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CD4 + helper T (Th) cell subsets are critically involved in the pathogenesis of asthma. Naive
Th cells differentiate into different subsets under the stimulation of different sets of
cytokines, and the differentiation process is dominantly driven by lineage specific
transcription factors, such as T-bet (Th1), GATA3 (Th2), RORgt (Th17) and Foxp3
(Treg). The differentiation mechanisms driven by these transcription factors are mutually
exclusive, resulting in functional inhibition of these Th subsets to each other, particularly
prominent between effector Th cells and Treg cells, such as Th2 versus Treg cells and
Th17 versus Treg cells. Being of significance in maintaining immune homeostasis, the
balance between effector Th cell response and Treg cell immunosuppression provides an
immunological theoretical basis for us to understand the immunopathological mechanism
and develop the therapy strategies of asthma. However, recent studies have found that
certain factors involved in effector Th cells response, such as cytokines and master
transcription factors (IL-12 and T-bet of Th1, IL-4 and GATA3 of Th2, IL-6 and RORgt of
Th17), not only contribute to immune response of effector Th cells, but also promote the
development and function of Treg cells, therefore bridging the interplay between effector
Th cell immune responses and Treg cell immunosuppression. Although we have an
abundant knowledge concerning the role of these cytokines and transcription factors in
effector Th cell responses, our understanding on their role in Treg cell development and
function is scattered thus need to be summarized. This review summarized the role of
these cytokines and transcription factors involved in effector Th cell responses in the
development and function of Treg cells, in the hope of providing new insights of
understanding the immunopathological mechanism and seeking potential therapy
strategies of asthma.

Keywords: Th2, Th1, Th17, Th9, Tfh, immunosuppression, Treg
org July 2022 | Volume 13 | Article 8628661

https://www.frontiersin.org/articles/10.3389/fimmu.2022.862866/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.862866/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.862866/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.862866/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:sjing0610@163.com
mailto:jcdong2004@126.com
https://doi.org/10.3389/fimmu.2022.862866
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.862866
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.862866&domain=pdf&date_stamp=2022-07-11


Chen et al. Th Responses Contribute to Treg
INTRODUCTION

Asthma is a common chronic respiratory inflammatory disease
where Th cell subsets play a crucial role (1). Several studies on
patients with asthma have indicated abnormalities in Th cell
immune response, including excessive effector Th cell response
and impaired Treg cell immunosuppressive function (2). On the
one hand, activated effector Th cells, including Helper T type 1
(Th1), Th2, Th17 and Follicular helper T (Tfh) cells, produce a
large number of inflammatory mediators including chemokines
and cytokines, which interact with other immune cells or
structural cells, leading to the development of asthma
pathological features such as airway inflammation and airway
remodeling; On the other hand, immunosuppressive regulatory
T (Treg) cells show decrease in number and impairment in
inhibition function, resulting in the failure of constraint and
resolution of ongoing inflammation, eventually leading to
chronic inflammatory disorders (2).

Naive Th cells differentiate into distinct Th cell subsets in
response to ambient cytokines, dominant by lineage specific
transcription factors, including T-box transcription factor ( T-
bet, also known as Tbx21), GATA binding protein 3 (GATA3),
retinoid-related orphan receptor-gammat (RORgt) and Forkhead
box protein P3 (Foxp3), leading to Th1, Th2, Th17 and Treg
differentiation, respectively (3). Importantly, the differentiation
processes mediated by these transcription factors are mutually
exclusive, resulting in functional antagonism among these Th cell
subsets, particularly prominent between effector Th cells and Treg
cells, such as Th2 versus Treg cells and Th17 versus Treg cells (3).
During an immune response, effector Th cells and Treg cells
generally play opposite roles with the former promoting and the
latter suppressing the immune inflammation. Furthermore,
inflammatory cytokines produced by effector Th cells, such as
IL-4(Th2) (4, 5), and IL-17(Th17) (6, 7), have been found to
prevent Treg cell development and function, while Treg cells in
turn repress effector Th cell responses through a variety of
mechanisms (8). In view of its important role in maintenance of
immune homeostasis, the role of the counterbalance between
effector Th cell response and Treg cell immunosuppression has
Frontiers in Immunology | www.frontiersin.org 2
always been an attractive topic to explore in multiple immune
mediated diseases, including asthma (9, 10).

Currently, our understanding of the balance between effector Th
cell response and Treg cell immunosuppression in asthma is mostly
based on the concept that effector Th cells and Treg cells are
inhibitory to each other, as indicated in many studies (11–13).
However, the relationship between effector Th cells and Treg cells
seems to be much more complex than this concept describes. A
series of studies have shown that cytokines and transcription factors
involved in effector Th cell responses such as IFN-g and T-bet of
Th1, IL-4 and GATA3 of Th2, IL-6 and RORgt of Th17, drive
effector Th cells mediated immune response, playing
proinflammatory roles; On the other hand, these cytokines and
transcription factors also promote the inhibitory function of Treg
cells, serving as immunoregulators (14), indicating that the
mechanisms underlying effector Th cell response and Treg cell
immunosuppression are not completely opposite.

In this review, we summarized the research advancement
concerning the essential roles of cytokines and transcription
factors, which has been usually implicated in effector Th cell
response, in Treg cell development and immunosuppressive
function (Figure 1). Based on these evidences, we put forward
new views on the regulation mechanisms of the counterbalance
between effector Th cells and Treg cells in the pathogenesis of
asthma and also briefly discuss the potential value of these
research advances for asthma treatment strategies.
THE PROMOTIONS OF TREG FUNCTIONS
BY EFFECTOR TH CELL MECHANISMS

Early animal studies have observed that CD25 expression by
peripheral Treg cells is dependent on the presence of CD25-

CD4+ T cells, suggesting the indispensability of CD25-CD4+ T
cells in maintaining the stability of CD25+ Treg cells (15, 16).
Moreover, there are compelling evidences showing that effector
Th cells activation strongly boosts the expansion and suppressive
activity of Treg cells (17). Although the mechanism by which
FIGURE 1 | Cytokines and transcript factors of effector Th cells promote the specialization and enhancement of Treg cell function.
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effector Th cells promote the stability and inhibitory function of
Treg cells has not been fully elucidated, the essential roles of
cytokines and transcription factors involved in the effector Th
cell responses in the development and function of Treg cells have
been increasingly revealed.

Promotions by Th2 cell mechanisms: IL-4,
IRF4 and GATA3
IL-4 is a well-known cytokine that promotes Th2 differentiation,
and its contribution in Th2 immune response has been widely
confirmed (18). Nevertheless, IL-4 signaling was found to play a
vital role in the development and function of CD25+ Treg cells
(19). It was found that in the early development of
immunosuppressive Treg cells, there was a transient high
expression of IL-4 by Treg cells, which gradually declined with
the acquisition of immunosuppressive phenotype by Treg cells
(20), suggesting that IL-4 may participate in the development of
Treg cells. During induction of antigen tolerance, blockage of IL-
4 signaling with IL-4 neutralizing antibody inhibited the
expansion of antigen-specific suppressive Treg cells, thus
hindering the establishment of antigenic tolerance (21). In
other studies, however, the loss of IL-4 signaling did not affect
the development of in vivo Treg cell population under steady
state, as the frequency of Treg cells distributed in the tissues of
mice with either systemic IL-4 KO (22) or Treg cells-specific IL-4
signaling deletion (23) was similar to that of wide-type (WT)
mice. Moreover, IL-4 KO Treg cells in vitro showed comparable
proliferation as compared toWT Treg cells (22, 23). One possible
explanation for the distinct results by these researches may partly
be due to the different immune status investigated during the
experiments, as the former studies had immunogen stimulation
(21) while the latter (22, 23) did not, suggesting that the role of
IL-4 on Treg cell development may to a large extent, if not fully,
depend on immune status. In vitro studies on CD4+ T cells from
healthy people also showed that IL-4 did not affect the Foxp3
expression by Treg cells (24)

