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IL-4 is a cytokine commonly secreted by Ty2 and follicular helper T (Try) cells after antigenic sensiti-
zation. Ty2 cells have been thought to be the major contributor of B cell help as a source of IL-4
responsible for class switch recombination to Immunoglobulin G1 (IgG1) and Immunoglobulin E (IgE).
Importantly, there are some differences in transcriptional regulation between these two T cell subsets.
The IL-4 production by Ty2 and Tgy cells is distinctively regulated by two pathways, GATA-3-mediated
[14-HS2 enhancer and Notch mediated [I4-CNS-2 enhancer. IgE and IgG1 antibody responses are
mainly controlled by IL-4-secreting Try cells, but not by Ty2 cells. In this review, we discuss the role of
Ty2 and Tgy cells in IgE production and allergic responses.
Copyright © 2017, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Role of Ty2 cells in allergy

Ty2 cells regulate type 2 responses through the secretion of
various type 2 cytokines, including IL-4, IL-5, IL-10, and IL-13. Ty2
cells mediate protection against helminthic infection but can cause
several allergic diseases, including allergic rhinitis, anaphylaxis,
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atopic dermatitis (AD), and asthma. Classically, Ty2 cells have been
thought to be the major contributor of B cell help as a source of IL-4,
a cytokine that was originally identified as B cell stimulating fac-
tor? responsible for class switch recombination to IgG1 and IgE
through the induction of germline the constant region gene for
IgG1 (Cy1) and Ce transcripts.®~> This conclusion was based on the
results of in vitro experiments done in the late 1980's. The results
from in vitro skewing culture conditions indicated that IL-4 pro-
motes Ty2 differentiation from naive CD4 T cells.® This depends on
activation of STAT6 signaling through the IL-4 receptor, which in-
duces expression of Gata3. STAT6 signaling also induces expression
of the c-Maf transcription factor, which leads to high-level IL-4
expression. Together, these key transcription factors promote Ty2
cell differentiation and cytokine production. This network is known
to be sensitive to the changing cytokine environment, the TCR
signal strength, and the involvement of co-stimulation signals. The
Gata3 gene is controlled by distal and proximal promoters. During
the differentiation process, the transcriptional autoactivation of
Gata3 provides a self-reinforcing feedback circuit.” GATA-3 also
antagonizes Ty1 differentiation by inhibiting expression of the IL-
12 receptor B chain and of STAT4.

However, the initial source of IL-4 responsible for the differen-
tiation of naive CD4" Tcells into T2 cells has been an undefined and
long-standing question. Accumulating recent evidence has sug-
gested that IL-4 does not have to be the trigger of Ty2 differentiation.
Instead, an inhalation protocol using protease allergens such as
house dust mite (HDM), indicated involvement of CD11b™ conven-
tional dendritic cells (cDCs) in the regulation of Ty2 differentiation.
Depletion of CD11c" cells in Itgax-DTR mice significantly impairs
Ty2 responses,® and CD11b* ¢DCs were rapidly recruited to lung
airways and migrated to the draining lymph node (LN) to trigger Ty2
responses.’ In the initial response of Ty2 cell-mediated lung
inflammation with protease allergens, group 2 innate lymphoid cells
(ILC2)-derived IL-13 is critical to promote this migration of the
CD11b" ¢DCs into the draining LN, where they prime naive T cells to
differentiate into T2 cells.'” Interferon regulatory factor 4 (IRF4)
and Kruppel-like factor 4 (KLF4) transcription factors are also
necessary for development of CD11b™" ¢DCs, because the IRF4" ¢cDC
controls HDM-induced T2 responses,'' and conditional deficiency
of KIf4 using CD11c-Cre reduced HDM-induced Ty2 responses.'?

Development of follicular helper T (Tgy) cells

TrH, a subset of CD4" helper T cells, are involved in providing
critical help for antibody maturation and germinal center (GC)
formation. Since the presence of this unique CD4" T cell subset
migrating into B cell follicles and the GC after antigen priming was
first described, Try cells have been defined as a specialized T cell
subset that plays a crucial role in B cell responses by producing IL-4
and IL-21. Tgy cells are characterized by expression of B-cell lym-
phoma 6 (BCL-6), a zinc finger transcriptional repressor, and C-X-C
chemokine receptor type 5 (CXCR5), which attracts the Tgy cells
toward CXCL-13 present in the B cell follicle. Antigen presentation
by DCs is necessary to induce BCL-6 and CXCR5 expression in the
initial activation phase (Fig. 1). Inducible T cell co-stimulator (ICOS)
signaling potentiates IL-21 production and antagonizes an inhibi-
tory pathway, the KLF2-FOXO1 axis.'>'# IL-2- and IL-7-mediated
STAT5 activation potently induce expression of B lymphocyte-
induced maturation protein 1 (BLIMP1), which antagonizes BCL-6
and Tpy cell differentiation.”” STAT3 activation can potentially
augment Try development through DC-derived IL-6 early in the Tgy
developmental process.'®!” High mobility group box transcription
factors, LEF-1 and TCF-1, contribute to Tgy differentiation through
controlling the expression of the IL-6 receptor.'® Additional tran-
scriptional factors, such as achaete-scute homologue 2 (ASCL2),

