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Abstract

Background

Th9 cells are a subset of CD4+ T cells that express the protoypical cytokine, IL-9. Th9 cells

are known to effect protective immunity in animal models of intestinal helminth infections.

However, the role of Th9 cells in human intestinal helminth infections has never been

examined.

Methodology

To examine the role of Th9 cells in Strongyloidis stercoralis (Ss), a common intestinal hel-

minth infection, we compared the frequency of Th9 expressing IL-9 either singly (mono-

functional) or co-expressing IL-4 or IL-10 (dual-functional) in Ss-infected individuals (INF) to

frequencies in uninfected (UN) individuals.

Principal Findings

INF individuals exhibited a significant increase in the spontaneously expressed and/or anti-

gen specific frequencies of both mono- and dual-functional Th9 cells as well as Th2 cells

expressing IL-9 compared to UN. The differences in Th9 induction between INF and UN

individuals was predominantly antigen-specific as the differences were no longer seen fol-

lowing control antigen or mitogen stimulation. In addition, the increased frequency of Th9

cells in response to parasite antigens was dependent on IL-10 and TGFx since neutraliza-

tion of either of these cytokines resulted in diminished Th9 frequencies. Finally, following

successful treatment of Ss infection, the frequencies of antigen-specific Th9 cells dimin-

ished in INF individuals, suggesting a role for the Th9 response in active Ss infection. More-

over, IL-9 levels in whole blood culture supernatants following Ss antigen stimulation were

higher in INF compared to UN individuals.
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Conclusion

Thus, Ss infection is characterized by an IL-10- and TGFβ dependent expansion of Th9

cells, an expansion found to reversible by anti-helmintic treatment.

Author Summary

Strongyloides stercoralis is a common intestinal parasite affecting about 50–100 million
people worldwide. It is characterized by a complex lifecycle involving both free- living and
parasitic stages and the clinical manifestations range from asymptomatic infection to
multi-organ failure. It has the propensity to cause disseminated disease and death in
immunocompromised individuals. Therefore, an in depth understanding of the immune
responses to this helminth parasite is warranted. However, what we know about the
immunity to this infection is mostly derived from animal studies. Th9 cells are a subset of
CD4+ T cells producing the cytokine—IL-9. Since Th9 cells are increasingly recognized as
being important in immunity to intestinal infection with helminths, we examined the
induction and regulation Th9 cell responses to Ss infection utilizing infected and unin-
fected individuals from an endemic area in India. We show that Ss infection is character-
ized by profound alterations in the Th9 compartment and that this response is mainly
regulated by the cytokines—IL-10 and TGFβ. In addition, we also demonstrate that active
infection is a pre-requisite for this regulation and anti-Ss treatment can dampen enhanced
Th9 responses.

Introduction
Upon antigen-specific stimulation, CD4+ T cells have the potential to differentiate into various
T-helper (Th) cell subsets based on the pattern of transcription factors induced and cytokines
produced [1]. Traditionally associated with the Th2 response, IL-9 is a member of the common
γ chain cytokine family and exerts broad effects on many cell types including mast cells, eosin-
ophils, T cells and epithelial cells [2,3]. However, more recently, a CD4+ T cell subset with the
exclusive capacity to secrete IL-9 has been described [4,5]. This CD4+ T cell subset is thought
to develop under the influence of IL-4 and TGFβ and to produce IL-9, either singly or in con-
junction with IL-10; these cells fail to produce IL-4 [6,7]. However, little data are available on
the expression pattern of Th9 cells in humans.

Th9 cells in humans were initially described as IL-9+and IL-17+ [8]; however, IL-9 produc-
ing CD4+ T cells distinct from Th1, Th2 and Th17 cells have also been described [9,10]. Th9
cells, in humans, can play a protective (tumors [11]) as well as a pathogenic (allergy [12], atopy
[13], asthma [12] and auto-immunity [14]) role in differing disease states. Although, Th9 cells
have been implicated in resistance to intestinal helminth infection in animal models
[5,15,16,17], the role of Th9 cells in human intestinal helminth infections has never been
explored.

Human infections with Strongyloides stercoralis (Ss) appears to be controlled by a Th2
response [18,19,20]. Moreover, protective immunity to Ss larvae in mice is dependent on CD4+

T cells, and these cells typically produce IL-4 and IL-5 [21]. Finally, primary infections of rats
or mice with the rodent parasites, S. ratti and S. venezuelensis respectively, results in a Th2
response, with production of IL-4, IL-5 and IL-13 and concomitant suppression of IFNγ [22].
We have previously demonstrated that Ss infection is associated with down regulation of
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parasite-antigen specific Th1 and Th17 responses and up regulation of parasite-antigen specific
Th2 responses [23].