Although the loss of IL-4 signaling did not prevent the
development of Treg cell population in steady state, the
inhibition function of Treg cells from IL-4 KO mice decreased
compared with Treg cells from WT mice (22). Moreover, IL-4
neutralizing antibody led to gradual loss of the inhibition
function of Treg cells (22) due to the downregulation of
immune regulatory molecules such as IL-10, granzyme A and
granzyme B (22, 25). On the contrary, recombinant IL-4 restored
the impaired immunosuppressive capacity of Treg cells from IL-
4 KO mice (22). These results suggested that IL-4 signaling was
indispensable for maintaining Treg cells inhibitory function.
Notably, it was Treg cell specific- (23, 26), but not systemic
(27) or other types of immune cell specific- IL-4 signaling (28,
29) deletion that led to more serious immune inflammatory
response, emphasizing the particular promotion by IL-4
signaling on Treg cell immunosuppressive function. The
underlying mechanisms causing this discrepancy are worth
exploring. Additionally, it was also demonstrated that IL-4
maintained the optimal regulatory function of human
CD4+CD25+ Treg cell population (24)
Frontiers in Immunology | www.frontiersin.org 3
A fact worthy of discussion was that although IL-4 was
important for the inhibition function of Treg cells, neither
mice with systemic IL-4 KO (22) nor mice with Treg cell
specific IL-4 signaling loss (23) develop spontaneous
autoimmune symptoms in a stable state, and instead they still
maintained a “healthy” state similar to WT mice (22, 23). One
possible explanation for the absence of spontaneous
autoimmune symptoms in these mice may be the limited time
window observed, as the age of the mice used in these studies was
usually between 6 and 8 weeks (22, 23), when it was too early to
develop detectable immune disorders, although the subtle
immune damage may had already existed (23). Extending the
time window of observation may contribute to the emergence of
the observable spontaneous immune symptoms in these mice
with IL-4 signaling defect (30). Another persuasive view was that
in stable state, as the subtle immune damage may not be obvious,
immune system still maintained a superficial balance, while a
more inflammatory environment would more effectively expose
hidden immune defects (23). Indeed, although both seem to be
“healthy” in stable state, mice with systemic IL-4 signaling defect
under the induction of immune response showed reduced
inflammation as compared to WT mice (31), while the mice
with Treg cell specific IL-4 signaling lose showed more serious
inflammation (23, 26), which further supported the promotion
of IL-4 on the immunosuppressive function of Treg cells. In
addition, systemic IL-4 KO mice were more susceptible to
parasite infection which was mainly due to the impaired Th2
immune response against parasite infection driven by IL-4 (22).

Interferon regulatory factor 4 (IRF4) is a transcription factor
directly regulated by IL-4 and is crucially involved in Th2
differentiation (32). Conditional knockout of IRF4 in Treg cells
led to a decrease in the number of Treg cells and obvious
autoimmune symptoms in mice (33), which was different from
consequences of Treg specific- or systemic IL-4 signaling loss
(22, 23), indicating that the regulatory mechanism of IRF4 on
Treg immunosuppressive function may be partially divergent
from IL-4 signaling. IRF4 may participate in part of the
inhibition programs of Treg cells, e.g. the inhibition program
for Th2 response, rather than the whole immunosuppression
program, because the conditional deletion of IRF4 in Treg cells
led to the selective dysregulation of Th2 response in mice, but did
not affect the Th1 response, while the Foxp3-/- mice lacking Treg
cells showed simultaneous dysregulation of Th1 and Th2
response (33). Transcriptomic analysis indicated that the
deletion of IRF4 resulted in the down regulation of 20%
specific genes and the up regulation of 7% specific genes in
Treg cells (33). Moreover, IRF4 deficient Treg cells in vitro
preserved the capability to inhibit Foxp3-CD4+ T cells
proliferation and express inhibitory effector molecules
including CTLA4, CD25 and GITR, but showed a decrease in
ICOS expression (33). Inhibition of ICOS has been shown to
result in impaired differentiation of Treg cells thus damaged
inhibition on Th2 cell expansion (20).

GATA3 is the master transcription factor for Th2
differentiation, and IL-4 induces its expression (34).Mice with
Treg cell specific GATA3 deletion develop autoimmune
July 2022 | Volume 13 | Article 862866
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symptoms of splenomegaly and lymphadenopathy at the age of
16 weeks (30). Treg cells deficient in GATA3 in vivo were more
unstable than those with normal GATA3 expression, and the
expression of some signature genes such as CD25, CTLA4 and
GITR decreased in these cells (30), which was similar to the
consequences of IRF deletion (33). Moreover, the deletion of
GATA3 also caused an increase in the expression of Th1, Th2
and Th17 effector cytokines in Treg cells, which may be due to
the decreased Foxp3 expression (35). GATA3 has been shown to
promote Foxp3 expression by binding to CNS2 of Foxp3 gene
(30, 35). In addition, GATA3 also promoted the migration of
Treg cells to inflammatory sites by promotion of homing
receptor CCR8 expression (14) (35). The migration of Treg
cells to inflammatory sites was reported to be crucial for Treg
cells to control ongoing inflammation (36). The expression of
GATA3 by Treg cells may represent the activation state of Treg
cells rather than adaptation to specific immune environment,
because Treg cells expressed GATA3 after TCR activation, and
this process was independent on Th2 cytokines (35).
Promotions by Th1 Cell Mechanisms:
IFN-g, T-bet and IL-12
T-bet is the master transcription factor driving Th1
differentiation. Under the condition of Th1 immune response,
the number of T-bet+ Treg cells increased significantly, mainly
due to the transformation of T-bet- Treg cells into T-bet+ Treg
cells, rather than the expansion of existing T-bet+ Treg cells (37,
38). Comparing the Th1 immune response systems caused by
different pathogens, it was found that the transformation of T-
bet- Treg cells to T-bet+ Treg cells was the common feature of
Th1 immune response and progress in parallel with the
corresponding Th1 response, accompanied by Treg cells
acquiring excellent migration ability as well as certain
unknown characteristics favoring their controlling Th1
immune response (39). T-bet+ Treg cells generated in vivo
have been proved to be a stable subset, even under the Th2
polarizing condition (38), which may be due to their epigenetic
stability (40). However, some studies have also found that the
expression of T-bet by Treg cells was highly dynamic in the stable
state (41). Therefore, it is necessary to further clarify the factors
affecting the expression of T-bet by Treg cells. The loss of T-bet
expression did not affect the survival of Treg cells in stable state,
but led to impaired survival and proliferation of Treg cells under
Th1 inflammatory conditions (37). Moreover, more than half of
T-bet-Treg cells transferred alone to Rag-/- mice lost Foxp3
expression, while T-bet-Treg cells co-transferred with naive
CD4+ T cells maintained Foxp3 expression (41).

T-bet mediated the migration of Treg cells to Th1 immune
inflammatory sites by promoting the expression of CXCR3, which
was crucial for Treg cells to control Th1 cells immune response
(37). The deletion of T-bet had no significant effects on the
expression of other chemokine receptors such as CXCR4 and
CCR7 in Treg cells (37). Treg cells lacking T-bet expression still
had inhibitory function (42) and Treg cell specific T-bet deletion
did not affect the health of mice under 6 months of age (41), but
Frontiers in Immunology | www.frontiersin.org 4
the selective loss of T-bet in Treg cells exacerbated the existing
immunopathology skewing to Th1 type inflammation (42),
emphasizing the important role of T-bet in Treg cells
controlling Th1 immune response. Therefore, T-bet may be
involved in Treg cells inhibitory program selectively against Th1
immune response, rather than the overall inhibitory functions. It
was worth noting that although mice with genetic T-bet+ Treg cell
deficiency did not spontaneously develop immunopathology (42),
timed ablation of T-bet+ Treg cells mediated by diphtheria toxin
led to excessive Th1 immune inflammation with not affecting Th2
and Th17 responses (38). Besides, Foxp3-/- mice remained healthy
after receiving WT Treg cells, but developed apparent
inflammatory disorders of lymphadenopathy and splenomegaly
after receiving T-bet-/- Treg cells (37). These results indicated that
different timing of T-bet+ Treg cell deletion may lead to
immunological consequences.

T-bet expression in Treg cells was dependent on Th1 cytokine
IFN-g, which induced the expression of T-bet in Treg cells by
activating STAT1 signaling (43). During inflammatory response,
IFN-g produced by effector T cells, including CD8+ and CD4+ T
cells, facilitated the expression of CXCR3 receptor and inhibitory
IL-10 in Treg cells, thus promoting the functional specialization
of Treg cells (43). In mice deficient in IFN-g signaling, the
generation and function of Treg cells with alloantigen and self-
antigen activity were significantly constrained (44). Also, mice
deficient in STAT1, a transcript factor downstream of IFN-g,
showed impaired development and function of CD25+ Treg cells
and were more susceptible to autoimmunity (45). These results
indicated that IFN-g was essential for Treg cells to control Th1
immune response.