directly regulate the localization properties of Tgy cells. Interest-
ingly, ASCL2 and KLF2 exclusively control the follicular localization
of T cells. ASCL2 positively controls CXCR5 expression and targets
expression of the IL-2 receptor. KLF2 positively controls the
expression of CC chemokine receptor type 6 (CCR6), P-selectin
glycoprotein ligand-1 (PSGL1), CCR7, and sphingosine-1-phosphate
receptor 1 (S1PR1), and targets CXCR5 expression. In the initial
phase of the Tgy program, the expression of BCL-6 and BLIMP-1 are
mutually exclusive, because overexpression of either one exclu-
sively drives the differentiation of Tgy or Ty1 cells.'” BCL-6 directly
represses a gene set related to guidance and adhesion receptors
that promote non-follicular positioning of T cells, such as CCR6,
EBV-induced G-protein coupled receptor 2 (EBI2), PSGL1, CCR7, and
S1PR1.%° A recent broad-range transcriptional target study did not
provide a single unique target of BCL-6 to explain the Tgy program,
and the analysis suggested that BCL-6 might have a wide range,
targeting the differentiation programs controlling Ty1, Ty17, Ty2,
and Treg cells, including T cell migration pathways.

Distinct regulation of IL-4 production in Ty2 and Tgy cells

IL-4 is a cytokine commonly secreted by Ty2 and Tgy cells after
antigenic sensitization. Importantly, there are some differences in
114 gene transcriptional regulation between these two subsets. In
the early 2000's, the elements controlling 14 gene transcription
were extensively characterized using a combination of bioinfor-
matics, biochemistry and reverse genetics. Conserved non-coding
sequences (CNS) were identified as functionally critical regulatory
elements, and classical hypersensitivity to digestion by DNAse I and
chromatin immune precipitation assays revealed the binding of
protein factors typically found at regulatory elements. During the
differentiation process, many epigenetic modifications are made to
these regulatory regions. The mouse Il4 locus is composed of
multiple regulatory enhancer elements that map to conserved
sequence 1 (HSS1 and HSS2), located between the Il13 and Il4
genes, HSO, located in the 5’ region of 114, HS1, located in the pro-
moter region, HS2 and HS3 in the second exon, and HS5a and HS5,
which is also called CNS2, located 3 of I14.2! 72> A Ty2 cytokine locus
control region (LCR) has been characterized at several HS sites,
Rad50 HS4 (RHS4), RHS5, RHS6, and RHS7, which are located be-
tween exon 22 and 25 of the Rad50 gene (Fig. 2).>427 HS2 is a
critical GATA-3 binding site, and deletion of HS2 impaired IL-4
production in Tgy and Ty2 cells with loss of H3 acetylation and
H3K4 methylation on the 114 locus.”® Analysis of mice with an
0x40-Cre conditional Gata3 knockout has demonstrated that
GATA-3 is required for the initiation of [l4 transcription during Ty2
differentiation.”” The data from a tamoxifen inducible deletion
system using Gata3” CreERT2 mice demonstrate that Gata3 defi-
ciency greatly impaired IL-4 production but had less effect on Tgy
development. Interestingly, Gata3 rather increased IgG2 antibody
responses, even though IL-4-dependent antibody responses, IgG1
and IgE, were greatly impaired.

