inducible
costimulator (ICOS), a CD28-related costimulatory signal
provided by activated dendritic cells or B cells, which ini-
tiates transcription of the transcription factor MAF that
transactivates IL-21 [24]. OX-40/CD134 ligation is another
required costimulatory signal, which downregulates CTLA-
4, a dominant suppressor of T cell activation [24]. IL-6 and
STAT3 are required for TFH development similar to Th

17

cells, yet TFH cells can be generated in the absence of Th
17

cytokines, IL-17, IL-17F, or TGF𝛽 [23].
Suppression of immune responses and maintenance of

peripheral tolerance is provided by Tregs [25]. Tregs are a
heterogeneous population which includes thymic-derived
natural Tregs (nTregs), adaptive regulatory T cells involved in
maintaining oral tolerance (Th

3
cells), and T regulatory type

1 cells (Tr1 cells), induced by IFN𝛼 secreted by neighboring
plasmacytoid dendritic cells (pDCs). nTregs require a strong
TCR signal, which is potentially self-reactive, for develop-
ment [52]. They are generated with minimal costimulation,
for T cell recognition of antigen without a strong second sig-
nal from aCD28 familymember can provide induction of tol-
erance [52].Differentiation of inducedTregs,Th3 cells, andTr1
cells occurs in the periphery and requires high concentrations
of TGF𝛽, with the absence of proinflammatory cytokines
[15]. Cell-cell contact and IL-10 secretion is required for
suppressor function, mediated through STAT5-induced acti-
vation of the lineage-specific transcription factor Foxp3, with
concurrent downregulation of the Th

17
transcription factor

ROR𝛾T [16]. Suppressor function of Tregs requires Foxp3
expression [53]. Reduced Treg numbers and effector function
occur in autoimmune diseases and complete deficiency of
this subset results in a severe autoimmune disease, immune
dysregulation, polyendocrinopathy, and enteropathy with X-
linked inheritance (IPEX) syndrome [52].

A population of non-Treg Foxp3-expressing CD4
+ T cells

has been identified, which is known as the “exFoxp3” T
cell [54]. exFoxp3 cells have transient Foxp3 expression in
an activated state, and these cells can accumulate at sites
of inflammation. These represent effector T cells that gain
Foxp3 expression and not conversion to the Treg lineage. A
small population of Tregs with loss of Foxp3 expression while
maintaining commitment to the Treg lineage also exists. This
is through demethylation at the TSDR locus, which retains
memory of its suppressor phenotype [54].

Central memory CD4+ T cells, created through initial
priming and restimulation, consist of a heterogeneous pop-
ulation that is not lineage-committed, for memory responses
are subject to manipulation under cytokine-polarizing con-
ditions to adapt to new antigenic stimuli [55]. Effector
memory CD4+ T cells are thought to have undergone lineage
determination. Plasticity of the central memory population
is essential for maintenance of specific CD4+ T cells after
pathogen clearance, since 90–99 percent of Th

1
or Th

2

effector cells will undergo apoptosis after antigenic challenge
[56].

3. Cross Talk and Flexibility in T Cell Subset
Lineage Specification

Effector cytokines produced by CD4+ T cells provide pos-
itive feedback to increase further differentiation of naı̈ve
T cells to that lineage while inhibiting differentiation of
opposing subsets [57]. Signal transduction pathways induced
by cytokines and chemokines influence lineage commitment
events through activation or repression of a subset-specific
transcriptional program [58].

Th
1

and Th
2

Subsets. Commitment to the Th
1
lineage

inhibits Th
2
development, and Th

2
commitment inhibits

Th
1
responses [39]. IFN𝛾 production by Th

1
cells inhibits

production of Th
2
cytokines [39]. Likewise, IL-4 produced

during Th
2
specification inhibits production of IFN𝛾 and

IL-12, preventing differentiation of naı̈ve CD4+ T cells to
the Th

1
lineage [39]. GATA3 expression by Th

2
cells leads

to upregulation of sphingosine kinase I expression and
downregulation of STAT4, which inhibit Th

1
development

[59].
Plasticity occurs between the Th

1
and Th

2
lineages, and

early after näıve CD4+ T cell activation, production of IFN𝛾
and IL-4 can occur simultaneously [55]. Decreased expres-
sion of intracellular osteopontin by APCs with increased sol-
uble osteopontin produced by T cells (increased soluble-to-
intracellular osteopontin ratio) stimulates IL-12 production
to promote Th

1
lineage commitment [60]. With culture of

CD4+ T cells in a Th
1
-promoting environment (containing

IL-12 and anti-IL-4 antibody), the population of cells will
polarize to produce IFN𝛾. Removal of the polarized CD4+
T cells into IL-4 containing medium promotes Th

2
cytokine

production, displaying the capacity of converting between
the two phenotypes. In addition, forced overexpression of
GATA3 in Th

1
polarized cells results in conversion to a

Th
2
phenotype, while T-bet overexpression in Th

2
polarized

cells results in a Th
1
phenotype [61]. Flexibility between Th

1

and Th
2
cytokine production is lost, however, with repeated

stimulation and multiple rounds of cell division [6]. This is
thought to be due to chromatin remodeling at cytokine loci to
increase efficiency of effector cytokine production and inhibit
opposing cytokine programs [62].

Intrachromosomal interactions through modifications of
chromatin structure are also responsible for repression of
the alternate lineage program [32]. Stimulation under Th

1

or Th
2
polarizing conditions results in altered chromatin

accessibility after 4 to 6 cell divisions. In naı̈ve T cells, the
IFN𝛾 locus is bivalent, poised for enhancing gene expression
or transcriptional silencing, depending on which signals
are received. Under a Th

2
polarizing cytokine environment,

permissive histone modifications are lost at the IFN𝛾 locus
by DNAmethylation. Similarly, repressive methylation at the
Th
2
locus occurs duringTh

1
polarization [63]. In addition to

intrachromosomal modifications, interchromosomal inter-
actions exist between the IFN𝛾 and Th

2
cytokine clusters for

negative regulation of the opposite lineage. Direct interaction



6 BioMed Research International

between the IFN𝛾 promoter and regulatory regions of the
Th
2
cytokine cluster cross-regulate one another [64]. Näıve

T cells have the ability to express bothTh
1
andTh

2
cytokines

within hours of T cell activation due to the interaction of these
two loci creating a chromatin hub configuration between the
IFN𝛾 promoter and theTh

2
locus control region [64].

Expressions of Th
1
and Th

2
cytokines from a single cell,

as well as environments rich in both Th
1
and Th

2
cytokines,

further show flexibility in subset specification. When CD4+
T cells are stimulated in vitro with IL-12, they produce both
IFN𝛾 and IL-4 [65]. Yet, repeated stimulation will reduce
the percentage of cells expressing this phenotype, suggesting
that the double-positive cells represent a transition state of
differentiation.

In vivo polarization experiments using model pathogens
have also demonstrated interconversion betweenTh

1
andTh

2

cells. CD4+ T cells exposed to Leishmania major infection
differentiate into the Th

1
lineage and produce IFN𝛾 while

maintaining the capacity of interchanging into a Th
2
phe-

notype when exposed to IL-2 and IL-4 ex vivo [65]. There
is the possibility, however, that reversal from a Th

1
to Th
2

phenotype may simply reflect the outgrowth of a population
of uncommitted cells rather than dedifferentiation from aTh
subset [65].

𝑇
𝑟𝑒𝑔

and Th
17

Subsets. Th
17

and Treg subsets are in a home-
ostatic balance and are derived from a common precursor.
CD4+ T cells with dual expression of Foxp3 and ROR𝛾T exist
during early Th17 cell development and in naı̈ve T cells after
stimulation with TGF𝛽. These Foxp3+ROR𝛾T+ expressing
cells may occur as an intermediate during commitment to
an effector lineage, Treg or Th17 cells [66]. They mature into
either a Treg or Th17 cell depending on the cytokine profile
in the environment [16]. IL-6, IL-21, IL-23, and low levels of
TGF𝛽 support induction of ROR𝛾T and Th

17
development.

High levels of TGF𝛽, retinoic acid, and IL-2 support Treg
commitment through activation of Foxp3 [15, 66]. Th

17
cells

can be converted from induced Treg cell populations in
the presence of the cytokines IL-6 and IL-1. When TGF𝛽
expression is high and IL-6 is present, a population of
Foxp3+IL-17+ cells results. STAT3 phosphorylation in cells
committing to a Th

17
lineage inhibits TGF𝛽-induced Foxp3

expression [32]. Additionally, ROR𝛾T directly interacts with
exon 2 of the Foxp3 gene to suppress Treg development and
activates transcription of Th

17
cytokines. Similarly, Foxp3

can bind ROR𝛾T to suppress IL-17 production [66]. Other
coexpressed transcription factors influence the Treg v. Th

17

lineage branch point. These include interferon regulatory
factor-4 and Runx1, which promote Th

17
differentiation

through interaction with the Foxp3 locus [29]. Both thymic-
derived and peripherally induced Tregs express Helios [67,
68], which could be used to identify whether a Th

17
cell was

derived from a Treg versus being induced from a naı̈ve T
cell precursor. Low levels of Helios expression can indicate
T cell activation, while high expression suggests Treg origin
[69]. Proinflammatory cytokine production by Th

17
cells

inhibits generation of Treg cells, and Treg production of IL-10
suppressesTh

1
andTh

17
generation [14, 25]. Tregs antagonize

Th
17

function and reduce IL-17 production when it is no

longer required for pathogen clearance to avoid tissue injury
[16].

Treg and Th
17

cells are the predominant CD4+ T cells
within tumor microenvironments [70]. Tregs suppress anti-
tumor immune responses through promoting tolerance to
the tumor by IL-10 production. In the presence of IL-6,
TGF𝛽, type I interferons, IL-12, and intact toll-like receptor
signaling via MyD88, Th

17
cell specification is induced from

Treg cells [70, 71]. Overall, the number of Tregs is increased
in many cancers and has been shown in gastric adenocarci-
noma [72], esophageal adenocarcinoma [72], squamous cell
carcinoma (head and neck) [73–75], breast carcinoma [76],
and non-small cell lung carcinoma [76]. Reduced numbers
of intratumoral Th

17
cells have been associated with poor

prognosis in several tumor models [70]. Yet, in a recent
lung adenocarcinomamodel, K-rasG12D expression promoted
recruitment of Th

17
cells to the tumor and increased tumor

growth, with IL-17 blockade reducing tumor burden [77].
Whether an excess of Tregs or Th17 cells is pathogenic within
a tumor could be context-dependent, based on the type of
tumor, its oncogenic drivers, the microenvironment, and the
immunocompetence (versus compromise) of the host.

Proinflammatory cytokine production by Th
17

cells
inhibits generation of Treg cells, and Treg production of IL-10
suppressesTh

1
andTh

17
generation [14, 25]. Tregs antagonize

Th
17

function and reduce IL-17 production when it is no
longer required for pathogen clearance to avoid tissue injury
[16]. The Treg lineage may not be fixed, as Tregs have been
identified to differentiate into Th

17
or TFH cells. Foxp3+ T

cells in the thymus develop into Th
17

cells and produce IL-
17 when taken ex vivo and put into IL-6-containing medium.
Additionally, over one-fourth of Th

17
cells along the small

intestine mucosa are thought to be derived from Foxp3+
iTregs [15]. However, it is possible that differentiation into
effector CD4+ T cell subsets could represent a population of
activated T cells with aberrant Foxp3 expression (exFoxp3
cells) rather than Tregs themselves.

Whether plasticity of Tregs exists is under debate;
however, there is known heterogeneity within Treg popula-
tions. Three Treg subsets have been identified, which
have varying functions, defined by expression of
CD45RA, CD25 levels, and Foxp3 [78]. Activated Tregs
are CD45RA−CD25hiFoxp3hi and show suppressor function;
CD45RA+CD25moderateFoxp3lo subset represents resting reg-
ulatory T cells without suppressor function; and
CD45RA−CD25moderateFoxp3lo cells are non-Treg effector T
cells that are capable of cytokine production, making IL-2,
IL-17, or IFN𝛾 [78]. In autoimmune conditions, including
systemic lupus erythematosus and sarcoidosis, there is an
increased ratio CD45RA−CD25+Foxp3hi cells compared
to CD45RA−CD25+Foxp3lo cells, although the absolute
number of Treg cells is overall reduced. This ratio was found
to be reversed in cancer [79].

Th
17

Compared to Th
1
or Th

2
. Th
17

cells have bivalent
expression of T-bet andGATA-3, allowing them to reprogram
into either Th

1
or Th
2
cells [32, 80]. Th

17
cells generated by

TGF𝛽 and IL-6 in vitro can convert into IL-12-producing
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Th
1
or IL-4-producing Th

2
cells when ongoing stimulation

with proinflammatory cytokines is not sustained [1].Th
1
cells

differentiate from Th
17
cells in vitro when IL-12 is present in

medium in the absence of IL-6. IL-17+IFN𝛾+-producing cells
may represent an intermediate state duringTh

1
development

from Th
17

precursors. T-bet and ROR𝛾T are coexpressed in
this transition state, allowing maturation of either the Th

1
or

Th
17
lineage [32].

A distinct population of Th
1
/Th
17

cells has been iden-
tified, which are CD4+ T cells capable of producing IFN𝛾,
GM-CSF, and IL-17 [81]. Th

1
/Th
17

cells express both T-bet
and RORC2 concurrently to allow for bivalent cytokine pro-
duction. In an inflammatory environment, they can further
become polarized to becomeTh

1
/exTh

17
cells through loss of

active transcription from the RORC2 locus.Th
1
/ex-Th

17
cells

produce IFN𝛾 andGM-CSF but lost the ability to produce IL-
17 [81]. Although Tregs are capable of transforming into IFN𝛾
and IL-17 producing cells,Th

1
/Th
17
cells are a separate entity,

as expression of the transcription factor Helios (present in
thymic-derived Tregs and to a lesser extent in peripherally
induced Tregs) is absent or low in this subset.

Th
1
/Th
17

cells have been associated with promoting
autoimmune target organ damage in 𝛽-cells of human and
animalmodels of type I diabetesmellitus [82] within synovial
tissue of children with juvenile arthritis [83] and within the
gastrointestinal tract of patients with Crohn’s disease [84].
Blockade of IFN𝛾 with monoclonal antibodies reduced pan-
creatic𝛽-cell destruction in an animalmodel, supporting that
Th
17

cells that express a Th
1
-like phenotype are pathogenic

[81].

𝑇
𝐹𝐻

Compared to 𝑇
𝑟𝑒𝑔

, Th
17
, orTh

1
. TFH cells can be differen-

tiated from Tregs, which requires loss of Foxp3 expression by
T-B cell interaction with costimulation provided by CD40-
CD40L interaction [24]. Tregs differentiate into TFH cells
in Peyer’s patches to promote IgA production and mucosal
immunity [1]. TFH cells mature from TGF𝛽-induced Treg
precursors in response to IL-21 and chemotaxis through
CXCR5 signaling, which homes CD4+ T cells to follicles in
secondary lymphoid tissue [23].

Th
17

and TFH cells both require STAT3 activation and
costimulation mediated by ICOS, which increases activation
of the transcription factor, c-MAF, involved in both Th

17

and TFH maturation [85]. In ICOS knockout mice, decreased
c-MAF activation prevents development of TFH cells and
prevents defects in Th

17
cells, which produce less IL-17 in

response to stimulation [85]. IL-12 is required during early
dendritic cell-mediated priming of both Th

1
and TFH cells,

suggesting that TFH andTh
1
cells are derived under common

innate immune signals [86].

Th
2
Compared to 𝑇

𝐹𝐻
or Th
9
. The same priming cytokine,

IL-4, is required for the development of Th
2
, TFH, and Th

9

subsets. Th
2
cells can become TFH cells through upregulation

of CXCR5 expression for homing to germinal center follicles
will continue to produce IL-4 but lose the ability to produce
other Th

2
cytokines, including IL-5 and IL-13 [13, 48]. TFH

cells do not have to progress through a Th
2
stage in their

development, as they still develop in GATA3 knockout mice
[23].

Th
9
cells can be derived from Th

2
cells when TGF𝛽 is

added to cells polarized with IL-4 in culture medium [13].
Continued activation of the Th

2
cytokine, IL-4, or the Th

9

cytokine, IL-9, in transgenic mice leads to the same pheno-
type, with asthma and bronchial hyperresponsiveness due to
mucosal inflammation, also suggesting interconnectedness in
their maturation [87].

A schematic diagram of interactions involved in CD4+ T
cell lineage specification is provided in Figure 1.

Näıve CD4+ T cells undergo subset specification based on
predominant cytokines and chemokines present within the
environment. In the presence of IFN𝛾 and IL-12, näıve CD4+
T cells upregulate STAT1 which induces specification to the
Th
1
lineage through T-bet expression [9, 58]. Th

1
cells then

produce IFN𝛾 through STAT4 expression [88]. A positive
feedback loop exists to further promote Th

1
specification

[89]. Conversely, Th
1
cells inhibit Th

2
specification through

IFN𝛾 production, as well as through T-bet expression. Th
2

cells develop when IL-4 is present in the environment and
require STAT6 upregulation to induce GATA-3 expression
within the nucleus [90]. Th

2
-specified cells produce IL-4, IL-

5, and IL-13. When TGF𝛽 is also present in the cytokine
microenvironment, Th

9
specification can occur [91]. As Th

1

cells inhibit Th
2
specification, Th

2
cells also provide negative

feedback to Th
1
differentiation through suppressing IL-12

expression [89]. Th
25

cells, induced by IL-25, represent a
separate mechanism of GATA-3 induction and production of
Th
2
-cytokines, IL-4, IL-5, and IL-13, which has been linked

to reactive airway inflammation [46]. Th
25

specification
requires expression of the E3 ubiquitin ligase Act1 and the
cognate receptor IL-17RB [46], related to the Th

17
subset.

The Th
17

and Treg lineages are interrelated, and both can
be induced in the presence of TGF𝛽, with Th

17
specifica-

tion preferred when IL-6 is also present. Th
17

cells express
lineage-specific transcription factor ROR𝛾T as well as other
retinoic orphan receptors, which leads to production of Th

17

cytokines, IL-12, IL-17, and IL-17F [92]. IL-12 produced by
Th
17
cells can provide feedback to promote Th

1
specification

[1]. In the presence of IL-6 or IL-21, Treg cells can become
Th
17
cells [16]. IL-6 and TNF𝛼 can induce STAT3 activation

and induce Th
22

specification, a process that is dependent
on the aryl hydrocarbon receptor [19]. In the presence of
IL-21, CXCR5, and costimulation by CD40-CD40 ligand
interaction, Tregs can undergo T follicular helper (TFH)
specification [23].

3.1. Epigenetic Modifications of Cytokine Loci Determine Lin-
eage Specification. Flexibility of CD4+ T cells to switch effec-
tor cytokine function in response to environmental signals
depends on permissiveness of chromatin to transcription
factor binding at loci encoding cytokines.

CD4+ T cells undergo multiple cell divisions before pro-
ducing subset-specific effector cytokines, since maturation
of CD4+ T cells into subsets requires continued stimulation
under cytokine polarizing conditions, resulting in stable
patterns of gene expression due to chromatin remodeling of
loci encoding cytokine genes [1].
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Figure 1: Cross talk between CD4+ T cell subsets mediated by effector cytokines.

Epigenetic influences bring alterations of cytokine pro-
duction profiles through mechanisms including alterations
of chromatin structure through histone acetylation or DNA
demethylation and modifications of microRNA activity [1].
Histone acetylation or demethylation of DNA brings decon-
densation (“opening”) of chromatin (or conversion of hete-
rochromatin to euchromatin), resulting in increased access
for transcription factor binding [4]. Modifications that occur
when signals within the extracellular environment change
allow a CD4+ T cell to redirect its differentiation program to
provide flexibility to shift cytokine production for the optimal
clearance of offending pathogens [1].

Genome-wide chromatin immunoprecipitation studies
(CHIP) have characterized histone modifications which
accompany changes in gene expression within CD4+ T cells.
Trimethylation of lysine 4 at histone 3 (H3K4me3) occurs
at promoter and enhancer elements of actively expressed
genes. Trimethylation of lysine 27 of histone 3 (H3K27me3)
represses a locus, and this repression is reversed by histone
demethylases [3]. Presence of both of these histone modifi-
cations (bivalency of histone 3, or coexpression of H3K4me3
and H3K27me3) allows a gene promoter to become activated
or silenced, depending on the signal received [1]. In addition,
chromatin looping can bring regulatory elements to proxim-
ity with promoters of target genes enabling regulation of gene
expression, a process mediated by CCCTC-binding factor,
an insulator protein that binds proximal elements of a gene
to prevent it from interacting with surrounding chromatin
[32]. Looping allows transcriptional regulatory elements to

reposition in the nucleus during T cell maturation to promote
or repress transcription [7]. Chromatin looping allows the
Th
2
cytokine locus control region (LCR) to form a complex

with the promoters that induce IL-4, IL-5, and IL-13 cytokine
expression for activation of the Th

2
transcriptional program

[64].
In addition to changes in chromatin structure, inter-

chromosomal associations allow for regulation of effector
cytokine expression. Chromosome conformation capture
studies (3C technique) have identified an interchromosomal
interaction between the IFN𝛾 promoter of human chromo-
some 10 and the LCR of the Th

2
cytokine locus on chromo-

some 11 [64]. A chromatin hub configuration between Th
1

andTh
2
cytokine loci primes a naı̈ve CD4+ T cell to produce

eitherTh
1
orTh
2
cytokines 1 hour after TCR activation. After

this early wave of cytokine production activation of STAT
proteins is required for maintenance of the signal [62].

The lineage-specific transcription factors that direct Th
1
,

Th
2
, and Th

17
commitment (Tbx21, GATA3, and ROR𝛾T,

resp.) carry bivalent epigenetic marks, signifying the pos-
sibility of subset specification reversibility. However, Foxp3
expression in Treg cells is univalent, suggesting subset differ-
entiation is possible but not reversible [32, 93].

3.2. mTOR as a Regulator of CD4+ Differentiation. The
serine-threonine kinase, mammalian target of rapamycin
(mTOR), is a candidate gene as a master regulator of CD4+ T
cell differentiation and metabolism [94], which are intercon-
nected. mTOR activation in CD4+ T cells has diverse roles in
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regulation of cell growth and proliferation, mRNA turnover
and transcription, translation, regulation of vesicular traffic,
autophagy and amino acid recycling, cytoskeletal reorgani-
zation, and control of cell size [95]. It exerts its function
through phosphorylation of its target substrates, such as p70
S6 kinase and 4E-BP1 (which regulate translation), and DAP1
(which inhibits induction of autophagy). mTOR is positively
regulated by theGTPase Rheb and negatively regulated by the
tuberous sclerosis complex (TSC) [96].

mTORactivation results in increasedmaturation ofCD4+
T cells into effector cells, with reduction of Foxp3 expression
and Treg generation [97]. Absence of mTOR at the DP phase
in T cell development abrogates the ability to produce Th

1
,

Th
2
, or Th

17
cells and results in a high proportion of thymo-

cytes maturing as Tregs [26].This maturation defect is associ-
ated with decreased activation of STAT 4, 6, and 3, resulting
in failure to upregulate lineage-specific transcription factors
T-bet, GATA3, and ROR𝛾T [26]. Consistently, treatment
with rapamycin (an mTOR inhibitor) results in thymic
involution, decreased egress of T cells, and blockade of the
DN to DP transition of T cell development [94]. Conversely,
in effector CD4+ T cells, activation of the sphingosine-
1-phosphate (S1P

1
) signaling pathway results in increased

mTOR-Akt activation, which inhibits intrathymic generation
and suppressor function of Tregs [98, 99]. Therefore, mTOR
overexpression renders effector CD4+ T cells resistant to Treg
suppressor activity [94].

During effector CD4+ T cell activation, the PI3K-Akt-
mTOR pathway is activated and regulates the effector T
cell/Treg cell fate decision [99]. mTOR activation transmits
signaling through the IL-2 receptor, and IL-2 binding to
the IL-2 receptor prevents T cell anergy, required for main-
tenance of effector T cells [25]. Treg cells do not rely on
mTOR activation for IL-2 receptor signaling but instead use
an alternate PIM2-dependent pathway for IL-2 signaling,
as STAT5 increases IL-2 through activation of PIM2. The
activity of mTORC1 in comparison to mTORC2 determines
whether näıve T cells differentiate into the Th

1
/Th
17

lineage
versus Th

2
cells [100]. In the absence of Rheb, a kinase

required for the function of mTORC1, Th
1
and Th

17
cells

are not produced, as mTORC1 is required for Th
1
/Th
17

specification [100]. In the absence of rictor, a component of
mTORC2, Th

1
, and Th

17
cells is generated but not Th

2
cells.

Therefore, mTORC1 activity is required to generate Th
1
cells,

whilemTORC2 activity is required forTh
2
specification [100].

Lineage determination by mTOR is through induction of
changes in cellular metabolism through activation of its sub-
strates (hypoxia-inducible factor, sterol regulatory element
binding proteins 1 and 2), through regulation of mitochon-
drial function, and through negative regulation of autophagy
[101]. mTOR activation results in a stimulation of glycol-
ysis, pentose phosphate shunt pathway activity (oxidative
branch), and lipid biosynthesis with a concurrent reduction
in fatty acid oxidation [101]. SincemTOR stimulates glycolytic
metabolism, it promotes Th

1
, Th
2
, and Th

17
specification,

as these subsets have high metabolic requirements [102]. As
such, Th

1
, Th
2
, and Th

17
cells also show high expression of

the Glut1 receptor to facilitate increased glucose transport

[102]. As mTORC1 supports an anabolic state with lipid
biosynthesis over its utilization/oxidation, this results in
reducedAMPKactivity [103]. AMPKactivity is critical to Treg
metabolism, supporting effector over Treg cell specification
when expression is low [103]. mTOR additionally impacts
aerobic metabolism through control over mitochondrial
function through regulation of mitochondrial number [104],
transmembrane potential [105], oxygen consumption [105,
106], and autophagy [107–109].

A model of CD4+ T cell specification has been proposed
based on differential activation of mTOR. In this model, the
generation of effector CD4+ T cells from naı̈ve CD4+ T cell
precursors is dependent on mTOR-mediated induction of
metabolic programs within CD4+ T cells [110]. mTORhi and
mTORlo näıve CD4+ T cells were found to have different fates
[111]. mTORhi CD4+ T cells will become effector cells, while
mTORlo CD4+ T cells represent a long-lived CD4+ T cell
population, with expression of Bcl-2, CD62L, and CD25 and
a higher propensity to develop into Tregs [111]. Interestingly,
the mTORlo and mTORhi näıve T cell populations can be
separated based on their size, with the mTORhi population
having increased cell size [111].

Although mTOR activity is critical to the regulation of
CD4+ T cell development, specification, and metabolism, its
hyperactivation is pathogenic. mTOR complex I is overex-
pressed in autoimmune diseases, genetic cancer syndromes,
and obesity which correlates with a reduction in suppres-
sor Tregs [112]. mTOR stimulates aerobic glycolysis, which
promotes the Warburg effect within tumors [112]. mTORC1
activity increases Th

17
cell number and reduces Tregs in sys-

temic lupus erythematosus (SLE) [113, 114]. Overexpression
of mTOR results in defects in macroautophagy [105, 115],
which is pathogenic through mitochondrial dysfunction,
ATP depletion, and increased oxidative stress [116]. mTOR
inhibitors, such as rapamycin, are therefore therapeutic
through inhibiting aberrant mTOR activity in the treatment
of autoimmunity and malignancies [117–119].

4. Conclusion

As mentioned, naı̈ve CD4+ T cells mature into Th
1
, Th
2
,

Th
9
, TFH, Th17, or Treg subsets in response to innate immune

signals, costimulatory interactions with APCs, paracrine
cytokine signals, and through mTOR-mediated changes in
energy metabolism [31, 120]. The resulting CD4+ T cell
subsets are highly plastic with numerous transitory popula-
tions identified that are capable of heterogeneous cytokine
production as well as the ability to cross talk with other
näıve, effector, memory, and regulatory CD4+ T cells. With
continued stimulation, CD4+ T cells develop patterns of
stable cytokine expression, yet chromatin remodeling alters
cytokine programs in subsets containing bivalent chromatin
modifications at loci encoding lineage-specific transcription
factors to maintain the capability of shifting their phenotype
in response to environmental alterations [32]. mTOR was
recently identified as a possible master regulator of CD4+ T
cell differentiation [26] and exerts CD4+ T cell specification
through alterations in cellular metabolism. An improved
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understanding of how tomodulateCD4+ Tcell pools through
inducing phenotypic shifts could providewide health benefits
from limiting autoimmune responses to optimizing antitu-
mor immune responses and represents an exciting area of
investigation.
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näıve human CD4+ T cells to the T follicular helper (T

𝐹𝐻
) cell

lineage is induced by IL-12,” Immunology and Cell Biology, vol.
87, no. 8, pp. 590–600, 2009.

[87] P. Soroosh and T. A. Doherty, “Th9 and allergic disease,”
Immunology, vol. 127, no. 4, pp. 450–458, 2009.

[88] V. A. Lawless, S. Zhang, O. N. Ozes et al., “Stat4 regulates
multiple components of IFN-𝛾-inducing signaling pathways,”
Journal of Immunology, vol. 165, no. 12, pp. 6803–6808, 2000.

[89] F. Ria, G. Penna, and L. Adorini, “Th1 cells induce and Th2
inhibit antigen-dependent IL-12 secretion by dendritic cells,”
European Journal of Immunology, vol. 28, no. 6, pp. 2003–2016,
1998.
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Maintaining the identity of Foxp3+ regulatory T cells (Tregs) is critical for controlling immune responses in the gut, where an
imbalance between Tregs and T effector cells has been linked to inflammatory bowel disease. Accumulating evidence suggests
that Tregs can convert into Th17 cells and acquire an inflammatory phenotype. In this study, we used an adoptive transfer model
of Ag-specific T cells to study the contribution of different factors to the reprogramming of in vitro-generated Treg cells (iTreg)
into IL-17-producing cells in a mouse model of gut inflammation in vivo. Our results show that intestinal inflammation induces the
reprogramming of iTreg cells into IL-17-producing cells and that vitaminA restrains reprogramming in the gut.We also demonstrate
that the presence of IL-2 during the in vitro generation of iTreg cells confers resistance toTh17 conversion but that IL-2 and retinoic
acid (RA) cooperate to maintain Foxp3 expression following stimulation underTh17-polarizing conditions. Additionally, although
IL-2 and RA differentially regulate the expression of different Treg cell suppressive markers, Treg cells generated under different
polarizing conditions present similar suppressive capacity.