The mechanism by which Treg cells in response to IFN-g
selectively inhibited Th1 immune response without
reprogramming to Th1 phenotype is unclear, but it may partly
be due to the delayed STAT4 phosphorylation in response to IL-
12 as a result of the very low expression of IL-12Rb2 by Treg cells
(43). IL-12 is a pro-inflammatory cytokine that favors the
differentiation of Th1cells and induces the production of IFN-g
(46). IL-12 has been found to promote the induction of
immunosuppressive Treg cells, thereby preventing allograft
rejection (47). Both Foxp3+ CXCR3+ Treg cells and Foxp3-

CXCR3+ Th1 cells expressed IL-12Rb1 subtype of IL-12
receptor, but IL-12Rb2 expression was ~ 100 fold lower in
Foxp3+CXCR3+ Treg cells (43). One reason of the very low
expression of IL-12Rb2 by Treg cells was that there was only
epigenetic feature of repressive H3K27me3 histone modification
on the promoter of il12rb2 gene of Treg cells (43). Notably,
although its expression was very low, IL-12Rb2 seemed to not be
redundant but instead be very important for Treg cell function.
Compared with WT mice, IL-12Rb2-/- mice under stable state
showed no significant difference in the absolute number of Treg
cells in spleen and thymus, but showed fewer Foxp3+ Treg cells
after TCR stimulation (48), indicating that IL-12Rb2 may
regulate the proliferation or transformation of Treg cells.
Moreover, in vitro Treg cells from IL-12Rb2-/- mice had worse
inhibitory effects on effector T cells and less proliferation after
CD3 and CD28 stimulation (48). Moreover, CD25-CD4+ T cells
July 2022 | Volume 13 | Article 862866
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from IL-12Rb2-/- mice showed less transformation to Treg cells
under TGF-b stimulation in vitro (48).

Promotions by Th17 Cell Mechanisms:
IL-6, STAT3 and RORgt
Compared with Th1 and Th2 cells, Th17 cells have a closer
relationship and complex interaction with Treg cells, since their
differentiations are both induced by TGF-b (49) and they
develop from the common progenitor cells co-expressing
RORgt and Foxp3 (50). It was found that Th17 and Treg cells
mutually promoted each other’s generation and expansion (51).
Moreover, Th17 cells may be the most potent Th subset in the
stimulation and support of expansion and phenotypic stability of
Treg cells in vivo (52).

Studies on animal models have confirmed the important role
of Th17 cells in the Treg cells stability. Compared with Rag1-/-

mice receiving adoptive transfer of only Treg cells, Rag1-/- mice
receiving co-transfer of Treg and Th17 cells showed a higher
percentage of Treg cells in spleen CD4+ T cells, indicating that
the presence of Th17 cells was conducive to the stability and
expansion of Treg cells in vivo (52). TNF-TNFR2 signaling
activation was one of the critical mechanisms by which Th17
cells supported the stability and expansion of Treg cells. TNFR2
plays an important role in the differentiation and inhibitory
function of Treg cells (53). Although constitutively expressed
TNFR2 (54, 55), Treg cells did not express TNF, the ligand of
TNFR2, so they were unable to support their own stability and
function through the autocrine pathway, thus needed TNF
produced by other cells such as Th17 cells to activate TNFR2
(51). Among all Th cell subsets, Th17 cells have been found to
had the highest TNF expression, therefore was able to most
effectively promote the expansion of Treg cells and stabilize the
expression of Foxp3 (52). However, whether Th17 cells promote
the stability and proliferation of Treg cells in other ways remains
to be further verified.

In addition to cytokines produced by Th17 cells, such as TNF,
which promote the differentiation and function of Treg cells, the
components of Th17 differentiation mechanism also promote the
function of Treg cells. STAT3 signaling activated by IL-6 was
necessary for expression of RORgt, the master transcription factor
that determined Th17 differentiation (56). Animal studies have
demonstrated that IL-10-/- mice with IL-6 deficiency showed
more severe colitis and more aggressive disease progression, and
developed systemic inflammation that was absent in IL-10-/- mice
without IL-6 deficiency (57), indicating that IL-6 may promote
IL-10 independent mechanism of Treg cells suppression function.
IL-6 promoted the remarkable proliferation of human Treg cells
in vitro, and maintained the high expression of Foxp3 and Helios,
the two lineage-defining transcription factors for Treg cells, thus
maintaining the stability of Treg lineage and function, regardless
of the concentration of IL-2 (58). The significance of IL-6
signaling in Treg cell inhibitory function was further supported
by the fact that lack of IL-6R significantly reduced Treg cells in
vitro and in vivo suppressive capacity (59). IL-6 deletion also
caused increased expressions of a variety of pro-inflammatory
factors such as IL-4, IL-12 and TNF-a, and decreased expression
Frontiers in Immunology | www.frontiersin.org 5
of Foxp3 in mice (57), indicating that IL-6 signaling not only
promoted the inhibitory function of Treg cells, but also prevented
Treg cells from acquiring the pathological phenotype of
generating pro-inflammatory cytokines.

STAT3 is crucial for Th17 cell differentiation (60).
Interestingly, mice with Treg specific elimination of STAT3
developed Th17 type immune response at the age of 12 weeks,
accompanied by anemia, weight loss, rectal prolapsed and colon
thickening, the hallmarks of inflammatory bowel disease (61).
Mice with Treg specific elimination of STAT3 did not develop
Th1 and Th2 immune responses, suggesting that STAT3 may
merely regulate the specific part of Treg cells functions, such as
the part that controls Th17 immune response, without affecting
the inhibitory activities of Treg cells on Th1 and Th2 responses
(61). Microarray analysis showed that the deletion of STAT3
resulted in the downregulation of IL-10, Ebi3, Grmb and prf1,
which were involved in the inhibitory function of Treg cells (61).
Importantly, STAT3 deletion also resulted in increased
expression of IL-6 and TGF-b1 by Treg cells (61), whereas
TGF-b1 plus IL-6 promote transdifferentiation into Th17 cells
(56). Indeed, soluble factors produced by STAT3-deficient Treg
cells were able to facilitate differentiation of IL-17-producing T
cells in vitro in the absence of exogenously supplements of IL-6
and TGF-b1 (61).

RORgt is the master transcription factor for the Th17 cells
(62). It was found that 20~ 30% of Foxp3+ T cells in the lamina
propria of the gut were RORgt+Foxp3+Treg (63), and these cells
were mainly differentiated from naive conventional CD4+ cells
interacting with gut microbiota (64). In addition, under
inflammatory conditions, Treg cells, including thymus derived
Treg cells and peripherally induced Treg cells, up regulated
RORgt expression and transformed into RORgt+Foxp3+Treg
(65). It has been reported that RORgt was essential for the
maintenance of Foxp3 expression (66). Compared with
RORgt+Foxp3+ Treg cells, RORgt-Foxp3+ Treg cells were more
likely to lose Foxp3 expression (66) and had worse inhibitory
ability (63). During colitis induced by adoptive transfer of
CD45RBhi cells into Rag1-/- mice, RORgt-deficient Treg cells
lost their suppressor function and acquired Th1-like effector
phenotype, leading to severer colitis, suggesting that RORgt
promoted Treg cells function as well as prevented Th1-like
effector program in Treg cells (66).
Promotions by Th9 Cell Mechanisms: IL-9
Th9 differentiation was induced by the simultaneous presence of
IL-4 and TGF-b (67). Th9 cells produced the signature cytokine
IL-9 regulating the functions of multiple kinds of immune cells,
including T cells, B cells, ILCs and mast cells (68). IL-9 was also
produced by other immune cells, such as ILC, Th17 and Treg
cells (69–71). Although it has been widely confirmed to be
associated with a variety of immune-mediated inflammatory
diseases (70, 72, 73), IL-9 was also found to promote Treg cells
survival and suppression function (68).

It was found that IL-9R was induced in Foxp3+ Treg cells
during their development, and the mice with IL-9 KO showed
July 2022 | Volume 13 | Article 862866
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decrease in the number of immunosuppressive Foxp3+ Treg cells
in lung (74). Studies have shown that IL-9 promoted the survival
of Treg cells by protecting Treg cells from apoptotic cell death
(71, 75), possibly through the STAT3/STAT5 dependent
pathway (75). The number of Treg cells in IL-9R-/- mice or IL-
9-/- mice was equivalent to that in WT mice (69, 75), indicating
that IL-9 promoted the survival of Treg cells, but may not be
essential for the development of Treg cells.