Therefore, we sought to determine the regulation of Th9 cells in Ss infection by comparing
frequencies of Th9 cells at baseline and following antigen-stimulation in infected (INF) with
uninfected (UN) control individuals. We demonstrate that Ss infection was associated with ele-
vated frequencies of spontaneously expressed or antigen induced mono and dual functional
CD4+ Th9 cells. This was further confirmed by elevated levels of IL-9 production in whole
blood cultures in INF individuals. The induction of Th9 cells was dependent on IL-10 and
TGFβ and was reversible following anti-helmintic chemotherapy.

Methods

Ethics statement
All individuals were examined as part of a natural history study protocol approved by Institu-
tional Review Boards of both the National Institutes of Allergy and Infectious Diseases and the
National Institute for Research in Tuberculosis (NCT00375583 and NCT00001230), and
informed written consent was obtained from all participants.

Study population
We studied a total of 66 individuals comprising of 43 clinically asymptomatic, Ss infected
(hereafter INF) individuals and 23 uninfected, endemic normal (hereafter UN) individuals in
Tamil Nadu, South India (Table 1). 28 of the INF individuals were used for in vitro culture and
flow cytometry and ELISA while 15 of the INF individuals were used for cytokine neutraliza-
tion experiments alone. Ss infection was diagnosed by the presence of IgG antibodies to two
recombinant antigens—NIE and SsIR by the Luciferase Immunoprecipitation System Assay
(LIPS), as described previously [24]. Only those individuals who tested positive by LIPS assay
to both antigens were classified as INF. This was further confirmed by specialized stool exami-
nation with nutrient agar plate cultures. All individuals were also negative for filarial infection
by filarial antigen tests and for other intestinal helminths by stool microscopy. All INF individ-
uals were treated single doses of ivermectin and albendazole and follow-up blood draws were
obtained six months later in 15 individuals. All UN individuals were LIPS assay negative, nega-
tive for filarial or other intestinal helminths and without any signs or symptoms of infection or
disease. There were no differences between the groups in terms of demographics or socio-eco-
nomic status.

Parasite and control antigen
Saline extracts of S. stercoralis somatic larval antigens (hereafter SsAg) and recombinant NIE
antigen (hereafter NIE) were used for parasite antigens and mycobacterial PPD (Serum Statens
Institute, Copenhagen, Denmark) was used as the control antigen. Final concentrations were
10 μg/ml for SsAg, NIE and PPD. Endotoxin levels in the SsAg was< 0.1 EU/ml using the
QCL-1000 Chromogenic LAL test kit (BioWhittaker). Phorbol myristoyl acetate (PMA) and
ionomycin at concentrations of 12.5 ng/ml and 125 ng/ml (respectively), were used as the posi-
tive control stimuli.

In vitro culture
Whole blood cell cultures were performed to determine the frequencies of intracellular cyto-
kine-producing cells. Briefly, whole blood was diluted 1:1 with RPMI-1640 medium, supple-
mented with penicillin/streptomycin (100 U/100 mg/ml), L-glutamine (2 mM), and HEPES
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(10 mM) (all from Invitrogen, San Diego, CA) and placed in 12-well tissue culture plates
(Costar, Corning Inc., NY, USA). The cultures were then stimulated with SsAg, NIE, PMA/
ionomycin (P/I) or media alone in the presence of the co-stimulatory reagent, CD49d /CD28
(BD Biosciences) at 37°C for 6 or 18 h, for intracellular cytokine staining or ELISA respectively.
Fast Immune Brefeldin A Solution (10μg/ml) (BD Biosciences) was added after 2 hours. After
6 hours, whole blood was centrifuged, washed using cold PBS, and then 1x FACS lysing solu-
tion (BD Biosciences, San Diego, CA, USA) was added. The cells were fixed using cytofix/cyto-
perm buffer (BD Biosciences, San Diego, CA, USA), cryopreserved, and stored at -80°C until
use. For cytokine neutralization experiments (n = 15), whole blood from INF individuals was
cultured in the presence of anti-IL-10 (5μg/ml) or anti-TGFβ (5μg/ml) or isotype control anti-
body (5μg/ml) (R& D Sytems) for 1 h following which NIE and brefeldin A was added and cul-
tured for a further 23 h.

