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Abstract 

Since their discovery about 10 years ago, Th9 cells have been increasingly linked to allergic 

pathologies. Within this review, we summarize the current knowledge on associations between 

Th9 cells and allergic diseases and acknowledge Th9 cells as important targets in future 

treatment of allergic diseases. However, until today, it is not fully understood how these Th9 cell 

responses are modulated. 

We describe current literature suggesting that these Th9 cell responses might be stimulated by 

microbial species such as Staphylococcus aureus and Candida albicans, while on the other hand, 

microbial and dietary compounds such as retinoic acid (RA), butyrate, and vitamin D show 

suppressive capacity on allergy related Th9 responses. 

By reviewing this recent research, we provide new insights into the modulating capacity of the 

microbiota on Th9 cell responses. Consequently, microbial and dietary factors may be used as 

innovative tools to target Th9 cells in the treatment of allergic diseases. However, further 

research is needed to elucidate the mechanisms behind these interactions in order to translate 

this knowledge into clinical allergy settings. 

Keywords

Thelper 9 cells, allergy, microbiota

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Introduction 

With their discovery about 10 years ago, Th9 cells are the most recently emerged subtype of CD4 

T-cells and they are characterized by a potent secretion of interleukin-9 (IL-9), a pleiotropic 

cytokine with both protective and disease-promoting effects. Historically, IL-9 was considered a 

Th2 cytokine, but two independent studies discovered the differential development of IL-9 

producing cells, distinguishing Th9 cells as a distinct cell type. These studies observed that the 

Th9 promoting conditions during naïve T cell differentiation, which consisted of a combination of 

IL-4 and TGF-, actually inhibited the development of Th2 cells 1,2. Nevertheless, the hypothesis 

that Th9 cells are an  activated subpopulation of Th2 cells was debated again by recent research 

again 3. Until now, Th9 cells have shown to be involved in protection against parasitic infections 4 

and  anti-tumour immunity 5, but they are also linked to pathologies as described for allergic 

conditions, such as asthma, allergic rhinitis, atopic dermatitis (AD) and food allergies 6,7. 

Today, there is substantial evidence to support the idea that the microbiota and microbiota-

derived metabolites influence the development of T-cell responses 8. Within this review, we aim 

to provide an overview of the recent knowledge on Th9 cells, their relation to allergic diseases as 

well as of the effects of the microbiota and associated factors on Th9 cell development. 

Th9 cell-characterization

IL-9 is not only made by CD4 T-cells, but can be produced by a broad range of immune cells, such 

as mucosal mast cells 9, type 2 innate lymphoid cells (ILC2) 10,  T-cells 11, as well as CD8 T-cells 
12. The downstream functionality of IL-9 seems to depend on the cellular source as well as the 

microenvironment of the secreting cells. Consequently, IL-9 production on its own is not 

sufficient to uniquely define Th9 cells. 

In vitro studies show that naïve CD4 T-cells develop into Th9 cells following polarization with IL-4 

and TGF- 1,2. The levels of IL-9 produced by these Th9 cells fluctuate over time, but usually peak 

after 72 hours 13. It has additionally been suggested that costimulatory molecules, such as OX40, 

also known as Tumor necrosis factor receptor superfamily 4, selectively and potently promote 

Th9 cell development 14. A
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The transcription factor network regulating this characteristic Th9 response is not completely 

understood and there is no single master transcription factor that uniquely characterizes Th9 

cells determined as yet. Notwithstanding, several candidate transcription factors have been 

proposed 15.

It was demonstrated that Th9 cell development failed in interferon regulatory factor 4 (IRF4) 

deficient CD4 T-cells and that IL-9 production is strongly reduced in established Th9 cells where 

IRF4 was silenced with a small interfering RNA (siRNA). Moreover, it was shown that IRF4 

regulates the development of Th9 cells by directly binding to the IL-9 promoter. Nevertheless, 

the role of IRF4 is not Th9 cell specific, since this transcription factor is also clearly involved in the 

regulation of Th2 and Th17 cells 16,17. 