In contrast, deletion of CNS2 impaired IL-4 production by Tgy,
but not by Ty2 cells, indicating that CNS2 is a Tpy-specific enhancer
(Fig. 2).2°31 Interestingly, Notch signaling directly controls CNS2
enhancer activity via specific binding of the transcription factor
recombining binding protein suppressor of hairless (RBP-]), which
is a transcriptional partner of the Notch intracellular domain (ICD),
the cleaved active form of the receptor®*>> T cell-specific condi-
tional deficiency of Rbpj resulted in impaired IL-4 production by
CD4" T cells and decreased IL-4-dependent IgG1 and IgE antibody
responses, but showed no or only a subtle effect on Tgy develop-
ment.>° In infection models with Leishmania mexicana or Schisto-
soma mansoni eggs, T cell-specific conditional deficiency of Notch1/2
(N1N2lox/lox CD4-Cre mice) impaired IgG1 and IgE production
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Fig. 1. Differentiation program of Tgy cell. CD4 T cells differentiate into Tgy cells, and antigen presentation by DCs induce BCL-6 and CXCR5 expression in the initial activation phase.
ICOS signaling promotes IL-21 production and antagonizes an inhibitory pathway, the KLF2-FOXO1 axis. IL-2- and IL-7-mediated STAT5 activation potently induce expression of
BLIMP1. LEF-1 and TCF-1 control the expression of the IL-6 receptor. ASCL2 positively controls CXCR5 expression and targets expression of the IL-2 receptor. In contrast, KLF2
positively controls the expression of CCR6, PSGL1, CCR7, and S1PR1, and targets CXCR5 expression. BCL-6 represses CCR6, EBI2, PSGL1, CCR7, and S1PR1.

along with reduction of Try development.>* Therefore, IL-4 pro-
duction by Ty2 and Tgy cells is distinctively regulated by two
pathways, GATA-3-mediated HS2 enhancer and Notch-mediated
CNS-2 enhancer. The GATA-3-mediated HS2 enhancer activation

is typically responsible for IL-4 expression in Tgy and Ty2 cells,
while Notch-mediated CNS-2 enhancer activation independently
controls IL-4 expression in the Tgy program.
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Fig. 2. Overview of cis-regulatory elements in the I113/Il4 locus. (a) The Il4 locus contains several high homology regions. The middle rows in this figure display homology between
human and mouse. These high homology regions well overlap with conserved non-cording sequences. The 114 locus contains CNS1, HS2, 3’ untranslated region (3’ UTR), HS4, and
CNS-2. (b), (c): CNS-2 enhancer has different activity in Ty2 and Tgy. (b) provides a summary of each Il4 enhancer based on the results from deficient (Knock-out; KO) mice.

(c) shows IL-4 expression in Tgy cells from deletion mice of CNS-1, HS2, HS4, or CNS-

2 enhancer.
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The lineage relationship of Tgy and Ty2 cells in allergic
responses

Tey cells comprise a major component of Ty1, Ty2 or Ty17 re-
sponses because of their potential to secrete IFN-v, IL-4, and IL-21.
Therefore, it is unclear whether Tgy cells are actually a distinct
subset or rather the end result of the plasticity of other subsets that
are imprinted by their follicular localization. The lineage relation-
ship of Ty cells to the other helper T cell subsets still remains
unclear. A number of studies have identified Tgy responses under
various Ty2 inducing conditions and, in the context of Ty2 immu-
nity, Try cells might be the dominant source of IL-4 in vivo.>0-31:35:36
During infection with parasitic helminths, IL-4 and IL-13 are crucial
cytokines for promoting host survival, and helminths are potent
inducers of the Ty2 cytokines. IL-13 and the master transcription
factor for Ty2, GATA-3, are present in large amounts in Ty2 cells, in
contrast to their small amounts in Tgy cells.>” Thus, IL-13 and GATA-
3 might be the segregation markers. In earlier work, Ty2 cells
producing both IL-4 and IL-13 were found within B cell follicles and
B cell-deficient pMT mice had reduced numbers of the double
producing T cells. Tgy cells were found to develop from antigen-
primed Ty2 cells after antigen challenge in vivo, because the
transferred CXCR5™ programmed cell death-1 (PD-1) ~ Ty2 cells
became CXCR5™ Ty cells, which also express IL-13 and GATA-3.2%1n
contrast, Ty2 cells can independently be the effector cells at the T-B
cell border area of the priming LN, and this process might depend
on CXCR5 expression on DCs, at least in the case of mice infected
with the intestinal nematode Heligmosomoides polygyrus.°

There are also other studies implying that Ty2 and Tgy cells
closely cooperate in Ty2 immunity. Intranasal inhalation with
HDM-induced Ty2-mediated allergic immunity, including mucus
formation, eosinophilia, airway hyperresponsiveness, and IgE pro-
duction. In the inhaled HDM model, 121/~ mice developed less
Ty2 immunity and the IL-21 receptor (IL-21R) was needed to
enhance Ty2 cell function. Thus, IL-21 secreted by Tgy cells is
needed for the acquisition of Ty2 cell effector functions.*’ In
contrast, Tgy cells have been reported to be a precursor of Ty2 cells
in the inhaled HDM mouse model. T2 cell-mediated immunity
after HDM re-challenge was impaired in B cell-deficient uMT mice,
because IL-4-producing and IL-13-producing CD4" T cells were
reduced in these mice. The accumulation of eosinophils in the lungs
and bronchoalveolar lavage and the airway response in the sensi-
tized and challenged mice indicated that Tgy cells are required for
development of Ty2 cells.*! There is some evidence implying that
Try cells can maintain the capacity for developmental plasticity.*?
In this context, re-sensitized IL-21"Tgy cells were observed to
differentiate into other effector T cells and migrate into non-
lymphoid tissues.*>