1. Introduction

Despite many years of investigation, the etiology of inflam-
matory bowel diseases (IBDs) such as ulcerative colitis or
Crohn’s disease remains unknown. Present day hypotheses
propose that abnormal immune responses in the gut mucosa
cause continual intestinal inflammation, specifically alter-
ations in theT cell response either to the gut flora or to normal
components of the gut lumen [1, 2]. A number of animal
models have helped shed light on the possible mechanisms
involved in the immunological imbalance found in these
diseases [3].

Some reports have implicated CD4+ T cells in both the
initiation and maintenance of chronic inflammation of the
gut. An imbalance in the development and function of IL-17-
producingTh17 cells and Foxp3+ Treg in the intestine plays an
important role in IBD [4, 5]. Moreover, several studies have

described that Th17-related cytokines such as IL-17 and Th1
cytokines (tumor necrosis factor, IL-12, and interferon-𝛾) are
noticeably augmented in the inflamed gut [6–8]. Although
the exact role of Th17 cells in the pathogenesis of intestinal
bowel diseases is not well understood, recent studies eval-
uating the role of Th1 and Th17 cells in the induction of
experimental colitis in mice have shown a prevalence ofTh17
cells over their Th1 counterpart in the inflamed gut [9].

A number of recent reports using different animalmodels
have demonstrated the importance of gut-resident Treg cells
in preventing the development of experimental colitis [10–
12]. More interestingly, studies have shown that the transfer
of Treg cells into mice undergoing experimental colitis can
resolve an already established disease [13, 14], which indicates
that manipulating the T cell compartment may help in the
resolution of chronic inflammatory diseases.
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Additionally, all-trans-retinoic acid (RA), a vitamin A
metabolite that is produced by specialized dendritic cells
(DCs) in the gut, modulates Foxp3+ regulatory T cell and
Th17 effector T cell differentiation [15]. Several in vitro studies
have demonstrated that RA enhances the TGF-𝛽-induced
differentiation of naive CD4+ T cells into Treg cells [16–
18] while simultaneously inhibiting proinflammatory Th17
differentiation [19]. However, the in vivo effects of RA on
Treg/Th17modulation have not been fully elucidated, and the
experimental results appear to vary depending on the system
used [19–21].

TGF-𝛽 is a pleiotropic cytokine that is involved in the gen-
eration of both Th17 and Treg cells, depending on the other
cytokines present in the local environment.Thus, T cells acti-
vated with IL-2 and TGF-𝛽 become Foxp3+ regulatory T cells
[22], whereas activation with IL-6 and IL-1𝛽 results in Th17
cells [23]. Moreover, accumulating evidence suggests that
Tregs cells can lose Foxp3 expression and be reprogrammed
to express IL-17 under certain circumstances. Using a model
of lymphopenic mice, Yurchenko and colleagues reported
that nTreg from the thymus and peripheral lymphoid organs
can be reprogrammed to Th17 (and to Th1) cells in the
gut [24]. Additionally, using a mouse model of rheumatoid
arthritis, the Komatsu group described that Th17 cells with
autoimmune properties can be generated from Foxp3+ regu-
latoryT cells in vivo, demonstrating that the instability of Treg
can lead to pathological conditions [25]. Thus, defining the
mechanisms and factors controlling Treg cell plasticity may
contribute to our understanding of the immune deregulation
observed in chronic inflammation and autoimmunity and
may be helpful when designing regulatory T cell-based
therapies.

In the current study, we demonstrate that the conversion
of Foxp3+ regulatory T cells into IL-17 producer cells can
be regulated by inflammatory signals in the gut. We further
report that IL-2 and RA confer Treg cells with resistance
against converting toTh17 cells.

2. Materials and Methods

2.1. Mice. C57BL/6 and OTII mice were purchased from
Jackson Laboratories and housed under specific pathogen-
free conditions. Foxp3-GFP (CD45.1+) knock-in mice were
generously provided by Dr. Alexander Rudensky, Howard
Hughes Medical Institute, Memorial Sloan-Kettering Can-
cer Center, New York. OTII/Foxp3-GFP (CD45.1+/CD45.2+)
mice were generated by crossing OT-II mice (CD45.2+) with
Foxp3-GFP knock-in mice (CD45.1+). Vitamin A-deficient
(VAD) mice were obtained by feeding mice with a vitamin
A-deficient diet from day 10 of gestation.

Animal work was carried out under institutional regu-
lations of the Fundación Ciencia & Vida and the Faculty
of Sciences, Universidad de Chile. All animal work was
approved by and performed within the guidelines of the local
Animal Care and Use Committee.

2.2. Antibodies and Reagents. The following antibodies from
eBioscience (San Diego, CA, USA) were used: anti-mouse
CD4 APC-H7 (GK1.5), CD25 PE (PC61.5), IL-17 PE

(eBio17B7), IL-17 APC (eBio17B7), Foxp3 PE-Cy7 (FJK-
16s), IgG 2a PE-Cy7 (eBR2a), CD39 PE (24DMS1), CD73
PE-Cy7 (Ty/11.8), CTLA-4 PE (UC10-4F10-11), Lag-3 APC
(C9b7w), CCR9 PE (eBioCW-1.2), 𝛼4𝛽7 PE (DATK32), B220
(RA3-6b2), CD19 APCH-7 (1D3), CD11c (N418), CD62L
FITC (MEL-14), CD45.1 PE-cy7 (A20) purified anti-CD3
(145-2C11), and purified CD16/32 (93). From Biolegend (San
Diego, CA, USA), we used CD4 PECy7 (GK 1.5), I-Ab FITC
(25-9-17) and CD11b APC (M1/70), and purified 𝛼-IFN𝛾
(XMG1.2). Recombinant mouse IL-2, TGF-𝛽1, IL-6, and
IL-1𝛽 were purchased from eBioscience. All-trans-retinoic
acid, OVA protein, PMA, and ionomycin were purchased
from Sigma Aldrich (St. Louis, MO, USA).

2.3. Isolation of OVA-Specific Naive T Cells. Splenic CD4+
cells from OTII/Foxp3-GFP mice were enriched using the
Miltenyi CD4+ T cell isolation kit II (Miltenyi Biotech,
Bergisch-Gladbach, Germany) according to the manufac-
turer’s instructions. Naive CD4+CD25− CD62L-CD44int T
cells were further purified by cell sorting using FACS ARIA
II (Becton Dickinson, NJ, USA) after surface staining with
specific anti-mouse antibodies.

2.4. Isolation of Splenic APCs. Spleen tissue was fragmented
and digested for 45min at 37∘C in the presence of collagenase
D (Roche, Mannheim, Germany) and 2 𝜇g/mL of DNAse
I (Roche) in PBS plus 10% fetal bovine serum. Undigested
fibrous material was removed by filtration through a cell
strainer. CD11c+ cells were obtained by positive selection
using anti-CD11c microbeads (Miltenyi Biotec) according to
themanufacturer’s instructions.The cells were assayed for the
presence of DCs and B cells by flow cytometry, obtaining an
average of 60% CD11c+ DCs and 40% B220+ B cells.

2.5. In Vitro T Cell Differentiation and Reprogramming. To
generate Treg cells, naive CD4+ T cells were cocultured with
APC cells at a 5 : 1 ratio in the presence of 1 𝜇g/mL anti-CD3,
under iTreg polarizing conditions (5 ng/mL TGF-𝛽, 5 ng/mL
IL-2, and 10 nMretinoic acid). iTreg (CD4+Foxp3+) cells were
purified by cell sorting and cocultured with dendritic cells
at a 5 : 1 ratio in the presence of 1 𝜇g/mL anti-CD3, under
Th17-polarizing conditions (5 ng/mL TGF-𝛽, 20 ng/mL IL-
6, 10 ng/mL IL-1𝛽, and 10 𝜇g/mL anti-IFN-𝛾) for 6 days.
To assess IL-17 production, T cells were activated for 4 h
with PMA plus ionomycin in the presence of BFA. The cells
were fixed and permeabilized with fixation/permeabilization
working solution (BD Bioscience) according to the manufac-
turer’s instructions.

2.6. TCell SuppressionAssay. For theTreg suppression assays,
CD4+CD25− responder T cells (0.1 × 106) from C57BL/6
mice were labeled with CellTrace Violet (Invitrogen) and
stimulated with (2 × 104) C57BL/6 APCs plus 1 𝜇g/mL anti-
CD3 mAb. iTregs purified by sorting were added at different
ratios. After 3 days, CellTrace Violet dilution in the responder
cells was analyzed by flow cytometry.

2.7. Adoptive Transfer of iTregs for In Vivo Stability Assays.
In vitro-generated iTregs from OT-II/Foxp3-GFP mice



BioMed Research International 3

(CD4+GFP+CD45.1/2+, 1 × 106) were sorted (FACS Aria II)
and intravenously transferred to C57BL/6 (CD45.2+) mice.
At days 1 and 3 after the adoptive transfer, the recipient mice
were injected intraperitoneally with either 1mg OVA alone
or OVA plus a CD3-specific antibody (clone 2C11, 10mg per
mouse). Six days later, lymphoid organs and lamina propria
were dissected as previously described [26], and the cells were
analyzed by flow cytometry to assess the expression of Foxp3-
GFP and IL-17 production on the transferred cells (CD45.1+).

2.8. Statistical Analyses. The data are presented as the
means ± SEMandwere analyzed usingGraphPad Prism Soft-
ware 5.0c (La Jolla, CA). Significance was determined using
theMann-Whitney𝑈 test or repeatedmeasures ANOVAwith
Bonferroni’s posttest. Significance was set at 𝑝 < 0.05.

3. Results

3.1. Vitamin A Impairs the Reprogramming of Treg Cells into
IL-17-Producing Cells during Acute Intestinal Inflammation
In Vivo. We and others have demonstrated that RA favors
the generation of Treg cells both in vivo and in vitro
[16, 27]. Moreover, given recent reports demonstrating that
Treg cells can convert into the inflammatory Th17 pheno-
type [24, 25], we decided to investigate the stability and
reprogramming of in vitro-generated regulatory T (iTreg)
cells into IL-17-producing cells during inflammation in the
gut. For this experiment, purified Foxp3-GFP+ OVA-specific
iTreg cells that were generated in vitro from CD45.1+ mice
were transferred into congenic CD45.2+ mice. At days 1
and 3 after the adoptive transfer, the recipient mice were
intraperitoneally injected with anti-CD3 plus OVA to induce
inflammation or with OVA alone as a control (see Supple-
mentary Figure 1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/137893). On day 6, mononu-
clear cells were obtained from spleens, mesenteric lymph
nodes (MLN), and lamina propria (LP) and were analyzed to
assess the expression of Foxp3 (GFP+) and IL-17 production
on the transferred (CD45.1+) cells. The results indicate that,
during an acute intestinal inflammation, approximately 2%
of the Foxp3+ cells upregulate IL-17 expression (IL-17+GFP+),
particularly in the LP. This phenomenon was not observed
when Foxp3+ cells were transferred into mice immunized
with OVA alone (Figure 1), which suggests that the inflam-
matory conditions in the gut favor Tregs conversion into IL-
17-producing cells.

Based on recent results of in vitro experiments indicating
that natural Treg cells treated with RA resist converting into
Th17 and other T helper phenotypes [28], we asked whether
RA could also have an effect on the stability of iTreg cells
in vivo. Because RA is produced abundantly in the gut as
a metabolite of vitamin A [29], we evaluated iTreg cell sta-
bility and reprogramming in mice fed a vitamin A-deficient
diet (VAD). Our results indicate that, under inflammatory
conditions, a higher percentage of the adoptively transferred
iTreg cells are reprogrammed into IL-17-producing T cells
in VAD mice compared with the mice fed a control diet
containing RA, particularly in the LP (Figure 1). This finding

suggests that RA impairs the reprogramming of Tregs into IL-
17-producing cells during inflammation in the gut.

3.2. Regulatory T Cells Generated under Different Polarizing
Conditions Differentially Express Treg Markers but Present
Similar Suppressive Capacity. Based on these results, which
indicate a role of RA in Treg stability, and considering
the reported role of IL-2 on the development, expansion,
and function of Tregs [30], we wondered whether RA and
IL-2 affect either the expression of suppressive markers
characteristic of Treg cells or the suppressive capacity of Treg
cells. To answer this question, we generated Treg cells under
different Treg polarizing conditions (with and without RA)
and evaluated the expression of several functional markers
(ectonucleotidases CD39 and CD73, CTLA4, and LAG3) and
the suppressive potential of the generated Treg cells.

In these experiments, naive
(CD4+CD62L+CD44intCD25−Foxp3−) T cells isolated
from OTII/Foxp3-GFP reporter mice were activated in the
presence of TGF-𝛽 under three different settings: (a) plus
IL-2 (TIL-2 Treg), (b) plus RA (TRA Treg), or (c) plus both
RA and IL-2 (TILRA Treg). Under these conditions and as
reported by others [16] the presence of RA increased iTreg
generation from a low of 4% to a high of 80%, as assessed by
Foxp3 expression (Supplementary Figure 2).

Regarding the expression of Treg markers, the results
presented in Figure 2(a) show that iTreg cells that were
generated in the presence of IL-2 but in the absence of RA
(TIL-2) presented a higher expression of the CD39 ecto-
5-nucleotidase and CTLA-4 compared with the expression
observed in Treg cells that were generated in the presence of
RA (TRA and TILRA Treg cells). Moreover, Treg cells gen-
erated in the presence of RA exhibited a significantly higher
expression of the ecto-5-nucleotidase CD73 compared with
TIL2 Treg cells. Additionally, we detected a significantly
lower expression of LAG-3 in TRA Treg compared with that
observed in Treg cells that were generated in the presence of
IL-2 (TIL2 and TILRA). Taken together, these data suggest
that RA decreases the expression of CTLA4 and CD39 while
simultaneously increasing CD73 expression. Moreover, IL-2
increases the expression of LAG3.

Next, we compared the suppressive activity of the iTregs
that were generated under different polarizing conditions.
The Foxp3-GFP+ Treg cells generated under all three settings
were sorted and cocultured with CellTrace Violet-labeled
naive T cells, followed by stimulation with CD11c+ DCs and
anti-CD3. The results showed that, regardless of the condi-
tions under which the Tregs were generated, they suppressed
the effector T cell proliferation to a similar level (Figure 2(b));
this finding indicated that although RA impairs Tregs plastic-
ity, it does not enhance their suppressive capabilities.

3.3. IL-2 Confers iTreg Cells Resistance to Th17 Conversion,
While RA with IL-2 Sustains Foxp3 Expression. Based on
reports that established that Foxp3 expression is a key factor
for the generation and function of Treg cells [31], we decided
to investigate whether RA and IL-2 affect the stability of
Foxp3. To address this aim, iTreg cells generated under
the different conditions were sorted and restimulated for 6
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Figure 1: Vitamin A impairs the conversion of iTreg cells into IL-17-producing cells during intestinal inflammation. Highly purified CD45.1+
Foxp3+ cells generated in vitro were transferred into congenic mice (CD45.2+) fed a vitamin A-deficient diet (VAD) or control diet. At days
1 and 3 after the adoptive transfer, the recipient mice were injected intraperitoneally with OVA + anti-CD3 to induce inflammation or OVA
alone as a control. The lymphoid organs and lamina propria were dissected at day 6, and the cells were analyzed to assess the expression
of Foxp3 and IL-17 production on the transferred CD4+ cells (CD45.1+). (a) Representative graph showing the percentage of Foxp3-GFP
expression against IL-17 on the transferred CD4+ cells (CD45.1+). (b) Quantification of Foxp3+IL-17+ (left) and Foxp3+IL-17− (right) cells for
each condition. Means ± SEM are shown. Mann-Whitney 𝑈 test ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001.
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Figure 2: Regulatory T cells generated under different polarizing conditions differentially express Treg markers but present similar
suppressive capacity. FACS-sorted naive T cells from the OTII/Foxp3-GFP reporter mice were cultured with splenic APC and anti-CD3
in the presence of TGF-𝛽 plus IL-2 (TIL-2 Treg), plus RA (TRA Treg), or plus both RA and IL-2 (TILRA Treg). (a) Surface phenotype and
Foxp3-GFP expression was analyzed by flow cytometry after 6 days of culture. Representative histograms of CD39, CD73, CTLA4, and LAG3
expression on Foxp3+ cells (upper graph). Average MFI ± SEM was derived from three independent experiments (lower graph). ∗𝑝 < 0.05,
∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001. (b) Foxp3-GFP+ iTreg cells were sorted and cocultured with CellTrace Violet-labeled naive T cells at different
effector , Treg ratios, and then stimulated with anti-CD3 plus CD11c+ DCs. Representative histograms of T effector cells proliferation (left).
The graph represents the percentage of proliferation of CellTrace Violet-labeled Teff cells (right). Data are representative of three independent
experiments.

days under Th17-polarizing conditions. The cells were then
analyzed by flow cytometry to assess the expression of Foxp-
3 and IL-17 production. We observed that when Treg cells
that were generated in the presence of both IL-2 and RA
(TILRA) were placed under Th17-polarizing conditions, a
higher number of cells retained Foxp3+ expression (42.0 ±

10.9%) compared with Tregs generated in the presence of IL-
2 alone (22.5 ± 9.0%) or RA alone (26.0 ± 9.1%) (Figure 3).
Furthermore, the results show that, in the absence of IL-2
(TRA Treg), Treg cells convert to a Th17 phenotype (56.1 ±
18.0%) at a higher frequency compared with TILRA (31.0 ±
16.0%) or TIL-2 (48.0 ± 18.0%) Treg cells. Taken together,
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Figure 3: IL-2 confers iTreg resistance to Th17 conversion, while RA and IL-2 cooperate to sustain Foxp3 expression following stimulation
underTh17-polarizing conditions. FACS-sorted antigen-specific iTreg cells generated in the presence of TGF-𝛽 plus IL-2 (TIL-2 Treg), plus RA
(TRATreg), or plus both RA and IL-2 (TILRATreg) were recultured underTh17-polarizing conditions with IL-6, TGF-𝛽1, IL-1𝛽, and 𝛼-IFN𝛾.
Six days later, the cells were collected for intracellular IL-17 and Foxp3-GFP staining. (a) Representative staining showing the percentage of
Foxp3-GFP expression versus IL-17 content. (b) Values indicate means ± SEM of four separate experiments. Repeated measure ANOVAwith
Bonferroni’s post test ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001.

these data suggest that the simultaneous presence of RA and
IL-2 contributed to a more stable Foxp3 expression, which
may favor Treg stability under inflammatory conditions.

4. Discussion

Treg cells are involved in maintaining peripheral tolerance
and controlling the immune response. Thus, the stability
and plasticity of Treg cells might affect their ability to
control inflammation. Recently, the imbalanced development
and function of IL-17-producing Th17 and Foxp3+ Treg
cells have been demonstrated to play an important role
in autoimmune diseases, including IBD [4, 5]. Therefore,
defining the mechanisms and factors that control Treg cell
stability/plasticitymay contribute to our understanding of the
mechanisms involved in the immune deregulation observed
in chronic inflammation and autoimmunity and to the design
of regulatory T cell-based therapies.

The results of our in vivo studies demonstrate that,
following adoptive transfer, iTreg cells upregulate IL-17
expression during intestinal inflammation. Previous studies
have shown an increase in the presence of IL-17+Foxp3+CD4+

T cells in patients with IBD, which suggests that these
double-positive cells may have a dual proinflammatory and
regulatory function [32]. In this regard, our results suggest
that the IL-17+ Foxp3+ cells observed in IBD might have
been generated from single-positive Foxp3 Treg cells under
inflammatory conditions and that Treg cells may contribute
to the pathogenesis of gut inflammation via this mechanism.

The importance of vitamin A in the regulation of intesti-
nal immunity has long been recognized. Several published
studies in this area have demonstrated that RAdownregulates
inflammatory responses in murine models of colitis [4, 33]
and that vitamin A deficiency can lead to exacerbated experi-
mental colitis [34].Thus, to study the effect of RA inTreg plas-
ticity in vivo, we adoptively transferred iTreg cells tomice that
were fed a vitaminA-deficient diet. Interestingly, we observed
that vitamin A deficiency favors the reprogramming of Treg
cells into IL-17-producing cells during intestinal inflamma-
tion. In this context, Xiao and colleagues demonstrated that
RA treatment decreased Ag-specific Th17 development by
inhibiting IL-16 and IL-23 receptor expression [19].Moreover,
Zhou and colleagues showed that natural Tregs treated with
RA were resistant to Th17 conversion due to the decrease
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in IL-6-R [28]. The importance of the local presence of RA
in maintaining a healthy immune response in the gut is
reinforced by our results, which indicate that evenwhenTregs
were generated in the presence of RA in vitro, vitamin A
deficiency favors the reprogramming of iTregs into IL-17-
producing cells during intestinal inflammation.Thus, we can
speculate that vitamin A deficiency may favor the expression
of IL-16 and IL-23 receptors in adoptively transferred iTreg
cells during intestinal inflammation in the gut.

Because of the interest in potential therapeutic
approaches that utilize the transfer of regulatory T cells, we
have explored the role of IL-2 and RA, two factors that are
involved in the generation of Treg cells, in their phenotype,
function, and stability.

One of the suppressive mechanisms attributed to Treg
cells is metabolic disruption through the expression of CD39
and CD73. Although these ectonucleotidases act in concert
to convert ATP into immunosuppressive adenosine [35]
their cellular expression is dissimilar. Whereas CD39 is
expressed primarily on the surface of activated T cells, CD73
is expressed on Foxp3 regulatory T cells and on precursor T
cells [36]. Our results show a disparate expression of these
enzymes. Thus, adding RA during the in vitro differentia-
tion of iTreg cells decreases the expression of CD39 while
simultaneously increasing CD73 on the cell surface. Another
suppressive mechanism of Treg cells is the control of DC
maturation and activation by CTLA-4 and LAG-3 [37, 38]. As
shown in Figure 2, RA decreased the expression of CTLA4,
whereas IL-2 increased the expression of LAG3. Finally,
Treg cells generated under the different polarizing conditions
suppressed effector T cell proliferation to a similar level.

Our in vitro experiments demonstrate that the genera-
tion of iTreg cells in the presence of IL-2 decreases their
reprogramming into Th17 cells when stimulated under Th17-
polarizing conditions. A previous report showed that IL-
2 downregulates IL-6 receptor expression and IL-6 signal-
ing in Treg cells [39]. This downregulation may explain
the differences observed in the reprogramming capability
between iTregs generated in presence and absence of IL-
2. Additionally, we observed that iTreg cells generated in
the presence of both RA and IL-2 (TILRA Treg) presented
a more stable phenotype than did iTreg generated with
either molecule alone. Chen and colleagues suggested the
importance of IL-2 in Treg stability by demonstrating that
administering IL-2 in vivo results in the stabilization of Foxp3
expression [40]. Our results suggest that IL-2 and RA might
act synergistically to sustain Foxp3 expression.Therefore, the
use of both factors may be necessary in the generation of Treg
cells for Treg cell-based therapies.

5. Conclusions

In conclusion, our data demonstrate that IL-2 and RA not
only regulate the level of regulatory T cell production but also
determine their phenotype and plasticity. We demonstrated
that the presence of IL-2 during the in vitro generation of
iTreg cells confers resistance toTh17 conversion and that IL-2
cooperates with RA to maintain Foxp3 expression following
stimulation under Th17-polarizing conditions. In addition,

we showed that local inflammation and vitamin A deficiency
favor the reprogramming of Treg cells into IL-17-producing
cells.Thus, Tregs stability and plasticity are regulated not only
by the signals they receive during generation but also by the
signals present in the local microenvironment where they
exert their function.
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Lung cancer is the leading cause of cancer deathworldwide. Adenocarcinoma, themost commonly diagnosed histologic type of lung
cancer, is associated with smoking. Cigarette smoke promotes inflammation on the airways, whichmight bemediated byTh17 cells.
This inflammatory environment may contribute to tumor development. In contrast, some reports indicate that tumors may induce
immunosuppressive Treg cells to dampen immune reactivity, supporting tumor growth and progression.Thus, we aimed to analyze
whether chronic inflammation or immunosuppression predominates at the systemic level in lung adenocarcinoma patients, and
several cytokines andTh17 and Treg cells were studied. Higher proportions of IL-17-producing CD4+ T-cells were found in smoking
control subjects and in lung adenocarcinoma patients compared to nonsmoking control subjects. In addition, lung adenocarcinoma
patients increased both plasma concentrations of IL-2, IL-4, IL-6, and IL-10, and proportions of Latency Associated Peptide (LAP)
TGF-𝛽 subset of CD4+CD25+CD127− Treg cells, which overexpressed LAP TGF-𝛽.This knowledgemay lead to the development of
immunotherapies that could inhibit the suppressor activity mediated by the LAP TGF-𝛽 subset of CD4+CD25+CD127− Treg cells
to promote reactivity of immune cells against lung adenocarcinoma cells.

1. Introduction

Lung cancer is the leading cause of cancer death worldwide.
Non-small cell lung carcinoma (NSCLC) is themost common
type of lung cancer. Adenocarcinoma is the most frequently
diagnosed histologic type of NSCLC and is associated with
passive and active smoking. The substantial doses of car-
cinogens and toxins contained in cigarette smoke favor
chronic inflammation of the respiratory tract, which is a risk
factor for the development of nonmalignant and malignant
diseases [1]. Currently, accumulating evidence has shown

that inflammation is associated with the pathogenesis of lung
cancer, especially inflammation induced by cigarette smoke
[2, 3]. Several authors have proposed that tumor cells induce
and maintain an inflammatory reaction. A tumor-associated
inflammatory response can contribute to multiple capacities
associated with the development and progression of cancers
[4–6].

In chronic inflammation, the participation of the Th17
cell subpopulation is of primary importance. Th17 cells are
induced by transforming growth factor beta (TGF-𝛽) and
interleukin- (IL-) 6 or IL-23. These cells express the retinoic
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orphan receptor gamma (ROR-𝛾t) and present a potent
proinflammatory activity, which is mediated predominantly
by their effector cytokines IL-17A/F, IL-21, IL-22, and IL-23
[7]. In cancer, Th17 cells have been reported to show pro-
and antitumoral effects. The protumoral role of Th17 cells is
based on their capacity to recruit neutrophils through IL-
8 production. In addition, IL-17A induces that stromal cells
andfibroblast produce angiogenic factors such asVEGF.Also,
IL-17 induces production of IL-6 by malignant cells, which
activate Stat3 signaling pathway. However, Th17 cells might
have an antitumoral activity mediated indirectly through
dendritic cells (DCs) recruitment and activation of cytotoxic
CD8+ T-cells activity [8–10].

On the other hand, tumor cells develop several strategies
to hamper the activity of the distinct types of cells par-
ticipating in the immune response, and there is evidence
that regulatory T-cells (Treg cells) play an important role in
suppressing antitumoral functions [11, 12]. Treg cells are a
subset of CD4+ T-cells that are specialized for suppressive
function. Treg cells differentiate from näıve CD4+ T-cells in
presence of soluble factors such as IL-10 and TGF-𝛽 [13, 14].
The transcription factor FOXP3 has been shown to play a
key role in regulatory T-cell function and is a characteristic
marker for these cells [14]. However, FOXP3 is a nuclear
protein that has a limited value in the isolation of Treg cells for
functional assays. Recently, low levels of the IL-7 receptor 𝛼-
chain (CD127) have been shown to be expressed on Treg cell
surface and are inversely correlated with FOXP3 expression
[15]. Thus, the more reliable phenotype for identifying Treg
cells is CD4+CD25+CD127−.

Treg cells mediate immunosuppression via cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), IL-10, and cell
surface expression of TGF-𝛽 bounds to membrane through
Latency Associated Peptide (LAP) [14, 16–19]. LAP is the N-
terminal propeptide of the TGF-𝛽 precursor that noncova-
lently binds to TGF-𝛽, forming a latent TGF-𝛽 complex and
favoring the release of TGF-𝛽 into the extracellular milieu.
Recently, a subset of inducible LAP+ Treg subset has been
reported; this subset suppresses proliferation of conventional
T-cells in vitro via IL-10 and TGF-𝛽 [20–22].

Several studies have shown that Th17 and Treg cells are
found in peripheral blood of lung cancer patients [23, 24];
however, the possible interrelation between these subsets
remains to be elucidated.The objective of the present study is
to clarify to what extent smoking-associated chronic inflam-
mation versus tumor induced suppression contributes in
advanced-stage lung adenocarcinoma patients; thus, several
cytokines,Th17, and Treg cells were quantified and compared
with smoking and nonsmoking controls subjects. Our data
indicate that cigarette smoke induced a proinflammatory
profile; nevertheless, lung tumors favored suppression rather
than inflammation and lead to increased levels of immuno-
suppressive cytokines and upregulation of LAP-TGF-𝛽 in
the CD4+CD25+CD127− Treg cells. This Treg cell subset
might mediate the local and systemic suppression in lung
adenocarcinoma patients. Targeting Th17/Treg balance for
therapeutic purposes may represent a useful tool for lung
cancer treatment in the future.

2. Materials and Methods

2.1. Population Studied. The population consisted of a total
of 28 patients with clinical stage IV lung adenocarcinoma.
The diagnosis was established according to WHO criteria
[25] by histological examination of biopsy specimens or
cytological observation of malignant cells in pleural effusion.
Only patients who were classified as heavy smokers were
included in the study. According to gender they were 16males
and 12 females. The median age of the group was 59 years
(range = 41–78 years). None of the patients had received any
type of anticancer therapy before the study.

As controls, 13 healthy nonsmoking (9 males and 4
females) and 15 heavy-smoking (10 males and 5 females)
volunteers were included. The median age was 56 years in
the nonsmoking group (range = 43–83 years) and 52 years
in the smoking group (range = 45–63 years). Subjects from
the control groups had normal values for lung function tests
as measured by spirometry. The Committee of Science and
Bioethics of the National Institute of Respiratory Diseases
approved the protocol for the collection of biological samples.
Written informed consent was obtained from each subject.

2.2. PlasmaCollection and Isolation ofMononuclear Cells from
Blood Samples. Blood samples in EDTA-containing tubes
were centrifuged, and plasma was immediately collected
and stored at −80∘C. Peripheral blood mononuclear cells
(PBMCs) were separated on Lymphoprep (Axis-Shield, Oslo,
Norway) by centrifugation at 150×g for 45min. Recuperated
PBMCs were washed, suspended in freezing medium, and
cryopreserved in liquid nitrogen.

2.3. Quantification of Plasma Th1, Th2, and Th17 Cytokines.
Plasma IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-𝛼, and IFN-𝛾
cytokines from lung adenocarcinoma patients and smoking
and nonsmoking control subjects were measured simultane-
ously using the Cytometric BeadArrayHumanTh1/Th2/Th17
Cytokine kit (BD Biosciences, San Jose, CA, USA) according
to the manufacturer’s procedure. Data were analyzed using
FCAP Array software version 1.0.1 (BD Biosciences).