Although the loss of IL-9 did not affect the general
immunosuppressive function of Treg cells (76), neutralizing
IL-9 reduced the expression of IL-10 by Treg cells (74) and
reversed the inhibition of Treg cells on the proliferation and
cytokine production of effector cells (75), which may be due to
the inhibition of Foxp3 expression (71). On the contrary,
recombinant IL-9 promoted the inhibition function of Treg
cells in vitro (75). Animal studies showed that IL-9R-/- mice
developed more earlier and serious immune diseases after
immunization with immunogens, which was verified by using
IL-9 neutralizing antibody (75). In mice with allograft tolerance,
neutralization of IL-9 completely reversed the prevention of graft
reject by Treg cells and greatly accelerated allograft rejection
(77). In the same study, IL-9 has been shown a critical factor by
which activated Treg cells recruited and activated mast cells to
mediate regional immune suppression (77), which was verified
by other studies (76). More importantly, emerging events also
demonstrated that IL-9 promoted the resolution of inflammation
by regulating the expression of functional molecules of Treg cells,
such as GITR and ICOS, and the capability of Treg cells from IL-
9-/- mice to inhibit the proliferation of CD25-Foxp3- effector T
cells was impaired (69). These results suggested that IL-9 played
a critical role in the suppressive function of Treg cells.

Promotions by Tfh Cell Mechanisms: Bcl6
Tfh cells are a distinct subset of CD4+ T cells specialized for
helping B cells functions and are required for germinal center
(GC) response (78). The GC reaction needs to be tightly
regulated to avert excessive immune response (79). T follicular
regulatory (Tfr) cells are a specialized subset of T regulatory cells
that potently suppress both Tfh and B cells in the GC reaction
(80). Tfr cells express various Tfh genes including Bcl6 (80), the
transcription factor essential for Tfh differentiation (81).

Despite the lack of credible evidence that Bcl6 participated in the
development of Treg cells in vivo (82) and regulated the inherent
expression of Foxp3 (83), there was evidence that Bcl6 deletion
strongly led to the instability of Treg cells and significantly
promoted the loss of Foxp3 expression under Th2 immune
conditions (83), indicating that Bcl6 was very important for the
maintenance of Foxp3 expression and the stability of Treg cells
under inflammatory conditions. In addition, Bcl6 was critical for
Treg cells repression capability via a CXCR5 dependent way (84).
Compared withWTTreg cells, both CXCR5-/- and Bcl6-/- Treg were
significantly less efficient in suppressing the generation of germinal
center B cells, affinity maturation of antibodies, and the
differentiation of plasma cell although they had resemble
suppression on naïve CD4+ T cells (84). In addition, Bcl6-/- Treg
cells were found to have serious defects in the ability to inhibit Th2
inflammation, though they were able to inhibit the proliferation of
Frontiers in Immunology | www.frontiersin.org 6
conventional T cells in vitro and prevent Th1 mediated
inflammation in vivo as effectively as WT Treg cells (82).
Compared with control mice without Bcl6+ Treg cell deletion,
mice with Bcl6+ Treg cell deletion showed higher expressions of
Th2 cytokines and similar expressions of Th1 and Th17 cytokines
(82). These studies together showed that the inherent Bcl6
expression of Treg cells not only promoted the stability of Treg
cells, but also mediated the inhibitory function of Treg cells on Tfh
and Th2 responses.
NEW INSIGHTS INTO CD4 + T CELLS IN
ASTHMA PATHOGENESIS AND THERAPY

Although the imbalance of effector Th cell immune response and
Treg cell immunosuppression in asthma has been broadly observed
and characterized (85–88), the underlying mechanism is still
unclear. It is generally believed that effector Th cell immune
response and Treg cell immunosuppression are regulated by
different mechanisms, resulting in different effects. However, a
series of evidences abovementioned show that the effector Th cell
immune response and Treg cell immunosuppression are not
completely independent of and counteracting each other. Instead,
they share some regulatory mechanisms, including cytokines and
transcription factors, which not only promote the differentiation
and immune response of effector Th cells, but also promote the
development and function of Treg cells (19).

Under normal circumstances, when effector Th cell response
is triggered by antigen, these shared cytokines and transcription
factors not only mediated inflammation but also support the
immunosuppressive function of Treg cells, so that the effector Th
cell immune response can be timely and effectively regulated,
which is very important to avoid excessive immune response
(21). It has been commonly indicated that many cytokines
shared by Th cell immune response and Treg cel l
immunosuppression are up-regulated in asthma, such as IL-4
(89, 90), IL-6 (91, 92), IL-9 (93, 94), etc. However, in asthma
with high expression of these cytokines, the immune response of
effector Th cells was activated as expected, but the
immunosuppression of Treg cells did not seem to be properly
activated. Therefore, the abnormal response of Treg cells to these
cytokines may play a more significant role in the pathogenesis of
asthma than that of activated effector Th immune response.

Reconstituting balance of Th cell immune response and Treg cell
immunosuppression is an important strategy for the treatment of
asthma. Based on the fact that asthma commonly is
immunopathologically characterized by abnormally activated
effector Th cell immune response, there is a trend in the
development of new asthma drugs to inhibit the activity of key
factors involved in Th cell immune response by exogenous
neutralizing antibodies to achieve the purpose of preventing
immune inflammation (95, 96) However, as mentioned above, the
key factors involved in effector Th cell immune response also
participate in Treg cell inhibitory function. Therefore, although
inhibition of these key factors can effectively limit effector Th cell
response, it may also lead to impairment of Treg cell inhibitory
July 2022 | Volume 13 | Article 862866
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function (26). For example, it was found that administration of IL-4
antagonists in the mouse model of allergic asthma not only led to
beneficial effects on immunological key parameters but also resulted
in decreased ST2+ Treg cells (97), which has been proved to have a
strong immunosuppressive effect (98). Therefore, when exploring
the treatment strategies for asthma of targeted inhibition of pro-
inflammatory factors such as IL-4, it is necessary to take the
potential unwanted effect of impaired Treg cell function
into consideration.
CONCLUSION

We summarized in this review a series of evidences showing that
some important mechanisms in effector Th cell immune
response, including cytokines and transcription factors, not
only contribute immune inflammatory response, but also play
an important role in Treg cell function, thus revealing the
complex relationship between effector Th cell response and
Treg cell immunosuppression beyond their mutual inhibition.
Because these cytokines and transcription factors have a positive
regulatory effect on both effector Th cell immune response and
Frontiers in Immunology | www.frontiersin.org 7
Treg cell immunosuppression, asthma treatment strategies
targeting these cytokines and transcription factors needed to be
treated with caution, as they will not only affect effector Th cell
immune response, but also affect Treg cell immunosuppression,
resulting in unwanted consequences.
AUTHOR CONTRIBUTIONS

JD and JS attended discussion for the project design. WC and JS
drafted the manuscript. YZ and YC revised the manuscript. All
authors contributed to the article and approved the
submitted version.
FUNDING

This study was supported by the National Natural Science
Program of China (grant No. 82174170, 81703829), Shanghai
Sc i ence and Techno logy Commiss ion (g rant No .
18401901800, 21S21902500).
REFERENCES
1. Jeong J, Lee HK. The Role of CD4(+) T Cells and Microbiota in the

Pathogenesis of Asthma. Int J Mol Sci (2021) 22:11822. doi: 10.3390/
ijms222111822

2. Lambrecht BN, Hammad H. The Immunology of Asthma. Nat Immunol
(2015) 16:45–56. doi: 10.1038/ni.3049

3. Chalmin F, Humblin E, Ghiringhelli F, Vegran F. Transcriptional Programs
Underlying Cd4 T Cell Differentiation and Functions. Int Rev Cell Mol Biol
(2018) 341:1–61. doi: 10.1016/bs.ircmb.2018.07.002

4. Cui J, Xu H, Yu J, Li Y, Chen Z, Zou Y, et al. IL-4 Inhibits Regulatory T Cells
Differentiation by HDAC9-Mediated Epigenetic Regulation. Cell Death Dis
(2021) 12:501. doi: 10.1038/s41419-021-03769-7

5. Noval RM, Burton OT, Oettgen HC, Chatila T. IL-4 Production by Group 2 Innate
Lymphoid Cells Promotes Food Allergy by Blocking Regulatory T-Cell Function.
J Allergy Clin Immunol (2016) 138:801–11. doi: 10.1016/j.jaci.2016.02.030

6. Itoh S, Kimura N, Axtell RC, Velotta JB, Gong Y, Wang X, et al. Interleukin-17
Accelerates Allograft Rejection by Suppressing Regulatory T Cell Expansion.
Circulation (2011) 124:S187–96. doi: 10.1161/CIRCULATIONAHA.110.014852

7. Shimizu T, Kamata M, Fukaya S, Hayashi K, Fukuyasu A, Tanaka T, et al.
Anti-IL-17A and IL-23p19 Antibodies But Not Anti-TNFalpha Antibody
Induce Expansion of Regulatory T Cells and Restoration of Their Suppressive
Function in Imiquimod-Induced Psoriasiform Dermatitis. J Dermatol Sci
(2019) 95:90–8. doi: 10.1016/j.jdermsci.2019.07.006