STAT6, downstream of the IL-4 signalling pathway, was observed to be required for the induction 

of IRF4 and was subsequently considered important in the early stages of Th9 cell development 
18. In addition, upregulation of the transcription factors PU.1, FOXO1, and BATF were found in 

Th9 cells, and inhibition of these transcription factors significantly reduced IL-9 expression in the 

CD4 T-cells 19,20,21. FOXO1 seemed to perform a dual action by binding both to the IL-9 and IRF4 

promoter, and thereby modulating the stimulating effect of IRF4 20. Th9 cell development might 

also be stimulated indirectly, by intracellular binding of the two transcription factors Foxp3 and 

GATA-3 to each other 2. This binding leads to the formation of a transcription factor complex 

which consequently inhibits the generation of Treg- and Th2 cells, favouring the formation of Th9 

cells. Very recently, the expression of peroxisome proliferator-activated receptor  (PPAR) was 

found to be essential for IL-9 production by CD4 T-cells 3, and a novel role for the amino acid 

sensor general control nonderepressible 2 (GCN2) was discovered in Th9 cell differentiation 22. 

Finally, also Smad proteins and Notch signalling were found to influence IL-9 production by 

binding directly to the IL-9 promoter. In particular, Smad 2 and Smad 4 which are activated by 

TGF- signalling, seem to regulate IL-9 gene expression by inducing epigenetic changes at the IL-9 

locus, while Notch receptors cooperate with Smad 3 to promote Th9 cell differentiation  23,24. 

In conclusion, a broad spectrum of transcription factors and signalling pathways are involved in 

Th9 cell development and further investigation is necessary to determine the master 

transcription factor that may uniquely characterize these cells. A
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Th9 cells in allergic diseases

Following the discovery of Th9 cells as a separate T-helper subtype, these cells have emerged as 

important mediators of allergic inflammation. This potential role of Th9 cells in allergic diseases 

relates to the functional capacity of IL-9 to stimulate IgE production by B-cells 25,26, accumulate 

and activate mast cells 27, enhance eosinophil chemotaxis 28, and stimulate mucin production in 

lung epithelial cells 29. Moreover, Th9 cells were recently discovered to express histamine H4 

receptors, which might enhance the allergy promoting and inflammatory potential of these cells 

during allergic responses 30. In addition, IL-9 negatively influenced epithelial barrier integrity 

during intestinal inflammation, for example during inflammatory bowel disease (IBD). In IBD, IL-9 

secretion by Th9 cells recruits and stimulates mast cells, which in turn secrete pro-inflammatory 

cytokines and proteases affecting the gut barrier permeability. This disruption of the intestinal  

barrier results in increased entry of antigens, which might over-activate the mucosal immune 

cells and therefore also enhance the risk for allergic responses 31. 

Numerous studies, conducted both in humans and mice, recognized the role of IL-9 and Th9 cells 

in airway allergic diseases, due to their contribution to airway inflammation. Research on human 

cohort material revealed an increased IL-9 expression in bronchoalveolar lavage (BAL) from 

atopic asthma patients 32, which is in line with findings of increased IL-9 production by CD4 T-

cells in peripheral blood mononuclear cells (PBMCs) from adult atopic asthma patients 33, as well 

as from atopic infants after allergen specific and polyclonal challenge 26,34. Importantly, a 

correlation between the frequencies of these IL-9 producing cells and serum IgE levels was also 

observed in these asthma patients 33. Interestingly, using a mouse asthma model, it was proven 

that an anti-IL-9 antibody treatment inhibits airway inflammation by reducing the numbers of 

eosinophils and lymphocytes as well as the levels of type 2 cytokines IL-4 and IL-13 in the lungs 
35. However, in human trials, anti-IL9 treatment was not yet found to ameliorate asthma 

symptoms 36, while  blocking Th2 responses has shown promising results 37. A
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Next to these associations with allergic asthma, single-nucleotide polymorphisms in both IL-9 and 

IL-9 receptor genes were found associated with an increased susceptibility to AD 36. This relation 

between AD and Th9 cells was strengthened by the finding that large part of the  Th9 cells are 

skin-tropic and skin-resident, expressing cutaneous homing receptors and being highly present in 

skin lesions, for example in psoriasis 38,39. Moreover, enhanced IL-9 expression levels have been 

described in atopic skin lesions of AD patients compared to healthy controls 40,41. 