2.4. Quantification of Plasma TGF-𝛽1 by ELISA. TGF-𝛽1 in
plasma from the lung adenocarcinoma patients and smoking
and nonsmoking control groups was quantified using the
QuantikineHumanTGF-𝛽1 immunoassay (R&D system Inc.,
MN, USA) according to the manufacturer’s procedure.

2.5. Percentage of IL-17A-Producing CD4+ T-Cells. PBMCs
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Sigma Chemical, St. Louis, MO, USA) supple-
mented with 10% fetal calf serum and antibiotics (complete
medium) and stimulated with bead particles coated with
anti-CD2, anti-CD3, and anti-CD28 antibodies using the
T-Cell Activation/Expansion kit (Miltenyi Biotec, Auburn,
CA, USA) following the manufacturer’s instructions for
a period of 72 h. Five hours before completing the total
incubation time, the PBMCs were further stimulated with
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phorbol 12-myristate 13-acetate (PMA) (25 ng/mL), iono-
mycin (1 𝜇g/mL), and brefeldin A (10 𝜇g/mL) (all from Sigma
Aldrich, St. Louis,MO,USA). Cell stimulationwas confirmed
by membrane expression of CD69 molecule using an FITC
anti-CD69 antibody (FN50 clone, BioLegend, SanDiego, CA,
USA) and flow cytometric analysis.

For intracellular detection of IL-17A, PBMCs previously
stimulated and incubated with PE-Cy5 anti-CD4 antibody
(RPA-T4 clone, BioLegend) were washed, permeabilized with
FACS Permeabilizing Solution (BD Pharmingen), and fixed.
Permeabilized cells were stained with PE anti-IL-17A (BL168
clone, BioLegend) and Alexa Fluor 488 anti-IFN-𝛾 (4S.B3
clone, BioLegend) antibodies.

2.6. Purification of CD4+ T-Cells. CD4+ T-cells were isolated
from PBMCs by negative selection with the CD4+ T-cell
isolation kit II (Miltenyi Biotec, Auburn, CA, USA) following
the manufacturer’s instructions. Cell viability determined
by trypan blue exclusion was always higher than 92%. The
purity of the CD4+ T-cells was always higher than 94%, as
detected by a mixture of FITC anti-CD3 (HIT3a clone), PE-
Cy5 anti-CD8 (HIT8a clone), and PE anti-CD4 (RPA-T4
clone) antibodies (all from BioLegend) and flow cytometric
analysis.

2.7. Th17 and Treg Phenotyping by Flow Cytometry. For Th17
cell immunostaining, purified CD4+ T-cells were identified
using labeled monoclonal antibodies against the following
molecules: Alexa Fluor 700 anti-CD4 and PE anti-ROR-𝛾t
(AFKJS-9 clone, eBioscience, San Diego, CA, USA).

For Treg immunostaining, purified CD4+ T-cells were
identified using labeled monoclonal antibodies against the
following molecules: Alexa Fluor 700 anti-CD4 (RPA-T4
clone, BD Pharmingen), PE-Cy5 anti-CD25 (M-A251 clone,
BD Pharmingen), Alexa Fluor 647 anti-CD127 (HCD127
clone, BioLegend), and Alexa Fluor 488 anti-FOXP3 (150D
clone, BioLegend).

To analyze CTLA-4 expression in Treg cells, PE anti-
CTLA-4 antibody (BNI3 clone, BD Pharmingen) was added.
The integratedmean fluorescence intensity (iMFI) was calcu-
lated by multiplying the percentage of CTLA-4 by their cor-
responding mean fluorescence intensity (MFI), as described
previously [26].

Intracellular staining for FOXP3 and ROR-𝛾t CD4+
T-cells was performed using a commercially available
kit (BioLegend) following the manufacturer’s instructions.
Appropriate isotype controls were used to allow identification
of positive and negative cell populations. To rule out non-
specific antibody binding and autofluorescence, quadrants
were set according to isotype controls. Positive and negative
gates for each molecule were also verified on the basis of
“fluorescence-minus-one” controls.

2.8. Percentages of IL-10- or LAP TGF-𝛽1-Producing Treg Cells.
Purified CD4+ T-cells from patients and control groups
were cultured in complete RPMI 1640 media and stimulated
with PMA (25 ng/mL), ionomycin (1 𝜇g/mL), and brefeldin
A (10 𝜇g/mL) for 5 h. Cell stimulation was confirmed by

membrane expression of CD69 molecule using an FITC
anti-CD69 antibody. After stimulation, LAP TGF-𝛽 surface
expression was detected using PE-LAP TGF-𝛽1 monoclonal
antibody (TW4-6H10 clone, BioLegend) or intracellular IL-
10 using PE anti-IL-10monoclonal antibody (JES3-19F1 clone,
BioLegend). The cells were analyzed by flow cytometry. The
percentage of positive cells, the MFI, and the iMFI was
determined.

Data acquisition was performed using FACSCanto II
(Becton Dickinson). Flow cytometric analysis was conducted
using FlowJo software (TreeStar Inc., Ashland, OR, USA).

2.9. Statistical Analysis. All values are expressed as the mean
± SEM. The Mann-Whitney 𝑈 test and Kruskall-Wallis test
followed by Dunn’s multiple comparison tests were used for a
significance level of 0.05. Statistical analyses were performed
with Graph Pad Prism software version 5.0 (La Jolla, CA,
USA).

3. Results

3.1. Quantification of Cytokines in Control Groups and in
Lung Adenocarcinoma Patients. Cytokines associated with
Treg cells or Th17 cells were quantified in the plasma of
the control groups and advanced-stage lung adenocarcinoma
patients. In the smoking and nonsmoking groups, the plasma
concentrations of IL-2, IFN-𝛾, IL-6, IL-17A, IL-4, and IL-10
were similar. A tendency to increase the levels of TGF-𝛽1 and
TNF-𝛼 was found in the smoking group. See Figure 1.

In the lung adenocarcinomapatients, significant increases
in TGF-𝛽1 were detected compared with nonsmoking sub-
jects. Significant increases in IL-2, IL-4, IL-6, and IL-10
cytokines were found compared with the smoking and
nonsmoking groups. Plasma concentrations of IFN-𝛾 tended
to increase, whereas TNF-𝛼 tended to decrease compared
with both control groups. See Figure 1.

3.2. Percentages of IL-17A-Producing CD4+ T-Cells in Con-
trol Groups and Lung Adenocarcinoma Patients. IL-17A-
producing CD4+ T-cells were quantified from stimulated
PBMCs. It is known that Th1 cells produce IL-17 in addition
to IFN-𝛾. Thus, IL-17A/IFN-𝛾 double-positive cells were
detected to rigorously identify IL-17-producing CD4+ (Th17)
T-cells.

The percentage of Th17 cells in the smoking group sig-
nificantly increased 1.95-fold compared with the percentage
in the nonsmoking group. In lung adenocarcinoma patients,
the percentage ofTh17 cells was similar to the smoking group
and significantly increased by 2.2-fold compared with the
percentage in the nonsmoking group. See Figures 2(a) and
2(b).

In the smoking group, the expression of IL-17A, as
detected by the MFI value, showed a tendency to increase
compared with the nonsmoking group. In lung adenocarci-
noma patients, significant increases were found in the MFI
values of IL-17A compared with the nonsmoking group (data
not shown).The iMFI reflects the total functional response in
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Figure 1: Plasma levels of IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-𝛼, IFN-𝛾, and TGF-𝛽1 cytokines in lung adenocarcinoma patients and smoking
and nonsmoking control subjects. Plasma concentrations of IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-𝛼, and IFN-𝛾were measured simultaneously
using a cytometric bead array. TGF-𝛽1 was measured by ELISA. The results are reported as mean ± SEM.
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Figure 2: Percentages of Th17 cells were identified according the membrane expression of ROR-𝛾t or intracellular IL-17 in lung
adenocarcinoma patients and smoking and nonsmoking control subjects. (a) Distribution of stimulated PBMCs according to forward scatter
(FSC) and sideward scatter (SSC) dot plot. A gating was set for CD4+ T-cells. From gated CD4+ T-cells, cells producing IL-17, IFN-𝛾, or both
cytokines were detected. A representative cytometric analysis from a lung adenocarcinoma patient is shown. (b) Percentages and expression
levels (measure by iMFI values) of IL-17 from CD4+IL-17+ (Th17) T-cells are shown and compared among the studied groups. The results
are reported as mean ± SEM. (c) Distribution of purified CD4+ T-cell in a FSC and SSC dot plot. A gating was set for CD4+ T-cells. From
gated CD4+ T-cells, the percentage of ROR-𝛾t+ cells was detected. A representative cytometric analysis from a lung adenocarcinoma patient
is shown. (d) Percentages of CD4+ROR-𝛾t+ T-cells from lung adenocarcinoma patients and smoking and nonsmoking control subjects are
shown. The results are reported as mean ± SEM.

terms of quality (MFI) and magnitude (percentage) as previ-
ously described [26]. A significant increase of the iMFI values
of IL-17A was detected in the smoking group compared with
the nonsmoking group. In summary, Th17 cells from lung
adenocarcinoma patients, compared with the control groups,
expressed high levels of IL-17A. These results indicate that
Th17 cells from the studied groups are functional. Moreover,
the Th17 cells from lung adenocarcinoma patients produced
the highest levels of IL-17A. See Figure 2(b).

3.3. Percentages of ROR-𝛾t CD4+ T-Cells in Control Groups
and Lung Adenocarcinoma Patients. We determined the pro-
portions of Th17 cells in peripheral blood identifying this
subset as CD4+ROR-𝛾t+ T-cells. In nonsmoking and smoking
control subjects, similar percentages of CD4+ROR-𝛾t+ T-cells
(1.22 versus 1.75%) were detected. In lung adenocarcinoma
patients, the percentage of CD4+ROR-𝛾t+ T-cells was 2.75%.
A significant increase of 2.2-fold was detected in the per-
centage of CD4+ROR-𝛾t+ T-cells in lung adenocarcinoma
patients compared with nonsmoking subjects. See Figures
2(c) and 2(d). Interestingly, in lung adenocarcinoma patients,
percentages of ROR-𝛾t+ CD4+ T-cells were higher compared
to the percentages of IL-17A-producing CD4+ T-cells.

For the level of expression of ROR-𝛾t, theMFI valueswere
similar in the lung adenocarcinoma and control groups. The
smoking group showed a tendency to increase iMFI values
compared with the nonsmoking group. Lung adenocarci-
noma patients showed increases in this parameter compared
with the nonsmoking and smoking groups (data not shown).
However, no significant differences were found when the
three groups were compared.

3.4. Percentages of Treg Cells in Control Groups and Lung
AdenocarcinomaPatients. Weanalyzed the frequency of Treg

cells identified as CD4+CD25+CD127− T-cells. In the present
study, similar percentages of CD4+CD25+CD127− Treg cells
were detected in the smoking and nonsmoking subjects.
A significant increase in the percentage of Treg cells was
detected in lung adenocarcinoma patients compared with
nonsmoking subjects. See Figures 3(a) and 3(b). FOXP3
has been shown to be inversely correlated with the CD127
molecule [15]. Our results show that approximately 65–75%
of CD4+CD25+CD127− Treg cells expressed FOXP3 in the
studied groups. See Figure 3(c).

3.5. Treg Cells Producing IL-10 or Expressing CTLA-4.
The expression of IL-10 and CTLA-4, molecules involved
in the suppressor activity of Treg cells, were studied.
CD4+CD25+CD127− Treg cells from the control groups
and lung adenocarcinoma patients did not produce
IL-10 (data not shown). Approximately 50–60% of the
CD4+CD25+CD127− Treg cells expressed CTLA-4 in lung
adenocarcinoma patients and the control groups. See
Figure 3(c). In addition, CTLA-4 expression (determined by
theMFI and iMFI values) was similar among all groups (data
not shown).Thus, our results show that CD4+CD25+CD127−
Treg cells from the smoking and nonsmoking groups
and from lung adenocarcinoma patients did not mediate
suppressor activity by IL-10 production; nevertheless,
CTLA-4 may be involved in the suppressor function.

3.6. LAP TGF-𝛽1 in Treg Cells from Control Groups
and Lung Adenocarcinoma Patients. From among the
CD4+CD25+CD127− T-cell population, LAP TGF-𝛽1-pro-
ducing cells in control groups and lung adenocarcinoma
patients were quantified and compared. No significant
differences between the control groups were found. However,
a significant increase of 1.4-fold to 1.75-fold was detected in
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Figure 3: Percentages of Treg cells phenotyped as CD4+CD25+CD127− and percentages and expression levels of LAP TGF-𝛽 in Treg cells
from lung adenocarcinoma patients and smoking and nonsmoking subjects. (a) Distribution of purified CD4+ T-cell in a forward scatter
(FSC) and sideward scatter (SSC) dot plot. A gating was set for CD4+ T-cells. From gated CD4+ T-cells, the percentage of CD25+CD127−
cells was detected. A representative cytometric analysis from a lung adenocarcinoma patient is shown. (b) Percentages of Treg cells from
lung adenocarcinoma patients and smoking and nonsmoking control subjects are shown. The results are reported as mean ± SEM. (c)
The histograms indicate the percentages of gated unstimulated Treg cells expressing FOXP3 or CTLA-4. From stimulated CD4+ T-cells,
the percentage of LAP TGF-𝛽+ cells from Treg cells was detected. A representative cytometric analysis from a lung adenocarcinoma patient is
shown. (d) Percentages and expression levels (measure by MFI and iMFI values) of LAP TGF-𝛽 from CD4+CD25+CD127− T-cells are shown
and compared among the studied groups. The results are reported as mean ± SEM.

the percentages of CD4+CD25+CD127−LAP TGF-𝛽1+ Treg
cells in lung adenocarcinoma patients compared with the
corresponding population in the smoking and nonsmoking
control groups. See Figures 3(c) and 3(d).

When the expression levels of LAP TGF-𝛽1 in the
CD4+CD25+CD127− Treg cells from the groups were ana-
lyzed, similar MFI values were found in the smoking and
nonsmoking groups. In contrast, the expression level of LAP
TGF-𝛽1 significantly increased more than 2-fold in lung
adenocarcinoma patients in comparison with the smoking
and nonsmoking groups. See Figure 3(d). With respect to
iMFI values for LAP TGF-𝛽1, lung adenocarcinoma patients
showed an increase in the expression of LAP TGF-𝛽1
that was 3.25-fold and 3.8-fold greater than the expression
in the smoking and nonsmoking groups, respectively. See
Figure 3(d).

3.7. Balance between IL-17-Producing CD4+ T-Cells and
LAP TGF-𝛽1+ Treg Cells. The relationship between IL-17-
producingCD4+ T-cells (Th17) andCD4+CD25+CD127−LAP

TGF-𝛽1+ Treg cells was explored in each group studied. In
all groups, the percentage of LAP TGF-𝛽1+ Treg cells was
higher than the percentage of IL-17+ Th17 cells. See Figure 4.
To determinate the balance between Th17 and Treg cells the
Th17/Treg ratio was calculated. The Th17/Treg ratios were
0.1587 ± 0.016, 0.2527 ± 0.03, and 0.2122 ± 0.03 in nonsmok-
ing subjects, smoking subjects, and patients, respectively.
These results indicate that, in smoking subjects, cigarette
smoke promotes an inflammation and this is reflected by
the increase of IL-17-producing CD4+ T-cells, whereas, in
lung adenocarcinoma patients, who were classified as heavy
smokers, the tumor might modify the balance to immuno-
suppression,mediated by the increase in the percentage of the
LAP TGF-𝛽1+ subset of CD4+CD25+CD127− Treg cells.

In summary, our results show that, at the systemic
level, the percentage of the LAP TGF-𝛽1+ subset of
CD4+CD25+CD127− Treg cells was increased in advanced-
stage lung adenocarcinoma patients. Overexpression of LAP
TGF-𝛽1, associated with this Treg subset, might suppress
antitumoral responses.
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4. Discussion

Few studies have compared the cytokine profile and Th17/
Treg balance between healthy subjects and healthy heavy
smokers [27]. Thus, we studied the impact of the inflam-
matory response on cytokine concentrations and on the
percentages of Th17 and Treg cells at the systemic level.
Even when no differences were found in the cytokine profile
between smoking and nonsmoking subjects, our results indi-
cate that smoking is promoting inflammation by increasing
IL-17-producing Th17 cells. These cells might promote an
inflammatory response; however, as smoking control subjects
showed no sign of smoking-related respiratory diseases and
no increases of IL-6 and IL-17A were found, the slight
increase in TGF-𝛽 levels in the smoking group may be
participating in regulation of the inflammatory response.This
mechanism would prevent the development of a pathological
condition and maintain a transient inflammatory state in
which the recovery of the homeostasis is still possible.

In lung cancer patients, previous studies have evaluated
pro- and anti-inflammatory systemic cytokines andTh17 and
Treg cells [18, 19, 23, 28–30]. In those studies, data were
compared with healthy control subjects, which included both
smoking and nonsmoking subjects. As smoking may affect

systemic cytokines and the relationship of Th17 and Treg
cells; in this study, we decided to analyze the data obtained
from lung adenocarcinoma patients and compare these data
with those of smoking subjects. This knowledge can show us
whether chronic inflammation or suppression predominates
at the systemic level in lung adenocarcinoma patients.

Our results showed higher levels of proinflammatory
(IL-2 and IL-6) and anti-inflammatory (IL-4 and IL-10)
cytokines in lung adenocarcinoma patients compared with
smoking subjects. With respect to IL-2, a previous report
indicates that this cytokine increases in NSCLC patients
at local and systemic levels [31], and our data agree with
this report. IL-6 has primarily been associated with the
inflammatory response [32]. Increases in this cytokine have
been reported in lung cancer patients and have been asso-
ciated with tumor progression and poor prognosis [33, 34].
IL-6 produced by lung tumors might explain the increase
in plasma concentrations detected in lung adenocarcinoma
patients. The increased production of IL-6 and TGF-𝛽 could
promote the differentiation ofTh17 cells tomaintain a chronic
inflammatory state.

With respect to Treg cells, Carpagnano et al. proposed
that IL-2 in presence of TGF-𝛽 might promote the gener-
ation and differentiation of Treg cells in lung cancer [31].
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The increased levels of these cytokines detected in our study
might be supporting this phenomenon. In addition, IL-4
and IL-10 may also participate in the differentiation process
to Treg cells, as higher levels of these cytokines were also
detected in our study.

InNSCLC, increases in Treg cells, immunophenotyped as
CD4+CD25+ or CD4+CD25+FOXP3+, have been previously
reported [18, 19, 28, 29]. In those studies, no distinction was
made between activating T-cells, which temporarily express
CD25 and FOXP3 and Treg cells. In recent studies, a more
strict characterization of Treg cells has been achieved [23].
In some of these studies, the suppressor activity of Treg
cells has been evaluated by examining the expression of IL-
10, TGF-𝛽, and/or CTLA-4 [19, 29, 35]. We found that, in
lung adenocarcinoma patients, the suppressor function of
Treg cells is not mediated by IL-10. However LAP TGF-𝛽,
a membrane molecule with inhibitory activity, is involved.
Even though the effector function of the LAPTGF-𝛽 subset of
the CD4+CD25+CD127− Treg cells was not directly evaluated
in our study, Mahalingam et al. and Scurr et al. reported
that peripheral blood and tumor-infiltrating LAP+ Treg cells
exhibit potent suppressive activity in colorectal cancer [20,
21]. Thus, the LAP+ Treg cells detected in our study may
be participating in the immunosuppression observed in lung
cancer patients.

To clarify to what extent smoking-associated inflamma-
tion contributes to pathogenesis of lung adenocarcinoma,
we analyzed Th17 cells. Some groups have reported that
Th17 cells (detected as IL-17-producing CD4+ T-cells) are
increased in peripheral blood of lung cancer patients [24];
our data agree with these previous reports. As ROR-𝛾t is the
master transcription factor of Th17 cells, we analyzed CD4+
T-cells expressing this marker. We previously reported, in
malignant pleural effusion from lung cancer patients, similar
percentages of CD4+ROR-𝛾t+ T-cells and IL-17-producing
Th17 cells [36]. In peripheral blood of lung adenocarci-
noma patients, higher proportions of CD4+ROR-𝛾t+ T-cells
compared with the IL-17-producing Th17 cells were found.
These resultsmight be related to the anatomical compartment
rather than to the underlying pathology; another possibility
is that the Th17 cells in peripheral blood are dysfunctional.
The increase in Treg cells, acting by LAP TGF-𝛽mechanism,
might inhibit the effector function of Th17 cells. Further
studies are required to study this possibility.

Th17 and Treg cells have opposite functions, whereas
Th17 cells promote inflammation, Treg cells suppress immune
response. In tumors associated with chronic infections, such
as gastric cancer, the balance is favored toward to Th17 cells
[37, 38]. In patients with NSCLC, Li et al. showed that
FOXP3+ Treg cells and Th17 cells are positively correlated
[24]; however, no distinction between Treg cells and acti-
vated T-cells, which transiently express FOXP3, was made.
Recently, Zhao et al. found an inverse correlation between
Treg cells and Th17 cells in peripheral blood of NSCLC
patients, attributing this event to reduction ofTh17 cells [23].
In that study, Th17 cells were identified as CD3+CD8−IL-17+
cells; perhaps, the presence of NKT cells affected the accuracy
of IL-17+ cells quantification. Even though an inflammatory
process occurs in smoking subjects, as evidenced by an

increased Th17/Treg ratio, our data indicate that in lung
adenocarcinoma patients, this balance is reverted favoring
increases of Treg cells at the systemic level. Maybe the array
of immunosuppressive cytokines that are increased in lung
adenocarcinoma patients supports the presence of Treg cells.

In conclusion, as similar increases in Th17 cells were
found at the systemic level in smoking subjects and lung
adenocarcinoma patients, smoking rather than the tumor
caused inflammation. In lung adenocarcinomapatients, com-
pared with smoking subjects, the concentrations of IL-2, IL-
4, IL-6, and IL-10 were increased. A higher percentage of
CD4+CD25+CD127−LAP TGF-𝛽+ Treg cells were found; this
subset showed higher levels of LAP TGF-𝛽, with respect to
the corresponding subset from smoking and nonsmoking
subjects.

This knowledge should lead to the development of
immunotherapies that inhibit the suppressor activity medi-
ated by LAP TGF-𝛽 from CD4+CD25+CD127− Treg cells.
This approach alone, or in combination with immunother-
apeutic agents targeting the immune checkpoints, would
promote the reactivity of immune cells against lung adeno-
carcinoma cells to increase patient’s overall survival rates.
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Th17 cells represent a particular subset of T helper lymphocytes characterized by high production of IL-17 and other inflammatory
cytokines. Th17 cells participate in antimicrobial immunity at mucosal and epithelial barriers and particularly fight against
extracellular bacteria and fungi. While a role for Th17 cells in promoting inflammation and autoimmune disorders has been
extensively and elegantly demonstrated, it is still controversial whether and how Th17 cells influence tumor immunity. Although
Th17 cells specifically accumulate in many different types of tumors compared to healthy tissues, the outcomemight however differ
from a tumor type to another. Th17 cells were consequently associated with both good and bad prognoses. The high plasticity of
those cells toward cells exhibiting either anti-inflammatory or in contrast pathogenic functions might contribute to Th17 versatile
functions in the tumor context. On one hand,Th17 cells promote tumor growth by inducing angiogenesis (via IL-17) and by exerting
themselves immunosuppressive functions. On the other hand,Th17 cells drive antitumor immune responses by recruiting immune
cells into tumors, activating effector CD8+ T cells, or even directly by converting toward Th1 phenotype and producing IFN-𝛾. In
this review, we are discussing the impact of the tumor microenvironment on Th17 cell plasticity and function and its implications
in cancer immunity.

1. Introduction

CD4+ T helper (Th) cells represent an essential component
of adaptive immunity since they are absolutely necessary to
regulate CD8+ T cells and B cells responses and to induce
late recruitment of innate immune cells at inflammatory sites.
Although originally defined as Th1 and Th2 subsets, new
Th CD4+ T cell subsets emerged the last decades such as
suppressive Treg cells and proinflammatory Th17, and more
recently for Th9, Th22, TR1, and TFH cells. Although Th1
and Th2 subsets are considered as definitive and mutually
exclusive lineages, it seems thatTh17 and Treg subsets do not
represent stable differentiation processes and retain plasticity
allowing them to adapt to different environments.

Th17 cells were first characterized in 2005 as a Th cell
lineage independent from Th1 and Th2 subsets [1, 2]. Th17
cells are defined by their production of IL-17 (also known as
IL-17A), although they also produce IL-17F, IL-21, GM-CSF,
and IL-22 [3]. Engagement of näıve CD4+ T cells into the
Th17 subset depends on different cytokine cocktails including
TGF-𝛽, IL-6, IL-1𝛽, or IL-21 [3]. Although not required for

Th17 cells differentiation, IL-23 was shown to maintain their
pathogenic phenotype and survival [4]. Ror𝛾t [5], or its
homolog Rorc in human [6], is themost specific transcription
factor promoting Th17 cell differentiation, although it also
relies on additional transcription factors such as Ror𝛼 [7],
Stat3 [8], BATF [9], IRF4 [10], and AhR [11, 12]. Upon
steady state, Th17 cells are located in lamina propria of
the small intestine but can be induced in any other tissues
(more precisely in mucosal and epithelial barriers) to fight
extracellular bacteria, viruses, and fungi [13]. Indeed, IL-17
induces inflammatory cytokines (namely, TNF, IL-1𝛽, and
IL-6), colony-stimulating factors (G-CSF and GM-CSF), and
chemokines (CXCL-8 and CXCL-2) production, leading to
granulopoiesis and granulocyte recruitment at inflamed sites
[14–16]. Moreover, and together with IL-22, IL-17 induces
antimicrobial peptides and proteins (𝛽-defensins and S100
proteins) production by keratinocytes [17]. Importantly,Th17
cells were shown to act as bona fide Th cells by enhancing B
cell [18] and CD8+ T cell [19, 20] responses. However, Th17
cells are associated with inflammatory and autoimmune dis-
eases in mice and human. Notably, antigen-specificTh17 cells
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Figure 1:Th17 cell plasticity. T helper cells differentiate fromnaı̈ve T cells.Th17 cells are endowedwith the capacity to convert toward different
other lineage subsets, depending on the microenvironment. Upon steady state Th17 cells constantly convert toward TFH and participate in
the development of IgA-secreting germinal center B cells. In addition,Th17 cells acquire pathogenic functions by converting towardTh1 cells
during autoimmunity, cancer, and infections or towardTh2 cells during asthma. Alternatively, Th17 cells gain immunosuppressive functions
by converting toward Foxp3+ Treg cells or TR1 cells in the context of autoimmune diseases or infections.

and their related cytokines are highly pathogenic and exhibit
detrimental roles in multiple sclerosis, psoriasis, systemic
lupus erythematosus, rheumatoid arthritis, inflammatory
bowel disease, and asthma [3]. While Th17 cells function as
pathogenic Th cells in autoimmunity, their role in cancer is
still under debate. In addition, whether Th17 plasticity and
conversion into several Th cells, will, as described in many
inflammatory diseases, similarly happen in tumor context
will be discussed in this review.

2. Th17 Cell Plasticity

In contrast to Th1 and Th2 cells that are considered as stable
lineages, Th17 cells exhibit high degree of plasticity. Th17
cells can mainly transdifferentiate into Th1 or Treg cells,
but also into TR1, Th2, or TFH cells endowing them with
multiple and opposing functions, and consequently allowing
them to elicit qualitatively distinct responses depending on

different microenvironments. Th17 plasticity is summarized
in Figure 1.

2.1.Th17/Th1Cell Plasticity. In human, hybrid cells producing
both IFN-𝛾 and IL-17 and coexpressingTh17 andTh1-related
transcription factors (namely, Ror𝛾t or Rorc and T-bet, resp.)
were described in many inflammatory autoimmune diseases
such as Crohn’s disease [6], rheumatoid arthritis [21], and
multiple sclerosis [22]. In vitro experiments suggested that in
the presence of low amounts, or in total absence of TGF-𝛽, IL-
12 and IL-23 cytokines induced the conversion of Th17 cells
toward a Th1 phenotype whereas sufficient TGF-𝛽 quantities
maintained a Th17 phenotype [6, 21, 23]. In addition, Smad7
(an intracellular TGF-𝛽 inhibitor) overexpression in Th17
cells resulted in an enhanced conversion toward Th1 cells,
suggesting that TGF-𝛽 inhibits such plasticity [24]. Treatment
of in vitro polarized Th17 cells with a combination of IL-
12 and IL-23 abrogated IL-17 production and in contrast



BioMed Research International 3

enhanced IFN-𝛾 secretion by Th17 cells, in a mechanism
dependent on the Th1-related transcription factors Stat-4
and T-bet [23]. In agreement, Th17/Th1 hybrid cells were
found in elevated levels in the synovial fluid compared to
the blood of juvenile idiopathic arthritis patients and were
associated with increased IL-12 and decreased TGF-𝛽 levels
(IL-23 was not detectable) [21]. The conversion of Th17 cells
exposed to arthritic synovial fluid into Th1 cells was blocked
when IL-12 was inhibited in the culture [25] suggesting that
the joint microenvironment was responsible for Th17/Th1
cell plasticity through a mechanism involving IL-12 [21, 25].
Similarly, Th17/Th1 hybrid cells were easily detectable in the
gut of Crohn’s disease patients. Furthermore, Th17 clones
derived from Crohn’s disease patients’ gut exhibited Th1 cell
conversion when treated with IL-12 in vitro, as demonstrated
by a decrease in Ror𝛾t expression and IL-17 production and
an increase in IFN-𝛾 production [6].

In mice, in vitro polarized Th17 cells transferred in
Rag−/− mice converted into Th1-like cells, characterized by
IFN-𝛾 production, and resulted in colitis [23]. Similarly, in
vitro Th17 polarized BDC2.5 TCR transgenic CD4+ T cells
(expressing a TCR specific for a pancreatic 𝛽-cell antigen,
the chromogranine A) transferred in NOD-SCID recipients
exhibited conversion intoTh1 cells and consequently induced
type 1 diabetes [26]. In addition, using IL-17+ cell fate
mapping reporter mice, Hirota et al. demonstrated that IFN-
𝛾 producing CD4+ T cells in spinal cords of experimental
autoimmune encephalomyelitis (EAE) mice (a mouse model
for multiple sclerosis) almost all derived from ex-Th17 cells,
although they have stopped producing IL-17 [27]. Conver-
sion was shown to rely on IL-23 since the IL-23 deficient
mice, although displaying similar levels of Th17 cells, lacked
Th17/Th1 subsets and “ex-Th17” Th1 cells. The absence of IL-
23 appeared to prevent T-bet upregulation and consequently
to inhibit Th17 cell conversion toward a Th1 phenotype.
However, overexpression of T-bet inTh17 cells was clearly not
sufficient to drive Th1 conversion, suggesting that additional
partners might be required [28]. Accordingly, it has been
recently shown that the generation of Th17/Th1 hybrid cells
required not only T-bet but also Runx1 or Runx3 [28]. Runx1
bound to Ifng locus in a T-bet-dependent manner in IL-12-
stimulated Th17 cells and induced Th17 toward Th1 plasticity
[28]. Altogether, those studies demonstrate that IL-12 and/or
IL-23 are likely to be responsible for Th17 cell conversion
towardTh1 cells during autoimmune disease progression.