8. Shevyrev D, Tereshchenko V. Treg Heterogeneity, Function, and Homeostasis.
Front Immunol (2019) 10:3100. doi: 10.3389/fimmu.2019.03100

9. Yan JB, Luo MM, Chen ZY, He BH. The Function and Role of the Th17/Treg
Cell Balance in Inflammatory Bowel Disease. J Immunol Res (2020)
2020:8813558. doi: 10.1155/2020/8813558

10. Yao Y, Chen CL, Yu D, Liu Z. Roles of Follicular Helper and Regulatory T
Cells in Allergic Diseases and Allergen Immunotherapy. Allergy (2021)
76:456–70. doi: 10.1111/all.14639

11. Provoost S, Maes T, Van Durme YM, Gevaert P, Bachert C, Schmidt-Weber
CB, et al. Decreased FOXP3 Protein Expression in Patients With Asthma.
Allergy (2009) 64:1539–46. doi: 10.1111/j.1398-9995.2009.02056.x

12. Schreiber TH, Wolf D, Tsai MS, Chirinos J, Deyev VV, Gonzalez L, et al.
Therapeutic Treg Expansion in Mice by TNFRSF25 Prevents Allergic Lung
Inflammation. J Clin Invest (2010) 120:3629–40. doi: 10.1172/JCI42933
13. Skuljec J, Chmielewski M, Happle C, Habener A, Busse M, Abken H, et al.
Chimeric Antigen Receptor-Redirected Regulatory T Cells Suppress
Experimental Allergic Airway Inflammation, a Model of Asthma. Front
Immunol (2017) 8:1125. doi: 10.3389/fimmu.2017.01125

14. Campbell DJ, Koch MA. Phenotypical and Functional Specialization of FOXP3
+ Regulatory T Cells.Nat Rev Immunol (2011) 11:119–30. doi: 10.1038/nri2916

15. Annacker O, Pimenta-Araujo R, Burlen-Defranoux O, Barbosa TC, Cumano
A, Bandeira A. CD25+ CD4+ T Cells Regulate the Expansion of Peripheral
CD4 T Cells Through the Production of IL-10. J Immunol (2001) 166:3008–
18. doi: 10.4049/jimmunol.166.5.3008

16. Curotto DLM, Lino AC, Kutchukhidze N, Lafaille JJ. CD25- T Cells Generate
CD25+Foxp3+ Regulatory T Cells by Peripheral Expansion. J Immunol (2004)
173:7259–68. doi: 10.4049/jimmunol.173.12.7259

17. Grinberg-Bleyer Y, Saadoun D, Baeyens A, Billiard F, Goldstein JD, Gregoire
S, et al. Pathogenic T Cells Have a Paradoxical Protective Effect in Murine
Autoimmune Diabetes by Boosting Tregs. J Clin Invest (2010) 120:4558–68.
doi: 10.1172/JCI42945

18. Gandhi NA, Bennett BL, Graham NM, Pirozzi G, Stahl N, Yancopoulos GD.
Targeting Key Proximal Drivers of Type 2 Inflammation in Disease. Nat Rev
Drug Discovery (2016) 15:35–50. doi: 10.1038/nrd4624

19. Wing JB, Sakaguchi S. Multiple Treg Suppressive Modules and Their
Adaptability. Front Immunol (2012) 3:178. doi: 10.3389/fimmu.2012.00178

20. Akbari O, Freeman GJ, Meyer EH, Greenfield EA, Chang TT, Sharpe AH,
et al. Antigen-Specific Regulatory T Cells Develop via the ICOS-ICOS-Ligand
Pathway and Inhibit Allergen-Induced Airway Hyperreactivity. Nat Med
(2002) 8:1024–32. doi: 10.1038/nm745

21. Skapenko A, Kalden JR, Lipsky PE, Schulze-Koops H. The IL-4 Receptor
Alpha-Chain-Binding Cytokines, IL-4 and IL-13, Induce Forkhead Box P3-
Expressing CD25+CD4+ Regulatory T Cells From CD25-CD4+ Precursors. J
Immunol (2005) 175:6107–16. doi: 10.4049/jimmunol.175.9.6107

22. Yang WC, Hwang YS, Chen YY, Liu CL, Shen CN, Hong WH, et al.
Interleukin-4 Supports the Suppressive Immune Responses Elicited by
Regulatory T Cells. Front Immunol (2017) 8:1508. doi: 10.3389/
fimmu.2017.01508

23. Abdel AN, Nono JK, Mpotje T, Brombacher F. The Foxp3+ Regulatory T-Cell
Population Requires IL-4Ralpha Signaling to Control Inflammation During
Helminth Infections. PloS Biol (2018) 16:e2005850. doi: 10.1371/
journal.pbio.2005850
July 2022 | Volume 13 | Article 862866

https://doi.org/10.3390/ijms222111822
https://doi.org/10.3390/ijms222111822
https://doi.org/10.1038/ni.3049
https://doi.org/10.1016/bs.ircmb.2018.07.002
https://doi.org/10.1038/s41419-021-03769-7
https://doi.org/10.1016/j.jaci.2016.02.030
https://doi.org/10.1161/CIRCULATIONAHA.110.014852
https://doi.org/10.1016/j.jdermsci.2019.07.006
https://doi.org/10.3389/fimmu.2019.03100
https://doi.org/10.1155/2020/8813558
https://doi.org/10.1111/all.14639
https://doi.org/10.1111/j.1398-9995.2009.02056.x
https://doi.org/10.1172/JCI42933
https://doi.org/10.3389/fimmu.2017.01125
https://doi.org/10.1038/nri2916
https://doi.org/10.4049/jimmunol.166.5.3008
https://doi.org/10.4049/jimmunol.173.12.7259
https://doi.org/10.1172/JCI42945
https://doi.org/10.1038/nrd4624
https://doi.org/10.3389/fimmu.2012.00178
https://doi.org/10.1038/nm745
https://doi.org/10.4049/jimmunol.175.9.6107
https://doi.org/10.3389/fimmu.2017.01508
https://doi.org/10.3389/fimmu.2017.01508
https://doi.org/10.1371/journal.pbio.2005850
https://doi.org/10.1371/journal.pbio.2005850
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Th Responses Contribute to Treg
24. Yates J, Rovis F, Mitchell P, Afzali B, Tsang J, Garin M, et al. The Maintenance
of Human CD4+ CD25+ Regulatory T Cell Function: IL-2, IL-4, IL-7 and IL-
15 Preserve Optimal Suppressive Potency In Vitro. Int Immunol (2007)
19:785–99. doi: 10.1093/intimm/dxm047

25. Jones MB, Alvarez CA, Johnson JL, Zhou JY, Morris N, Cobb BA. CD45Rb-
Low Effector T Cells Require IL-4 to Induce IL-10 in FoxP3 Tregs and to
Protect Mice From Inflammation. PloS One (2019) 14:e216893. doi: 10.1371/
journal.pone.0216893

26. Khumalo J, Kirstein F, Hadebe S, Brombacher F. IL-4Ralpha Signaling in CD4
+CD25+FoxP3+ T Regulatory Cells Restrains Airway Inflammation via
Limiting Local Tissue IL-33. JCI Insight (2020) 5:e136206. doi: 10.1172/
jci.insight.136206

27. Le Floc'H A, Allinne J, Nagashima K, Scott G, Birchard D, Asrat S, et al. Dual
Blockade of IL-4 and IL-13 With Dupilumab, an IL-4Ralpha Antibody, is
Required to Broadly Inhibit Type 2 Inflammation. Allergy (2020) 75:1188–
204. doi: 10.1111/all.14151

28. Hadebe S, Khumalo J, Mangali S, Mthembu N, Ndlovu H, Scibiorek M, et al.
Deletion of IL-4Ralpha Signaling on B Cells Limits Hyperresponsiveness
Depending on Antigen Load. J Allergy Clin Immunol (2021) 148:99–109.
doi: 10.1016/j.jaci.2020.12.635

29. Nieuwenhuizen NE, Kirstein F, Hoving JC, Brombacher F. House Dust Mite
Induced Allergic Airway Disease is Attenuated in CD11c(cre)IL-4Ralpha(-/L)
Degrees (X) Mice. Sci Rep (2018) 8:885. doi: 10.1038/s41598-017-19060-9

30. Wang Y, Su MA, Wan YY. An Essential Role of the Transcription Factor
GATA-3 for the Function of Regulatory T Cells. Immunity (2011) 35:337–48.
doi: 10.1016/j.immuni.2011.08.012

31. Khumalo J, Kirstein F, Scibiorek M, Hadebe S, Brombacher F. Therapeutic
and Prophylactic Deletion of IL-4Ra-Signaling Ameliorates Established
Ovalbumin Induced Allergic Asthma. Allergy (2020) 75:1347–60.
doi: 10.1111/all.14137