Intracellular cytokine staining
The cells were thawed and washed with PBS first and PBS / 1% BSA later and then stained with
surface antibodies for 30–60 minutes. Surface antibodies used were CD3, CD4 and CD8 (all
from BD Biosciences). The cells were washed and permeabilized with BD Perm/Wash buffer
(BD Biosciences) and stained with intracellular cytokines for an additional 30 min before wash-
ing and acquisition. Cytokine antibodies used were IL-4, IL-9 and IL-10 (all from BD Pharmin-
gen). Flow cytometry was performed on a FACS Canto II flow cytometer with FACSDiva
software v.6 (Becton Dickinson). The lymphocyte gating was set by forward and side scatter
and 100,000 gated lymphocyte events were acquired. Data were collected and analyzed using
Flow Jo software. All data are depicted as frequency of CD4+ T cells expressing cytokine(s) or
as the mean fluorescence intensity (MFI) of cytokine expression within a particular subset.
Mono-functional Th9 cells were defined as CD4+ T cells expressing IL-9 alone while dual-func-
tional Th9 cells were those expressing IL-9 plus IL-10 and Th2 cells expressing IL-9 were those
that also expressed IL-4. Frequencies following media stimulation are depicted as baseline fre-
quencies while frequencies following stimulation with antigens or P/I are depicted as net fre-
quencies (with baseline subtracted).

ELISA
Whole blood culture supernatants at 18 h was used for performing IL-9 ELISA. IL-9 was measured
using the R&D Systems IL-9 ELISA Duoset kit, according to the manufacturer's instructions.

Statistical analysis
Data analyses were performed using GraphPad PRISM (GraphPad Software, Inc., San Diego,
CA, USA). Geometric means (GM) were used for measurements of central tendency. Statisti-
cally significant differences between the two groups were analyzed by Mann-Whitney test and

Table 1. Demographics of the study population.

INFECTED (n = 43) UNINFECTED (n = 23)

M/F 21/22 10/13

Age 40.18 (18–61) 38 (20–63)

NIE and SsIR LIPS Positive Negative

Filarial circulating antigen Negative Negative

Stool microscopy for other intestinal helminths Negative Negative

doi:10.1371/journal.pntd.0004317.t001
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multiple comparisons corrected by Holm’s correction. Statistically significant differences
between pre- and post- treatment as well as following cytokine blockade were analyzed by Wil-
coxon signed rank test.

Results

Ss infection is associated with a spontaneous and an antigen-specific
increase in the frequencies of mono- and dual-functional CD4+ Th9 cells
To examine the baseline (or steady state) as well as antigen-stimulated expression pattern of
Th9 cells in Ss infections, we cultured whole blood from INF and UN individuals with media
alone or with SsAg, NIE, PPD or P/I and measured the frequency of CD4+ T cells expressing
IL-9 or co-expressing IL-9, IL-4 or IL-10. A representative plot is shown in Fig 1. As shown in
Fig 2A, the baseline frequency of CD4+ T cells expressing IL-9 alone (mono-functional Th9
cells) or the frequency of CD4+ T cells co-expressing IL-9/IL-10 (dual-functional Th9 cells)
was significantly increased in INF individuals. Similarly, the frequency of mono- and dual-
functional Th9 cells was also increased significantly in response to SsAg and NIE stimulation
(Fig 2B and 2C). Interestingly, the frequency of Th2 cells expressing IL-9 was also significantly
increased in response to antigen stimulation. In contrast, neither PPD (Fig 2D) nor P/I (Fig
2E) induced any significant difference in the frequencies of CD4+ Th9 cells between the 2
groups In addition, as shown in Fig 2F, the MFI of IL-9 expression on CD4+ T cells was signifi-
cantly higher in INF individuals at baseline and following SsAg and NIE stimulation. Thus, Ss
infection is associated with marked increases in the repertoire of mono- and dual-functional
Th9 cells at steady state and following parasite—antigen stimulation as well as with marked
enhancement of IL-9 expression on a per cell basis in CD4+ T cells.

IL-10 and TGFβmediate the expansion of mono- and dual-functional
Th9 in Ss infections
To determine the role of IL-10 and TGFβ in the modulation of Th9 cells in INF, we measured
the frequency of these cells following stimulation with the parasite antigen NIE in the presence
or absence of anti-IL-10 or anti- TGFβ neutralizing antibody in INF individuals (n = 15). As
shown in Fig 3A, IL-10 neutralization resulted in significantly decreased frequencies of mono-
functional and dual-functional Th9 cells in INF individuals. Similarly, as shown in Fig 3B,
TGFβ neutralization also resulted in significantly decreased the frequencies of mono-functional
and dual-functional Th9 cells in INF individuals. Interestingly, only TGFβ but not IL-10 block-
ade significantly decreased the frequency of Th2 cells expressing IL-9. In addition, as shown in
Fig 3C, the MFI of IL-9 expression on CD4+ T cells was significantly diminished following
both IL-10 and TGFβ blockade, indicating that the cytokine expression on a per cell basis is
also modulated by these regulatory cytokines. Thus, IL-10 and TGFβ play important roles in
the antigen-induced expansion of Th9 cells in Ss infections.