In human, some Candida albicans-specific Th17 cells
produced both IL-17 and IFN-𝛾, but not IL-10, whereas
Staphylococcus aureus-specific Th17 cells produced IL-17
and IL-10 upon restimulation [29], thus demonstrating that
plasticity can allowTh17 cells to promote different responses
toward various pathogens. Moreover, upon Candida albicans
infection, IL-1𝛽 was shown to be essential to drive IFN-
𝛾 production by Th17 clones whereas, in the same experi-
mental settings, and in contrast to what was shown using
autoimmune mouse models, IL-12 was inhibiting Th17/Th1
conversion [29]. Those results demonstrate that, although
Th17/Th1 cells are readily detected in different microenvi-
ronments established under autoimmune or inflammatory

conditions, the mechanisms accounting for their generation
might differ from one condition to another.

While Th17 cells seem to easily convert toward a Th1
phenotype, Th1 cells are considered stable and mostly refrac-
tory to conversion toward Th17 cells or other Th subsets,
suggesting that plasticity betweenTh1 andTh17 cells is rather
asymmetric. In agreement, the study of epigenetic marks in
various Th cell subsets revealed that while Th1 cells exhibit a
permissive status on Th1 genes and silencing marks on other
lineage genes, Th17 cells might retain bivalent status on Th1
genes such as Tbx21 (encoding for the transcription factor
T-bet), allowing further plasticity toward Th1 cell subset
[30]. New pieces of data recently challenged this dogma.
Microbiota-Ag specific Th1 cells adoptively transferred into
Rag−/− mice converted into Th17 cells and drove colitis [31].
In this study, however, Th1 cells converted into Th17 cells in
absence of the endogenous T cell compartment, and those
findings need therefore to be confirmed in physiological
conditions before concluding any Th1 plasticity toward Th17
phenotype.

2.2.Th17/Treg Cell Plasticity. Th17 andTregCD4+ T cells sub-
sets partially share differentiation programs. Indeed, TGF-𝛽
alone drives Treg cell differentiation while it induces Th17
cell differentiation and inhibits Treg cell differentiation in
the presence of other cytokines such as IL-6 or IL-21 [3].
Various factors were shown to regulate the fate of CD4+ T
cells towardsTh17 or Treg subsets, including not only retinoic
acid [32] or AHR [11, 12], but also glucose metabolism via
HIF1a [33, 34] or fatty acidsmetabolism [35, 36]. Interestingly,
Lactobacillus reuteri given in drinking water induced an
increase in Treg cells and a decrease in Th17 cells and
resulted in reduced obesity in mice [37], demonstrating a
control of Treg/Th17 balance in gut immunity by probiotics.
Due to this close relationship between Treg and Th17 cells,
plasticity between these two subsets was easily observed and
extensively described in mice and in humans. Many studies
reported the production of IL-17 by Treg cells, associated with
a decrease in Foxp3 and a concomitant increase in Ror𝛾t (or
Rorc in human) expressions [38–40], thus demonstrating a
switch toward Th17 cell subset ex vivo and in vivo. However,
depending on the studies, those hybrid cells (Foxp3+ Ror𝛾t+
CD4+ T cells) could either retain or lose immunosuppressive
capacities, possibly depending onFoxp3 expression levels [39,
41]. Moreover, “ex-Foxp3” cells differentiated toward a Th17
phenotype might play an important role in autoimmunity,
as demonstrated in type 1 diabetes mouse model [42]. Treg
cells extracted from psoriatic patient blood revealed higher
susceptibility to convert toward Th17 cells than Treg cells
from the blood of healthy donors, and Foxp3+ IL-17+ CD4+
cells were detected in psoriatic lesions [43]. In a mouse
model of rheumatoid arthritis, Foxp3 fate reporter mice
revealed that “exFoxp3+” cells converted toward Th17 cells
under IL-6 exposure in the synovia and became highly
osteoclastogenic [44]. IL17+ Foxp3+ T cells were also detected
in the synovia of patients with active rheumatoid arthritis
[44]. On the opposite side, conversion of Th17 cells toward a
Treg phenotype has also been described, demonstrating that
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plasticity between Treg andTh17 cells is a two-way process. In
IL-17 fate reporter mice, when allograft survival was induced
by the transfer of mesenchymal stem cell in combination
with immunosuppressive drugs, Th17 cells could give rise
to either double IL17+Foxp3+ cells or IL-17−Foxp3+ cells,
thus confirming the conversion of Th17 cells toward a Treg
phenotype [45]. Therefore, factors influencing Treg versus
Th17 differentiation, or Treg/Th17 plasticity, might represent
interesting targets to manipulate immune responses toward
immunogenicity in cancer or in contrast toward tolerance in
autoimmune diseases.

2.3. Th17/TR1 Cell Plasticity. In a model of tolerance induced
by the injection of an anti-CD3 antibody,Th17 cells recruited
in the small intestine acquired immunosuppressive functions
dependent on IL-10, TGF-𝛽, and CTLA-4 [46]. This study
suggested that Th17 cells in the small intestine exhibit some
features of TR1 cells. Accordingly, using fate reporter mice,
the same team has further recently shown that Th17 cells
could convert toward a TR1 phenotype. Indeed, both upon
steady state and after immune response induction (including
anti-CD3 mAbs treated EAE mice, N. brasiliensis helminth
infection and S. aureus bacterial infection), some ex-Th17
cells produced IL-10 (without expressing Foxp3), expressed
the TR1 markers LAG-3, exhibited a gene expression profile
similar to TR1 cells, and acquired immunosuppressive func-
tions. In agreement, TGF-𝛽 and downstream Smad3 andAhR
were shown to support the conversion of Th17 to TR1 cells
[47].

2.4. Th17/Th2 Cell Plasticity. In addition to Th17/Th1 and
Th17/Treg hybrids cells, Th17/Th2 cells were described in
blood of asthma patients. Those cells exhibit features of both
Th17 andTh2 lineages, that is, the expression of transcription
factors GATA3 and Ror𝛾t and the secretion of the cytokines
IL-17, IL-22, IL-4, IL-5, and IL-13 [48, 49]. Using a mouse
model for lung allergic disease, those cells were reported
to be more pathogenic by inducing profound influx of
inflammatory leukocytes and consequently leading to asthma
exacerbation [48].Moreover, it was demonstrated in vitro that
Th17 cells can acquireTh2 featureswhereas the opposite could
not occur [50] and that IL-4 could be responsible for Th17
plasticity towardTh2 phenotype [49].

2.5. Th17/TFH Cell Plasticity. Recently, it was demonstrated
that Th17 and TFH cells, at least in human, shared common
early differentiation paths [51]. Moreover, Th17 cells were
shown to convert toward TFH phenotype in Peyer’s patches.
Indeed, using IL-17 fate reporter mice, it was demonstrated
that, in steady state, Th17 cells continuously acquire a TFH
phenotype (expression of Bcl6, CXCR5, PD1, and IL-21) in
Peyer’s patches and induce the development of IgA-secreting
germinal center B cells [52].

3. Th17 Cells in Cancer

Th17 cells are often associated with tumors. Indeed, tumor-
infiltrating Th17 cells were reported for many cancers in

mice and humans, including melanoma, breast, colon, hep-
atocellular, ovarian, pancreatic, prostate, and renal tumors
[53]. Moreover, Th17 cells accumulate specifically in many
different tumors (esophageal carcinomas, breast, colon can-
cers, and melanoma) compared to healthy tissues [54–57],
demonstrating a specific recruitment of Th17 cells by the
tumor microenvironment itself. However, it is still unknown
whether Th17 cells are induced, recruited, expanded, or
converted from Tregs in tumors. It is likely that all of these
processes coexist. Intratumoral recruitment of Th17 cells was
proposed to rely on various chemokines depending on the
tumor context, such as CCL20 [58], CCL17, CCL22 [56], MIF
[57], RANTES, MCP1 [55], or CCL4 produced by immature
myeloid cells [59]. Moreover, cancer cells, tumor-derived
fibroblasts, and antigen-presenting cells secrete several key
cytokines for Th17 differentiation such as IL-1𝛽, IL-6, IL-
23, and TGF-𝛽. In the tumor, IL-1𝛽, probably produced
by tumor-associated macrophages, was shown to be critical
for the expansion of memory Th17 cells in ovarian and
breast cancers [54, 60]. In mammary gland tumors, PGE2-
induced IL-23 production led to Th17 cell expansion [61]. In
addition, in particular experimental conditions inmice (IDO
inhibition combined with vaccination protocols), Th17 cells
could arise from Treg conversion although we ignore if this
could happen in a basal tumor microenvironment [62].

Intratumoral Th17 cell infiltration has been associated
with both good and bad prognoses. Indeed, Th17 cell infil-
tration in human tumors was correlated with better survival
in ovarian cancer patients [54], prostate cancer patients [63],
lung carcinoma, and squamous cell carcinoma patients [64]
or with bad prognosis in hepatocellular [65], colorectal [66],
pancreatic [67], and hormone resistant prostate carcinoma
patients [68]. Some reviews nicely summarized the different
correlations between Th17 cells infiltration and prognosis in
human cancers [69, 70]. Contradictory results also emerged
frommice deficient for IL-17 or IL-17R. Indeed, some studies
reported increased tumor growth in absence of IL-17 in B16
melanoma and MC38 colon carcinoma models [19, 71]. On
the opposite side, IL-17 deficiency led to decreased tumor
growth in B16 melanoma and MB49 bladder carcinoma
models [72] and IL-17R−/− mice exhibited decreased tumor
growth, when challenged with EL4 lymphoma, Tramp-C2
prostate cancer, or B16 melanoma tumor cells [73]. Similarly,
IL-17 overexpressing tumors exhibited either enhanced [74,
75] or decreased tumor growth in mice [76].

4. Th17 Cell Derived Cytokines and
Angiogenesis

IL-17, the Th17 hallmark, was often correlated with high vas-
cular density and VEGF production within tumors, suggest-
ing that IL-17 promotes angiogenesis. Indeed, in mice, IL-17
overexpressing tumors grew more and exhibited higher vas-
cular density [76, 77]. It was demonstrated that IL-17 induces
production of VEGF and other angiogenic factors by tumors
cells and fibroblasts [76]. In addition, in B16 melanoma and
MB49bladder carcinomamodels, IL-17 induced IL-6 produc-
tion by tumor cells which, in turn, activated Stat3-dependent
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survival and angiogenic genes expression [72]. In human,
IL-17 and angiogenesis were correlated in gastric [78], col-
orectal [79], hepatocellular [65], breast [80], lung [81], and
pancreatic tumors [67]. However, in ovarian cancer, IL-17
production was associated with antiangiogenic chemokines
and reduced tumor growth [71]. Moreover, in mouse models,
IL-17 promoted MDSC recruitment within tumors [81] or
development and suppressive MDSC functions [73], indicat-
ing additional protumoral roles for IL-17. Besides IL-17, Th17
cells produce other cytokines, including IL-17F and IL-21, that
have been shown to exhibit antiangiogenesis functions and
to play protective roles against tumor development [82, 83].
In those studies, however, IL-17 production was not always
correlated to Th17 cells since CD68+ macrophages [80],
neutrophils [84], MDSCs [85], 𝛾𝛿 T cells [81], endothelial
cells, stromal cells, and tumors cells [53] can produce IL-17. A
recent study has determined thatTh17 represent only aminor
fraction of IL-17 expressing cells in different human tumors
and that IL-17 was mainly produced by neutrophils or mast
cells [84]. Moreover, in squamous cervical cancer, IL-17 was
correlated with poor prognosis whereas Th17 cell infiltration
was associated with better outcome [84]. A systematic review
of the literature established that IL-17 was indeed related
to bad prognoses but Th17 cells frequencies were correlated
with improved prognosis in tumors in general [69]. However,
although it is clear that a distinction has to be made between
IL-17 and Th17, some discrepancies remain and the impact
of Th17 cells might differ depending on the inflammatory
context and tumor type.

5. Th17 Cell Immunosuppressive Functions in
Tumor Context

5.1. Th17 Cell Plasticity. Alternative immunosuppressive
mechanisms might account for protumoral functions ofTh17
cells. It is quite puzzling that, in contrast to other inflam-
matory situations, evidence for acquisition of immunosup-
pressive functions by Th17 cells converting towards Treg
lineage in tumor context is rather limited. Indeed, human
TILs-derived Th17 clones, characterized by IL-17 production
and Ror𝛾t expression and cultured in vitro to maintain their
phenotype (on OKT3 cells and allogeneic PBMCs), naturally
converted into Treg cells upon TCR engagement, acquiring
both Foxp3 expression and in vitro immunosuppressive
functions. Importantly, this transdifferentiation appeared to
be very stable since Th17-derived Treg cells were refractory
to return conversion toward Th17 phenotype in presence
of Th17 polarizing cytokines [86]. However, whether Th17
cells actually convert toward Treg phenotype in vivo in
a tumor microenvironment is still unknown. In addition,
although Th17/Treg (IL-17+Foxp3+) hybrid cells have been
described in human tumors, they mostly originate from
bona fide Treg cells [87]. Those immunosuppressive IL17+
Foxp3+ T cells were described for instance in human col-
orectal and esophageal cancers, but not in ovarian cancer,
melanoma, or renal cell carcinoma [87–91]. When extracted
from colorectal cancer biopsies, IL17+ Foxp3+ T cells pro-
moted tumorigenicity in spheres forming stem cells [90] and

inhibited tumor-specific CD8+ T effectors [89]. In contrast,
in a melanoma mouse model, Treg cells converted into Th17
cells exhibiting antitumoral effects. Indeed, CpG-activated
plasmacytoid dendritic cells (pDCs) expressing IDO pre-
vented Treg conversion.However, when IDOwas inhibited in
pDCs, they produced IL-6 and consequently promoted Treg
plasticity toward Th17 cells [62, 92]. In a mouse model of
established melanoma, this conversion was associated with
enhanced CD8+ T cells activation and reduced tumor growth
[62]. Thus, studies describing Th17 plasticity in the tumor
context are rather sparse and require further confirmation
before determining whether they originate from Treg orTh17
cells, and more importantly, before claiming an important
role for those cells in tumor immunity.

5.2. Other Th17 Cell Immunosuppressive Functions. In addi-
tion to potential cell plasticity, Th17 cells may also exert their
immunosuppressive functions via ectonucleotidases CD39
and CD73. CD39 converts ADP or ATP into AMP, and CD73
converts AMP into adenosine that exhibits immunosuppres-
sive functions by inhibiting T cell proliferation and cytokine
production [93] and therefore represents a major mechanism
for Treg-mediated immunosuppression [94]. In vitro, TGF-
𝛽+IL-6 polarized Th17 cells express the ectonucleotidases
CD39 and CD73, while it is not the case when Th17 cells
are polarized with the cytokines IL-6, IL-23, and IL-1𝛽 [95].
CD39 and CD73 conferred immunosuppressive functions to
Th17 cells toward Tc1 and Th1 cells in vitro. In vivo, the
transfer of CD39+ CD73+Th17 cells, polarized in vitro using
TGF-𝛽+IL-6, promoted tumor growth. Interestingly, those
cells were Foxp3 negative and do not represent a conversion
of Th17 toward Treg phenotype [95]. Altogether, these data
determined that Th17 cells can support tumor growth by
promoting angiogenesis and/or inhibiting immune responses
via Treg conversion or ectonucleotidases expression.

6. Th17 Cell Antitumor Functions

6.1. Th17 Cells Roles in Recruitment and Activation of Effector
Cells in Tumors. In addition to protumoral roles described
for IL-17 andTh17 cells, many reports have demonstrated that
Th17 cells also drive antitumoral immunity. First of all, tumor
growth was increased in both IL-17−/− (B16 melanoma and
MC38 colon cancer cell lines) [19, 71] and Ror𝛾t−/− mice (B16
melanoma cell line) [96]. In IL-17−/− mice, enhanced tumor
growth and lung metastases were associated with decreased
IFN-𝛾+ NK cells and IFN-𝛾+ T cells in tumor draining lymph
nodes and in the tumor itself [71], strongly suggesting a
protective role for endogenousTh17 cells.

Moreover, transfer of in vitro polarizedTh17 cells induced
established tumor regression or reduced number of tumor
foci in B16 melanoma model [19, 20, 97, 98]. Although Th17
cells do not exhibit direct killing activity [20], several mecha-
nisms for antitumor Th17-mediated effects were proposed. It
was shown thatTh17 cells induced recruitment and activation
ofCD8+ Tcells in the tumor [19]. Tumor infiltratingTh17 cells
induced CCL20 production, thus promoting DC recruitment
within the tumor and subsequent migration to draining
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lymph nodes of tumor material containing DCs, leading
to potential activation of CD8+ T cells [19]. Another study
showed that Th17 cells might directly and indirectly activate
CD8+ T cells in tumor context. After in vitro coculture in
presence of DC expressing tumor antigens, activated Th17
cells indeed acquired MHCI-peptide complexes from DCs
and directly activate CD8+ T cells through MHCI-TCR
interaction and IL-2 production. In addition, the same study
showed that transferredTh17 cells promoted the recruitment
of immune cells within the tumors, including CD4+ T cells,
CD8+ T cells, and DCs, potentially through theTh17-induced
chemoattractantsCCL20 andCCL2 [20]. In addition,we have
recently demonstrated that upon immunization, tumor Ag
presenting pDCs induced Th17 cells that promote massive
and general intratumor immune cell recruitment, including
CTLs, and resulted in tumor rejection [99]. This further
confirmed the implication of Th17 cells in immune effector
cells recruitment within tumors after either T cell transfer
[19, 20] or vaccination [99].

6.2. Th17 Cell Plasticity in Tumors. As described in many
contexts, Th17/Th1 cells were also associated with tumors.
Kryczek et al. analyzed Th17 cells in human ovarian tumors.
IL-17 was almost exclusively produced by CD4+ T cells, and
those Th17 cells also expressed CXCR4, CCR6, and CD161.
In addition, all IL-17 producing Th17 cells also produced IL-
2 and TNF, and for a significant fraction, IFN-𝛾 [54]. In
line with a role for Th17 cells in the recruitment of immune
cells within tumors, Th17 cells in human ovarian cancers
were positively correlated with IFN-𝛾+ CD4+ T cells, IFN-
𝛾
+ IL-17+ CD4+ T cells, and IFN-𝛾+ CD8+ T cells, whereas

negatively correlating with Treg cells. IL-17 and IFN-𝛾 syner-
gistically induced CXCL9 and CXCL10 production by tumor
cells, possibly leading to increased CD8+ T cell infiltration
within tumors [54]. Importantly, another study has identified
tumor antigen-specific Th17/Th1 cells in human lung tumors
[100]. Adoptive transfer of in vitro polarized tumor antigen-
specific (tyrosinase-related protein 1, TRP-1) Th17 cells into
B16 melanoma tumor bearing mice demonstrated that Th17
cells were more potent to induce tumor rejection compared
to Th1 cells. Moreover, Th17 antitumoral effect was strictly
dependent on their capacity to produce both IFN-𝛾 and IL-17.
Indeed, transfer of IL-17A−/−Th17 cells, IFN-𝛾−/−Th17 cells,
and Tbx21−/−Th17 cells intoWTmice or transfer ofWTTh17
cells into IFN-𝛾-R−/− recipient mice failed to control tumor
growth [97, 98]. IFN-𝛾 exhibits many antitumoral activities,
either by directly exerting antiproliferative, proapoptotic,
and antiangiogenic functions, or by indirectly activating
cytotoxic functions of monocytes/macrophages, NK cells, or
CD8+ T cells [101, 102]. Moreover, adoptive transfer of CD4+
T cells overexpressing Smad7, an intracellular inhibitor of
TGF-𝛽 signaling, resulted in increased number of tumor-
infiltrating Th17/Th1 hybrid cells and inhibition of tumor
growth. Those cells were characterized by expression of both
T-bet and Ror𝛾t, decreased IL-17, increased IFN-𝛾, and TNF-
𝛼 production. Smad7 overexpressing T cells further exhibited
direct killing of tumor cells via TNF-𝛼, thus demonstrating
an additionalmechanism accounting forTh17/Th1 hybrid cell

antitumor functions [24]. In addition, Th17 cells maintain
a molecular transcriptional profile distinct from Th1 cell
derived counterparts but exhibit stem cell-like signature.Th17
cells are consequently endowed with enhanced capacities to
survive and self-renew, generate effector progeny, and enter
the memory pool with efficiency superior to that of Th1 cells
[98]. Those characteristics might explain why Th17 cells can
be so efficient at rejecting tumors in transfer models.

How the tumor microenvironment will impact T cell
plasticity remains to be investigated. Whether Th17 cells will
convert towardTh1 cells locally within the tumor or whether
Th17/Th1 hybrid cells will be recruited within the tumor is
unknown. As mentioned above, studies have identified IL-
12, IL-23, IL-1𝛽, and TGF-𝛽 as regulators of Th17/Th1 cell
conversion in several immunological contexts but not in
cancer. The production of IL-1𝛽 or IL-23 by macrophages
in the tumors might play a role in situ. However, IL-
12 amounts are usually low in tumors, which might not
favor Th17/Th1 cell conversion. In addition, TGF-𝛽 known
to inhibit such a conversion is often highly expressed in
tumors [103, 104]. Altogether, these studies have identified
different mechanisms by which Th17 cells are controlling
tumor growth as follows: recruitment of several immune
cells including DCs, CD4+ T cells, and CD8+ T cells within
tumors, activation of CD8+ T cells, and possibly plasticity
toward Th1 phenotype, associated with IFN-𝛾 and TNF-𝛼
production. Pro- and antitumoral functions of Th17 cells are
summarized in Figure 2.

7. Concluding Remarks

As discussed herein, Th17 cell functions in tumor immu-
nity are still ambiguous and remain difficult to appraise.
Future work aiming at understanding how Th17 cells are
regulated in tumor context should determine how and where
Th17 cells are primed and function. Both the tumor type
and the progression stage are highly influencing the tumor
microenvironment and thereby will subsequently impact
Th17 cell plasticity. Th17 cells will acquire either immune
suppressive functions or antitumoral capacities, leading to
tolerance toward tumors or antitumoral immune responses,
respectively.

Th17/Th1 plasticity represents an attractive target for
cancer immunotherapies. Indeed, manipulations aiming at
enhancing this conversion, or constraining its inhibitors,
might result in a better tumor growth control. IL-12 has
been extensively studied, since it might provide antitumor
effects by enhancing IFN-𝛾 production. Clinical studies have
however been disappointing since systemic treatments with
recombinant IL-12 exhibited cytotoxicity and gave rise to
small beneficial impacts. Recent clinical trials are currently
taking advantage of IL-12 antitumoral effects while trying to
limit its cytotoxicity by delivering the cytokine directly at the
tumor site [105]. Alternatively, although endogenous IL-23
was shown to display protumoral effects, exogenous IL-23
has demonstrated antitumoral functions andmight represent
as well an interesting immunotherapeutic axis [106]. Finally,
blocking TGF-𝛽 might allow Th17 conversion toward Th1
while inhibiting immunosuppressive Th17 cell functions.
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Figure 2: Roles of Th17 cells in tumor immunity. Depending on their plasticity (upper panels), Th17 cells exhibit both pro- and antitumoral
functions. IL-17 production by Th17 cells might contribute to angiogenesis and intratumoral MDSC recruitment. Moreover TGF-𝛽 might
induce Immunosuppression inTh17 cells by inducing ectonucleotidases expression. On the contrary, Th17 cells were shown to inhibit tumor
growth by inducing immune effector cell recruitment within tumors and also by activating tumor-specific cytotoxic CD8+ T cells. Plasticity
(lower panels) might confer additional functions to Th17 in tumor immunity. Whether Th17 cells can actually convert toward Treg cell
phenotype in the tumor microenvironment requires further confirmation but might confer immunosuppressive functions to Th17 cells. On
the opposite side,Th17 cells convert toward aTh1 cell phenotype and produce IFN-𝛾 and TNF-𝛼 in the tumor that will result in tumor growth
inhibition.

Regarding TGF-𝛽 implication in promotingmetastases [107],
blocking this cytokine could improve cancer therapies in two
ways, by directly inhibiting distal tumor propagation and by
improving antitumor immunity.

In addition, Th17 cell transfer has shown incredible
efficiency to treat established tumors in mouse models,
and translation into humans therefore represents promising
although challenging future cellular therapies. In vitro, polar-
ized Th17 cells transferred into mice are long-lived and self-
renewing gave rise toTh1-like effector T cells, while persisting
as IL-17 producing cells and controlled tumor growth [98].
This suggests that the transfer of tumor-specific Th17 cells
might represent attractive antitumor therapy. It is nowadays
possible to genetically modify T cells by transfecting them
with the gene construct of a chimeric antigen receptor (CAR),
engineered by the fusion of a single-chain variable fragment
(scFv) to intracellular signalling domains of a TCR and
costimulatory molecules. CAR-transfected T cells recognize
a specific epitope expressed by tumor cells, without the need
to be presented byMHC-Imolecules. At themoment, several
models of CARs have proven efficacy toward tumors both in
mice [108] and in patients [109] and are evaluated in clinical
trials [110]. ICOS based CARs have been shown to redirect
Th17 cells to Th17/Th1 phenotype exhibiting enhanced effec-
tor functions and increased in vivo persistence. When trans-
ferred into tumor bearing mice (Malignant Pleural Mesothe-
lioma (MPM)), tumorAg specific ICOS basedCARTh17 cells

induced strong tumor rejection, demonstrating that ICOS
based CARS, that consequently promote Th17/Th1 plasticity,
might be a promising approach in tumor immunotherapies
[111].

As discussed above, the tumor microenvironment dra-
matically affects Th17 cell plasticity normally occurring in
other inflammatory contexts; notably the conversion of Th17
cells into Treg cells is barely observed in tumors. Therefore,
a better understanding of the mechanisms implicated in the
maintenance of Th17 lineage of cells transferred in tumor
patients would certainly improve the current protocols. In
the tumors in which Th17 cells were correlated with a
better outcome, an alternative strategy would be to promote
plasticity from Treg cells toward a Th17 phenotype. This
aim might be achieved by providing the adequate cytokinic
environment (such as IL-6 and TGF-𝛽), by inhibiting IDO
that prevented conversion of Treg cells toward Th17 cells
[62, 92] or even by combining the two strategies. Altogether,
althoughTh17 plasticity is not yet well defined in the tumoral
context, this particularity ofTh17 cells might be exploited and
represents interesting target for the development of future
therapeutic strategies.
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[100] A. Hamäı, P. Pignon, I. Raimbaud et al., “Human T
𝐻
17 immune

cells specific for the tumor antigenMAGE-A3 convert to IFN-𝛾-
secreting cells as they differentiate into effector T cells in vivo,”
Cancer Research, vol. 72, no. 5, pp. 1059–1063, 2012.

[101] J. Bekisz, S. Baron, C. Balinsky, A. Morrow, and K. C. Zoon,
“Antiproliferative properties of type I and type II interferon,”
Pharmaceuticals, vol. 3, no. 4, pp. 994–1015, 2010.

[102] H. Ikeda, L. J. Old, and R. D. Schreiber, “The roles of IFN𝛾
in protection against tumor development and cancer immu-
noediting,” Cytokine & Growth Factor Reviews, vol. 13, no. 2, pp.
95–109, 2002.

[103] Y. Ma, G. V. Shurin, Z. Peiyuan, and M. R. Shurin, “Dendritic
cells in the cancer microenvironment,” Journal of Cancer, vol. 4,
no. 1, pp. 36–44, 2013.

[104] M. R. Shurin, G. V. Shurin, A. Lokshin et al., “Intratumoral
cytokines/chemokines/growth factors and tumor infiltrating
dendritic cells: friends or enemies?” Cancer and Metastasis
Reviews, vol. 25, no. 3, pp. 333–356, 2006.

[105] S. Tugues, S. H. Burkhard, I. Ohs et al., “New insights into IL-
12-mediated tumor suppression,”Cell Death andDifferentiation,
vol. 22, no. 2, pp. 237–246, 2014.

[106] S. F. Ngiow, M. W. L. Teng, and M. J. Smyth, “A balance of
interleukin-12 and -23 in cancer,”Trends in Immunology, vol. 34,
no. 11, pp. 548–555, 2013.
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In response to cytokine signalling and other factors, CD4-positive T lymphocytes differentiate into distinct populations that are
characterized by the production of certain cytokines and are controlled by different master transcription factors. The spectrum of
such populations, which was initially limited to Th1 and Th2 subsets, is currently broadened to include Th17 and Treg subsets, as
well as a number of less studied subtypes, such as Tfh,Th9, andTh22. Although these subsets appear to be relatively stable, certain
plasticity exists that allows for transition between the subsets and formation of hybrid transition forms. This provides the immune
system flexibility needed for adequate response to pathogens but, at the same time, can play a role in the pathogenic processes
in cases of deregulation. In this review, we will discuss the properties of T lymphocyte subsets and their plasticity, as well as its
implications for cancer and autoimmune diseases.

1. Introduction

T helper (Th) lymphocytes play a key role in the adaptive
immune system exerting a wide spectrum of biological func-
tions. CD4+ T cells regulate both cytotoxic cellular immune
response and B cell-dependent antibody production; they
interact with the components of the innate immune system
and respond to stimuli from the antigen-presenting dendritic
cells. Näıve CD4+ cells can be activated by the encounter
with antigen via peptide/MHC class II TCR and differentiate
into T effectors and long lasting memory T cells. Depending
on the intensity of stimulation and presence of certain
cytokines and other factors, CD4+ T cells can differentiate
into various subpopulations of T cells with specific functions
and properties [1]. This functional specialization is regulated
by a number of transcription factors that are activated in
response to specific stimuli and promote the expression of
distinct patterns of soluble factors and surface molecules.

These patterns can be used for identification of different
classes of T lymphocytes.

CD4+ T helper cells deriving from thymus differentiate
at the periphery in response to antigen stimulation [2].
The first classification divided CD4+ effector cells into two
subsets, Th1 and Th2 [3]. Th1 cells are induced in response
to pathogens, such as viral infections, and are characterized
by the production and release of interferon gamma (IFN-𝛾).
They promote the activation of macrophages that are efficient
against intracellular pathogens. Th2 cells are mostly involved
in humoral immune response and provide help to B cells to
produce class-switched antibodies.