32. Gupta S, Jiang M, Anthony A, Pernis AB. Lineage-Specific Modulation of
Interleukin 4 Signaling by Interferon Regulatory Factor 4. J Exp Med (1999)
190:1837–48. doi: 10.1084/jem.190.12.1837

33. Zheng Y, Chaudhry A, Kas A, DeRoos P, Kim JM, Chu TT, et al. Regulatory
T-Cell Suppressor Program Co-Opts Transcription Factor IRF4 to Control T
(H)2 Responses. Nature (2009) 458:351–6. doi: 10.1038/nature07674

34. Seki N, Miyazaki M, Suzuki W, Hayashi K, Arima K, Myburgh E, et al. IL-4-
Induced GATA-3 Expression is a Time-Restricted Instruction Switch for Th2
Cell Differentiation. J Immunol (2004) 172:6158–66. doi: 10.4049/
jimmunol.172.10.6158

35. Wohlfert EA, Grainger JR, Bouladoux N, Konkel JE, Oldenhove G, Ribeiro
CH, et al. GATA3 Controls Foxp3(+) Regulatory T Cell Fate During
Inflammation in Mice. J Clin Invest (2011) 121:4503–15. doi: 10.1172/
JCI57456

36. Siegmund K, Feuerer M, Siewert C, Ghani S, Haubold U, Dankof A, et al.
Migration Matters: Regulatory T-Cell Compartmentalization Determines
Suppressive Activity In Vivo. Blood (2005) 106:3097–104. doi: 10.1182/
blood-2005-05-1864

37. Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell
DJ. The Transcription Factor T-Bet Controls Regulatory T Cell Homeostasis
and Function During Type 1 Inflammation. Nat Immunol (2009) 10:595–602.
doi: 10.1038/ni.1731

38. Levine AG, Mendoza A, Hemmers S, Moltedo B, Niec RE, Schizas M, et al.
Stability and Function of Regulatory T Cells Expressing the Transcription
Factor T-Bet. Nature (2017) 546:421–5. doi: 10.1038/nature22360

39. Littringer K, Moresi C, Rakebrandt N, Zhou X, Schorer M, Dolowschiak T,
et al. Common Features of Regulatory T Cell Specialization During Th1
Responses. Front Immunol (2018) 9:1344. doi: 10.3389/fimmu.2018.01344

40. Elfaki Y, Yang J, Boehme J, Schultz K, Bruder D, Falk CS, et al. Tbx21 and
Foxp3 are Epigenetically Stabilized in T-Bet(+) Tregs That Transiently
Accumulate in Influenza a Virus-Infected Lungs. Int J Mol Sci (2021)
22:7522. doi: 10.3390/ijms22147522

41. Yu F, Sharma S, Edwards J, Feigenbaum L, Zhu J. Dynamic Expression of
Transcription Factors T-Bet and GATA-3 by Regulatory T Cells Maintains
Immunotolerance. Nat Immunol (2015) 16:197–206. doi: 10.1038/ni.3053

42. Nosko A, Kluger MA, Diefenhardt P, Melderis S, Wegscheid C, Tiegs G, et al.
T-Bet Enhances Regulatory T Cell Fitness and Directs Control of Th1
Frontiers in Immunology | www.frontiersin.org 8
Responses in Crescentic GN. J Am Soc Nephrol (2017) 28:185–96.
doi: 10.1681/ASN.2015070820

43. Koch MA, Thomas KR, Perdue NR, Smigiel KS, Srivastava S, Campbell DJ. T-
Bet(+) Treg Cells Undergo Abortive Th1 Cell Differentiation Due to Impaired
Expression of IL-12 Receptor Beta2. Immunity (2012) 37:501–10.
doi: 10.1016/j.immuni.2012.05.031

44. Wood KJ, Sawitzki B. Interferon Gamma: A Crucial Role in the Function of
Induced Regulatory T Cells In Vivo. Trends Immunol (2006) 27:183–7.
doi: 10.1016/j.it.2006.02.008

45. Nishibori T, Tanabe Y, Su L, David M. Impaired Development of CD4+ CD25+
Regulatory T Cells in the Absence of STAT1: Increased Susceptibility to
Autoimmune Disease. J Exp Med (2004) 199:25–34. doi: 10.1084/jem.20020509

46. Liaskou E, Patel SR, Webb G, Bagkou DD, Akiror S, Krishna M, et al.
Increased Sensitivity of Treg Cells From Patients With PBC to Low Dose IL-
12 Drives Their Differentiation Into IFN-Gamma Secreting Cells. J
Autoimmun (2018) 94:143–55. doi: 10.1016/j.jaut.2018.07.020

47. VermaND,Hall BM, Plain KM, Robinson CM, Boyd R, TranGT, et al. Interleukin-
12 (IL-12p70) Promotes Induction of Highly Potent Th1-Like CD4(+)CD25(+) T
Regulatory Cells That Inhibit Allograft Rejection in Unmodified Recipients. Front
Immunol (2014) 5:190. doi: 10.3389/fimmu.2014.00190

48. Zhao Z, Yu S, Fitzgerald DC, Elbehi M, Ciric B, Rostami AM, et al. IL-12R
Beta 2 Promotes the Development of CD4+CD25+ Regulatory T Cells. J
Immunol (2008) 181:3870–6. doi: 10.4049/jimmunol.181.6.3870

49. McGeachy MJ, Cua DJ. Th17 Cell Differentiation: The Long and Winding
Road. Immunity (2008) 28:445–53. doi: 10.1016/j.immuni.2008.03.001

50. Zhou L, Lopes JE, Chong MM, Ivanov II, Min R, Victora GD, et al. TGF-Beta-
Induced Foxp3 Inhibits T(H)17 Cell Differentiation by Antagonizing
RORgammat Function. Nature (2008) 453:236–40. doi: 10.1038/nature06878

51. Chen X, Oppenheim JJ. Th17 Cells and Tregs: Unlikely Allies. J Leukoc Biol
(2014) 95:723–31. doi: 10.1189/jlb.1213633

52. Zhou Q, Hu Y, Howard OM, Oppenheim JJ, Chen X. In Vitro Generated Th17
Cells Support the Expansion and Phenotypic Stability of CD4(+)Foxp3(+)
Regulatory T Cells In Vivo. Cytokine (2014) 65:56–64. doi: 10.1016/
j.cyto.2013.09.008

53. Torrey H, Kuhtreiber WM, Okubo Y, Tran L, Case K, Zheng H, et al. A Novel
TNFR2 Agonist Antibody Expands Highly Potent Regulatory T Cells. Sci
Signal (2020) 13:eaba9600. doi: 10.1126/scisignal.aba9600

54. Chen X, Subleski JJ, Hamano R, Howard OM, Wiltrout RH, Oppenheim JJ.
Co-Expression of TNFR2 and CD25 Identifies More of the Functional CD4
+FOXP3+ Regulatory T Cells in Human Peripheral Blood. Eur J Immunol
(2010) 40:1099–106. doi: 10.1002/eji.200940022

55. Chen X, Baumel M, Mannel DN, Howard OM, Oppenheim JJ. Interaction of
TNFWith TNF Receptor Type 2 Promotes Expansion and Function of Mouse
CD4+CD25+ T Regulatory Cells. J Immunol (2007) 179:154–61. doi: 10.4049/
jimmunol.179.1.154

56. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 Cells. Annu Rev
Immunol (2009) 27:485–517. doi: 10.1146/annurev.immunol.021908.132710

57. Ye M, Joosse ME, Liu L, Sun Y, Dong Y, Cai C, et al. Deletion of IL-6
Exacerbates Colitis and Induces Systemic Inflammation in IL-10-Deficient
Mice. J Crohns Colitis (2020) 14:831–40. doi: 10.1093/ecco-jcc/jjz176

58. Skartsis N, Peng Y, Ferreira L, Nguyen V, Ronin E, Muller YD, et al. IL-6 and
TNFalpha Drive Extensive Proliferation of Human Tregs Without
Compromising Their Lineage Stability or Function. Front Immunol (2021)
12:783282. doi: 10.3389/fimmu.2021.783282

59. Hagenstein J, Melderis S, Nosko A, Warkotsch MT, Richter JV, Ramcke T,
et al. A Novel Role for IL-6 Receptor Classic Signaling: Induction of
RORgammat(+)Foxp3(+) Tregs With Enhanced Suppressive Capacity. J Am
Soc Nephrol (2019) 30:1439–53. doi: 10.1681/ASN.2019020118

