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I )

Abstract: In terms of the global burden of disease, helminthiasis is the most common infectious
disease in the world. In response to the disease, the human host develops an immunological response
that occurs predominantly through the action of T helper 2 (Th2) cells and the interleukins 1L-4,
IL-5 and IL-13. However, other types of Th cells, such as Th9, are also involved in the defense
against helminths, with the IL-9 produced by these cells promoting the induction of mastocytosis
and the increased production of IgG1 and IgE, in addition to the increase in intestinal contractility
that promotes the expulsion of worms. Together, IL-9 and IL-10, which is also produced by Th9,
induce a type 2 inflammatory response characterized by the coordinated actions of innate lymphoid
cells, mast cells, basophils and other cells that work together toward a single objective: the reduction
of the parasitic burden. This review presents the latest findings on Th9 effector mechanisms in
helminthic infections.
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1. Introduction

Parasitic infections comprise a group of neglected diseases that are mainly caused
by helminths and protozoa that colonize the gastrointestinal tracts of their hosts [1].
Helminthiasis comprises different types of helminth infections that are caused by different
species of worms and are the most common infectious diseases in the world, with almost
240 million people infected with Schistosoma spp. [2] and 1.5 billion infected by soil-
transmitted helminths, with the Americas particularly affected, with about one-third of the
population carrying these parasites [3].

Classically, the immune response against helminths is predominantly due to the action
of T helper 2 (Th2) cells and the interleukins IL-4, IL-5 and IL-13. In addition, innate
immunity participates through the action of eosinophils, mast cells and basophils—which
release their granules to destroy helminths—and activated macrophages, which have a
tissue-repairing role through their expression of molecules such as resistin-like molecule
(RELM) and arginase 1 [1,4].

The role of IL-9 in the defense against helminths through the induction of mastocytosis
and the increased production of IgG1 and IgE, in addition to the increased intestinal
contractility that promotes the expulsion of worms, was first discovered in the 1980s [5].
However, only in recent decades has it been shown that IL-9 is not only produced by Th2
cells but is also produced by T cells, such as regulatory T cells (Treg) [6] and CD8" T cells,
including natural killer and gamma-delta (y$) T cells [7].

Additionally, studies were developed in order to identify which T helper (Th) cells
produced IL-9, and it was concluded that IL-9 is produced by a specific group of Th cells that
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became known as Th9. These cells, characterized by their expression of the transcription
factors PU.1 and IRF4 [8], require the induction of TGF-3, a key cytokine that promotes
the reprogramming of Th2 cells to the Th9 phenotype [9]. In this review, the important
inflammatory role of Th9 cells and IL-9 in the defense against helminths will be discussed.

2. The Participation of Th9 in Inflammation

The inflammatory response, or inflammation, is characterized as a complex cascade of
physiological events which have the function of protecting the body’s tissues and organs
by acting in such a way as to restrict local damage; however, an excessive response can
have deleterious effects [10].

The immune response triggered by the presence of microorganisms and the subse-
quent tissue damage contribute to the elimination of these agents, as well as favoring the
stimulation of repair processes [11]. During the inflammatory process, cellular infiltrate
leukocytes may arise as pre- and pro-inflammatory molecules which can be stimulated or
inhibited, collaborating in the control of the signs and symptoms of infection [12,13].

Among leukocytes, CD4" T cells, also known as T helper lymphocytes, differentiate
into different Th cell patterns, with different effector functions that drive the profiles of
immune responses. CD4" T cells have transcription factors which, in response to antigenic
stimuli, define the signaling pathways responsible for the production of interleukins for
each type of T cell [14].