Treatment of Ss infection results in significantly reduced frequencies of
antigen-stimulated Th9 cells
To determine the role of active infection in the regulation of mono- and dual-functional Th9
cells in Ss infections, we measured the Th9 response in a subset of INF individuals (n = 15),
who had been treated with anti-helmintic chemotherapy six months earlier. As shown in Fig
4A, treatment of Ss infection resulted in significantly reduced frequencies of mono- and dual-
functional Th9 cells in response to SsAg or NIE stimulation but not in response to PPD or P/I.
In addition, as shown in Fig 4B, the MFI of IL-9 expression on CD4+ T cells is also significantly
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Fig 1. Strongyloides infection is associated with expansion of mono- and dual-functional Th9 cells.Whole blood was cultured with media alone for 6 h
and the baseline and antigen-specific frequencies of Th9 cells determined. A representative whole-blood intracellular cytokine assay flow data from a INF
individual showing expression of IL-9, IL-4 and IL-10 at baseline (A) and following stimulation with SsAg (B) or P/I (C). The plots shown are gated on
CD3+CD4+ T cells.

doi:10.1371/journal.pntd.0004317.g001
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decreased in response to SsAg or NIE stimulation but not in response to PPD or P/I following
treatment. Thus, the antigen-driven expansion of CD4+ Th9 cells in Ss infection is reversible
(for the most part) following treatment of infection.

Ss infection is associated with increased baseline and antigen-specific
production of IL-9, which is reversible following treatment
To examine the baseline (or steady state) as well as antigen-stimulated production of IL-9 in Ss
infections, we cultured whole blood from INF and UN individuals with media alone or with Ss

Fig 2. Strongyloides infection is associated with increased spontaneously expressed and antigen-induced frequencies of CD4+ mono- and dual-
functional Th9 cells.Whole blood was cultured with media alone or with antigens for 6 h and the baseline and antigen-stimulated frequencies of Th9 cells
determined. The baseline (A) as well as SsAg (B), NIE (C), PPD (D) and P/I (E) stimulated frequencies of mono- and dual-functional CD4+ Th9 cells in INF
(n = 28) and UN (n = 23) individuals are shown. The MFI of IL-9 expression on CD4+ T cells in INF and UN individuals at baseline and following stimulation
are shown (F). Each circle represents a single individual and the bars represent the geometric mean values. Net frequencies were calculated by subtracting
baseline frequencies from the antigen-induced frequencies for each individual. P values were calculated using the Mann-Whitney test.

doi:10.1371/journal.pntd.0004317.g002
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Fig 3. IL-10 and TGFβmediate the expansion of mono- and dual-functional Th9 cells in Strongyloides infections. (A) IL-10 neutralization (with anti-IL-
10 antibody) significantly diminishes the frequencies of mono- functional or dual-functional CD4+ Th9 cells following stimulation with NIE in a subset of INF
individuals (n = 15). (B) TGFβ neutralization (with anti-TGFβ antibody) significantly diminishes the frequencies of mono- functional or dual-functional CD4+

Th9 cells following stimulation with NIE in a subset of INF individuals (n = 15). (C) Both IL-10 and TGFβ neutralization significantly reduce the MFI of IL-9
expression on CD4+ T cells following stimulation with NIE in a subset of INF individuals (n = 15). Antigen-stimulated frequencies are shown as net
frequencies with the baseline levels subtracted. Each line represents a single individual. P values were calculated using the Wilcoxon signed rank test.

doi:10.1371/journal.pntd.0004317.g003
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Fig 4. Treatment of Strongyloides infection is associated with diminished frequencies of antigen-
specific Th9 cells. (A) The frequencies of Th9 cells following stimulation with SsAg, NIE, PPD and P/I before
and after treatment with a standard dose of ivermectin and albendazole in a subset of INF individuals (n = 15).
(B) The MFI of IL-9 expression following stimulation with SsAg, NIE, PPD and P/I before and after treatment
with a standard dose of ivermectin and albendazole in a subset of INF individuals (n = 15). Antigen-stimulated
frequencies are shown as net frequencies with the baseline levels subtracted. Each line represents a single
individual. P values were calculated using theWilcoxon signed rank test.

doi:10.1371/journal.pntd.0004317.g004
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Ag or P/I and measured the levels of IL-9 production in the supernatants at 18 h by ELISA. As
shown in Fig 5A, the production of IL-9 at baseline and following Ss Ag stimulation was signifi-
cantly increased in INF compared to UN individuals. Moreover, as shown in Fig 5B, this ele-
vated production of IL-9 was significantly decreased in INF individuals following treatment.
Thus, Ss associated enhancement of Th9 cell frequencies is reflected by a concomitant increase
in IL-9 cytokine levels.