In the recent years, it became evident thatmore functional
subsets of T helper cells can be induced by various stimuli in
vivo and in vitro. IL-17-producing CD4+ T cells differentiated
in response to transforming growth factor beta (TGF-𝛽) and
certain interleukins were recognized as a distinct subset of
Th17 cells [4]. Another subset of CD4+ T lymphocytes are
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the regulatory T cells (Tregs) expressing the transcription
factor Foxp3 [5]. Follicular T helper (Tfh) cells have been
proposed as a distinct lineage of T helper cells that resides
in follicles and assists B cells to generate antibodies [6, 7].
Other subsets of T lymphocytes have been identified based
on the production of different cytokines, such as Th9 and
Th22 (expressing IL-9 and IL-22, resp.) [8–10]. Detailed
study of these subsets became a subject of current research,
and the recent findings on Th9 and Th22 cells have been
summarized in excellent reviews [11, 12]. A simplified scheme
of T lymphocyte subsets is presented in Figure 1.

The differentiation of various subsets of T cells depends
on switching the specific genetic programs responsible for
the expression of cytokine and receptor patterns. Presence
of certain transcription factors is considered as a marker of
lymphocyte subsets, and these factors can regulate themselves
and one another creating positive or negative feedback
loops and setting the differentiation conditions [13]. Another
mechanism of differentiation is the epigenetic control [14,
15]. Epigenetic regulation, which does not affect the DNA
sequence but consists of various chromatin modifications,
such as nucleosome positioning, histone modification, and
DNA methylation, was shown to play an essential role in T
cell generation, differentiation, and plasticity [16].

Detailed studies of T lymphocyte behavior in vivo and
in vitro demonstrated that T lymphocyte subsets are charac-
terized by certain flexibility and can change their functional
phenotypes and cytokine and receptor expression patterns
in response to milieu changes. Moreover, such plasticity
plays an important role in the initiation and development
of pathological processes, including cancer and autoimmune
diseases. In this review, we will briefly characterize the main
subsets of T lymphocytes that have beendescribed so far, their
plasticity, and its association with human pathologies.

2. T Lymphocyte Subsets

2.1. Th1 Cells. Th1 cells are induced in response to IFN-𝛾 and
IL-12, which plays a key role linking the innate immunity and
adaptive immunity and is secreted primarily by the dendritic
cells. IFN-𝛾 and IL-12 signals are mediated by Stat1 (signal
transducer and activator of transcription 1) and Stat4. Th1
cells express the master transcription factor T-bet encoded
by the Tbx21 gene and are characterized by the production
of IFN-𝛾, which also reinforces theTh1 polarization, creating
a positive feedback loop, and suppresses the alternative
differentiation programs [17, 18]. The early IFN-𝛾 that drives
the differentiation of näıve T cells towards theTh1 phenotype
can be produced by activated natural killer (NK) cells [19].
The relative stability ofTh1 phenotype can be partly explained
by a self-supporting transcriptional circuitry, because T-bet
can induce its own expression either directly or indirectly
and suppress the alternative transcription factor GATA-3,
responsible for Th2 differentiation [20–22].

2.2. Th2 Cells. Th2 cells are induced in the presence of IL-
4, which antagonizes Th1 polarization, via Stat6 signalling.
Their master regulator transcription factor is GATA-3, which
is also capable of self-activation, providing a self-reinforcing
feedback [23]. GATA-3 andT-bet are characterized bymutual
antagonism, which favors the polarization of T cells towards
either Th1 or Th2 states depending on the surrounding
cytokine profile and makes the transition states unstable [13].
Th2 cells express the signature cytokines IL-4, IL-5, and
IL-13 and are involved into humoral immune responses to
extracellular infectious agents and parasites [24, 25].They are
also implicated in the development of allergic reactions and
atopy [26].
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2.3. Th17 Cells. Th17 cells are currently recognized as an
independent T cell lineage in addition to Th1 and Th2 [27–
29]. Th17 polarization occurs in the presence of IL-6 or IL-
21 and TGF-𝛽 [30, 31]. Their differentiation is independent
from the transcription factors T-bet and GATA-3 and the
related signalling but regulated by Stat3 and Smad pathways
and retinoic acid receptor-related orphan receptors ROR𝛾t
(RORc in humans) and ROR𝛼 [32–34]. These cells are
producing IL-17A and the related IL-17F. They also express
other cytokines including IL-21, IL-22, and granulocyte
macrophage colony-stimulating factor (GM-CSF) [1]. IL-23
is important for Th17 survival and inflammatory potential
and plays a role in human autoimmune pathologies [35].
It has been demonstrated that TGF-𝛽 and IL-21 drive the
differentiation of Th17 cells from näıve CD4+ cells and IL-
23 and IL-1𝛽 induce their differentiation from memory T
cells [31, 36]. Th17 cells are present in normal circumstances,
especially in the gut, where they provide protection against
bacterial and fungal infections, but are upregulated both in
the gut and in other tissues during inflammation [37–39].

2.4. Treg Cells. Tregs are a subset of T cells controlled by
the master transcription factor Foxp3 and differentiated in
response to TGF-𝛽 [40]. However, Foxp3 is also expressed
by different nonregulatory activated T cells in humans, and
analyzing other markers is needed for identification of Treg
cells. It has been demonstrated that the expression of CD127
(IL-7R) is suppressed in Treg cells, and hence the low level
of CD127 could be used as a relevant marker of this subset,
allowing for distinguishing them from activated effector T
cells. A higher expression level of folate receptor 4 has also
been proposed as a marker of Treg cells [41]. The stability
of Treg subset is dependent on its origin. Tregs derived
from the thymus are considered to be a stable subset. On
the other hand, Tregs can also be induced at the periphery
in response to TGF-𝛽 and antigen presence resulting in
the formation of adaptive or inducible Tregs (iTregs) [42].
These cells were shown to be less stable in their functional
phenotype. In naı̈ve CD4+ T cells, TGF-𝛽 induced both
Foxp3 andROR𝛾t, but the former is dominant and suppresses
ROR𝛾t in the absence of IL-6, shifting the balance from
Th17 to iTreg in inflammatory conditions [13, 43]. There is
functional similarity between the natural and inducible Tregs,
but they appear to be different in their epigenetic status [44].
A surface marker of Treg cells is the IL-2 receptor alpha
chain (CD25), and IL-2 is important for their survival and
homeostasis [45]. Treg cells play the key role in maintaining
the peripheral tolerance. They can suppress the function of
other effector T cells and antigen-presenting cells by cell-
cell interactions and the release of suppressive cytokines,
such as TGF-𝛽 and IL-10 [46–48]. The population of Treg
cells is heterogeneous by the expression of various surface
markers and can be subdivided into several subtypes, notably,
memory-like (generated upon antigen encounter) and naı̈ve-
like Tregs [47]. Treg dysfunction was shown to be associated
with various autoimmune pathologies, including multiple
sclerosis, type I diabetes, psoriasis, and myasthenia gravis
[49–51].

2.5. Th9 Cells. A population of IL-9 producing cells has
first been described in the late 1980s [52]. Later it was
demonstrated that stimulation of Th2 cells with TGF-𝛽 or
näıve T cells with IL-4 and TGF-𝛽 can lead to generation
of cells, positive for IL-9 but not for IL-4, indicative of the
existence of a distinct subset of T helper cells, termed Th9
[8, 9]. The differentiation and function of Th9 cells, as well
as their possible role in autoimmune diseases and allergy,
have recently been described in an excellent review [53].
Generation ofTh9 cells fromnäıve CD4+T cells is stimulated
by the addition of TGF-𝛽 and further enhanced by IL-4,
although an IL-4-independent IL-9 production is possible
in the presence of IL-2, another cytokine essential for Th9
differentiation. Other cytokines, including IL-1𝛼, IL-1𝛽, IL-
33, IL-21, and IL-25, also promote IL-9 production, whereas
IL-27 suppresses it [11]. The accumulating evidence indicates
that Th9 subset exists in vivo. Elevated IL-9 production
and Th9 differentiation have been demonstrated in mouse
models of allergy and melanoma [54, 55]. However, IL-
9 can be produced by multiple cells in vivo, and innate
lymphoid cells (ILCs) are the main detectable source of
this cytokine in studied models [56]. IL-9 has a number of
important functions in the immune system: it promotes the
survival and proliferation of T cells and mast cells, stimulates
the production of several cytokines, and modulates B cell
responses. It has also effects on some nonhematopoietic cell
types. Elevated production of IL-9 plays an important role
in autoimmune processes, allergy, and antitumor immunity
[11]. Th9 cells also produce IL-10 and IL-21, although their
functions remain to be elucidated.

2.6. Th22 Cells. IL-22 is a member of IL-10 family and has
multiple functions, targeting epithelial and pancreatic cells,
hepatocytes, and some types of fibroblasts, mediating host
defence against invasive pathogens [12]. Like IL-9, IL-22 can
be produced by various types of activated T cells, including
Th17, CD8+ cells, and innate immune cells. T cells expressing
IL-22, but not IL-17 or IFN-𝛾, have been described in humans
leading to identification ofTh22 as a distinct subset of T cells
[57, 58]. Differentiation of Th22 from näıve CD4+ T cells is
induced by TNF-𝛼 and IL-6 and further promoted by IL-1𝛽.
Another way of Th22 generation, not completely dependent
onTNF and IL-6, has also been reported [59].Theproduction
of IL-22 is increased in several autoimmune diseases, such
as inflammatory bowel disease, allergic asthma, systemic
sclerosis, and rheumatoid arthritis, where it can play both
protective and pathogenic roles depending on the context and
the disease phase [12]. Th22 cells can influence mesenchymal
and epithelial cells and play a role in the development of skin
inflammation, such as psoriasis and atopic dermatitis [60].
Increased Th22 cells and IL-22 were shown to be associated
with various tumors, and several lines of evidence indicate an
important role of this T cell subset in tumorogenesis [61–63].
Therefore,Th22/IL-22 can be regarded as a potential target of
antitumor therapy [12].

2.7. Tfh Cells. A subset of T helper cells residing in B cell
follicles (Tfh) has been described [64, 65]. These cells play
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an important role in maintaining of B cell memory and
the antibody production. They express IL-21 similar to Th17
cells, and their differentiation is regulated by Stat3 and also
Bcl-6 [66, 67]. However, unlike other CD4+ T lymphocytes
that constantly migrate through folliculi, Tfh cells dwell
there, likely because of the expression of CXCR5 chemokine
receptor, which is currently considered as the best surface
marker available for this subset. The relationship of Tfh and
other T helper cell subsets is currently unclear, as these cells
may represent not a distinct subset, but rather a functional
state of other subsets with follicular location.

3. Mechanisms of T Cell Plasticity

Recent studies indicate the existence of certain flexibility of
T cell commitment. T cell subsets are traditionally defined
by the cytokine pattern that they produce, the transcription
factors that regulate their functions and, in some cases, the
expression of specific chemokine receptors. Tissue microen-
vironment also plays an important role in differentiation and
function of Th cell subsets [68].

T cell subsets defined by the expression of CD4 or CD8
or different types of T cell receptors are determined during
their development in the thymus and are inflexible. At the
same time, subsets that are defined by the activation of tran-
scription factors (and hence the different genetic programs)
in the periphery can demonstrate plasticity [69]. There are,
however, some rules that regulate the transition between the
T cell subsets.Th1 andTh2 subsets appear to bemost stable, as
both of them are regulated by mutually suppressing and self-
reinforcing transcription and signalling factors (T-bet and
IFN-𝛾 forTh1 and GATA-3 and IL-4 forTh2) [13]. Moreover,
cells that express the IL-12 receptor remain responsive to IL-
12 signalling, andTh17 cells can undergo an IL-12-dependent
transition to Th1 state in mice and humans [70–72]. The IL-
12 receptor plays therefore a central role in the described
transitions and the proinflammatory response. The IL-12
receptor consists of two chains, IL-12R𝛽1 and IL-12R𝛽2 [73].
The intensity of IL-12 signalling is limited by the availability
of the IL-12R𝛽2 chain, as its expression is significantly less
than that of IL-12R𝛽1 [74]. It has been demonstrated that
even stably committed Th2 cells can reexpress the IL-12R𝛽2
and produce IFN-𝛾 together with IL-4 in vivo in response
to viral infections [75]. A Th1+2 hybrid transition state has
also been observed, which is induced by type I interferons in
combination with IFN-𝛾 and IL-12 [13, 76].

Th2 cells were demonstrated to convert to Th9 cells
in response to TGF-𝛽 [8]. It has been also demonstrated
that a considerable portion of Th9 cells can acquire Th1
phenotype and produce IFN-𝛾 in vivo [77, 78]. Th17 subset,
apart from the conversion toTh1 phenotype, can also acquire
Th2-type IL-4-expressing phenotype, as demonstrated in a
helminthic infection model [79]. iTreg subset, which appears
to be less stable than thymus-derived Treg, is susceptible to
transition towards Th17 in the presence of IL-6 in inflamma-
tory environment [13]. The possibility of Treg transition to
Th1-like phenotype coexpressing Foxp3 and T-bet has been
demonstrated in mice [80]. T-bet induction in Treg cells

has been observed in infection models and colitis [81, 82].
Detailed studies demonstrated the presence of natural Tregs
capable of inducing T-bet and IFN-𝛾 expression resulting
in a Th1-like phenotype [83]. Such Treg-Th1 plasticity is
dependent in vitro on IL-12 and IL-2 and might play a role
in autoimmune diseases. Studies in mice and humans have
demonstrated that Tregs are also capable of becoming Th17
cells in the presence of IL-6 and TGF-𝛽 [84, 85]. Recently, dif-
ferentiation properties of CXCR3-relative chemokines have
been described: CXCL10 was shown to polarize effector Th1
cells and CXCL11 to promote differentiation of Tregs from
näıve T cells and CXCR3+CD4+ effector T cells, associated
with experimental allergic encephalomyelitis (EAE) [86].

On the other hand, some transitions between subsets
apparently do not occur, including Th2 to Th17 or Treg
transition or Th1 to Treg or naı̈ve T cells [13]. The plasticity
of T cell fates can be advantageous for host defence against
pathogens but can also play a role in pathological processes,
including autoimmune diseases and cancer.

4. Plasticity in Cancer

Regulation of the immune response in cancer receives much
attention as possible instrument for the development of
novel antitumor therapies. The developing tumor induces an
immune reaction driven by the cells of the innate immune
system (innate lymphoid cells (ILCs), NKT, 𝛾𝛿 T, NK,
and macrophages). Cytotoxic T lymphocytes and IFN-𝛾-
producing CD4+ T cells are recruited to the tumor and
induce cell death, further activation of NK andmacrophages,
and inflammation. Th1 and Th17 subsets play an important
role in the antitumor response, producing the inflammatory
cytokines and assisting the cell-mediated killing of tumor
cells [87]. These responses, however, can be suppressed by
Treg cells that are also recruited by the growing tumor
[88]. Tregs are powerful inhibitors of antitumor immunity
and represent the greatest obstacle to immunotherapy of
cancer [89]. At the early stages of the process, Tregs are
concentrated in the tumormass, locally inhibiting the effector
immune responses and allowing the tumor to progress. The
ratio of Treg to T effector cells in the tumor mass has
therefore a prognostic value [90]. At later stages, Tregs can be
upregulated systemically, suppressing the immune protection
against metastases [91]. It has been demonstrated that sys-
temic Treg depletion induced regression ofmelanomametas-
tases [92]. Combination of Treg depletion with immunogene
stimulation was highly effective against weakly immunogenic
sarcomas in mice [93]. Therefore, regulation of Tregs in
cancer, especially locally in tumors, appears to be a promising
therapeutic option, and several Treg-suppressing agents have
been already developed [94, 95]. T cell plasticity mechanisms
can also be exploited for this purpose. Different approaches
could be taken to shift the balance towards Th17 rather
than Treg differentiation, such as agonists for retinoic acid
receptors or direct introduction of ROR𝛾t [96]. Blocking
TGF-𝛽 by specific antibodies prevented the peripheral induc-
tion of Tregs and reduced the tumor burden in mice. This
approach, however, is associated with the risk of autoimmune
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disorders [97]. Cyclophosphamide antitumor effect is partly
dependent on modulation of the immune response promot-
ing Th1 and Th17 cells. A recent study on mouse cancer
models demonstrated that gut microbiota was indispens-
able for cyclophosphamide-induced generation of Th17 cells
with antitumor activity. Treatment with the drug induced
some gram-positive bacteria translocation into secondary
lymphoid organs where they stimulated differentiation of
“pathogenic” IFN-𝛾-producingTh17 lymphocytes [98].

The role of Th17 cells in cancer remained controversial
for a long time [99]. It has been demonstrated that Th17 cells
infiltrate tumors and their concentrations there are highly
elevated in comparison with surrounding tissues implying
a specific role in tumor development [100–102]. Such accu-
mulation of Th17 cells was associated with improved patient
survival in some cancer types and with poor prognosis
in other types [103, 104]. Interestingly, some observations
indicate that Treg cells infiltrating tumors can be converted
to the proinflammatoryTh17 phenotype in some cancer types
[105].Th17 cells take part in local inflammation producing IL-
17 and IFN-𝛾 and can therefore promote the inflammation-
dependent tumor cell growth. Shifting the balance towards
Th1 rather than Th17 differentiation resulted in a reduced
population of Th17 cells, inhibited tumor inflammation,
and reduced growth in a mouse pancreatic cancer model
[106]. Moreover, Th17 cells and IL-17A cytokine were shown
to promote angiogenesis in tumors [107], although other
cytokines also produced by Th17 cells (IL-17F, IL-21, and
IL-22) exhibited antiangiogenic properties [108–110]. It is
therefore likely that Th17 subset can acquire different prop-
erties and cytokine production patterns depending on tumor
microenvironment.Deeper understanding ofTh17 regulatory
mechanisms might allow harnessing these processes to fight
the specific types of cancer.

5. Plasticity in Autoimmune Diseases

Loss of control of self-reactive T cells results in autoim-
mune diseases. Multiple sclerosis (MS) is an inflammatory
disease of central nervous system caused by genetic variants
combined with environmental factors, which is characterized
by an abnormal activity of myelin-antigen reactive T cells
[111]. Studies of EAE model of MS clearly demonstrated
that IL-23/Th17 plays a key role in the disease pathogenesis
[35, 112]. Moreover, GM-CSF has also been demonstrated to
participate in the pathological process [113, 114] and elevated
levels of IL-17 were found to be associated with the disease
[115], pointing to an important role of Th17 cells in the MS
pathogenesis, which has been also confirmed by a number
of recent studies [116, 117]. Although the exact role of Th17
cells in the disease pathogenesis has not been elucidated so
far, it has been proposed that these cells might be involved
in the disruption of the blood-brain barrier [118]. Defects in
Treg function have also been identified in MS as in other
autoimmune diseases [49, 119].

The pathogenicity of Th17 cells in autoimmune diseases
appears to be related to the Th17–Th1 plasticity, which is
controlled by the cytokine environment [27]. Studies in

the EAEmodel demonstrated that the pathogenic phenotype
was characteristic specifically for Th17 cells generated in the
presence of particular stimuli such as TGF-𝛽 and IL-23,
underscoring the importance of T cell subset flexibility for the
disease development [120, 121]. Importantly, CXCR3 ligands
have recently been demonstrated to promote the polariza-
tion of näıve and effector T cells in EAE model. CXCL11
skewed the polarization of CD4+ T cells into Treg-like cells
characterized by high production of IL-10, which resulted
in suppression of EAE in IL-10-dependent manner. On the
other hand, CXCL10 and CXCL9 promoted proinflammatory
polarization of Th1 cells [86].

Treg plasticity was also shown to be implicated in the
MS pathogenesis. Patients with relapsing remitting MS
(RRMS) demonstrated significantly increased levels of IFN-
𝛾-producing Th1-like Treg in peripheral blood [83]. Such
increase could contribute to the loss of MS suppression
observed in these patients [119]. A similar population of
Th-1-like Tregs was reported in patients with type 1 dia-
betes as compared to healthy individuals [122]. Treg to
Th17 conversion might also play a role in the pathogenesis
of autoimmune disorders; Th17-like Treg cells have been
observed in association with various autoimmune conditions
[123, 124].

The correct functioning of Th subsets may depend on
local microenvironment, which is most noticeable in skin
diseases. Psoriasis is associated with cytokine imbalance
in the skin with predominance of Th17 cytokines, IL-17,
IL-21, IL-22, and TNF-𝛼 [68]. Treg to Th17 transition in
psoriasis is driven by IL-23 signalling, and triple-positive
CD4+/Foxp3+/IL-17A+ cells can be found in skin lesions.
The regenerative role of IL-22 in the disease-affected skin
turns upon its excess into a pathologic one, promoting skin
thickening [125]. Accordingly, treatment aimed to correct the
cytokine balance in the skin can play an important role in
the therapy of psoriasis. Another skin disease, atopic eczema,
is characterized by aTh2-dominated cytokine microenviron-
ment, which antagonizes Th1 and Th17 immunity, resulting
in local immune deficiency in the skin. Th2 cytokines also
affect the epidermal barrier leading to skin dehydration [68].
In autoimmune hepatitis, a highly inflammatory microen-
vironment in the liver, enriched with IL-6, IL-17, IL-23,
and IL-1𝛽, tilted the balance towards Th17 rather than Treg
differentiation, promoting the disease progression.Therefore,
function of T cell cytokines is largely dependent on the
cytokine content of the local microenvironment and disease
setting, which has to be taken into account while developing
therapy approaches aimed to adjust theTh subset imbalances
[68].

6. Conclusion

T lymphocyte plasticity is an important mechanism that
is likely evolved to enable the immune system to rapidly
respond to the changing environment and adapt its func-
tioning in the presence of infectious agents and parasites.
Distinct subsets of T cells are regulated by a complex
signalling network of cytokines and transcription factors, and
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disturbances in this network can cause serious pathologies,
such as excessive inflammatory response in autoimmune
diseases and enhanced immune tolerance in tumor microen-
vironment. Better understanding of these processes will
allow development of novel therapeutic strategies based on
reprogramming T cell populations towards one or another
phenotype to reduce inflammation or enhance antitumor
immunity.
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Humans have coevolved with a complex community of bacterial species also referred to as the microbiome, which reciprocally
provides critical contributions to human metabolism and immune system development. Gut microbiome composition differs
significantly between individuals depending on host genetics, diet, and environmental factors. A dysregulation of the symbiotic
nature of the intestinal host-microbial relationship and an aberrant and persistent immune response are the fundamental processes
involved in inflammatory bowel diseases (IBD). Considering the essential role of T cells in IBD and the contributing role of the
microbiome in shaping the immune response during the pathogenesis of IBD, this review focuses on the complex relationship,
interplay, and communication between the gut microbiome and T cells, including their differentiation into different subsets of
effector or regulatory cells.

1. Introduction

Human inflammatory bowel disease (IBD) is a spontaneously
relapsing, immunologically mediated disorder of the gas-
trointestinal tract, characterized by uncontrolled inflamma-
tion resulting from inappropriate and persistent activation
of the mucosal immune system. Crohn’s disease (CD) and
ulcerative colitis (UC) represent the two most common
forms of the condition, with associated significant morbidity
and mortality [1]. Although both environmental factors
and genetic predisposition have been implicated in the
pathogenesis of IBD [2], the precise causes remain mostly
undetermined.

Immune activation within the gut-associated lymphoid
tissue (GALT) is essential to counteract potentially harmful
pathogens. However, the control of such responses is nec-
essary to avoid an inappropriate immune response against
self- or harmless antigens. Disruption of any of the specific
immune defense and regulatory mechanisms may lead to the
development of chronic intestinal inflammation. Indeed, cur-
rent evidence suggests that an inappropriate and persistent
immune response against the intestinal microbiota plays a
pivotal role in the pathogenesis of IBD [3].

The intestinal lamina propria is composed of complex
immune cell populations which balance the requirement for
physiologic immune tolerance to luminal antigens and the
necessity to defend against pathogens.The hallmark of active
IBD is an aberrant mucosal infiltration by innate immune
cells (primarily neutrophils, macrophages, and dendritic
cells) and adaptive immune cells (T and B cells). Effector
CD4+ T cells (Th1, Th2, Th17, and T follicular helper Tfh) are
critical in the defense against pathogens, whereas regulatory
T cells (nTreg, iTreg; Tr1 and Th3) play a significant role in
limiting the expansion and overactivity of CD4+ effector T
cells. IBD seems to be due to either an excessive activation of
effector T cells and/or alteration of T cell-mediated tolerance
mechanisms, the latter through defects in the development of
Treg or alteration in their immunosuppressive properties.

The intestinal microbiome has been the subject of intense
focus in the last decade, as it is central in both the devel-
opment of the intestinal immune system and the mainte-
nance of immune tolerance. In particular, Toll-like receptors
(TLRs), a family of pattern recognition receptors recog-
nizing conserved commensal bacterial products (including
lipopolysaccharide, DNA, and lipoteichoic acid), mediate
protection from epithelial injury and play a crucial role in
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the maintenance of intestinal epithelial homeostasis in nor-
mal steady state conditions [4]. Additionally, it supplies
essential nutrients, modulates energy metabolism, and par-
ticipates in epithelial cell exfoliation. At least 200–300 differ-
ent colonic species from 1,800 genera representing between
15,000 and 36,000 individual bacterial species constitute the
total microbial load in the intestine [3]. In other terms, the
lumen of the distal ileum and the colon contains 1014 bacteria,
whereas the human body is composed of only 1012 cells.
This extremely complex microbiota provides an important
source of specific microorganisms, antigens, and ligands that
can modulate the activation of the immune system. Indeed,
microbial metabolites have a significant impact on disease
progression and overall host health and play an important
role in the maintenance of gut homeostasis [5].

Dysregulation of the symbiosis between the host intes-
tine and its microbiota and an aberrant and persistent
immune response are the fundamental processes involved
in inflammatory bowel diseases. Taking into consideration
the essential role of T cells in IBD and the contributing role
of the microbiome in the pathogenesis of IBD, this review
focuses on the complex relationship and interplay between
the gut microbiome and T cell differentiation in the context
of disrupted mucosal homeostasis in IBD.

2. T Lymphocytes in Immune Tolerance and
Inflammation in IBD: General Concepts

Mucosal innate immune responses are a prerequisite for
eliciting adaptive immune responses, as well as for elic-
iting the adaptive immune responses, which may become
the major drivers of tissue injury and establishment of
chronic inflammation. The innate components involve a
complex network of nonprofessional and professional antigen
presenting cells (APC), appropriate sensing of microbial-
associated molecular patterns (PAMP) through specialized
Toll-like receptors (TLRs) and the nucleotide oligomeriza-
tion domain- (NOD-) like receptors (NLRs), and microbial
control via the production of antimicrobial peptides and
mucosal IgA. In recent years, innate lymphoid cells have
also become recognized for their important role in mucosal
immune homeostasis [6].More detailed reviews on the innate
elements contributing to tolerogenic and pathogenic adaptive
immune response have been recently published elsewhere [7–
11].

2.1. Role of T Cells in the Maintenance Immune Tolerance in
the Gut Mucosa. Mucosa has developed a complex immune
system that is capable of mounting an immune response
against pathogens, while maintaining the required igno-
rance or active suppression against nonpathogenic antigens.
Immune tolerance is the key mechanism by which intestinal
homeostasis is maintained. It refers to the state of active
hyporesponsiveness to dietary antigens, commensal enteric
bacteria, and orally administrated substances, by a set of
mechanisms which evolved to treat external harmless agents
to which the immune system is systematically exposed, as an
extension of “self.”

Several types of T cells exert active immunosuppressive
effects in the gastrointestinal tract. “Innate-like” lymphocytes,
represented primarily by the TCR𝛾𝛿+ T cells, provide sig-
nals that enhance barrier function and intercalate between
intestinal epithelial cells on the basolateral side of epithelial
tight junctions [12]. They respond to epithelial insults by
secreting epidermal growth factor (EGF) to promote epithe-
lial repair [13] and by producing proinflammatory cytokines
and antimicrobial factors [14] which set the basal mucosal
inflammatory tone and limit bacterial translocation.

Past research has shown anticolitogenic properties
of CD8+CD28− cells [15], CD8+CD122+ cells [16], and
CD8+CD11c+ T cells [17].More recently, Liu et al. [18] showed
that, in vitro, TGF𝛽 can induce two distinct populations of
CD8+Foxp3− and CD8+Foxp3+ immunosuppressive T cells.
They demonstrated that CD103 expression was obligatory
for both populations to be immunosuppressive in vitro and
to potently prevent CD4+ T cell-mediated colitis in Rag2−/−
mice.This finding was consistent with an earlier report by Ho
et al. [19], who described a CD8+CD103+ T cell population
which produced TGF𝛽, inhibited the proliferation of CD4+
in vitro, and attenuated adoptively transferred ileitis in vivo.

The most significant and most extensively studied
immunosuppressive lymphocyte populations are TCR𝛼𝛽
CD4+ regulatory Treg cells, characterized by the expression
of the Foxp3 transcription factor. Foxp3mutations in humans
lead to IPEX (immunodysregulation polyendocrinopathy
enteropathy X-linked) syndrome, whereas mice lacking
Foxp3 develop inflammation-mediated fatal multiorgan fail-
ure [20]. Other mutations leading to abnormalities in Treg
numbers and function, such as in the WASP, CD25, or
IL-10 genes, are also considered risk factors for IBD [21].
Two Foxp3+ Treg subsets are described: “natural” Treg of
thymic origin (nTreg) and “induced” (iTreg), “adaptive,” or
“peripheral” Treg cells. iTregs develop from näıve T cells in
the periphery when activated by transient TCR stimulation
or TCR stimulation in the presence of TGF𝛽 and IL-2. nTregs
have the ability to recognize both self-antigens and foreign
antigens and play an important role in the maintenance of
self-tolerance and prevention of chronic immune stimulation
in IBD [22]. After exiting the thymus, nTreg can migrate
to the GI tract, where they prevent inappropriate immune
responses. nTreg cells act synergistically with iTregs to pre-
vent experimental colitis [23]. iTregs include two main sub-
sets: FoxP3+ Th3 cells, secreting predominantly TGF𝛽, and
the Tr1 subset, characterized by lack of Foxp3 expression and
high production of IL-10. Both subsets have been implicated
in maintaining mucosal homeostasis and in protecting from
experimental colitis [24–26]. More detailed reviews on the
role of Tregs, their lineages, and respective functions in the
intestinal mucosal homeostasis have been recently published
[21, 27].

2.2. Types and Roles of Effector T Cells in the IBD-Associated
Pathogenic Immune Responses. CD4+ T lymphocytes are
believed to play a key role in the pathogenesis of human IBD,
as evidenced by their influx into the inflamed mucosa, the
effectiveness of depleting anti-CD4 antibody therapies [28],
or the suppression of Crohn’s disease symptoms observed
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in individuals with concomitant HIV infection [29]. The
essential role of CD4+ T cells has been demonstrated in
several animal models of experimental colitis, most notably
in the adoptive näıve T cell transfer into a lymphopenic host
[30]. Furthermore, this model of colitis is dependent upon
the presence of bacteria, as it does not occur under germ-free
conditions [31].