Among the Th cell patterns, Th9 plays an important role in immunity against parasites
and autoimmune and inflammatory processes wherein the differentiation of these cells is
related to TGF-f3 and IL-4 signaling pathways, in combination with the participation of the
transcription factors IRF4 and PU.1 [9,14-18]. The differentiation process begins with the
activation of PU.1 by TGF-f3, which triggers the activation of the IL-4 receptor. This induces
STAT6, which is required for the secretion of IL-9. GATA-3 and IRF-4 are then activated,
leading to the transcription and secretion of IL-9 [19] (Figure 1).
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Figure 1. Th9 response activation process. (A) Participation of Th9 cells in the activation of Th2 cells.
(B) Time (in days (d) or weeks (w)) required for triggering the Th9 response in different infections.
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Initially, IL-9 production was associated with the Th2 response, but studies carried
out in mice have redefined IL-9-producing cells as Th9 cells [9,18]. This interleukin acts as
a growth factor for mast cells and potentiates the production of inflammatory cytokines
by these cells [20] (Figure 1). The secretion of IL-9, induced by TGFp/IL-4 in CD4* T
cells, depends on the action of a complex of cytokines, such as IL-1f3, IL-6, IL-10, IL-21,
IL-25, IL-33, IFN-o and IFN-f3, as well as the involvement of members of the TNF receptor
superfamily (TNFR), which are activated by their ligands OX40L, TL1A and GITRL (capable
of increasing IL-9) while being inhibited by IFNy and IL-27 [21,22].

Studies that analyzed the dynamics of the immune response in allergic processes
(similar to helminthic infections in terms of eosinophilic and mast cell responses) showed
that the peak cytokine production for both IFN-y and IL-9 was significantly higher than
that of IL-4 [23]. However, Thl inflammation does not become dominant in all allergic
diseases, even when Th2 allergic inflammation is reduced, indicating that the pathogenesis
is not entirely due to a Th1/Th2 imbalance [24] and leading to the conclusion that other
mechanisms must be involved.

Furthermore, in a study involving allergic rhinitis (AR), exogenous IL-9 augmented
IL-4 and exogenous IL-4 augmented IL-9, proving the process of feedback between Th2
and Th9 cytokines [23]. The Th2 responses were greater in AR mice than in controls and
were downregulated by anti-IL-9 treatment, suggesting that in the absence of IL-9, the Th2
reactions are inhibited [24].

Some studies carried out in mice demonstrated that the overexpression of IL-9 leads to
the development of intestinal mastocytosis and makes the animals resistant to infection by
Trichuris muris while also causing the inflammation of airways [5,18,25-27]. Due to studies
of this type, Th9 cells have been associated with immunological protection against parasitic
infections by protozoa and helminths and extracellular pathogens [1].

3. Protective Potential of Th9 in Helminth Infections
3.1. Nematodes

For many years, it was believed that Th2 cells produced IL-9 due to the intrinsic par-
ticipation of this interleukin in the Th2 response. Since the 1990s, studies have shown that
the increases in IL-9 and IL-5 in hosts infected with Trichuris muris confer immunological
resistance and prevent the spread of the infection due to a greater ability to expel the
parasite [28].

Furthermore, the increases in parasite-specific IgG1 and total IgE, as well as intestinal
eosinophils, were inversely proportional to the parasite load unlike parasite-specific IgG2a,
which is produced and controlled by IFN-y stimulation, which, when increased, was unable
to control the number of worms [28]. This function is so effective with respect to providing
protection against helminths that mice immunized with a synthetic self-adjuvant oleic-vinyl
sulfone (OVS) linked to the catalytic region of recombinant serine/threonine phosphatase
2A from the nematode Angiostrongylus costaricensis (rPP2A) had reductions of up to 99% in
the number of T. muris eggs [29].

This protective action was also associated with the ability of IL-9 to recruit mast
cells [5]. Mast cells are cells originating in the bone marrow which, once mature, are located
in mucous membranes or connective tissues. They are classified according to the location
and content of their granules, which are composed of different proteases, depending
on the environmental stimulus [30]. These cells are implicated in the defense against
helminths by inducing a type 2 inflammatory response characterized by the presence of type
2 innate lymphoid cells (ILC2)—especially those producing IL-5, which are Th2, eosinophils,
basophils and classically activated macrophages (M2), which are capable of promoting the
expulsion of worms [31,32].

This same defense mechanism has been described for experimental infections with
Nippostrongylus braziliensis. Additionally, it was reported by Licona-Limén et al. (2013) that
IL-9 is the first cytokine expressed in response to the infection by this parasite, having been
identified two days post infection, and that it is necessary for the production of IL-5 and
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IL-13 and increases in eosinophils and basophils in addition to controlling the parasitic
load. Furthermore, it has been demonstrated that IL-9 is capable of protecting the host
against infections through the stimulation of basophilia and mastocytosis that contribute
to the rapid expulsion of adult worms. This is only possible due to the presence of IL-9
receptors (IL-9r mRNA) in these cell types [33].