Discussion
Although IL-9 is known to be expressed by several types of immune cells, IL-9 secreting CD4+

T cells are a predominant source of IL-9 in allergic inflammation and anti-parasite immunity
[6,7]. Th9 cells in human diseases are known to contribute to both protective immune
responses and pathological responses leading to immune mediated pathology [7]. The role of
IL-9 in helminth infection was first suggested by animal studies showing that IL-9 transgenic
mice infected with Trichuris muris or Trichinella spiralis had an increased Th2 response and
faster expulsion of the parasite from the intestine [15,16,17]. While classically considered a
Th2 cytokine, IL-9 has now been shown to produced by a distinct subset of CD4+ T cells that
express IL-9 with or without IL-10 but in the absence of IL-4 [4,5]. Whether the source of IL-9
ultimately matters in the context of resistance to infection is still not clear. However, a more
recent study has clearly shown that IL-9 is produced early during Nippostrongylus brasiliensis

Fig 5. Strongyloides infection is associated with increased spontaneously produced and antigen-
induced production of IL-9.Whole blood was cultured with media alone or with Ss Ag or P/I for 18 h and the
baseline and antigen-stimulated levels of IL-9 determined by ELISA. (A) The baseline as well as SsAg and P/I
stimulated levels of IL-9 in INF (n = 28) and UN (n = 23) individuals are shown. Each circle represents a single
individual and the bars represent the geometric mean values. P values were calculated using the Mann-
Whitney test. (B) The IL-9 levels following stimulation with media alone, SsAg and P/I before and after
treatment with a standard dose of ivermectin and albendazole in a subset of INF individuals (n = 15). Each
line represents a single individual. P values were calculated using theWilcoxon signed rank test.

doi:10.1371/journal.pntd.0004317.g005
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infection of mice by a non-Th2 CD4+ T cell subset and that its production from this subset is
sufficient for host protection against worm infection [25].

Our study on the regulation of Th9 cells in Ss infection reveals the presence of increased fre-
quencies of Th9 cells (IL-9 single and IL-9/IL-10 double expressing) at baseline in INF individ-
uals compared to UN individuals. The increased frequency is further augmented upon
stimulation with two different parasite antigens, indicating that the Th9 cells are parasite spe-
cific and respond to recall stimulation. In addition to classical Th9 cells responding to antigen-
stimulation, we also observed increased frequencies of Th2 cells expressing IL-9 (IL-4/IL-9 co-
expressing), indicating that other CD4+ T cell subsets also respond to Ss infection with the
capacity to produce more IL-9. This confirms our previous data demonstrating elevated Th2
responses in Ss infection and its reversal following anti-helmintic therapy [23]. This study also
confirms data from the animal models of helminth infection showing expansion of IL-9
expressing CD4+ T cells [25]. Although the kinetics of Th9 induction compared to the induc-
tion of Th2 cells cannot be determined from this study, our data clearly reveal that Th9 respon-
siveness (that is separate from Th2 responses) is a major feature of the antigen-specific T cell
response in this human helminth infection. Moreover, our data also indicate that the enhanced
frequencies of Th9 cells is reflected in elevated expression of IL-9 on a per cell basis in Ss infec-
tions. Finally, we also confirm that Ss infections are associated with elevated levels of antigen-
stimulated IL-9 levels by using ELISA. Thus, by using two different methodologies, we verify
the important association of enhanced Th9 responses in Ss infections and its reversibility fol-
lowing treatment. While we have demonstrated statistically significant changes in Th9
responses and have verified this with actual cytokine levels, we do acknowledge the fact that
these changes are small in magnitude.