Traditionally, it was believed that CD was characterized
predominantly by Th1 T cells secreting IFN𝛾, which were
induced via the IL-12/IL-27-dependent differentiation path-
way. In contrast, UC was thought to be mediated by Th2
T cells, associated with IL-4, IL-5, and IL-13 production.
However, in recent years, the Th1/Th2 paradigm has been
considerably revised. The role of Th17 cells in the adaptive
immune response in IBDhas been described.TheTh17 subset
differentiates from näıve T cells in the presence of IL-6
and TGF𝛽 and secretes IL-17 and IL-22. Primarily secreted
by activated dendritic cells (DC) and macrophages, IL-23
is important in the maintenance of the Th17 cell lineage.
Elevated IL-17 and IL-22 levels have been found in the gut
mucosa of patients with UC and CD [32]. Importantly, a
simplisticmodel of any one lineage driving the disease patho-
genesis is difficult to prove. As an example, an enrichment
of IFN𝛾+IL-17+ coproducing CD4+ T cells with a proinflam-
matory phenotype, previously ascribed to CD pathogenesis,
can also be found in actively inflamed mucosal lesions from
UC patients [33]. Moreover, involvement of different Teff
cells can change during the course of disease as exemplified
by the SAMP1/YitFc mouse, a model of spontaneous CD-
like ileitis. In these mice, ileitis initiation is mediated by
a Th1 response with IFN𝛾 and TNF𝛼 production, but the
establishment of chronic inflammation is dependent upon a
Th2 response, with secretion of IL-5 and IL-13 [34]. Another
layer of complexity is added when T cell plasticity is consid-
ered, as exemplified by the Foxp3+ IL-17-producing CD4+ T
cells enriched in active IBD [35, 36] or the aforementioned
IFN𝛾+IL-17+ CD4+ T cells. IL-21-producing follicular helper
T cells (Tfh) have also been recently characterized in IBD
patients, although IL-21 production can also be acquired by
IFN𝛾+Th1 T cells [37].

The pathogenic role of autoreactive CD8+ T cells in IBD
has been demonstrated in murine studies and implied by
observations in IBD patients. Low avidity autoreactive CD8+
T cells can escape both central and peripheral tolerance and
may trigger autoimmune reactions to a microbial mimic of
self-antigen [38]. Funderburg et al. [39] recently documented
elevated numbers of activated CD8+ T cells in IBD patients.
Animal studies support the role of pathogenic MHC class
I-restricted CD8+ T cells in response to self- or exogenous
antigens in the intestinal mucosa [40–42].

3. Microbiome and T Cells

A metagenomic catalog of the human gut microbial gene
catalog, using next generation sequencing approaches, was
recently published [43, 44]. Ninety-nine percent of the
microbial genes were bacterial. Approximately 160 species
were identified, largely shared amongst individuals [43]. Gut
commensal bacteria play critical roles in making nutrients

accessible to the host, in the development of the immune
system, and in the host’s metabolism. In healthy individu-
als, the intestinal microbiome is dominated by four major
bacterial phyla: Bacteroidetes, Firmicutes, Proteobacteria,
and Actinobacteria. Reduced phylogenetic diversity has been
described in IBD patients. Indeed, a relative decrease in
Firmicutes (including Clostridia groups IV and XIVa) and
an increase increase in Bacteroidetes, Proteobacteria, and
Actinobacteria have been observed consistently among IBD
patients [45–47]. The pathogenic role of commensal bac-
teria in IBD is implicated by the fact that most germ-free
(GF) colitis-susceptible rodents have no intestinal inflamma-
tion or immune activation but rapidly develop pathogenic
immune responses and disease after colonization with spe-
cific pathogen-free enteric bacteria [48]. Moreover, GF mice
have relatively underdeveloped GALT [49]. Therefore, spe-
cific members of the gut microbiota were postulated to
orientate host-specific T cell responses and modulate T cell
differentiation.

3.1. Effect of the Microbiome on Effector T Cells. The impor-
tance of the microbiome relative to T cells is evidenced by
the fact that the overall numbers of both CD4+ and CD8+
T cells are decreased in germ-free mice but are restored
after recolonization [50] and that gut immune maturation is
dependent upon colonization with host-specific microbiota
[51]. However, upon infectionwith the intestinal parasiteTox-
oplasma gondii, CD4+ T cells respond against the pathogen as
well as the translocating commensal bacteria, demonstrating
the ability of the immune response to override tolerance to
commensals [52]. The key role of the microbiota on T cell
plasticity has been illustrated by the recent isolation of T cell
clones specific for bacteria such as the Enterobacteriaceae,
Bacteroides, and Bifidobacterium [53]. Functional relevance
of those bacteria specific T cell clones was demonstrated by
the transfer of clostridial flagellin-specific CD4+ effector T
cells into Toxoplasma-infected mice, which are able to induce
inflammation in the colon [54].

Bacteroides fragilis, a gram-negative anaerobic bacteria
and its capsular polysaccharide A (PSA) have been described
tomodify theTh1/Th2Tcell balance inmice.Thismechanism
was shown to be dependent upon the PSA zwitterionic charge
motif, which allows for its processing by dendritic cells.
PSA signals through TLR2 and initiates the production of
cytokines modulatingTh1/Th2 balance (activation of NF-𝜅B,
regulation of TNF𝛼, IL-12 production). PSA function in the
regulatory arm of the adaptive immune system is described
in more detail below [55].

In the absence of commensal bacteria, germ-free or
antibiotic-treated mice have significantly fewer Th17 cells
than under normal conditions. It is well accepted that com-
mensal bacteria primeTh17 differentiation [56]. In particular,
adenosine 5-triphosphate (ATP) derived from commensal
bacteria has been shown to activate CD11clowCD70high cells
in the lamina propria, driving Th17 cells differentiation
[57]. In addition, certain commensal bacteria can modulate
the production of IL-17 by gut resident 𝛾𝛿T cells in the
small intestine. Duan and colleagues have demonstrated
that commensal bacteria participate in the expansion and
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maintenance of CD62L− IL-1R+𝛾𝛿T cells and that IL-1 sig-
naling is necessary for the secretion of IL-17 by 𝛾𝛿T cells,
highlighting the essential role of endogenous flora [58].
In addition, some commensal bacteria can modulate the
production of IL-17 by gut resident 𝛾𝛿T cells in the small
intestine [58]. One microbial group collectively termed Seg-
mented Filamentous Bacteria (SFB), a nonculturable group
of Clostridia-related organisms, have been shown to play
a role in the differentiation of the Th17 T cell lineage as
well as IL-22-producing CD4+ T cells in the small intestine
and the colon [59, 60]. The specific role of SFB in inducing
Th17 responses remains unclear, although it is believed that
SFB can stimulate the production of the early inflammatory
marker serum amyloid A (SAA), which in turn stimulates
a specific Th17 response in vitro [60]. Moreover, colonizing
germ-free mice with SFB partially restores the 𝛼𝛽TCR IEL
population, highlighting the importance of SFB on gut
immune maturation [51]. SFB mediate protection against
enteric infection by Citrobacter rodentium [59, 60]. Taken
together, these findings suggest that SFB play a dual role
in the maintenance of gut homeostasis. SFB are present in
increased numbers in UC patients, suggesting their potential
importance in human disease [61]. Lastly, thymic stromal
lymphopoietin (TSLP), which is constitutively expressed in
the intestine in the presence of intestinal bacteria, can play
a role in the expansion of Th17 cells and also promotes
Helios−Foxp3+ regulatory T cells [62].

GF animals harbor similar numbers of “innate-like”
TCR𝛾𝛿 T cells compared to conventionally housed mice, yet
under GF conditions these cells have a diminished ability
to enhance mucosal repair [14]. TCR𝛾𝛿 T cells are able to
control opportunistic translocation of commensal bacteria
following intestinal epithelial injury and can be induced
by commensal bacteria to produce antimicrobial peptides
(Reg3𝛾 by IEL and LPL TCR𝛾𝛿 T cells).The cumulative effect
is a direct contribution to modulating the composition of the
microbiota as well as containing invading enteric pathogens
[14, 58].

Commensal bacteria also modulate the balance between
regulatory and effector T cells via pattern recognition recep-
tors, including TLRs. For instance, Tlr9−/− mice have an
increased frequency of Treg and reduced IFN𝛾- and IL-17-
producing Teff cells in the small intestine. This phenotype
is reversed with administration of TLR9 ligands, indicating
that commensal DNA or CpG have the ability to guide the
mucosal responses to infection by a TLR9-dependentmecha-
nism [63].The role of TLR5 is also prominent, albeit complex.
TLR5 stimulation promotes Teff cells while opposing Treg
generation in vitro. Tlr5−/− mice develop spontaneous colitis,
despite an increased number of Foxp3+ Tregs compared
to WT littermates. TLR5-deficient mice have transiently
increased levels of Proteobacteria, especially Enterobacteri-
aceae species (including E. coli), observed in close proximity
to the gut epithelium. This has been attributed to a defect
in innate sensing, which leads to unstable gut microbiota
and low-grade inflammation, which may represent drivers
for chronic colitis [64]. In the adaptive branch, dendritic cell
stimulation by flagellin/TLR5 leads to an increase in IL-23,

which further promotes the Th17 effector cell pathway to
the detriment of Foxp3+ Treg [65, 66]. Moreover, certain
flagellins have been postulated to be dominant antigens in
the pathogenesis of CD. C3H/HeJBir mice, a substrain which
develops spontaneous colitis, were used to identify a family
of related novel flagellins, which activate TLR5, as a class of
immunodominant antigens [67]. These flagellin clones were
closely related to flagellins fromButyrivibrio,Roseburia,Ther-
motoga, and Clostridium within the Clostridium subphylum
cluster XIVa. Antibodies to Cbir1, one of the commensal-
derived flagellins, were also detected inMdr1−/− and Il-10−/−
mice and in CD patients, while Cbir1-specific CD4+ T cells
induced severe colitis when adoptively transferred into naive
SCID mice [67].

3.2. Effect of the Microbiome on Regulatory T Cells. Although
regulatory T cells play a critical role in the maintenance of
gut homeostasis, commensal bacteriamay not be required for
the generation of Tregs in the small intestine. Indeed, Treg
frequency and immunosuppressive function are the same
in the small intestine of germ-free mice compared to SPF
mice [63, 68]. However, colonic Treg are significantly reduced
in germ-free mice, suggesting a critical role of the colonic
microbiota in Treg generation [69].

The Ikaros-family transcription factor Helios, a putative
marker for thymic nTregs, has been used to study the
impact of nTreg in the colon and the role of the microbiota
in differentiation of näıve peripheral T cells into colonic
Tregs. In GF mice, colonic Tregs are Helioshigh, in contrast
to conventional mice, in which colonic Tregs are mostly
Helioslow. This suggested that colonic Tregs are converted
from CD4+ T cells in the periphery [70]. In conventional
mice, colonic Tregs are therefore primarily differentiated
outside the thymus in the gut in response to foreign antigens.
These findings were replicated using another marker for
thymic-derived Treg, neuropilin 1 [70].

The ways by which bacterial-derived molecules coor-
dinate peripherally generated Treg are illustrated in work
done with Clostridia and Bacteroides fragilis, as both increase
the frequency and stimulate the function of colonic Treg.
Similar to what has been observed with effector T cells,
colonic commensal luminal antigens can shape the intestinal
Treg pool via the selection of specific TCRs and promote
the efficient generation of peripheral Treg tolerant of the
commensal microbiota [70].

One of the best examples of Treg modulation by the
microbiome comes from studies on Bacteroides fragilis. Cap-
sular lipopolysaccharide A (PSA) is primarily responsible
for the immunostimulatory and immunoregulatory potential
of B. fragilis. PSA has been shown to signal through the
TLR2/MyD88 pathway in dendritic cells and also directly on
CD4+ T cells. B. fragilis promotes IL-10-producing Foxp3+
Treg [71, 72]. As mentioned above, GF mice have a general
defect in colonic CD4+ T cell development; B. fragilis is
able to correct these deficiencies [71]. Treg induction by
B. fragilis is driven by PSA and is dependent upon TLR2
signaling to induce IL-10 production (increased mRNA for
IL-10, TGF𝛽2, GITR, ICOS, CTLA4, and Ebi3; IL-27𝛽),
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an effect that is restricted to the Foxp3+ Treg population.
These observations constitute some of the seminal evidence
describing the specific ways an individual constituent of the
microbiota can control inflammatory responses.

More recently, the role of Clostridia, primarily clusters
IV (Clostridium leptum) and XIVa (Clostridium coccoides)
in intestinal homeostasis, has been investigated. These clus-
ters were found to be responsible for the accumulation of
CD4+CD25+Foxp3+ Treg (Helios−, CTLA4, and IL-10high) in
the colonic lamina propria [73] and suggested that Clostridia
are potent inducers of peripheral Treg differentiation and
proliferation, presumably in the gut. Reconstitution of germ-
free mice with a mix of 46 Clostridial strains induced the
accumulation of a significant number of Tregs to levels similar
to those of SPF mice in the cecum and the colon (but not
in the small intestine). The specific effect of Clostridium
species on Treg was further emphasized by the fact that
colonization of germ-freemice by 16 Bacteroides species, SFB,
and 3 Lactobacillus specieshad a minimal effect on colonic
Treg accumulation [73]. In addition, early colonization of
SPFmicewithClostridia generated aClostridia-rich environ-
ment, which was protective from experimental colitis. Simi-
larly, the colonization of GF mice with 17 Clostridia species
from human fecal microbiota was also capable of Foxp3+
Treg induction and inhibition of colitis in TNBS and adoptive
T cell transfer models [74]. Tregs from Clostridia-treated
colitic mice were competent to inhibit OT-I TCR CD8+ T cell
antigen specific proliferation in vitro.This inhibitionwas even
greater with the addition of autoclaved cecal contents from
Clostridia-treatedmice. Clostridia-mediated Treg generation
appears, therefore, to be antigen-specific [74].

The protective effect of Clostridia species may be medi-
ated to a large extent by SCFA (short chain fatty acids;
acetic acid, propionic acid, and butyric acid). SCFA are
believed to support the expansion of the existing pool of
colonic Tregs, and butyrate alone has been demonstrated
to induce Treg differentiation both in vivo and in vitro,
enhancing histone acetylation in the promoter and conserved
regions of the Foxp3 locus [75, 76]. In another study, Singh
et al. [77] showed that, in colonic antigen presenting cells,
signaling through butyrate and the niacin receptor Gpr109a,
coded by Niacr1 gene, permits differentiation of Treg cells
and IL-10-producing T cells. Gpr109a was required for the
expression of IL-18, and Niacr1−/− mice showed enhanced
susceptibility to colitis and colon cancer. Moreover, depletion
of gut microbiota or dietary fiber increased the risk for colitis
and cancer, which was suppressed by niacin in a Gpr109a-
dependent manner [77].

TheprobioticVSL#3 (comprised ofBifidobacteriumbreve,
Bifidobacterium longum subsp. infantis, Lactobacillus aci-
dophilus, Lactobacillus plantarum, Lactobacillus paracasei,
Lactobacillus bulgaricus, and Streptococcus thermophilus)
reduced the severity of experimental colitis, which correlated
with diminished effector T cell cytokine levels [78, 79] and
with increased number of TGF𝛽- and IL-10-producing Tregs
[80]. In addition, Bifidobacterium longum subsp. infantis
has been shown to prevent Salmonella typhimurium-driven
inflammation by increasing Treg numbers [81].

Recently, another gut commensal bacteria, Faecalibac-
terium prausnitzii, which typically is found in reduced
abundance in IBD patients [82], was found to induce
CD4+CD25+Foxp3+ Treg [83].

4. T Cells Can Also Shape the Gut Microbiome

Although less well-studied, there is emerging evidence which
demonstrates the reciprocal relationship between T cells and
their ability to shape the composition of the gut microbiota.
Indeed, defects in competent adaptive immunity can mod-
ulate the response to the microbiota and has been linked
to substantial changes in microbial composition. In a recent
study, Zhang et al. [84] studied the microbiome composition
in Rag1 deficient mice and WT mice. This report demon-
strated that the phylogenetic composition of the microbiota
was different in Rag1−/− before and after weaning. In par-
ticular, Akkermansia muciniphila was enriched in immun-
odeficient mice. The lack of B and T cells also correlated
with a decrease in Lactobacillales andEnterobacteriales in the
pre-weaning stage and increased Verrucomicrobiales in the
pre- and postweaning periods. Furthermore, Rag1−/− mice
showed a significant increase in microbial diversity with age
compared to WT, pointing out the role of adaptive immune
system pressure in modulating gut microbiota composition
[84]. SFB have also been shown to be more abundant in
Rag2−/−mice [85]. In a recent study, Brugman and colleagues
[86] analyzed the role of the adaptive immune system on
Rag1−/− deficient zebrafish and showed that Vibrio species
abundance increased. They also confirmed that adoptive T
cell transfer in Rag1 deficient zebrafish suppressed the over-
growth of Vibrio. The study was completed by an elegant ex
vivo experiment where exposure of intestinal T lymphocytes
to Rag1−/− derived microbiota increased IFN𝛾 expression.

TRUC mice (Tbet−/− × Rag2−/−) display a defect in
competent adaptive immune responses and develop sponta-
neous colitis, which can be controlled by Treg or antibiotic
treatment. Klebsiella pneumoniae and Proteus mirabilis were
found to be present in abundance in TRUC mice, linking a
defect in the response to the microbiota to changes in the
microbial composition [87]. Kawamoto et al. [88] described
that Tregs are necessary for the maintenance of microbial
diversity, including a promoting effect on the abundance of
nonpathogenic Clostridia. These and other studies described
in this review point to the elaborate and interdependent
relationship between T cells, Treg in particular, and the gut
microbiome.

5. Conclusions

The studies outlined in this review provide strong evidence
that the gut microbiota and CD4+ T cell relationship is
dynamic and interdependent, with each affecting the com-
position/function of the other (Figure 1). The microbial
composition of the host at different sites (small intestine or
colon) plays a major role in the balance of Treg/Teff in the
gut, whether this is driven by the production of microbial
metabolites (e.g., SCFA), by colonization by SFB or other
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Figure 1: Schematic depiction of the major points emphasized in the review.

organisms, or through innate signaling via TLRs (mostly
TLR5 and TLR9). In this review, we focused on the role of
the microbiota on effector and regulatory T cells. The role
of antecedent stimulation of the innate immune system as a
prerequisite for T cell activation and dysregulation in colitis
(the so-called “two-hit” model) is discussed elsewhere [89]
and was beyond the scope of this review.

As our knowledge of the nuanced relationship between
the microbiota and the adaptive immune system develops, it
is tempting to speculate about the therapeutic potential of
manipulating the microbiota to influence T cell responses
and vice versa in IBD. Therapeutic manipulation of the
microbiome for various other indications, including fecal
transplantation for Clostridium difficile colitis and adminis-
tration of probiotics, has been the subject of significant recent
attention but has not yet been translated to the management
of IBD [90]. Considering the mutualistic coevolution of the
gut microbiome and host immune maturation, investigating
this complex relationship has the potential to positively
impact patientswith IBD.Additional studies that translate the
findings described in this review into clinical therapeutics are
needed and highly anticipated.
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The traditional model of T helper differentiation describes the naı̈ve T cell as choosing one of several subsets upon stimulation
and an added reciprocal inhibition aimed at maintaining the chosen subset. However, to date, evidence is mounting to support
the presence of subset plasticity. This is, presumably, aimed at fine-tuning adaptive immune responses according to local signals.
Reprograming of cell phenotype is made possible by changes in activation of master transcription factors, employing epigenetic
modifications that preserve a flexible mode, permitting a shift between activation and silencing of genes. The acute phase response
represents an example of peripheral changes that are critical in modulating T cell responses. 𝛼1-antitrypsin (AAT) belongs to the
acute phase responses and has recently surfaced as a tolerogenic agent in the context of adaptive immune responses. Nonetheless,
AAT does not inhibit T cell responses, nor does it shutdown inflammation per se; rather, it appears that AAT targets non-T
cell immunocytes towards changing the cytokine environment of T cells, thus promoting a regulatory T cell profile. The present
review focuses on this intriguing two-way communication between innate and adaptive entities, a crosstalk that holds important
implications on potential therapies for a multitude of immune disorders.

1. Introduction

The necessity to defend against a diverse world of pathogens,
toxins, or transformed cells requires different types of
immune responses in order to overcome a pathological
entity while maintaining tolerance towards self-tissues. Dur-
ing evolution, vertebrates developed lymphocytes that bare
combinatorial T cell receptors (TCR) and B cell receptors
(BCR) in order to overcome the enormous and evolving
variety of antigenic events. An accurate adaptive response
must accommodate the type of pathogen, its mechanism of
intrusion, and the tissue that is affected. The response must
be tightly regulated as undesirable collateral damage from
autoreactive T cells and antibodies can result in autoimmune
disorders and hypersensitivity responses, some as common
as allergies. Allograft transplantation is another platform in
which the activity of the adaptive immune response is the
target of therapeutic manipulation. A rigid determination of
the type of immune response, without retaining flexibility or

regulation of an activated T cell and an appreciation of the
changing environment along the adaptive immune response,
can result, on the one hand, in an often lethal organ failure
associated with the site of infection, or, on the other hand,
promotion of autoimmunity that follows an infection.

Endowing the immune systemwith local communication
capacity through a diverse array of cytokines represents an
important mechanism for an environment to control T cell
responses. T helper cells initially differentiate according to
local cytokine composition, resulting in different subsets
of CD4+ T helper cells. The composition of cytokines is
so influential that even a subtle change in one of the
components, such as IL-6 in a TGF𝛽-rich environment, can
facilitate the differentiation of a T helper (TH) subset from a
regulatory T cell to an aggressive TH17 effector cell. On top
of this apparent complexity, one should note that, to date, the
number of established TH subsets is rising; different helper
cells appear to conduct a variety of events, such as regulation
or enhancement of inflammation, activation of phagocytes,
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induction of specific cell migration, stimulation of antibody
production, or promotion of class switching in activated B
cells.

With such a myriad of TH subsets, it becomes more
tangible to appreciate the possibility that each TH subset
does not necessarily represent its own final differentiation
state and that some plasticity exists based on the immediate
environment in which activated TH cells roam. As such, we
chose the acute phase response to signify a profound environ-
mental change during an adaptive immune response. Within
this state of elevated systemic inflammation, it appears
that some proteins exert immunomodulatory activities of
which a few are indicative of peripheral TH cell plasticity,
switching between subsets of TH cell according to the
changing environment. One of these proteins, 𝛼1-antitrypsin
(AAT), has recently been recognized as a tolerogenic agent,
changing the course of hazardous adaptive processes (e.g.,
type 1 autoimmune diabetes) towards active antigen-specific
immune tolerance.

In this review, we discuss the various CD4+ T helper
subsets known to date and the signals required for their devel-
opment. In addition, innovative reports of reprogramming of
already differentiated T helper cells towards different helper
subsets, and the mechanism allowing the plasticity of helper
cells, are presented.

2. A Plethora of Helper T Cell Subsets

2.1. Traditional Helper T Cell Subset Classification: TH1/TH2.
Distinguishing between TH1 and TH2 subtypes was made
possible in the late 70s based on two major cell properties:
the property of adhering to nylon wool columns and the
ability to help B cells produce antibodies, respectively [1].
Mosmann et al. later expanded on the classic TH1/TH2model
[2] and in 1986 introduced several pivotal cell responses to
better represent the molecular polarization of helper T cell
subtypes: TH1 cells were described as helper T cells that
produce interferon-𝛾 (IFN𝛾) and interleukin- (IL-) 2, while
TH2 cells were described as helper T cells that secrete B cell
stimulating factor 1 (BSF1), later termed IL-4 and identified
as the factor responsible for driving B cells to produce IgG1
and IgE.

The behaviors of TH1 and TH2 in the larger framework of
adaptive immune responses were further studied, allowing a
more context-dependent classification, that is, the identifica-
tion of TH1 cells as predominating in the immune response
towards intracellular pathogens, in which the helper T cell
will promote other local T cell responses by secreting IL-2
and activate local macrophages by releasing IFN𝛾, and the
identification of TH2 cells as predominating in the immune
response towards extracellular pathogens, such as helminths,
by using a particular set of B cell-activating cytokines and
promoting the production of clonal antibodies, such that the
antibodies will target the pathogens and either neutralize
them, dock the complement system onto them, or mediate
local degranulation of mast cells and eosinophils. In this
regard, unlike cytotoxic T cells, helper T cells never directly
kill a target but rather activate local destructive macrophages,
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Figure 1: Who do the helper T cells actually help? Once a dendritic
cell (DC) activates a helper T cell (TH) in a lymph node that
drains an antigenic site, TH can promote B cell responses within
the lymph node, as well as circulate the body and relocate to the
antigen-rich site for facilitation of cytotoxic T cell responses and
local macrophage activation.

drive B cell processes towards an effector humoral response,
and fuel neighboring cytotoxic T cells with IL-2 once both
these cells become locally attracted to an antigen-rich site
(illustrated in Figure 1).

Polarization of TH0 towards TH1/TH2 cells occurs fol-
lowing the exposure of TH0 cell to distinct sets of cytokines
in its immediate environment. These cytokines originate
primarily fromprofessional antigen presenting cells (pAPCs).
pAPCs that encounter a pathogen and engulf related antigens
stimulate T cells by forming a TCR-MHC class II complex,
with the provision that costimulatory signals are also satis-
fied; then, particular sets of cytokines may be produced so
as to divert the course of T cell differentiation towards either
TH1 or TH2.

The major factor that promotes differentiation of TH0
towards TH1 is the dimeric cytokine, IL-12. A lack in the
subunit IL-12p40 results in impaired TH1 responses and in
an increased susceptibility to intracellular pathogens, such
as Leishmania major [3, 4]. In contrast, the major cytokine
for the differentiation of TH0 into TH2 is IL-4, which will
induce the release of IL-5 and IL-13, as well as additional IL-
4 [5]. These TH2 cytokines stimulate B lymphocytes towards
further maturation, antibody isotype switching and produc-
tion, somatic hypermutation, and a memory phenotype. In
addition, the cytokines will initiate intracellular signals that
will induce transcription of genes, which will execute and
maintain the consequential T helper subset programming [6].
A transcription factor that is activated downstream to the
TCR signal nuclear factor of activated T cells (NFAT) has the
ability to bind to either infg or il4 promoters, committing
the cell to either TH1 or TH2 phenotype [7]. Additional
intracellular signaling pathways activate one of two master
transcription factors, either T-bet or GATA-3, which will
further consolidate the T helper fate towards being either TH1
or TH2, respectively.

How are these signaling pathway distinctions made?
Two signal pathways activate the TH1 transcription factor,
T-bet. Following activation of the IL-12 receptor (IL-12R),
STAT4 is activated and T-bet is upregulated [8, 9]. T-bet,
in turn, activates the transcription of IL-12R𝛽2 and IFN𝛾,
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which then activate STAT1 that also upregulates the transcrip-
tion of T-bet. This sequence of events enhances additional
IFN𝛾 transcription, completing a TH1 differentiation positive
feedback loop [10]. T-bet acts in synergy with RUNX3 in
order to activate IFN𝛾 production but at the same time
inhibits IL-4 transcription; reciprocity between TH1 and
TH2 phenotypes is thus achieved [11]. In contrast, for the
differentiation of TH0 into TH2, IL-4R signaling activates
STAT6, which upregulates the transcription of GATA-3 [12–
14]. GATA-3 then activates the transcription of IL-5 and IL-
13; IL-4 production requires the activation of c-Maf [15],
which is activated either by GATA-3 or by the TCR signal
itself. Thus, GATA-3, in TH2, and T-bet, in TH1, achieve an
obligatory reciprocal effect, which is strengthened both by
auto-positive-feedback loops and by reciprocal inhibition of
the opposing components [3, 9, 14, 16].

2.2. A Third Type of Helper T Cell Emerges: TH17. Initially,
TH17 cells were termed “IL-23-derived autoreactive CD4
T cells” [17]; subsequently, they were identified as “IL-
17-producing T helper cells” [18] and then, finally, TH17
cells [19]. The definition of TH17 lineage had followed the
discovery of the cytokine family, IL-17, initially coinedCTLA-
8 family of cytokines [20, 21]. To date, IL-17 is a common
name used to describe the IL-17 family of cytokines, of which
the most studied ones are IL-17A and IL-17F; these two share
the highest homology amongst the family members and can
form a homo- or heterodimer that binds to a single IL-17
receptor (IL-17R) [22]. While the levels of IL-17 and IL-17R
correlate with enhanced antimicrobial responses, as observed
primarily in mucosal tissues (where IL-17 was found to be
secreted from 𝛾𝛿T cells [23]), the involvement of IL-17 was
also exemplified in several autoimmune disorders [24]. In
fact, in as far as autoimmune disorders are regarded, TH17
cellswere shown to be involved in somepathologies thatwere,
until then, considered as TH1-related. Examples include EAE,
rheumatoid arthritis, and lupus, colitis, in addition to other
unwanted immune responses such as acute allograft rejection
[17, 25–27].

Interestingly, the distinction between TH1 and TH17
systems was initially made possible by the more in-depth
characterization of IL-23 and IL-12. Both these cytokine
share the same IL-12p40 subunit. This subunit was targeted,
appropriately at the time, in order to study TH1 responses;
however, when the individual unique adjoining subunits of
IL-12 and IL-23 (IL-12p35 and IL-23p19, resp.) were deleted
in mouse genomes, the distinct involvement of TH1 and
TH17 cells in autoimmune disorders was unearthed [17, 26].
Nonetheless, it later became apparent that IL-23 alone is
not sufficient in order to induce differentiation of TH0 cells
towards TH17 cells. It appears that the combination of IL-6
or IL-21, together with TGF𝛽, is required in order to advance
a TH17 phenotype. In addition, IL-1𝛽 and TNF𝛼 exert an
amplifying effect on theTH17 cell population,while IL-23was
found to be primarily required for the survival of the already
differentiated TH17 subset [28, 29].

Differentiation into TH17 cells requires a master tran-
scription factor, the orphan nuclear receptor, ROR𝛾T (RORC,

in humans), or ROR𝛼, which also drives the cells toward a
TH17 phenotype [30]. While transcription of ROR𝛾T was
shown to be dependent on STAT3, which is activated by IL-
23 [31], the mechanism by which ROR𝛾T and ROR𝛼 induce
TH17-related genes has yet to be determined.

2.3. Regulatory Helper T Cells. In order to regulate the
effector arm of T cells, for example, so as to avoid collateral
damage or discourage an autoimmune response, two major
mechanisms had evolved: central tolerance, in which putative
T cell clones that recognize self-antigens undergo apoptosis
in the thymus before reaching secondary lymphoid organs,
and peripheral tolerance, in which an effector T cell response
is counteracted at the time and location of its activation, based
on local factors.