One of the factors associated with mast cell activity is the enzyme carbonic anhydrase
(Car) 1, which is characteristic of the hematopoietic progenitors that are found in peripheral
tissues in a steady state and increase after stimulation, such as during infection with
Trichinella spiralis [33,34]. In this type of infection, the participation of IL-25, an interleukin
of the large IL-17 family, is fundamental for the differentiation of lymphocytes in Th9. This
was proven by the increased presence of interleukin-17 receptor B (IL-17RB), the receptor
for IL-25 in the gastrointestinal tract of mice infected with T. spiralis [35].

ILC2 induces an increased production of Th2 and Th9 cytokines via MHC-II-dependent
interactions and is a primary producer of IL-5 and IL-13 in the early stages of infection [35].
Since IL-9 appears early in infections and stimulates the production of IL-5 and IL-13, it can
be inferred that this interleukin is capable of stimulating ILC2 in a process of retrostimula-
tion [33]. This was verified in the studies by Angkasekwinai et al. (2017) and Turner et al.
(2013), who described the different roles of IL-9 in stimulating ILCs and vice versa [35,36].

Angkasekwinai et al. (2017) showed that the increase in IL-25 occurred on the seventh
day post-infection and that it induced robust increases in IL-5 and IL-13 but only a moderate
increase in IL-9, which was produced by mesenteric lymph node cells from infected mice.
ILC2 expresses greater amounts of MHC-II, and their activation potentiates the CD4" T
cell response. However, despite continuing to have the ability to produce IL-4, IL-9 and
IL-13 during CD4* T cell depletion, ILC responds poorly to IL-25, showing that CD4" T
cells stimulate ILCs but are not essential for their activity. Furthermore, the parasite load in
mice treated with anti-CD4 remained high after 14 days of infection, again indicating the
importance of these cells for controlling parasitism [35,37]. In addition, the study showed
that the Th9 response is more efficient in reducing the parasite load than the Th2 response,
but it is even more effective in combination. Finally, the study suggested that the IL-25
receptor signal is required for the accumulation of ILC2s during infection which, in turn,
may enable CD4" T cells to exhibit strong Th2 and Th9 antigen-specific cytokine responses
against T. spiralis [35,37].

However, Turner et al. (2013) showed that IL-9 is an autocrine amplifier of the function
of ILC2s, which act as tissue repair agents after the pulmonary inflammation phase in N.
braziliensis infections. ILC2s have IL-9 receptors (IL-9R) which, when activated by their
ligands, are responsible for inducing ILC2s to produce IL-5 and IL-13. In IL9r(—/ —)mice,
the production of these cytokines was strongly compromised from the sixth to the twelfth
day post infection, while there were no changes in their production (and in IL-4) by CD4* T
cells. The fact that the production of IL-4 by ILC2 was not compromised shows that IL-9R
depletion specifically interferes with the Th9 response [36].

In association with this mechanism, it was described that in infections by Strongyloides
stercoralis, the production of IL-9 was directly associated with the infection in a monofunc-
tional way (individually produced) or dual-functional way (co-expressed with IL-10). IL-10,
as well as the TGF-f3 produced by these cells, are also responsible for inducing the produc-
tion of antigen-specific IL-9. However, this increase did not remain after treatment and
the elimination of the parasite, demonstrating that Th9 acts during active infection [38,39].
Rather interestingly, although IL-1 and IL-6 together enabled Th17 differentiation, the
combination of IL-1 with TGF-f3 and IL-4 was able to induce the differentiation of Th9 and
Th2 IL9* in an infection by Brugia malayi [40].

The surprising effect of the induction of Th9 by IL-1 was also reported by other authors
as an IL-9 co-stimulator, as it is not able to stimulate the production of IL-9 in an isolated
way [41-43]. In an infection with T. muris, it was shown that IL-4 requires the co-stimulation
of IL-1cc or IL-1p3 to direct the differentiation of helper lymphocytes to the Th9 profile, as



Immuno 2023, 3

232

characterized by the production of IL-9 and IL-13. Furthermore, without IL-1, the mice
were not able to expel the worms, exhibiting high parasite loads 35 days post infection [42].