60. Zhang M, Zhou L, Xu Y, Yang M, Xu Y, Komaniecki GP, et al. A STAT3
Palmitoylation Cycle Promotes TH17 Differentiation and Colitis. Nature
(2020) 586:434–9. doi: 10.1038/s41586-020-2799-2

61. Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, et al. CD4+
Regulatory T Cells Control TH17 Responses in a Stat3-Dependent Manner.
Science (2009) 326:986–91. doi: 10.1126/science.1172702

62. Solt LA, Kumar N, Nuhant P, Wang Y, Lauer JL, Liu J, et al. Suppression of
TH17 Differentiation and Autoimmunity by a Synthetic ROR Ligand. Nature
(2011) 472:491–4. doi: 10.1038/nature10075
July 2022 | Volume 13 | Article 862866

https://doi.org/10.1093/intimm/dxm047
https://doi.org/10.1371/journal.pone.0216893
https://doi.org/10.1371/journal.pone.0216893
https://doi.org/10.1172/jci.insight.136206
https://doi.org/10.1172/jci.insight.136206
https://doi.org/10.1111/all.14151
https://doi.org/10.1016/j.jaci.2020.12.635
https://doi.org/10.1038/s41598-017-19060-9
https://doi.org/10.1016/j.immuni.2011.08.012
https://doi.org/10.1111/all.14137
https://doi.org/10.1084/jem.190.12.1837
https://doi.org/10.1038/nature07674
https://doi.org/10.4049/jimmunol.172.10.6158
https://doi.org/10.4049/jimmunol.172.10.6158
https://doi.org/10.1172/JCI57456
https://doi.org/10.1172/JCI57456
https://doi.org/10.1182/blood-2005-05-1864
https://doi.org/10.1182/blood-2005-05-1864
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/nature22360
https://doi.org/10.3389/fimmu.2018.01344
https://doi.org/10.3390/ijms22147522
https://doi.org/10.1038/ni.3053
https://doi.org/10.1681/ASN.2015070820
https://doi.org/10.1016/j.immuni.2012.05.031
https://doi.org/10.1016/j.it.2006.02.008
https://doi.org/10.1084/jem.20020509
https://doi.org/10.1016/j.jaut.2018.07.020
https://doi.org/10.3389/fimmu.2014.00190
https://doi.org/10.4049/jimmunol.181.6.3870
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.1038/nature06878
https://doi.org/10.1189/jlb.1213633
https://doi.org/10.1016/j.cyto.2013.09.008
https://doi.org/10.1016/j.cyto.2013.09.008
https://doi.org/10.1126/scisignal.aba9600
https://doi.org/10.1002/eji.200940022
https://doi.org/10.4049/jimmunol.179.1.154
https://doi.org/10.4049/jimmunol.179.1.154
https://doi.org/10.1146/annurev.immunol.021908.132710
https://doi.org/10.1093/ecco-jcc/jjz176
https://doi.org/10.3389/fimmu.2021.783282
https://doi.org/10.1681/ASN.2019020118
https://doi.org/10.1038/s41586-020-2799-2
https://doi.org/10.1126/science.1172702
https://doi.org/10.1038/nature10075
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Th Responses Contribute to Treg
63. Yang BH, Hagemann S, Mamareli P, Lauer U, Hoffmann U, Beckstette M,
et al. Foxp3(+) T Cells Expressing RORgammat Represent a Stable Regulatory
T-Cell Effector Lineage With Enhanced Suppressive Capacity During
Intestinal Inflammation. Mucosal Immunol (2016) 9:444–57. doi: 10.1038/
mi.2015.74

64. Pratama A, Schnell A, Mathis D, Benoist C. Developmental and Cellular Age
Direct Conversion of CD4+ T Cells Into RORgamma+ or Helios+ Colon Treg
Cells. J Exp Med (2020) 217:e20190428. doi: 10.1084/jem.20190428

65. Yang J, Zou M, Pezoldt J, Zhou X, Huehn J. Thymus-Derived Foxp3(+)
Regulatory T Cells Upregulate RORgammat Expression Under Inflammatory
Conditions. J Mol Med (Berl) (2018) 96:1387–94. doi: 10.1007/s00109-018-
1706-x

66. Bhaumik S, Mickael ME, Moran M, Spell M, Basu R. RORgammat Promotes
Foxp3 Expression by Antagonizing the Effector Program in Colonic
Regulatory T Cells. J Immunol (2021) 207:2027–38. doi: 10.4049/
jimmunol.2100175

67. Schmitt E, Klein M, Bopp T. Th9 Cells, New Players in Adaptive Immunity.
Trends Immunol (2014) 35:61–8. doi: 10.1016/j.it.2013.10.004

68. Angkasekwinai P, Dong C. IL-9-Producing T Cells: Potential Players in
Allergy and Cancer. Nat Rev Immunol (2021) 21:37–48. doi: 10.1038/
s41577-020-0396-0

69. Rauber S, Luber M, Weber S, Maul L, Soare A, Wohlfahrt T, et al. Resolution
of Inflammation by Interleukin-9-Producing Type 2 Innate Lymphoid Cells.
Nat Med (2017) 23:938–44. doi: 10.1038/nm.4373

70. Chang HC, Sehra S, Goswami R, Yao W, Yu Q, Stritesky GL, et al. The
Transcription Factor PU.1 is Required for the Development of IL-9-
Producing T Cells and Allergic Inflammation. Nat Immunol (2010) 11:527–
34. doi: 10.1038/ni.1867

71. Feng LL, Gao JM, Li PP, Wang X. IL-9 Contributes to Immunosuppression
Mediated by Regulatory T Cells and Mast Cells in B-Cell non-Hodgkin's
Lymphoma. J Clin Immunol (2011) 31:1084–94. doi: 10.1007/s10875-011-9584-9

72. Gerlach K, Hwang Y, Nikolaev A, Atreya R, Dornhoff H, Steiner S, et al. TH9
Cells That Express the Transcription Factor PU.1 Drive T Cell-Mediated
Colitis via IL-9 Receptor Signaling in Intestinal Epithelial Cells. Nat Immunol
(2014) 15:676–86. doi: 10.1038/ni.2920

73. Nowak EC, Weaver CT, Turner H, Begum-Haque S, Becher B, Schreiner B,
et al. IL-9 as a Mediator of Th17-Driven Inflammatory Disease. J Exp Med
(2009) 206:1653–60. doi: 10.1084/jem.20090246

74. Heim L, Yang Z, Tausche P, Hohenberger K, Chiriac MT, Koelle J, et al. IL-9
Producing Tumor-Infiltrating Lymphocytes and Treg Subsets Drive Immune
Escape of Tumor Cells in Non-Small Cell Lung Cancer. Front Immunol (2022)
13:859738. doi: 10.3389/fimmu.2022.859738

75. Elyaman W, Bradshaw EM, Uyttenhove C, Dardalhon V, Awasthi A, Imitola
J, et al. IL-9 Induces Differentiation of TH17 Cells and Enhances Function of
FoxP3+ Natural Regulatory T Cells. Proc Natl Acad Sci U S A (2009)
106:12885–90. doi: 10.1073/pnas.0812530106

76. Eller K, Wolf D, Huber JM, Metz M, Mayer G, McKenzie AN, et al. IL-9
Production by Regulatory T Cells Recruits Mast Cells That are Essential for
Regulatory T Cell-Induced Immune Suppression. J Immunol (2011) 186:83–
91. doi: 10.4049/jimmunol.1001183

77. Lu LF, Lind EF, Gondek DC, Bennett KA, Gleeson MW, Pino-Lagos K, et al.
Mast Cells are Essential Intermediaries in Regulatory T-Cell Tolerance.
Nature (2006) 442:997–1002. doi: 10.1038/nature05010

78. Crotty S. T Follicular Helper Cell Biology: A Decade of Discovery and
Diseases. Immunity (2019) 50:1132–48. doi: 10.1016/j.immuni.2019.04.011

79. Sage PT, Sharpe AH. T Follicular Regulatory Cells. Immunol Rev (2016)
271:246–59. doi: 10.1111/imr.12411

80. Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al.
Foxp3+ Follicular Regulatory T Cells Control the Germinal Center Response.
Nat Med (2011) 17:975–82. doi: 10.1038/nm.2425

81. Choi J, Diao H, Faliti CE, Truong J, Rossi M, Belanger S, et al. Bcl-6 is the Nexus
Transcription Factor of T Follicular Helper Cells via Repressor-of-Repressor
Circuits. Nat Immunol (2020) 21:777–89. doi: 10.1038/s41590-020-0706-5