Previous studies have shown that IL-2, IL-4 and TGFβ are the primary factors that drive dif-
ferentiation and expansion of Th9 cells [7]. Moreover, we have previously shown that Th2 and
regulatory cytokines are increased in Ss infection [23]. Therefore, we wanted to examine the
role of IL-10 and TGFβ in the induction of Th9 responses. In this study, we observed that IL-
10 in addition to TGFβ also appears to play an important role in regulating the expansion of
Th9 cells in Ss infection. The exact mechanism by which IL-10 modulates the expansion of
Th9 cells is yet to be determined. Finally, we demonstrate an important role for the persistence
of antigen in the maintenance of the Th9 response. Our data clearly illustrate that anti-helmin-
tic treatment results in significantly depressed Th9 responses, implying that sustained, chronic
infection is a major driver of Th9 maintenance. We postulate that the induction of IL-10 and
TGFβ in chronic infection upregulates Th9 expression that is reversible upon anti-helmintic
treatment.

IL-9 is known to act on a wide variety of cells and performmultiple functions [26]. For exam-
ple, IL-9 stimulates the growth, proliferation and survival of T cells [27,28], enhances the pro-
duction of IgE from B cells [29], promotes the proliferation and differentiation of mast cells and
hematopoietic progenitors and induces secretion of mucus and chemokines by mucosal epithe-
lial cells [30]. Therefore, IL-9 has the ability to act as a critical cytokine in mucosal infections
especially helminth infections and indeed, has been shown to be crucial driver of the host
immune response against these infections in animal models. Our study extends these findings to
human gastrointestinal helminth infection and shows that non-Th2 Th9 responses are a major
feature of Ss infection, responses that likely require IL-10 and TGFβ for their maintenance.

Acknowledgments
We thank Dr. M. Satiswaran, Prabbu Balakrishnan, Jai Ganesh and the staff of the NIRT Epide-
miology Unit for their assistance with patient recruitment.

Th9 Cells in Strongyloides Infection

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004317 January 5, 2016 11 / 13



Author Contributions
Conceived and designed the experiments: RA SB. Performed the experiments: RA SM YB. Ana-
lyzed the data: RA SB. Contributed reagents/materials/analysis tools: JJ CD PK TBN. Wrote
the paper: RA TBN SB.

References
1. O'Shea JJ, Paul WE (2010) Mechanisms underlying lineage commitment and plasticity of helper CD4+

T cells. Science 327: 1098–1102. doi: 10.1126/science.1178334 PMID: 20185720

2. Noelle RJ, Nowak EC Cellular sources and immune functions of interleukin-9. Nat Rev Immunol 10:
683–687. doi: 10.1038/nri2848 PMID: 20847745

3. Wilhelm C, Turner JE, Van Snick J, Stockinger B The many lives of IL-9: a question of survival? Nat
Immunol 13: 637–641. doi: 10.1038/ni.2303 PMID: 22713829

4. Dardalhon V, Awasthi A, Kwon H, Galileos G, GaoW, et al. (2008) IL-4 inhibits TGF-beta-induced
Foxp3+ T cells and, together with TGF-beta, generates IL-9+ IL-10+ Foxp3(-) effector T cells. Nat
Immunol 9: 1347–1355. doi: 10.1038/ni.1677 PMID: 18997793

5. Veldhoen M, Uyttenhove C, van Snick J, Helmby H, Westendorf A, et al. (2008) Transforming growth
factor-beta 'reprograms' the differentiation of T helper 2 cells and promotes an interleukin 9-producing
subset. Nat Immunol 9: 1341–1346. doi: 10.1038/ni.1659 PMID: 18931678

6. Kaplan MH (2013) Th9 cells: differentiation and disease. Immunol Rev 252: 104–115. doi: 10.1111/
imr.12028 PMID: 23405898

7. Kaplan MH, Hufford MM, Olson MR (2015) The development and in vivo function of T helper 9 cells.
Nat Rev Immunol 15: 295–307. doi: 10.1038/nri3824 PMID: 25848755

8. Beriou G, Bradshaw EM, Lozano E, Costantino CM, HastingsWD, et al. TGF-beta induces IL-9 produc-
tion from human Th17 cells. J Immunol 185: 46–54. doi: 10.4049/jimmunol.1000356 PMID: 20498357

9. Jones CP, Gregory LG, Causton B, Campbell GA, Lloyd CM (2012) Activin A and TGF-beta promote T
(H)9 cell-mediated pulmonary allergic pathology. J Allergy Clin Immunol 129: 1000–1010 e1003. doi:
10.1016/j.jaci.2011.12.965 PMID: 22277204

10. YaoW, Zhang Y, Jabeen R, Nguyen ET, Wilkes DS, et al. (2013) Interleukin-9 is required for allergic
airway inflammation mediated by the cytokine TSLP. Immunity 38: 360–372. doi: 10.1016/j.immuni.
2013.01.007 PMID: 23376058