For central tolerance, naturally occurring regulatory T
cells (nTreg) develop in the thymus, and their specific
depletion results in autoimmune syndromes [32]. Indeed, this
subtype was discovered based on the observation that neona-
tal thymectomy results in autoimmune disorders [33, 34],
and reconstitution of CD4+ T cells cancels that phenomenon
[35, 36]. These cells are characterized by the expression of
surface CD4 and, without an apparent need for activation,
surface IL-2R𝛼 (CD25). The source of IL-2, required for
Tregs, is the activated effector T cell. Therefore, counter
regulation of excessive T cell activities actually increases with
T cell activation and clonal expansion, as IL-2 levels rise [37].
The dependence of immune regulation on an intact thymus
implies that there exists a development of two different
CD4+ T cell entities in the thymus: effector CD4+ T cells,
among which might persist some autoreactive clones that
had escaped central tolerance negative selection, and CD4+
regulatory T cells, capable of inhibiting the effector CD4+ T
cells in the periphery.

Controlling the regulatory profile of Tregs, foxp3 was
shown to be the major transcription factor of these
CD4+CD25+ T cells. Foxp3was initially identified as essential
for prevention of autoimmune diseases. Indeed, in mice,
mutated foxp3 is associated with unregulated T cell activities,
and, in humans, mutations in foxp3 correlate with an X-
linked syndrome comprised of immunodeficiency polyen-
docrinopathy and enteropathy (IPEX) [24, 38]. Up to the time
of these observations, foxp3 was considered unique to nTreg
cells; however, ectopic expression of foxp3 was found to be
able to drive non-Treg CD4+ cells toward a Treg phenotype
[39], and extrathymic elevated levels of TGF𝛽 or retinoic acid
were found to induce foxp3+ T cells. Thus, such T cells were
termed inducible Tregs (iTregs). Importantly, TGF𝛽 has been
shown to require that the rest of the local cytokinemilieu does
not contain excessive amounts of IL-1𝛽 or IL-6.

Among the mechanisms in which Tregs can suppress T
effector cells are the regulation ofAPC stimulatorymolecules,
for example, by expressing CTLA4 that will compromise
CD28 signaling, by induction of T cell apoptosis, by depri-
vation of IL-2, and by secretion of inhibitory cytokines, such
as IL-10 and TGF𝛽, which in turn stimulate foxp3 expression
in T cells [40].
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Unlike Tregs, which display the classical
CD4+CD25+foxp3+ phenotype, other types of immuno-
suppressive T cells were described. Two such cell types can
have immunoregulatory functions comparable to those
mediated by Tregs and are termed TH3 and regulatory T-1
(Tr1) cells. TH3 cells were suggested to induce tolerance
following oral administration of antigens to mice. These cells
mediate suppression by releasing large amounts of TGF𝛽,
which in turn can promote regulation by promoting the
expansion of iTregs [41]. Tr1 cells, on the other hand, were
described as IL-10 producing T cells and, much like foxp3-
positive Tregs, they suppress effector T cell proliferation [42].
Differentiation of Tr1 is mediated by IL-10, and the expansion
of the population requires IL-27 [43]. The significance
of being able to produce IL-10 as a component of T cell
suppression was clarified by patients with severe combined
immunodeficiency, which exhibited high levels of IL-10-
producing donor-derived T cell clones that had mediated
tolerance and prevented graft versus host disease (GvHD),
despite mismatched HLA and the presence of host-reactive
T cells. This phenomenon indicates that peripheral tolerance
may be maintained by these IL-10-producing T suppressor
cells [44]. In addition, Tr1 cells can be antigen-specific, and
reduction in the levels of Tr1 cells can result in autoimmune
disorders, such as pemphigus vulgaris, type 1 autoimmune
diabetes, rheumatoid arthritis, and autoimmune hemolytic
anemia [45]. Moreover, adoptive transfer of Tr1 cells has been
shown to promote tolerance in the context of autoimmune
disorders and during islet allograft transplantation [46].
While much of the suppression exerted by Tr1 cells relates
to IL-10 release [47], they can, like TH3, also secrete TGF𝛽.
Therefore, Tr1 and TH3 were suggested to promote tolerance
by manner of synergism with iTregs [45].

2.4. Non-TH2 Cells That Promote B Cells: Follicular T Helper
Cells (TFH). According to the classic TH1/TH2 classification,
TH1 is primarily restricted to cellular responses and TH2 to
humoral responses. However, in TH1 responses, IFN𝛾 can
also induce B cell class switching towards IgG2a antibod-
ies, and TH1-related antibodies facilitate anti-intracellular
pathogen responses by opsonization of infected cells. More-
over, mice deficient in TH2 development, as obtained using
STAT6 knockout mice that are essentially lacking IL-4, were
unable to produce IgE, which is critical for the immune
response against helminthes; nonetheless, these mice did
respond to infections by producing IgG1, IgM, and IgG2a
[48]. Thus, there are helper cells that are distinct from TH2
cells and can help promote B cell responses.

In order to ascertain that TFH are distinct from
TH1/TH2, mice that lack the major genes encoding T helper
subsets TH1, TH2, and TH17 were studied, confirming that
TFH are indeed a unique subset [49], which express unique
phenotype markers. Interestingly, these markers help to
understand some of the mechanisms by which TFH facilitate
B cell responses in lymph nodes. Indeed, these cells were
termed follicular T helper cells because of their location in the
lymph node follicle [50, 51]. They can be identified by high
expression levels of ICOS, CXCR5, and the CXCR5-inducer,

BCL-6 [52, 53]. Expression of this particular set of genes
further downregulates non-TFH gene transcription [54].
TFH require IL-6 for their differentiation, as well as IL-21,
which is necessary for expression of BCL-6 [53, 55, 56].While
circulating activated helper T cells have but transient CXCR5
expression, TFH express CXCR5 in a sustained manner.

While T cells normally express CCR7 and are thus guided
to the T zone in lymph nodes, B cells localize to B cell follicles
via CXCR5 and its cognate chemokine CXCL13, which is
released from germinal center stromal cells. Interestingly,
TFH-like ICOS+ extrafollicular CD4+ cells were observed
immediately outside germinal centers and had correlated
with autoreactive antibody production [57, 58]. Indeed, pre-
TFH may encounter B cells due to their upregulation of
CXCR5 (following antigen presentation by dendritic cells
(DC)), while activated B cells increase CCR7 expression,
therefore enabling migration toward each other and facil-
itating an encounter between B cells and pre-TFH in the
B-T cell border. There, B cells present the internalized and
processed BCR-specific antigen to T helper cells. Since the
TFH are already activated by DC with the same antigen
and are activated in a CD80/86-CD28-dependent manner
[49, 59], they may serve as a second validation step before
mounting potentially hazardous antibody production. By
this, the foreign origin of the antigen is further verified, as
CD40L and ICOS are presented to the cognate B cell, which
is dependent on these signals for optimal activation, isotype
switching, and survival.

TFH in the germinal center can thus facilitate class
switching from IgM to IgG1, IgG2a, or IgA, based primarily
on cytokine secretion. There, B cells are further positively
selected by TFH according to their affinity to antigens
during somatic hypermutation [60, 61]. In addition, TFH
also increase survival of B cells by secreting IL-21, which
in turn upregulates BCL-6 in both the B cell and the TFH.
Failure to regulate antibody production by TFH can result
in systemic autoimmunity, since antibodies can be produced
against self-antigens. In a study that examined a mouse
model of systemic lupus erythematosus (SLE), autoantibody
production correlated with the presence of TFH; accord-
ingly, anti-dsDNA antibodies were mounted [61]. Under
these settings, suppression of TFH cell differentiation by
mouse strain crossing with either BCL-6+/− or SAP−/− had
reduced the emergence of SLE-like features but resulted in
germinal center formation defects and immunodeficiency
disorders [61]. In addition, adoptive transfer of TFH resulted
in increased level of germinal center formation and also
correlatedwith an SLE-like phenotype in unimmunized näıve
wild-type mice [62].

2.5. TH22: Mediators with Epithelial Barriers. IL-22 is a
member of the IL-10 cytokine family, originally identified
in activated T cells and considered a TH1-related cytokine.
Soon after the description of TH17 cells, IL-22 was reported
to be expressed by IL-17-producing ROR𝛾T-expressing cells
and was accordingly associated with TH17 cells [63, 64]. Its
receptor, IL-22R, consists of two chains, one is the IL-22
receptor 1, and the other is the IL-10 receptor 2, which is also
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a component of IL-10 receptor. However, IL-22 is not a ligand
for IL-10 receptor.

IL-22R is absent from immune cells. It is expressedmainly
by epithelial barriers such as skin, kidney, respiratory tract,
and gastrointestinal tract [65]. On the other hand, only
hematopoietic cells express IL-22; it is expressed by activated
T cells and, to a lesser extent, by NK cells [66], CD8+ T cells
[67], and 𝛾𝛿T cells [68].Therefore, IL-22 appears to take part
in the crosstalk between immune cells and nonimmune cells,
particularly at important sites of mucosal immune barriers.

IL-22 was depicted both as an immune-regulatory medi-
ator, as well as a pathogenic cytokine, as it displayed a cor-
relation with severity of chronic inflammation and with skin
autoimmune disorders [69, 70]. IL-22 is involved in airway
inflammation [71], as well as protection from liver inflam-
mation [72], activation of fibroblasts, and wound repair [73];
IL-22 is also involved in rheumatoid arthritis [74] and sys-
temic sclerosis [75]. Human CCR6+CCR4+CXCR3−CCR10+
memory T cells, considered as TH17-enriched cells, have a
subpopulation of cells that express IL-22 and IL-13, but not IL-
17, IFN𝛾, or IL-4; thus, TH22 are distinct fromTH1, TH2, and
TH17 subpopulations. However, similar to TH17 cells, RORC
and aryl hydrocarbon receptor (AHR) signaling both appear
to be essential for TH22 accumulation [76]. Nonetheless,
although themain source of IL-22 is indeed TH22 cells, it can
be also found expressed in TH1 and TH17 cells together with
IFN𝛾 or IL-17, respectively [77].

The cutaneous association of TH22 cells is quite promi-
nent. CD11c+ dendritic cells help polarize CD4+ cells into
TH22 by secreting TNF𝛼 and IL-6, but it appears that, prefer-
entially, cutaneous DCs, rather than monocyte-derived DCs,
will induce TH22 differentiation (62) [77]. TH22 cells were
also found to present a skin-homing molecule, cutaneous
lymphocyte-associated antigen (CLA), in addition to the
CCR6, CCR4, and CCR10 receptors [69, 77]. In vitro, TH22
cells promote wound healing processes in keratinocytes [78],
and, in the skin of patients with inflammatory disorders, such
as psoriasis, atopic eczema, and allergic contact dermatitis,
TH22 were found to infiltrate into the epidermis and affect
wound healing and tissue repair processes by secreting
fibroblast growth factor (FGF).

2.6. TH9. Up until recently, IL-9 was defined as TH2
cytokine, secreted from mast cells and T cells, correlating
with levels of IL-3, IL-4, and IL-5, and associated with
antiparasitic responses [79]. IL-9 was found to correlate
with disorders such as autoimmunity, allergy, viral and
intracellular infections, cancer, and transplantations [79–81].
Later studies showed that IL-9 can also be found produced
by Tregs, TH1, and TH17 cells [79]. Finally, a unique subset of
cells specialized in IL-9 production has been identified, TH9
cells [82].

TGF𝛽, which is practically sufficient to drive CD4+
toward iTreg differentiation (at low IL-6 conditions) or TH17
differentiation (at high IL-6 conditions), is also the cytokine
that determines TH9 maturation. The major TH2 cytokine,
IL-4, that was initially reported to synergize with TGF𝛽 in
order to induce IL-9 in CD4+ cells [83] appears to be but

a second signal for the generation of TH9 [82]. Indeed, it was
found thatwhile IL-4 is able to inhibitTGF𝛽-induced of foxp3
expression IL-4-derived GATA-3 is not inhibited by TGF𝛽
[84]. In another study, TH9 was shown to be induced by IL-
10 in an IL-4-independent manner [85]. The IL-4-inducible
factor, interferon regulatory factor 4 (IRF4) initially identified
with TH2 cells and then as a TH17 transcription factor, was
shown to have a significant role in the differentiation of TH9
cells [81]; IRF4 represses T-bet and foxp3 in T cells [86].

IL-17E, also known as IL-25, is another important
cytokine for the development of TH9 cells and for IL-9
production. In vivo, IL-25was found to correlatewith severity
of an IL-9-related disease model, that is, mouse allergic
lung inflammation [87]. Accordingly, TGF𝛽 and IL-4-derived
TH9 cells upregulate the receptor for IL-25, IL-17RB, and IL-
25 signaling inducing IL-9 expression in a TGF𝛽-dependent
IL-4-independent manner; by this, it is suggested that IL-25
may serve as an alternative synergic signal to TGF𝛽 towards
TH9 development.

Other cytokines that augment TH9 differentiation
include type I interferons, IL-1, and IL-33. Both IFN𝛾 and
IFN𝛾 enhance TH9 differentiation through the induction
of IL-21, which also promotes TH17 and TFH, while IFN𝛾,
the prototypical TH1 cytokine, suppresses IL-9 production
[29, 49, 83, 84]. IL-1 and IL-33 were shown to induce IL-9
production [88, 89], while IL-23 has an inhibitory effect on
IL-9 levels [90].

Like TH1, TH2, TH17, and Treg cells, it became necessary
to identify amaster regulator gene for the TH9 subset; indeed,
none of the major T helper transcription factors, that is, T-
bet, GATA-3, foxp3, or ROR𝛾T, are expressed by TH9 cells.
Moreover, a unique transcription factor, PU.1, was found
to induce differentiation towards TH9 cells. Accordingly,
overexpression of PU.1 promotes IL-9 transcription and is
a prerequisite for TH9 differentiation both during in vitro
stimulation and during the in vivo course of the allergic
pulmonary inflammation model [91].

A summary of major helper T cell subsets and the
cytokines that promote their development is presented in
Figure 2.

3. Plasticity and Reprogramming of
T Helper Phenotypes

In recent years, evidence is mounting to suggest that particu-
lar cytokine combinations may affect not only the differenti-
ation of näıve TH0 cells but also that of differentiated T cells
towards various helper subsets. This phenomenon is termed
“T cells plasticity” and is quite significant considering that
the adaptive response may switch from one type to another.
To counter such plasticity, helper T cells secrete cytokines
that maintain their subset phenotype. Thus, termination of
an existing response and initiation of a new type of response
are practically restricted due to this positive feedback loop.

Survival of a host is dependent upon an optimized and
appropriate choice of strategy within adaptive immunity.This
is most evident, for example, in the case of the response
chosen towards intracellular and extracellular pathogens.
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Figure 2: T helper (TH) cells differentiation and reprograming.
TH0 cell can differentiate into specific TH subsets (gray arrows)
under the influence of cytokines, which on the one hand can
promote differentiation into a specific subset (green arrows) and
on the other hand block differentiation towards a functionally-
opposing subset (red blocked arrows). In addition, differentiated TH
cellsmay be reprogramed to acquire a different THphenotype (black
arrows).

Thus, the ability of differentiated T helpers to alter their
phenotypewhen opposing signals develop is detrimental, and
in situ effector cells require turning the subset master gene off
while turning the transcription of a new master gene on.

Such plasticity is observed in the case of iTregs, as
they turn into TH17: both types of cells depend on TGF𝛽,
either alone (for iTreg), or with IL-6 (for TH17). Thus, in a
TGF𝛽-rich environment, näıve T cells can differentiate into
either one of the subsets according to the level of the acute
phase cytokine, IL-6. This dichotomy in differentiation into
either a pathogenic TH17 or a tissue protective Treg was
demonstrated by Bettelli and colleagues, in an EAE mouse
model [92]. Retinoic acid (RA) also possesses the capacity to
alter the fate of a näıve T cell towards a helper T cell subset,
as it preferentially promotes Tregs instead of TH17 cells; this
is executed in an IL-2-dependent manner [93].

However, these two functionally antagonistic subsets are
capable of switching phenotypes on-the-go: in a study by Xu
et al., Treg cells not only contributed to the development
of TH17 cells by secreting TGF𝛽 but had also themselves
redifferentiated into TH17 in an IL-6-rich environment [94].
Yang et al. showed that iTreg and nTreg cells are able
to redifferentiate into TH17 cells [95]. In another study
using a foxp3 reporter mouse, it was demonstrated that ex-
foxp3 positive cells are capable to re-differentiation towards
IFN𝛾- or IL-17-producing T effector cells [96]. The group
also evaluated re-differentiation of Tregs into effector cells
carrying a TCR which recognizes islet 𝛽 cell antigens in

nonobese diabetic (NOD) mice and in BDC2.5-derived cells
and concluded that Treg reprogramming is obtained also in
autoimmune environment and may participate in pancreatic
islet destruction. Another study used isolated TH17 from
BDC2.5 mice, which were already known to exacerbated
diabetes similar to TH1 cells in NOD/SCID mice [97].

Oral infection by Toxoplasma gondii (T. gondii) results in
increased TH1 effector population, together with decreased
numbers of Treg cells. This effect is possible both by the
reduction in IL-2 levels, required for the survival of Tregs, and
also due to the re-differentiation of Tregs into TH1 effector
cells, which resulted in exacerbated gut pathogenesis [98].

Unlike other T helper cell subsets, TFH are suggested to
have greater plasticity. TFH were shown to migrate within
the germinal center, where they serve as helpers for B
cells following adoptive transfer [60], and to display some
relationship with TH17 subsets. For example, activation of
TFHby ICOS, which in turn activates the transcription factor
c-Maf, assists in maintaining TH17 clonal survival, most
probably by the secretion of IL-21 [99]. IL-6, on the other
hand, is required for the development of both TH17 and TFH
[49].

Re-differentiation of Treg cells towards TFH was also
demonstrated. Using foxp3-GFP reporter mice, transfer of
foxp3+ cells into CD3𝜀−/− mice was shown to create novel
germinal centers within the Peyer’s patches, although, inex-
plicably, not in the spleen or LN; in these germinal centers,
foxp3+ cells remained in the T zone, while cells which lost
their foxp3 were localized in the B cell follicle [100]. These
cells were found to have TFH phenotype.

Interestingly, plasticity between TH17 and TH1, two
major effector subsets, was demonstrated to occur in the
absence of TGF𝛽: activation with IL-12 and IL-23 allowed for
a switch from TH17 to IFN𝛾-expressing TH1 cells; these ex-
TH17 TH1 phenotype was dependent on active STAT4 and
T-bet [101].

TH2 cells appear to maintain the potential to rediffer-
entiate into TH9 cells [82]. Veldhoen et al. cultured CD4+
cells with conditioned media from TH1, TH2, TH17, iTreg,
and TH9 cells and observed that TH9 conditions did not
differentiate näıve cells towards any subset other than TH9,
and vice versa. Upon culturing IL-4-expressing TH2 cells,
however, re-differentiation into TH9 was observed, at the
expense of their TH2 characteristics, most probably due to
stimulation with TGF𝛽. These outcomes depict a capacity to
reprogram TH9 and TH2 subtypes, both, incidentally, highly
important in the immune response against helminths.

TH1 and TH2 are well known for their reciprocal inhibi-
tion of differentiation.Nonetheless, a study of T cell responses
towards the well-known TH1 inductive virus, lymphocytic
choriomeningitis virus (LCMV), challenges this dogma. The
study shows that TH2-committed cells can alter their TH2
phenotype following the trigger of their TCR by LCMV,
after induction with IL-12 and type I/II interferons [102];
experiments using adoptive transfer of TH2 cells into infected
mice demonstrated clear TH2-to-TH1 reprogramming.These
TH2 cells upregulated TH1-associated genes, however, with
persisting TH2 genes.
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4. Epigenetic Regulation of
T Helper Subset Genes

How does a T helper cell decide between maintaining its
phenotype or rather allowing changes in its profile? Some
studies describe the presence of epigenetic gene regulation
that can override a programmed subtype.

One of the many mechanisms of transcription control
involves changes in chromatin accessibility without mod-
ifying the primary genetic code. This can be obtained by
methylation of the DNA molecule on the cytosine of a CpG
segment within the DNA sequence. A methylated CpG will
silence genes that require silencing in a particular cell or
tissue. Methylation pattern is inherited; thus, it is maintained
in the differentiated phenotype of cells.

Another mechanism of transcription control involves
compacting or releasing the nucleosomal structure at a
regulatory site in a gene, profoundly affecting chromatin
accessibility. Modifications of the histone tails can result in
either heterochromatin (for repression) or euchromatin (for
activation) of transcription. The “histone code” of cells is
more flexible than DNA methylation and can be changed in
order to reopen or shutdown transcription of genes based on
relevant signals.

Polarization of stimulated T cells with activated NFAT1
is maintained by altering the accessibility of NFAT1 to the
chromatin of infg or il4 promoter in TH1 and TH2 cells,
respectively [7]. Analysis of the infg gene shows that TH1 cells
haveH3k4me2-enrichedhistonemodifications and increased
CpG demethylation, thus allowing transcription of IFN𝛾; this
is in contrast to TH2 cells, which display increasedH3k27me3
(as opposed to H3k4me2) and excessive CpG methylation,
counteracting the TH1 phenotype [103].

Global mapping of similar and other modifications,
including H3K4me3 and H3K27me3, from T helpers of the
TH1, TH2, TH17, nTreg, and iTreg subsets depicted some
flexibility between subset-specific genes [104]. As expected,
major cytokine promoters in each subset were indeed accessi-
ble to transcription in each appropriate cell type; for example,
TH1, TH2, and TH17 were associated with H3K4me3 in
infg, il4, il17, and il21, respectively. However, when examining
transcription repression by H3k27me3, the situation appears
to have become more complicated; while infg was rich in
H3k27me3 in TH2 and TH17, this was not the case in
nTregs. On the other hand, il4 promoter was associated with
H3k27me3 in TH1 cells, rather than in TH17 and Tregs. TH17
gene products, namely, IL-17 and IL-21, were more conclusive
in as far as all other T helpers exhibited reduction in their
transcription via H3K27me3.

Interestingly, at least one aspect of themechanism behind
maintaining plasticity of T helper subsets was elucidated by
analysis of the epigenetic modifications of T helper master
transcription factors. For example, H3k27me3 modification
in TH1 and TH2 cells silences foxp3 but is less abundant
in TH17 cells. In contrast, the gene for RORC did not
contain H3K27me3 in iTregs, unlike in other subsets, and
nTregs had both H3K4me3 and H3K27me3, indicating some
plasticity in the distinction between TH17 and Tregs. Dnase I
hypersensitivity (HS), an indicator of permissive chromatin

obtained by H3K4me, is associated with infg loci or il17a
and il17f in TH1 and TH17, respectively. However, TH17 cells
stimulated with IL-12 exhibited higher levels of H3K4me in
the infg loci, in addition to H3K27me3 repression of il17a
and il17f loci. These histone-remodeling modifications are
dependent on repression of RORC by H3K27me3 in the rorc
locus, as mediated by T-bet and STAT4 [105].

TH1 and TH2 main transcription factor genes, tbx21 and
Gata3, were associated, as expected, with increased levels of
H3K4me3 in the TH1 and TH2 accordingly. However, both
hadH3K4me3 andK3K27me3 in the opposite gene; thismost
probably allows the maintaining of a potential for a helper
cell to establish a new phenotype. By reducing the abundance
of K3K27me3, the promoter, now with only H3K4me3, may
allow for a helper re-differentiation. This kind of epigenetic
switch is known mainly to occur in multipotent stem cells
that require themaintaining of genes in a repressedmode but
poised for future activation [106].

5. The Implications of Elevated
Acute Phase Protein, 𝛼1-Antitrypsin (AAT),
on T Helper Cells

5.1. AAT Targets Non-T Cell Immunocytes and Modifies the
Inflammatory Environment. AAT is a 52-kDa protein whose
levels rise in the circulation during acute phase responses. It
is primarily an anti-inflammatory agent, executing most of
its activities by inhibition of inflammatory serine-proteases
as reviewed in [107]. For example, neutrophils have been
shown to be strongly affected by excess concentrations of
AAT, as they rely on membrane neutrophil-elastase for
extravasation and on degranulated elastase, cathepsin G, and
proteinase-3 for further processing and activation of pivotal
inflammatory molecules. Nonetheless, at high proximity,
activated neutrophils will counter these activities of AAT by
the release of oxidative radicals; these will readily neutralize
the inhibitory capacity of AAT [108]. Indeed, oxidation of
AAT by neutrophil-derived myeloperoxidase (MPO) leads
to formation of IgA-AAT complexes, further reducing AAT
activity to inhibit elastase [109]. In addition to oxidation
by neutrophils, AAT may be oxidized by cigarette smoke.
Although unable to inhibit elastase, oxidized AAT may
gain inflammatory properties, leading to release of MCP-
1, IL-6, IL-8, and TNF𝛼, further allowing neutrophils and
macrophages to spearhead towards their target tissues [110,
111]. Indeed, oxidized AAT was detected in Alzheimer’s
disease, heart failure, and premature rupture of the fetal
membrane [112–114]. Despite reports attributing proinflam-
matory properties to oxidizedAAT,Churg et al. have reported
that oxidized AAT exerts anti-inflammatory activities, as it
was able to reduce TNF𝛼 plasma levels in smoke-induced
emphysema mouse model [115].

The oxidation of AAT may be reversible in the presence
of reducing agents [116]. This may allow AAT to continue to
protect tissues from excessive inflammationwhen it distances
from the epicenter of a neutrophilic attack. Indeed, in the rare
condition of genetic AAT deficiency, lung tissues of affected
individuals exhibit an excessive number of neutrophils and
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subsequently the enzymatic degradation of alveolar walls,
resulting in emphysema [117].

Similar to neutrophils, macrophages have been shown
to be functionally altered by locally elevated levels of AAT.
The predominant motif, again, is a change towards an
anti-inflammatory environment: a sharp rise in inducible
production of IL-10, a dramatic reduction in stimulated levels
of IL-6, and, under some conditions, elevated release of
TGF𝛽 [118–121]. Indeed, it has been postulated that AAT
fits well in timing and spectrum of activities to act in the
resolution phase of an inflammatory flare, a point in the
immune response whereby the wound-healing aspects of
innate immune cells reign. Yet, upon examining responses of
DCs to elevated levels ofAAT, the anti-inflammatory pretense
of AAT changes; in its presence, DCs do not shut off all
inflammatory responding genes. While they do express more
IL-10 and less IL-6, they appear to display a semimature
midrange costimulatory molecule profile and, most strik-
ingly, a maintained expression of inflammation-stimulated
CCR7 [122]. Accordingly, AAT-treated DCs migrate towards
draining lymph nodes in a hastened manner, the outcome
of which is an expansion of foxp3+ T helper cells, and the
surfacing of a proposed immunological mechanism for the
large number of reports on improved allograft survival during
AAT treatment: beneficial changes in an EAE model [120],
amelioration of disease markers in experimental RA [123],
and profound reversal of the course of GvHD [124], ulcerative
colitis [125], and type 1 autoimmune diabetes [126, 127]. Yet
themost perplexing element within these attractive attributes
of AAT is quite pivotal: AAT does not directly influence T cell
responses.

The presence of any particular effect of AAT on T cells
was examined in several studies. For example, humanPBMCs
were stimulated with various concentrations of IL-2 in the
presence of AAT; then, IFN𝛾 levels and cell proliferation
were determined [128]. In this setup, AAT did not impair
T cell proliferation nor did it alter IFN𝛾 release. Similarly,
mouse splenocytes were pretreated with AAT and stimulated
with ConA. Again, proliferation and IFN𝛾 release were
unaffected by AAT. In contrast to lymphocytes, peritoneal
macrophages that were stimulated with IFN𝛾 and treated
with AAT displayed reduction in nitric oxide release [129].
These setups combine innate and adaptive cells, limiting
the ability to deduce the direct effect of AAT on T cell
responses. Koulmanda et al. further examined the effects of
AAT on T cells using CFSE labeled enriched T cells treated
with anti-CD3 and anti-CD28 antibodies [126]. Again, AAT
did not impair T cell proliferation or had any influence on
acquisition of an activated phenotype. In as far as IL-2 levels
are regarded, AAT was found not only to allow IL-2 release
but also to enhance the levels of IL-2, as established in a
coculture of OVA-stimulated DCs and OVA-responsive T
cells [122]. Thus, it is by now assumed that the outcomes of
AAT treatment, in which T cell subsets are altered in any
way, is the result of changes experienced by innate cells that
indirectly dictate to the T cells their preferential phenotype.

5.2. AAT and foxp3+ Regulatory T Helper Cells. The most
notable indirect effect of AAT on T cells is the facilitation

of foxp3+ Treg expansion. This attribute of AAT has been
shown to persist across multiple immunological settings in
which the progression of a given pathology is primarily
antigen-driven. Treg expansion requires a particular cytokine
milieu, that is, low levels of IL-1𝛽 [130], low levels of IL-
6, and high levels of TGF𝛽 [92]. These trends in cytokine
levels are afforded by AAT in a highly consistent manner
both in vitro and in vivo. Moreover, another inflammation-
inducible molecule that remains highly expressed in the
presence of AAT is IL-1Ra, which is only elevated by AAT
in cells exposed to an inflammatory signal [131]. Thus, by
adding a layer of active inhibition on the IL-1 pathway, AAT
breaks the vicious cycle of the IL-1-perpetuated inflammatory
flare which, at least in part, was responsible for downplaying
immune tolerance.

Koulmanda et al. have shown that AAT-treated NOD
mice exhibit a reduction in T-bet and ROR𝛾 transcription
factors and that their expression of foxp3 was increased [126].
Accordingly, it was established that the autoimmune arm
of pathology in the NOD mouse has been addressed by
AAT as spontaneous diabetes was markedly diminished in
treated NOD mouse cohorts, and the heightened response
towards self-grafted autoreactive NOD islets was abrogated
by preconditioning of the mice with AAT. Indeed, this latter
outcome favors the possibility that a tolerant profile had been
imprinted upon reactive T cell clones, perhaps so much as to
suggest a tolerogenic antigen-specific memory profile.

5.3. The Significance of an Uninterrupted Stimulatory Expres-
sion of CCR7. AAT has been shown to promote semimature
DCs [122]. Upon introduction of AAT to stimulated DCs,
the cells display a reduction in costimulatory markers and
an elevation in IL-10 production, whilemaintaining inducible
inflammation-dependent membrane CCR7 levels. The latter
indicates that AAT-induced semimature DCs can migrate
towards the CCL19/21-releasing draining lymph node T
zones. Indeed, the concept of a readily migrating semimature
DCwas important enough to challenge, as the current dogma
of DC-directed T cell differentiation does require that the
DC engages with a T cell in the lymph node. That an anti-
inflammatory agent allows an array of inflammation-driven
molecules to persist presents simultaneously as an indication
and also as an enormous challenge in as far as themechanism
of action of AAT is regarded.