Concerning TGF-f3, it was also shown that alone, neither it nor IL-1 were able to stimulate
IL-9 production. As IL-1 is involved in stimulating the Thl response in Leishmania and
Trypanosoma infections and of Th17 in severe schistosomiasis, it is believed that IL-1 acts more
as a Th response potentiator than as a polarizer of any specific subpopulation [14,43-45]. This
highlights the importance of TGF-f3/IL-1 and TGF-f /IL-4 in the production of IL-9 [43].

Despite the important role of TGF-§3 in regulating the expression of Th9, there was no
significant reduction in the population of mice expressing T-cell-specific dominant negative
TGF-p receptor II [46]. This confirms that TGF-f3 is not the only cytokine responsible for
Th9 differentiation. However, in these individuals, there was an increase in the production
of IFN-y and an exacerbation of the inflammatory process, in addition to a reduced ability
to resist infection by Heligmosomoides polygyrus [46].

Rajamanickam et al. (2019) demonstrated that the activity of certain receptors, such as
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and programmed death 1 (PD-1),
is as important as TGF-f3 as they are capable of inhibiting the differentiation of the Th1
producers of IFN-y and IL-2 alone (monofunctional) or combined (dual-functional) and of
monofunctional Th17 (producers of IL-17, IL-13 or IL-22) and dual-functional Th17 (pro-
ducing IFN-y /IL-17 or IL-17/IL-22). In the context of strongyloidiasis, it has been shown
that CTLA-4 increases the expression of IL-4/IL-5-producing Th2 cells, and PD-1 increases
the expression of IL-4 /IL-5-, IL-4 /IL-13- and IL-5/1IL-13-producing Th2 cells. Additionally,
both factors further increase the IL-9/IL-10-producing Th9 population. Interestingly, these
changes did not occur in uninfected individuals, proving that these populations increase
only during an active infection [39].

Although the Th2 response is increased after the expression of Th9 cytokines, some
studies suggest that Th9 participation is associated with a greater severity of infection
and worse prognosis in individuals with helminth infections [40,47,48]. It has been shown
that this Th9 subpopulation participates in the formation of lymphedema in patients with
lymphatic filariasis, whose response is classically orchestrated by Th1l and Th17 lympho-
cytes. The parasite antigen was able to modulate the response to increase the expression
of IL-9-producing Th2 in infected individuals. However, in those with lymphedema,
the Th9 population was higher, demonstrating that Th2 cells are not associated with the
pathogenesis of filariasis lymphatic cells, even though they express IL-9 [40].

3.2. Cestodes

Echinococcus spp. are tapeworms that use a predator—prey relationship in their trans-
mission. The two species that cause major public health problems are Echinococcus multilocu-
laris, which causes human alveolar echinococcosis (AE), and Echinococcus granulosus, which
causes cystic echinococcosis (CE). Both are cystic diseases that trigger a strong immune
response due to the resistance of the encapsulated parasite [49].

AE is a potentially fatal disease that has been extensively studied in its inflammatory
context due to the presence of Th17. In addition, the presence of Treg cells indicates
that the parasite is capable of inducing a tolerogenic profile to maintain a stable parasite
load, promoting the production of the anti-inflammatory cytokines IL-10 and TGF-f3 as
a mechanism of evading the host’s immune response [50]. In patients with AE, increases
in mRNA for IL-9 and in the canonical transcription factors of Th9, PU.1 and IRF-4 were
identified. Furthermore, the presence of these mRNAs was markedly higher in injured
tissues than in peripheral regions and in healthy tissues [51].

The same observation was made in other studies that identified increases in the same
mRNAs in patients infected with E. granulosus with CE, with high levels of IL-9, IL-4, IL-10
and TGF-{3 that decreased after treatment. Despite this, there was a greater contribution
of GATAS3 than IRF4 to the development of CE, and tge greater circulation of Th9 was
positively associated with Th2. This was confirmed by the increased circulation of the
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aforementioned interleukins in infected patients when compared to the post-treatment
period [52,53].

It has also been shown that TGF-f3 exerts its biological effects by binding to type I and
type II membrane receptors that transduce signaling to the nucleus via the phosphorylation
of Smads proteins. Smad2 and Smad4 were associated with Th9 differentiation due to
their influence on IL-9 production, including in Haemonchus contortus and E. granulosus
infections [54,55]. It was shown that TGF-f3 inhibition down-regulated PU.1, IL-9, IL-10
and Smad3. There was also an increase in IL-9R expression in the cytoplasm of hepatocytes
and lymphocyte infiltration in the portal system. Taken together, these data are consistent
with increased inflammation and fibrogenesis found in TGF-f3/Smad-mediated CE [53].