11. Purwar R, Schlapbach C, Xiao S, Kang HS, ElyamanW, et al. (2012) Robust tumor immunity to mela-
noma mediated by interleukin-9-producing T cells. Nat Med 18: 1248–1253. doi: 10.1038/nm.2856
PMID: 22772464

12. Soroosh P, Doherty TA (2009) Th9 and allergic disease. Immunology 127: 450–458. doi: 10.1111/j.
1365-2567.2009.03114.x PMID: 19604299

13. YaoW, Tepper RS, Kaplan MH (2011) Predisposition to the development of IL-9-secreting T cells in
atopic infants. J Allergy Clin Immunol 128: 1357–1360 e1355. doi: 10.1016/j.jaci.2011.06.019 PMID:
21798577

14. Pan HF, Leng RX, Li XP, Zheng SG, Ye DQ (2013) Targeting T-helper 9 cells and interleukin-9 in auto-
immune diseases. Cytokine Growth Factor Rev 24: 515–522. PMID: 25215394

15. Faulkner H, Humphreys N, Renauld JC, Van Snick J, Grencis R (1997) Interleukin-9 is involved in host
protective immunity to intestinal nematode infection. Eur J Immunol 27: 2536–2540. PMID: 9368607

16. Faulkner H, Renauld JC, Van Snick J, Grencis RK (1998) Interleukin-9 enhances resistance to the
intestinal nematode Trichuris muris. Infect Immun 66: 3832–3840. PMID: 9673269

17. Richard M, Grencis RK, Humphreys NE, Renauld JC, Van Snick J (2000) Anti-IL-9 vaccination prevents
worm expulsion and blood eosinophilia in Trichuris muris-infected mice. Proc Natl Acad Sci U S A 97:
767–772. PMID: 10639154

18. Montes M, Sanchez C, Verdonck K, Lake JE, Gonzalez E, et al. (2009) Regulatory T cell expansion in
HTLV-1 and strongyloidiasis co-infection is associated with reduced IL-5 responses to Strongyloides
stercoralis antigen. PLoS Negl Trop Dis 3: e456. doi: 10.1371/journal.pntd.0000456 PMID: 19513105

19. Neva FA, Filho JO, Gam AA, Thompson R, Freitas V, et al. (1998) Interferon-gamma and interleukin-4
responses in relation to serum IgE levels in persons infected with human T lymphotropic virus type I
and Strongyloides stercoralis. J Infect Dis 178: 1856–1859. PMID: 9815251

20. Porto AF, Neva FA, Bittencourt H, LisboaW, Thompson R, et al. (2001) HTLV-1 decreases Th2 type of
immune response in patients with strongyloidiasis. Parasite Immunol 23: 503–507. PMID: 11589779

Th9 Cells in Strongyloides Infection

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004317 January 5, 2016 12 / 13

http://dx.doi.org/10.1126/science.1178334
http://www.ncbi.nlm.nih.gov/pubmed/20185720
http://dx.doi.org/10.1038/nri2848
http://www.ncbi.nlm.nih.gov/pubmed/20847745
http://dx.doi.org/10.1038/ni.2303
http://www.ncbi.nlm.nih.gov/pubmed/22713829
http://dx.doi.org/10.1038/ni.1677
http://www.ncbi.nlm.nih.gov/pubmed/18997793
http://dx.doi.org/10.1038/ni.1659
http://www.ncbi.nlm.nih.gov/pubmed/18931678
http://dx.doi.org/10.1111/imr.12028
http://dx.doi.org/10.1111/imr.12028
http://www.ncbi.nlm.nih.gov/pubmed/23405898
http://dx.doi.org/10.1038/nri3824
http://www.ncbi.nlm.nih.gov/pubmed/25848755
http://dx.doi.org/10.4049/jimmunol.1000356
http://www.ncbi.nlm.nih.gov/pubmed/20498357
http://dx.doi.org/10.1016/j.jaci.2011.12.965
http://www.ncbi.nlm.nih.gov/pubmed/22277204
http://dx.doi.org/10.1016/j.immuni.2013.01.007
http://dx.doi.org/10.1016/j.immuni.2013.01.007
http://www.ncbi.nlm.nih.gov/pubmed/23376058
http://dx.doi.org/10.1038/nm.2856
http://www.ncbi.nlm.nih.gov/pubmed/22772464
http://dx.doi.org/10.1111/j.1365-2567.2009.03114.x
http://dx.doi.org/10.1111/j.1365-2567.2009.03114.x
http://www.ncbi.nlm.nih.gov/pubmed/19604299
http://dx.doi.org/10.1016/j.jaci.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/21798577
http://www.ncbi.nlm.nih.gov/pubmed/25215394
http://www.ncbi.nlm.nih.gov/pubmed/9368607
http://www.ncbi.nlm.nih.gov/pubmed/9673269
http://www.ncbi.nlm.nih.gov/pubmed/10639154
http://dx.doi.org/10.1371/journal.pntd.0000456
http://www.ncbi.nlm.nih.gov/pubmed/19513105
http://www.ncbi.nlm.nih.gov/pubmed/9815251
http://www.ncbi.nlm.nih.gov/pubmed/11589779