5.4. AAT Modifies T Helper-Related B Cell Responses. Treg
population expansion may be also promoted by IL-10-
producing AAT-derived B cells [132]. As reported byMizrahi
et al., LPS-stimulated B cells that were treated with AAT
displayed a reduction in CD40, MHC class II, and CD86
surface levels, while at the same time they produced more
IL-10 than untreated LPS-stimulated B cells. A similar trend
was observed when, instead, B cells were stimulated with
recombinant CD40L and IL-4. Interestingly, AAT was shown
to increase Treg cell population in a B cell-dependentmanner,
as demonstrated in B cell-knockout mice; as described in the
study, these mice were unable to mount an AAT-driven Treg
expansion.
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5.5.The THelper-Predominant Xenoimmune Response and the
Role of AAT-Modified Non-T Cells. An unexpected indirect
effect of AAT on T cells came from combination studies.
Based on the positive outcomes of islet allograft transplanta-
tion models using AAT therapy, Ashkenazi et al. examined
the ability of AAT to prolong islet xenograft transplant
survival [133]. Unfortunately, treatment with AAT alone
failed to prolog xenograft survival even upon extending pre-
treatment duration and increasing its dose to the upper limit.
Nonetheless, molecular profiles appeared to have changed
for the better within explanted grafts, demonstrating more
insulin transcripts and less inflammatory genes and impor-
tant chemokines; thus, a combination therapy approach had
followed.

When combining AAT treatment with a suboptimal dose
of costimulatory blockade antibodies, an approach proven by
itself to benefit xenograft survival, there appears to have been
no significant change in outcomes; AAT plus costimulation
blockade could not remove the immunological barrier that
prevented an islet xenograft frombeing accepted by a diabetic
host. However, when AAT was combined with temporal T
cell depletion, yet another approach that holds an established
background in literature and more importantly is already
incorporated in clinical practice, xenografts exhibited signif-
icantly extended survival rates. Alone, removal of T cells by
anti-CD3 or anti-CD4/CD8 depleting antibodies resulted in
amere temporary prolongation of xenograft survival. Once T
cells repopulated the circulation, graft function was abruptly
discontinued. However, repopulating T cells appeared to
have responded to xenografts in a more favorable manner
during simultaneous treatment with AAT. In fact, intragraft
histology and gene expression outcomes revealed the strong
presence of foxp3+ T cells in accepted grafts. These results
suggest that AAT may modulate postdepletion repopulating
T cells in favor of xenograft acceptance, by, at least in part,
mediating an expansion in Tregs. The particular responding
cells in this setup have yet to be determined, as is the question
of whether these outcomes can be reproduced by adoptive
transfer using AAT-preconditioned animals. In addition, it is
not yet clear whether AAT is required to rise systemically for
such positive outcomes or, conversely, the presence of AAT is
necessary as a local entity in the graft microenvironment.

5.6. Evidence for the Utilization of Peripheral T Cell Plasticity
by AAT. In order to depict whether AAT levels are required
to be elevated in the circulation for its beneficial effects
on islet 𝛽 cell survival, a 𝛽 cell line was generated that
stably expresses human AAT (NIT-hAAT) [134]. Tested for
its impact on lymphocytes, a mixed lymphocyte reaction
(MLR) study was performed. According to study results,
compared to control NIT-1 and NIT-vector cells, NIT-hAAT-
primed lymphocytes and lymphocytes cocultured with NIT-
hAAT cells displayed a significant reduction in IFN𝛾 pro-
duction and produced more IL-4, in effect skewing the TH1
response towards a TH2 response. In addition, lymphocyte
proliferation rates when cocultured with NIT-hAAT cells
were significantly reduced compared to those of lymphocytes
cultured in the presence of control cells.
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TH1 
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Figure 3: T cell differentiation in the presence of AAT. AAT
has been shown to modulate cytokine levels with relevance to T
cell differentiation. Circles superimposed on arrows indicate path
facilitated by AAT (green) or suppressed by AAT (red); for each, a
solid circle represents T cell-related experimental evidence and a
dashed circle represent cytokine-related experimental evidence.

This intriguing system was then challenged in a trans-
plantation model [134]. Mice that were grafted with NIT-
hAAT cells displayed reduction in TH17 cell population size in
the days following transplantation. These findings agree with
the observed systemic effects of AAT, whereby human AAT-
expressingmice exhibit reduced IL-17 levels and an expanded
foxp3+ Tregs population in an EAE model [120]. Selected
examples of the effects of AAT on TH subset differentiation
are displayed in Figure 3.

6. Conclusion

Once one appreciates the large diversity and plasticity within
the helper T cell arm of the immune system and the tight
relation to local cytokines and the functions of local non-T
cells, the possibility that a molecule alters practically every
immune entity but T cells becomes less of a provocation.
The fact that our liver generates 4–6-fold greater amounts of
AAT during acute phase responses, at a time in which T cell
activities must conquer pathogenic threats but in which their
overenthusiasm might prove lethal to the host, fits the recent
appreciation of the possibility that AAT acts by modifying
responses as basic as inflammation, without interfering with
the antigenic threat, the T cell axis. For this, the plethora of
helper T cell subtypes appear to be superb partners for, based
on local inflammatory cues, executing fine changes in the
mounting of an untainted adaptive immune response.

There are vast aspects of helper T cell responses and
their modification by AAT-conditioned environments that
have yet to be studied. Beside the charting of the cytokine
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profile exerted by AAT under various conditions and its
implication on the profile of helper T cells, there are many
more interfaces to consider whereby AAT may alter the
function of a T cell. Clinical studies that examine the prospect
of AAT therapy for individuals who are not genetically
deficient in AAT incorporate major findings recently estab-
lished with regard to AAT and T cells, namely, recent onset
type 1 autoimmune diabetes (NIH clinical trial registries
NCT01183455, NCT01319331, NCT01183468, NCT02005848,
NCT01304537, and NCT01661192) and treatment-resistant
GvHD (NCT01523821).

Understanding in detail this novel niche between innate
and adaptive immunity may allow for some novel and more
precise designs of clinical trials for the optimal utilization of
the readily available and safe for use molecule, AAT, without
compromising T cell functionality.
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T lymphocytes activated by dendritic cells (DC) which present tumor antigens play a key role in the antitumor immune response.
However, in patients suffering from active cancer, DC are not efficient at initiating and supporting immune responses as they
participate to T lymphocyte inhibition. DC in the tumor environment are functionally defective and exhibit a characteristic
of immature phenotype, different to that of DC present in nonpathological conditions. The mechanistic bases underlying DC
dysfunction in cancer responsible for the modulation of T-cell responses and tumor immune escape are still being investigated.
Using two different mouse tumor models, we showed that tumor-infiltrating DC (TIDC) are constitutively immunosuppressive,
exhibit a semimature phenotype, and impair responder T lymphocyte proliferation and activation by a mechanism involving CD39
ectoenzyme.

1. Introduction

Dendritic cells (DC) are professional antigen presenting cells
(APC) specialized in the capture, processing, and presenta-
tion of antigens to specific T lymphocytes [1–3]. DC, there-
fore, orchestrate the T-cell fate through their activation, pro-
liferation, and subset polarization resulting in competent
adaptive responses. However, in many solid tumors, includ-
ing breast and lung cancers, infiltrating DC (TIDC) exhibit
an abnormal phenotype and impaired function [4–7]. The
immunosuppressive tumor microenvironment can indeed
alter the differentiation and activation of DC, which become
unable to adequately license antitumoral T lymphocytes [8–
13].Themost commonly observed defects of TIDC include an
immature phenotype defined by the lack or reduced expres-
sion of costimulatory molecules (including CD80, CD86,

and CD40), an impaired production of proinflammatory
cytokines (such as IL-12), and an altered antigen-presenting
machinery [7, 8, 14–22]. Numerous studies have also sug-
gested that TIDC actively suppress immune responses by
potentiating alternative immunosuppressive mechanisms,
hereby contributing to tumor escape from immune surveil-
lance [8, 18, 21, 23]. Previous reports have indicated that
DC associated with human mammary carcinoma express
indoleamine 2,3-dioxygenase (IDO) leading to tryptophan
depletion, which subsequently results in T lymphocyte inhi-
bition [24]. Despite exhibiting a mature phenotype, arginase-
1-expressing TIDC, described in the NeuTmammarymurine
tumor model, can suppress T lymphocyte proliferation by
depleting arginine from the environment. Alternatively, ovar-
ian cancer-associated DC block T-cell proliferation by a
programmed cell death-1- (PD-1-) dependent mechanism
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[25]. CD39 expression and the associated ATP hydrolysis and
adenosine production, a potent anti-inflammatory molecule,
have also been proposed to contribute to the mechanisms
responsible for the suppressive activity of immune cells [26].
However, the expression of CD39 by tumor-associated DC
and the implication of this enzyme in the tumor-promoting
activity of TIDC are unclear. TIDC have also been involved
in the generation of immunosuppressive regulatory T lym-
phocytes (Treg) capable of suppressing antitumor immunity
and therefore promoting tumor development [27–29]. Over-
coming TIDC-mediated immunosuppression is essential for
the implementation of efficient immunobased anticancer
interventions and requires a better understanding of the T-
cell suppressive mechanisms employed by these cells.

We here present results indicating that, in the mouse
lung LLC and mammary 4T1 cancer models, CD11c+ DC
infiltrating tumors exhibit a semimature phenotype (interme-
diary expression of MHC-II, CD80, CD86, and CD83) and
significantly suppress T lymphocyte activation in vitro by a
mechanism involving CD39 ectoenzyme.

2. Materials and Methods

2.1. Mice. Female BALB/c andC57BL/6mice were purchased
from Charles River (Saint-Germain-sur-l’Arbresle, France)
and housed in the University of Burgundy animal facility
(Dijon, France). Animal use and handling were approved
by the local veterinary committee and were performed
according to the European laws for animal experimentation.

2.2. Cell Lines and Tumor Implantation. The mammary car-
cinoma (4T1) and Lewis Lung Cancer (LLC) cell lines were
obtained from the ATCC (American Tissue Cell Culture)
and cultured in RPMI 1640 (Lonza) supplemented with 10%
FBS (Lonza) and 1x antibiotic-antimycotic (Gibco) (complete
medium, CM) at 37∘C, 5% CO

2
. Mice were inoculated with

1 × 106 4T1 (in both sides of the abdominal mammary gland)
or with 1 × 106 LLC (left and right flank) cells. After 2 weeks,
tumors were harvested and processed. DC were isolated as
outlined hereafter.

2.3. DC Isolation. Control DC were isolated from the spleen
of tumor-free mice and TIDC were purified from 4T1 or LLC
tumors. Tissues were collected, washed in sterile RPMI 1640
(Lonza), minced into small fragments, and incubated in a
solution of type I collagenase (1.5mg/mL) (Sigma-Aldrich)
with continuous shaking (37∘C, 45min) in CM.The obtained
single-cell suspension was filtered through a 100 𝜇m cell
strainer (BD Biosciences) and cells were washed twice in
CM. TIDC and splenic DC (spDC) were then purified based
on CD11c expression using anti-CD11c magnetic microbeads
(Miltenyi Biotec) and an autoMACS Separator following the
manufacturer’s instructions (Miltenyi Biotec).

2.4. Immunofluorescence. Tumors were dissected from
euthanized mice and immediately embedded in tissue-Tek
(O.C.T.; Sakura Finetek, Inc., Torrance, CA), snap-frozen in
liquid nitrogen, and stored at−80∘C.All sampleswere cut into
5 𝜇m thick sections. Immediately before staining, sections

were fixed with cold methanol/acetone for 10min. After
washing in PBS, slides were incubated for 30min with PBS
supplemented with 3% BSA. Sections were then stained
with anti-CD11c-biotin (clone HL3, BD Biosciences) (1 hour)
followed by 45 minutes staining with streptavidin coupled
with Alexa Fluor 568 and examined using a Zeiss Axiovert
200 inverted fluorescent microscope. Pictures were taken
with an AxioCam HRml digital camera.

2.5. T-Cell Proliferation Assays. Splenocytes from naı̈ve
BALB/c or C57BL/6 mice were enriched for T lymphocytes
using nylon wool columns. T cells, used as responders, were
plated in CM at 1 × 105 cells/well in 96-well round bottom
plates with anti-CD3/CD28 T-cell expander beads (Invitro-
gen) and cultured for 4 days with or without DC. Cul-
tures were pulsed with [3H]-Thymidine (1 𝜇Ci/well) for the
last 12 hours. [3H]-Thymidine incorporation was measured
using a liquid scintillation counter. Percentages of T-cell
proliferation were calculated compared to [3H]-Thymidine
incorporation in T cells cultured with anti-CD3/CD28 T-cell
expander beads considered as 100%. In other experiments,
total T lymphocytes were labeled with CellTrace Violet
(CellTrace, Invitrogen) and cultured with DC. After 5 days,
T-cell proliferation was detected by flow cytometry (LSRII
flow cytometer, BDBiosciences) and analyzed using theMod-
Fit software. Specific inhibitors were used at the follow-
ing concentrations to suppress/neutralize various immuno-
suppressive modulators: polyoxometalate-1 (POM-1, CD39
inhibitor, 50𝜇M, Sigma-Aldrich), adenosine 5-(𝛼,𝛽-methy-
lene)diphosphate (APCP, CD73 inhibitor, 10 𝜇M, Sigma-
Aldrich, Saint Louis, USA), NG-methyl-l-arginine (NMMA,
500𝜇M, nitric oxide synthase (NOS) inhibitor, Sigma-
Aldrich), N(omega)-hydroxy-nor-L-arginine (nor-NOHA,
arginase-1 inhibitor, 50𝜇M, Calbiochem, San Diego, USA)
and 1-methyl-tryptophan (1-MT, inhibitor of IDO, 200𝜇M,
Sigma-Aldrich).

2.6. Antibodies and Flow Cytometry Analysis. Cells (1 × 106)
were washed in PBS containing 0.5% BSA. To prevent non-
specific binding cells were incubated with 5% normal rat
serum for 10min at RT. Cells were then stained (45min, on
ice) with the appropriate fluorochrome-conjugated Ab (anti-
CD11c-APC, anti-CD11b FITC, anti-CD86 PE, anti-PDCA-1
FITC, anti-Gr-1 PB, anti-MHC-II PE, anti-CD4 PB, anti-CD8
FITC, anti-CD25 PE, and anti-CD3 FITC Ab (eBioscience)).
Cells were washed and analyzed using a LSRII cytometer (BD
Biosciences). Data analysis was performed with the FlowJo
software (version 5.7.2).

2.7. Cytokine Assays. The concentration of IL-12, IL-10,
and IFN-𝛾 in the culture supernatants was determined by
enzyme-linked immunosorbent assay (ELISA) kits according
to the manufacturers’ procedures (eBiosciences).

2.8. ATP, ADP, and Adenosine Assays. The concentration of
ATP and ADP in the TIDC and T-cell coculture supernatants
were determined using a fluorometric assay kit (Abcam,
Cambridge, UK) and adenosine concentration was evaluated
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using a chemiluminescence detection kit (DiscoveRx, Birm-
ingham, UK) according to the manufacturer’s procedures.

2.9. Western Blotting. Freshly isolated spDC, TIDC, or
murine normal hepatocytes were lysed at 4∘C for 20min in
a RIPA buffer containing protease inhibitors (2.5𝜇g/mL pep-
statin, 10 𝜇g/mL aprotinin, 5 𝜇g/mL leupeptin, and 0.1mM
PMSF). After centrifugation, protein concentration in the
supernatant was determined using a Bio-Rad protein assay
(Hercules). Thirty micrograms of proteins was separated by
SDS-PAGE (12% polyacrylamide gel for IDO and arginase-1
detection and 7% for inducible NOS (iNOS) detection). Pro-
teinswere electrotransferred onto a nitrocellulosemembrane.
The membrane was blocked in Tris Buffered Saline (TBS)
with 1%Tween-20 and 5% skimmilk and incubated overnight
(4∘C) with anti-mouse-IDO monoclonal antibody (1 : 5000,
Enzo Life Sciences), anti-arginase-1 (1 : 2000, R&D Systems),
and anti-iNOS (1 : 500, R&D Systems). The membrane was
washed and incubated (room temperature, 2 h) with HRP-
conjugated secondary antibody. Immunoblots were then
developed using an enhanced chemiluminescence (ECL)
reagent kit from Santa Cruz Biotechnology, according to the
manufacturer’s protocol.

2.10. HPLC Measurement. Tryptophan, ornithine, and argi-
nine were measured by high-pressure liquid chromatography
(HPLC) as indicators of IDOand arginase-1 activity. After a 5-
day TIDC and T-cell coculture, the supernatant was collected
and tryptophan, ornithine, and arginine concentrations were
measured. In brief, 200𝜇L of cell supernatant was subjected
to a deproteinization step using a 30% sulfosalicylic acid solu-
tion (Sigma). Then, supernatants were diluted with Jeol sam-
pling buffer (JEOL) containing 0.2 𝜇mol/mL of aminoethyl
cysteine and glucosaminic acid (internal standards) (Sigma).
Supernatants (50 𝜇L) were then injected into an automated
amino acid analyzer (JEOL Aminotac 500) and eluted with
lithium citrate buffer. Tryptophan, ornithine, and arginine
were detected at 570 nm. Data acquisition and calculations
were made using the JEOLWorkstation software.

2.11. Statistical Analysis. Mann Whitney 𝑈 test was used to
compare data betweenT cells alone, TIDC, and spDC.Results
were considered statistically significant when 𝑝 < 0.05. Data
are expressed by the mean ± standard error of the mean
(SEM). Analyses were performed with GraphPad Prism.

3. Results

3.1. CD11c+ Cells Infiltrating 4T1 and LLC Tumors Exhibit a
Semimature DC Phenotype. Differences in TIDC phenotype
have been reported. Some studies have described an altered
“immature” phenotype for DC infiltrating tumor tissues,
while other reports have indicated that TIDCexhibit amature
phenotype [6, 7, 19]. The observed discrepancies may partly
be explained by the type and stage of cancer. In our experi-
ments, the murine mammary tumor 4T1 and the lung tumor
LLC beds contain CD11c+ DC visualized by immunofluores-
cence or detected by flow cytometry (Figures 1(a) and 1(b)).
These CD11c+ TIDC purified by magnetic cell sorting did

not express Gr-1, a marker of myeloid-derived suppressor
cells (MDSC) (Figure 1(b), Supplemental Figure 1 in Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2015/891236) or PDCA-1, a marker of plasmacytoid DC (pDC)
(Figure 1(b)).These data indicate that CD11c+ TIDC represent
a population of cells phenotypically distinct from MDSC or
pDC. Furthermore, TIDC expressed higher level of MHC
Class II and of costimulatory molecules CD86 than CD11c+
spDC from naı̈ve tumor-free mice (Figure 1(b)). We next
compared the phenotype of freshly isolated TIDC to that of
immature spDC (Imm spDC) that spontaneously matured
over a period of 24 hrs ex vivo. Our data showed that TIDC
expressed an intermediate level of costimulatory molecules
compared tomature spDC (mat spDC, Figure 1(c)).The over-
night in vitro culture of TIDC in complete medium which
usually induces DC maturation did not lead to increased
expression of CD80 and CD86 (Figure 1(d)). Collectively,
these results indicate that CD11c+ TIDC exhibit a semimature
phenotype and appeared to be blocked at this stage.

3.2. TIDC Isolated from 4T1 or LLC Tumors Suppress the
Proliferation and Activation of T Lymphocytes. Functionally
competent mature DC are characterized by their capacity to
induce T-cell proliferation and to produce high level of proin-
flammatory cytokines such as IL-12. The results depicted in
Figure 2(a) indicate that CD11c+ TIDC isolated from 4T1
or LLC tumors were not capable of inducing allogeneic T
lymphocyte proliferation. In fact, these TIDC inhibited, in
a dose-dependent manner, the proliferation (Figure 2(a))
and activation (Figure 2(b)) of T lymphocytes induced
in vitro with anti-CD3/anti-CD28-conjugated microbeads.
These immunosuppressive properties were associated with
a decrease in IL-12 production by the TIDC (Figure 2(c)).
Consistent with these results, TIDC significantly impaired
T-cell production of IFN-𝛾 (Figure 2(d)). Altogether these
data indicate that the 4T1 and LLC tumor microenvironment
promotes the accumulation of CD11c+ DCwith immunosup-
pressive activity. Since optimal inhibition of T lymphocyte
activation and proliferation was observed at a TIDC: T-
cell ratio of 1 : 2 (Figure 2(a)), subsequent experiments were
performed using this ratio.

3.3. The Modulation of T-Cell Responses by CD11c+ TIDC
Involves the Ectoenzyme CD39 Pathways. IL-10, iNOS, IDO,
or arginase-1 has been reported as contributors of regulatory
DC suppressive function. iNOS expression was substantially
reduced in TIDC compared to bone marrow-derived DC
(BMDC) (Supplemental Figure 2A, top). However, nitrites
(byproducts of NO) were not detectable in TIDC culture
medium (data not shown) and the iNOS inhibitor NMMA
did not affect TIDC-mediated inhibition of T-cell prolifera-
tion (Supplemental Figure 2B). Similarly, blocking anti-IL10R
antibodies did not prevent TIDC-mediated suppression of
T-cell proliferation (data not shown). Although detectable
IDO expression was observed in TIDC compared to control
spDC (Supplemental Figure 2A, low), the IDO inhibitor 1-
MT did not impair the suppressive function of these cells
(Supplemental Figure 2B). Consistently, the concentration of
tryptophan in the culture supernatant was similar whether
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Figure 1: Murine 4T1 tumors are infiltrated with CD11c+CD86+MHC-II+ dendritic cells. (a) Frozen 4T1 tumor sections were stained with
anti-CD11c antibodies and analyzed by inverted fluorescent microscopy. Tumor-infiltrating CD11c+ DC are shown in red (4T1 left panel and
LLC right panel). (b) CD11c+ cells isolated by magnetic cell sorting were further analyzed by cytometry for the expression of CD11b, MHC-II,
CD86, Gr-1, and PDCA-1. (c, d) The expression of CD80 and CD86 by spDC or TIDC isolated from 4T1 tumor was evaluated immediately
after isolation (D0) and after an overnight culture (D1). Dot plots quadrants were defined using isotype controls and the values are the percent
of live cells in each quadrant. Results are representative of four independent experiments.
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Figure 2: TIDC are immunosuppressive. (a) Autologous T-cell proliferation was measured after 5 days of culture with anti-CD3/anti-CD28-
coated beads (T(st)) in the presence of spDC or TIDC isolated from 4T1 or LLC tumors at the indicated ratios. Data are representative of 5
independent experiments. (b) CD25 expression byT cells wasmeasured after 5 days of culturewith TIDCor spDC.Data are representative of 5
independent experiments. (c) IL-12p70 concentrationwas quantified byELISA inTIDC isolated from4T1 or BMDC24 hr culture supernatant.
(d) IFN-𝛾 concentration was quantified in the supernatant of stimulated T cells cultured alone or in the presence of spDC or TIDC for 5 days.

T cells were cultured alone, or with spDC or TIDC, strongly
suggesting that IDO was not activated (Supplemental Figure
2C, left). These results therefore indicate that IL-10, IDO,
and iNOS are unlikely to play a significant role in the
immunosuppressive function of TIDC.

Previous reports have indicated that arginase-1 was
involved in TIDC suppressive function [6].The data depicted
in Figure 3(a) indicate that the expression of this enzyme by
TIDC was enhanced compared to control spDC. Consistent

with this result the production of ornithine (generated by
arginase-1) was increased in T-cell and TIDC coculture
supernatants (Figure 3(b), left), which was associated with
a decreased concentration of arginine (Figure 3(b), right).
Intriguingly, arginase-1 inhibitor, nor-NOHA, is not sufficient
to induce a significant decrease of the TIDC-mediated sup-
pression of T-cell proliferation (Figure 3(c)).

The ectoenzyme CD39 is responsible for the production
of adenosine, a molecule described for its ability to suppress
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Figure 3: Immunosuppressive functions of TIDC depend on arginase-1 activity. (a) Expression of arginase-1 was evaluated in 4T1 tumor
derived TIDC and in spDC byWB. Lysate of total liver was used as a positive control. (b) CD3/CD28-stimulated T cells were cultured alone,
with TIDC or spDC. After 5 days, supernatants were collected and concentration of ornithine and arginine was quantified byHPLC. Columns
represent the mean of the concentration and error bars the SEM. (c) Total T cells were stained using CellTrace Violet Cell Proliferation Kit,
stimulated with CD3/CD28 beads and cultured for 5 days with TIDC or spDC in presence or absence of nor-NOHA, arginase-1 inhibitor.The
proliferation was defined by flow cytometry and analyzed byModFit software.The percentage of inhibition for each condition was calculated
based on the proliferation index of stimulated T cells (representative of 5 experiments).

T-cell proliferation and cytokine production [30, 31]. The
ectoenzyme CD39 has also been reported for its role in Treg
suppressive activity [31]. TIDC from tumor-bearing mice or
spDC from naı̈ve mice both expressed CD39, with however a
much higher level of expression of this enzyme by TIDC (Fig-
ure 4(a)). Consistent with these data, adenosine levels were
higher in the supernatant of activated T cells cultured with
TIDC (Figure 4(b)). Furthermore, inhibition ofCD39 activity

using POM-1, a pharmacologic NTPDase inhibitor, partially
decreasedTIDC suppressive activity (Figure 4(c)) and adeno-
sine production (data not shown). Moreover, POM-1-treated
TIDC failed at inhibiting IFN-𝛾 production (Figure 4(d))
and CD25 expression by T lymphocytes (Figure 4(e)). Taking
together, these results therefore strongly suggest that TIDC-
mediated suppression of T-cell proliferation involves a com-
plex of mechanisms including CD39 pathways.
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were labeled with CellTrace Violet, stimulated with CD3/CD28 beads and cultured for 5 days with TIDC in presence or absence of POM-1,
the CD39 inhibitor. The proliferation index was measured and the percentage of inhibition for each condition was calculated based on the
proliferation index of stimulated T cells. (d) IFN-𝛾 concentration was quantified in the supernatant of the previous cocultures. (e)The T cells
exposed to TIDC or spDC were stained for CD25 and CD3 to evaluate T-cell activation.



8 BioMed Research International

4. Discussion

Tumor-induced immunosuppression represents a major
impediment to successful cancer immunotherapeutic strate-
gies leading to T lymphocyte activation. During the last
decades, extensive research has focused on identifying pop-
ulations of immunosuppressive cells induced and recruited
by developing tumors and on deciphering the associated
immunosuppressive mechanisms [32, 33]. In this context,
TIDC have been highlighted as essential constituents of these
immunoinhibitory networks [34].

Consistentwith previous studies conductedwith different
cancer types [6, 7, 14, 35, 36], CD11c+ TIDC isolated from
4T1- or LLC-tumor bearingmice exhibit an altered phenotype
characterized by intermediary expression of costimulatory
(CD80, CD86, and CD40) and MHC II molecules, produce
low amounts of the proinflammatory cytokine IL-12, and are
poor inducers of T lymphocyte proliferation. Importantly,
these cells can not further mature spontaneously in vitro,
suggesting a blockade at this stage of differentiation [35,
37]. Whether recently reported approaches to activate TIDC
(for instance, the synergistic stimulation of CD40 and TLR3
[38] or miRNA mimetics [39]) may promote the maturation
of TIDC isolated from 4T1 or LLC has however not been
evaluated in our current study.

TIDC isolated from 4T1 or LLC tumors efficiently sup-
pressCD4+ andCD8+ Tcells, therefore clearly demonstrating
their immunosuppressive properties. Identifying the mech-
anisms employed by TIDC to impair antitumor immune
response is essential for the design of therapeutic strategies
to overcome the tumor-promoting influence of these cells.
Different mechanisms underlying TIDC immunosuppressive
activity have been reported [6, 10, 25, 40–42]. Recently,
Norian et al. have demonstrated that the immunoinhibitory
function of DC isolated from murine mammary tumors
depends on arginase-1 [6]. In addition, different immunosup-
pressive cells such as MDSC or tumor-associated fibroblasts
have been reported to impair T lymphocyte function through
increased L-arginine catabolism [10, 37, 43]. Since 4T1 tumors
are characterized by strong expression of IL-6, which has
been involved in the regulation of arginase-1 expression
[44, 45], the possible role of this enzyme was evaluated.
CD11c+ TIDC from 4T1 tumors highly express arginase-1.
Consistently, a decrease in L-arginine associated with an
increase in ornithine concentrationwas detected in the super-
natant of stimulated T cells cultured with TIDC compared
to stimulated T cells cultured with spDC.These observations
suggest that arginine depletion may contribute to the TIDC-
induced T-cell inhibition. However, despite a 40% decrease in
the arginine level, the arginine concentration is still superior
to 50 𝜇M, which is the higher concentration inducing T-
cell immunosuppression [46]. Moreover, the use of arginase-
1 inhibitor, nor-NOHA, did not restore T-cell proliferation.
So the implication of arginase-1 in the immunosuppressive
function of TIDC remains unclear.

Further investigation of the mechanisms responsible for
TIDC suppressive function highlighted for the first time the
role of the ectonucleotidase CD39. We indeed observed that
the specific CD39 inhibitor POM-1 decreases the capability

of CD11+ TIDC to suppress T-cell proliferation and IFN-
𝛾 secretion. Interestingly, several immune cells which are
not always immunoinhibitor such as B and T lymphocytes,
monocytes, Langerhans cells, and natural killer cells have
been reported to express CD39 [47, 48]. Similarly, nonsup-
pressive memory human or murine T-cell populations can
also express CD39 [49, 50]. Recently, several groups have
independently reported on the expression of CD39 by Treg,
cancer exosomes, tumor cells, and multipotent mesenchy-
mental stromal cells [30, 51, 52]. To exert its function, the
ectonucleotidase CD39 cooperates with other enzymes, the
best known of which is CD73. The tandem of CD39/CD73 is
responsible of the hydrolysis of extracellular ATP and ADP
to AMP (by CD39) and the conversion of AMP to adenosine
(by CD73). Adenosine, by binding to A2A receptors, leads to
the accumulation of intracellular cAMP, thereby blocking the
TCR signaling and consequently the T-cell proliferation [53–
55].The strong production of adenosine shown in our results
demonstrates that the CD39-adenosine pathway is involved
in the T-cell proliferation inhibition by TIDC.

Our results therefore indicate that T lymphocyte inhi-
bition is mediated by CD11c+ TIDC via several suppressive
mechanisms among which CD39 plays an important role.
These immune regulatory mechanisms may therefore repre-
sent important new targets of therapeutic strategies aimed at
reversing TIDC negative impact in cancer.
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