Tyx2 responses to airborne antigens, like HDM, uniquely require
an initial phase of antigen sensitization that is not sufficient for
Ty2-mediated airway inflammation, but is required for the devel-
opment of Tpy cells and memory Ty2 cells. In fact, a low dose of
HDM administered by the skin or intranasal routes was sufficient
for the induction of Tgy cells but not Ty2 cells. Similarly, systemic
immunization with ovalbumin (OVA) plus alum adjuvant prefer-
entially induced IgE and IgG1 antibody responses, which are mainly
controlled by IL-4-secreting Try cells, but not an IgG2 response.>*>!
Protease allergens, including HDM, are known to causes barrier
disruption in epithelial cells, leading to Ty2 immunity through the
elevation of multiple innate cytokines including IL-25, IL-33, and
thymic stromal lymphopoietin (TSLP) due to the stress of tissue
injury. IL-33 is considered to function as an alarmin or a damage-
associated molecular pattern (DAMP) molecule and is known to
associate with Ty2 immunity in allergic responses.***> A recent
report demonstrated that IL-33 promoted IL-4 producing Tgy cells

and Ty2 cells in LN when soluble antigen was exposed through the
airway in conjunction with IL-33. Interestingly, the IL-33-induced
Ty2 and Tgy cells independently controlled eosinophilic airway
inflammation and IgE antibody production.*®

In allergic human patients, Ty2 immunity is often chronic.
Studies in mice showed that re-sensitization caused a robust stim-
ulation of memory Ty2 cells in the draining LN. The memory Ty2
cells acquired high level expression of T1/ST-2 and became a critical
target of IL-33 in the pathogenesis of allergic airway inflammation.
The activated memory OT-II Ty2 cells secreted robust amounts of
Ty2 cytokines in response to OVA, and IL-5 production only required
IL-33.47 Allergen-nonspecific Ty2 cells also make critical contribu-
tions to cysteine protease-induced eosinophilic inflammation as a
result of relocalizing from the draining LN to the inflammatory site.
These Ty2 cells can produce high levels of IL-5 and IL-13 in response
to IL-33, independent of antigen recognition, which is usually
required for the initial T cell activation.!

Role of Tgy cells in IgE production

IgE is the isotype of antibody tightly associated with type I
allergic disease, including rhinitis, food allergy and anaphylaxis. IgE
binds to the high-affinity Fce receptor on mast cells, which become
activated after allergen crosslinking and release a variety of in-
flammatory chemical mediators, cytokines and chemokines though
degranulation, leading to allergic inflammation. Germline tran-
scription of Ce is a prerequisite to CSR to Ce, and the most important
positive regulator of this process is the cytokine IL-4, primarily
derived from CD4 T cells. Interestingly, although IgE transcripts
could be detected in GC B cells, IgE-expressing B cells were barely
detectable in the GC.*® Using a tracing system using fluorescent IgE
reporter mice (Verigem reporter mice) it was discovered that IgE-
expressing B cells generated during primary antigen sensitization
rapidly differentiated into both GC B cells and plasma cells (PCs).
However, the IgE-expressing GC-B cells rapidly disappeared and
other B cells become short-lived PC with less affinity maturation.*’
In this context, the major IL-4 source is Tey cells>>>! which also
secrete IL-21. IL-21 is a member of the common y chain family of
cytokines, which activate STAT3 and STAT5 signaling pathways,°
and is known to be negative regulator of IgE production in vivo
and in vitro. Mechanistically, IL-21 inhibits IL-4-induced germ line Ce
transcription in B cells,’! and it has been shown that mice lacking IL-
21R have higher production of IgE, but lower IgG1.>> IL-21 is re-
ported to selectively kill the IgE-expressing B cells.” Recently, IL-21-
expressing Tgy cells were identified in the GC dark zone, the site of
hypermutation of GC B cells,* therefore, the rapid reduction of IgE-
expressing GC B cells and decreased IgE affinity maturation might be
due to the Tgy-derived IL-21 in the GC. In contrast, IL-21 is necessary
for the generation of IgG1-expressing GC B cells. This differential
effect of IL-21 on IgG1 and IgE would be a beneficial mechanism for
CSR to IgG1 by excluding expansion of IgE antibody-producing cells.
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