21. Rotman HL, Schnyder-Candrian S, Scott P, Nolan TJ, Schad GA, et al. (1997) IL-12 eliminates the Th-
2 dependent protective immune response of mice to larval Strongyloides stercoralis. Parasite Immunol
19: 29–39. PMID: 9121838

22. Bonne-Annee S, Hess JA, Abraham D (2011) Innate and adaptive immunity to the nematode Strongy-
loides stercoralis in a mouse model. Immunol Res 51: 205–214. doi: 10.1007/s12026-011-8258-2
PMID: 22101674

23. Anuradha R, Munisankar S, Dolla C, Kumaran P, Nutman TB, et al. (2015) Parasite Antigen-Specific
Regulation of Th1, Th2, and Th17 Responses in Strongyloides stercoralis Infection. J Immunol 195:
2241–2250. doi: 10.4049/jimmunol.1500745 PMID: 26202988

24. Ramanathan R, Burbelo PD, Groot S, Iadarola MJ, Neva FA, et al. (2008) A luciferase immunoprecipi-
tation systems assay enhances the sensitivity and specificity of diagnosis of Strongyloides stercoralis
infection. J Infect Dis 198: 444–451. doi: 10.1086/589718 PMID: 18558872

25. Licona-Limon P, Henao-Mejia J, Temann AU, Gagliani N, Licona-Limon I, et al. (2013) Th9 Cells Drive
Host Immunity against Gastrointestinal Worm Infection. Immunity 39: 744–757. doi: 10.1016/j.immuni.
2013.07.020 PMID: 24138883

26. Goswami R, Kaplan MH (2011) A brief history of IL-9. J Immunol 186: 3283–3288. doi: 10.4049/
jimmunol.1003049 PMID: 21368237

27. Uyttenhove C, Simpson RJ, Van Snick J (1988) Functional and structural characterization of P40, a
mouse glycoprotein with T-cell growth factor activity. Proc Natl Acad Sci U S A 85: 6934–6938. PMID:
3137580

28. Van Snick J, Goethals A, Renauld JC, Van Roost E, Uyttenhove C, et al. (1989) Cloning and characteri-
zation of a cDNA for a new mouse T cell growth factor (P40). J Exp Med 169: 363–368. PMID:
2521242

29. Petit-Frere C, Dugas B, Braquet P, Mencia-Huerta JM (1993) Interleukin-9 potentiates the interleukin-
4-induced IgE and IgG1 release frommurine B lymphocytes. Immunology 79: 146–151. PMID:
8509135

30. Dong Q, Louahed J, Vink A, Sullivan CD, Messler CJ, et al. (1999) IL-9 induces chemokine expression
in lung epithelial cells and baseline airway eosinophilia in transgenic mice. Eur J Immunol 29: 2130–
2139. PMID: 10427975

Th9 Cells in Strongyloides Infection

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004317 January 5, 2016 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/9121838
http://dx.doi.org/10.1007/s12026-011-8258-2
http://www.ncbi.nlm.nih.gov/pubmed/22101674
http://dx.doi.org/10.4049/jimmunol.1500745
http://www.ncbi.nlm.nih.gov/pubmed/26202988
http://dx.doi.org/10.1086/589718
http://www.ncbi.nlm.nih.gov/pubmed/18558872
http://dx.doi.org/10.1016/j.immuni.2013.07.020
http://dx.doi.org/10.1016/j.immuni.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/24138883
http://dx.doi.org/10.4049/jimmunol.1003049
http://dx.doi.org/10.4049/jimmunol.1003049
http://www.ncbi.nlm.nih.gov/pubmed/21368237
http://www.ncbi.nlm.nih.gov/pubmed/3137580
http://www.ncbi.nlm.nih.gov/pubmed/2521242
http://www.ncbi.nlm.nih.gov/pubmed/8509135
http://www.ncbi.nlm.nih.gov/pubmed/10427975