Additionally, the literature describes that in the differentiation of naive T cells into
Th9 via the IRF4 and Smad3/Smad4 pathways, Th2 cells precede the appearance of Th9
and their cytokines, as if the presence of Th2 were essential for ThO differentiation into
Th9. Abdelaziz et al. (2020) showed that under IL-4 and TGF-f3 stimulation, there was an
increase in Smad3/Smad4, and Th2 cells (defined in this study as IL4*) ceased producing
IL4 and began to produce IL9. Furthermore, there was an increase in the expression of IRF4,
though there was no change in the expression of GATA3 [56].

This study has some limitations. Initially, it had already been shown that Th9 cells
can present a particular transcriptional signature (Th9'"L4*1L-1B) whose differentiation is
independent of the TGF-f3 pathway. This population has intense antitumor cytolytic activity
which differentiates it from classic Th9™#TGF-B [57]. Thus, the simple production of IL-4
does not characterize a population as Th2. Furthermore, without a specific stimulus, we
cannot affirm that increased levels of IRF4 imply the differentiation of Th2 into Th9.

3.3. Trematodes

Zhan et al. (2017) showed the participation of Th9 in granuloma formation in Schisto-
soma japonicum infections, with levels of IL-9 in the liver and areas of granulomas being
significantly higher than in controls. This is due to increased PU.1 expression, which
coincided with Schistosoma eggs reaching the liver and being deposited in the tissue. This
study was essential for understanding the participation of Th9 in the immunopathogenesis
of S. japonicum infections and highlighted its important inflammatory role [58].

The participation of Th9 in the formation of granulomas is extremely important since
this is one of the most effective host responses to infection [58]. The granulomas retain eggs
and prevent the circulation of harmful substances to the host, such as soluble egg antigens
(SEA). Furthermore, granulomas have the function of promoting the excretion of eggs from
the host [59].

Blocking IL-9 reduces the inflammatory process, with a reduction in the deposit of
type I and III collagen around the egg and muscle actin in the liver and the consequent
formation of granulomas. Zhan et al. (2019) observed that the peak of IL-9 production
occurred in the seventh week post infection (shortly after the period of oviposition and
granulomatous reaction), long before the peak of IL-4 that occurred only in the twelfth
week, demonstrating that the Th2 response begin later than Th9, being consistent with the
period in which the chronicity of the infection occurs [60] (Figure 1).

Li et al. (2017) also showed that the peak of CD4* IL-9* T cells around the fifth week
post infection preceded the formation of the granuloma, which occurred between the fifth
and sixth weeks and remained at the same level until the tenth week. This interleukin
was able to increase the levels of procollagen-III (PC-III) or factors associated with fibrosis,
worsening the inflammatory process and the formation of liver fibrosis [7].

4. Conclusions and Future Directions

The Th9 response is intrinsically dependent on the action of the canonical transcrip-
tion factors, PU.1 and IRF4, but also on other stimulatory factors, such as CTLA4 and
PD-1. Furthermore, the production of IL-9 by Th9 takes place through pathways such
as TGF-3/Smad, which induces Th9 differentiation and IL-9 production. Although the
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difference between the Th2 and Th9 subpopulations has already been proven, the cytokines
IL-9 and IL-10 are produced by both by mechanisms that induce a type 2 inflammatory
response, which is characterized by the action of ILC2s, mast cells, basophils and other
cells that act together for a single objective: the expulsion of worms and the consequent
reduction in the parasitic load.

Due to the fact that many studies have characterized IL-9 as a cytokine that is produced
early in helminthic infections and is responsible for stimulating the production of IL-5 and
IL-13, characteristics of the Th2 response, we can speculate that the Th9 response represents
the thin line that interconnects the acute and chronic phases of infections, leading the body
from an inflammatory response that is unable to contain the spread of the infection to a
tolerogenic response that promotes the expulsion of worms and a reduction in the parasitic
load, reducing tissue damage and providing protection to hosts. Studies of the dynamics of
infections and the characterization of the subpopulations present in different phases and
with different parasites could elucidate these questions.
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