82. Sawant DV, Sehra S, Nguyen ET, Jadhav R, Englert K, Shinnakasu R, et al.
Bcl6 Controls the Th2 Inflammatory Activity of Regulatory T Cells by
Repressing Gata3 Function. J Immunol (2012) 189:4759–69. doi: 10.4049/
jimmunol.1201794
Frontiers in Immunology | www.frontiersin.org 9
83. Sawant DV, Wu H, Yao W, Sehra S, Kaplan MH, Dent AL. The
Transcriptional Repressor Bcl6 Controls the Stability of Regulatory T Cells
by Intrinsic and Extrinsic Pathways. Immunology (2015) 145:11–23.
doi: 10.1111/imm.12393

84. Chung Y, Tanaka S, Chu F, Nurieva RI, Martinez GJ, Rawal S, et al. Follicular
Regulatory T Cells Expressing Foxp3 and Bcl-6 Suppress Germinal Center
Reactions. Nat Med (2011) 17:983–8. doi: 10.1038/nm.2426

85. Wei B, Zhang H, Li L, Li M, Shang Y. T Helper 17 Cells and Regulatory T-Cell
Imbalance in Paediatric Patients With Asthma. J Int Med Res (2011) 39:1293–
305. doi: 10.1177/147323001103900417

86. Shi YH, Shi GC,Wan HY, Jiang LH, Ai XY, Zhu HX, et al. Coexistence of Th1/
Th2 and Th17/Treg Imbalances in Patients With Allergic Asthma. Chin Med J
(Engl) (2011) 124:1951–6. doi: 10.3760/cma.j.issn.0366-6999.2011.13.006

87. Huang F, Yin JN, Wang HB, Liu SY, Li YN. Association of Imbalance of
Effector T Cells and Regulatory Cells With the Severity of Asthma and Allergic
Rhinitis in Children. Allergy Asthma Proc (2017) 38:70–7. doi: 10.2500/
aap.2017.38.4076

88. Bergantini L, D'Alessandro M, Cameli P, Pianigiani T, Fanetti M, Sestini P,
et al. Follicular T Helper and Breg Cell Balance in Severe Allergic Asthma
Before and After Omalizumab Therapy. Mol Diagn Ther (2021) 25:593–605.
doi: 10.1007/s40291-021-00545-3

89. Al-Daghri NM, Abd-Alrahman S, Draz H, Alkharfy K, Mohammed AK,
Clerici MS, et al. Increased IL-4 mRNA Expression and Poly-Aromatic
Hydrocarbon Concentrations From Children With Asthma. BMC Pediatr
(2014) 14:17. doi: 10.1186/1471-2431-14-17

90. Chai R, Liu B, Qi F. The Significance of the Levels of IL-4, IL-31 and TLSP in
Patients With Asthma and/or Rhinitis. Immunotherapy-Uk (2017) 9:331–7.
doi: 10.2217/imt-2016-0131

91. Liu W, Liu S, Verma M, Zafar I, Good JT, Rollins D, et al. Mechanism of TH2/
TH17-Predominant and Neutrophilic TH2/TH17-Low Subtypes of Asthma.
J Allergy Clin Immunol (2017) 139:1548–58. doi: 10.1016/j.jaci.2016.08.032

92. Steinke JW, Lawrence MG, Teague WG, Braciale TJ, Patrie JT, Borish L.
Bronchoalveolar Lavage Cytokine Patterns in Children With Severe
Neutrophilic and Paucigranulocytic Asthma. J Allergy Clin Immunol (2021)
147:686–93. doi: 10.1016/j.jaci.2020.05.039

93. Shimbara A, Christodoulopoulos P, Soussi-Gounni A, Olivenstein R,
Nakamura Y, Levitt RC, et al. IL-9 and its Receptor in Allergic and
Nonallergic Lung Disease: Increased Expression in Asthma. J Allergy Clin
Immunol (2000) 105:108–15. doi: 10.1016/s0091-6749(00)90185-4

94. Toda M, Tulic MK, Levitt RC, Hamid Q. A Calcium-Activated Chloride
Channel (HCLCA1) is Strongly Related to IL-9 Expression and Mucus
Production in Bronchial Epithelium of Patients With Asthma. J Allergy Clin
Immunol (2002) 109:246–50. doi: 10.1067/mai.2002.121555

95. Castro M, Corren J, Pavord ID, Maspero J, Wenzel S, Rabe KF, et al.
Dupilumab Efficacy and Safety in Moderate-To-Severe Uncontrolled
Asthma. N Engl J Med (2018) 378:2486–96. doi: 10.1056/NEJMoa1804092

96. Wechsler ME, Ruddy MK, Pavord ID, Israel E, Rabe KF, Ford LB, et al.
Efficacy and Safety of Itepekimab in Patients With Moderate-To-Severe
Asthma. N Engl J Med (2021) 385:1656–68. doi: 10.1056/NEJMoa2024257

97. Russkamp D, Aguilar-Pimentel A, Alessandrini F, Gailus-Durner V, Fuchs H,
Ohnmacht C, et al. IL-4 Receptor Alpha Blockade Prevents Sensitization and
Alters Acute and Long-Lasting Effects of Allergen-Specific Immunotherapy of
Murine Allergic Asthma. Allergy (2019) 74:1549–60. doi: 10.1111/all.13759

98. Faustino LD, Griffith JW, Rahimi RA, Nepal K, Hamilos DL, Cho JL, et al.
Interleukin-33 Activates Regulatory T Cells to Suppress Innate Gammadelta T
Cell Responses in the Lung. Nat Immunol (2020) 21:1371–83. doi: 10.1038/
s41590-020-0785-3

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
July 2022 | Volume 13 | Article 862866

https://doi.org/10.1038/mi.2015.74
https://doi.org/10.1038/mi.2015.74
https://doi.org/10.1084/jem.20190428
https://doi.org/10.1007/s00109-018-1706-x
https://doi.org/10.1007/s00109-018-1706-x
https://doi.org/10.4049/jimmunol.2100175
https://doi.org/10.4049/jimmunol.2100175
https://doi.org/10.1016/j.it.2013.10.004
https://doi.org/10.1038/s41577-020-0396-0
https://doi.org/10.1038/s41577-020-0396-0
https://doi.org/10.1038/nm.4373
https://doi.org/10.1038/ni.1867
https://doi.org/10.1007/s10875-011-9584-9
https://doi.org/10.1038/ni.2920
https://doi.org/10.1084/jem.20090246
https://doi.org/10.3389/fimmu.2022.859738
https://doi.org/10.1073/pnas.0812530106
https://doi.org/10.4049/jimmunol.1001183
https://doi.org/10.1038/nature05010
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1111/imr.12411
https://doi.org/10.1038/nm.2425
https://doi.org/10.1038/s41590-020-0706-5
https://doi.org/10.4049/jimmunol.1201794
https://doi.org/10.4049/jimmunol.1201794
https://doi.org/10.1111/imm.12393
https://doi.org/10.1038/nm.2426
https://doi.org/10.1177/147323001103900417
https://doi.org/10.3760/cma.j.issn.0366-6999.2011.13.006
https://doi.org/10.2500/aap.2017.38.4076
https://doi.org/10.2500/aap.2017.38.4076
https://doi.org/10.1007/s40291-021-00545-3
https://doi.org/10.1186/1471-2431-14-17
https://doi.org/10.2217/imt-2016-0131
https://doi.org/10.1016/j.jaci.2016.08.032
https://doi.org/10.1016/j.jaci.2020.05.039
https://doi.org/10.1016/s0091-6749(00)90185-4
https://doi.org/10.1067/mai.2002.121555
https://doi.org/10.1056/NEJMoa1804092
https://doi.org/10.1056/NEJMoa2024257
https://doi.org/10.1111/all.13759
https://doi.org/10.1038/s41590-020-0785-3
https://doi.org/10.1038/s41590-020-0785-3
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chen et al. Th Responses Contribute to Treg
Copyright © 2022 Chen, Cao, Zhong, Sun and Dong. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
Frontiers in Immunology | www.frontiersin.org 10
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
July 2022 | Volume 13 | Article 862866

http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Mechanisms of Effector Th Cell Responses Contribute to Treg Cell Function: New Insights into Pathogenesis and Therapy of Asthma
	Introduction
	THE PROMOTIONS OF TREG FUNCTIONS BY EFFECTOR TH CELL MECHANISMS
	Promotions by Th2 cell mechanisms: IL-4, IRF4 and GATA3
	Promotions by Th1 Cell Mechanisms: IFN-γ, T-bet and IL-12
	Promotions by Th17 Cell Mechanisms: IL-6, STAT3 and ROR&gamma;t
	Promotions by Th9 Cell Mechanisms: IL-9
	Promotions by Tfh Cell Mechanisms: Bcl6

	New Insights into CD4 + T Cells in Asthma Pathogenesis and Therapy
	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