Besides this convincing evidence in asthma and AD, associations between food allergies and Th9 

cells have also emerged from studies on peanut allergy. Peanut specific IL-9 responses revealed 

high discriminatory capacity between PBMCs from peanut allergic and peanut tolerant 

individuals 42. These results were complemented by a study showing that IL-9 is an important 

component of the peanut-specific memory T-cells in peanut allergic children. Moreover, this 

study clearly characterized these IL-9 secreting cells as Th9 cells and showed even a 

discriminatory Th9 response between peanut allergic and peanut sensitized children 43. Apart 

from the association with peanut allergy, a role for IL-9 secreting cells is also suggested in cow’s 

milk allergy, since a study in cow milk allergic children showed a correlation between IL-9 plasma 

levels and eosinophilia, which is known to contribute to allergy development 44.

Combined, these results stress the importance of Th9 cells in allergic pathologies and underline 

their potential as target for future allergy treatment, although further investigation is clearly 

needed. 

Association between the microbiota, dietary compounds and Th9 cells 

While the microbiota is referred to as the microbes lining the mucosa and epithelial surfaces of 

the entire body, the microbial community of the gut is the most abundant. The composition of 

the gut microbiota is developing already in early life but it is dynamic and shaped by both genetic 

and non-genetic factors 45,46. Previous research indicated strong associations between host 

immunity and the composition of the microbiota, not only in the gut, but also in organs such as 

the lung and skin 46,47. This connection between microbiota and immunity was already suggested 

by the ‘hygiene hypothesis’, which described early life infections and microbe encounters as 

important to balance the Th1 and Th2 cell responses and consequently to prevent allergy A
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development 46,48. Nowadays CD4 T-cells are considered to have high plasticity, being able to 

switch between subtypes and functional capacity depending on received environmental triggers. 

A large part of these environmental stimuli comes from the microbiota and microbiota-derived 

factors, although the exact mechanisms and modulating compounds are still largely unknown 
8,49. 

Specialized organ-resident T-cells are present in every organ, and are influenced by the organ-

specific microbiota. However, evidence is accumulating that effects of gut-derived microbial 

factors are not limited to the gut microenvironment, but also signals to immune cells in other 

organs such as the lung and brain, via the so-called gut-lung and gut-brain axes. These broad 

effects might be mediated by the release of gut-derived microbial and dietary factors, such as 

short chain fatty acids (SCFAs), into the circulation, or due to traffic of gut-derived activated T-

cells towards other compartments of the body 45,47. Consequently, the gut microbiota might 

influence the immune system in the entire organism. 

With Th9 cells being a new player in the field and being strongly related to allergy development, 

it is of importance to investigate whether Th9 cells are modulated, either induced or inhibited, by 

microbial species or microbial and dietary metabolites.  

Although research on associations between microbial species and Th9 cell responses is scarce, 

some interesting observations have been made. First of all, Staphylococcus aureus, a commensal 

but potential pathogenic Gram-positive bacterium commonly found in the nasopharynx and on 

the skin, was suggested to enhance Th9 cell responses. This effect might be dependent on the 

staphylococcal enterotoxins, since Staphylococcal enterotoxin B enhanced Th9 cell properties 

among CD4 T-cells in a cancer murine model 51. Moreover, Staphylococcus aureus has been 

frequently linked to AD and asthma in humans, clinical manisfestations that are also often 

related to Th9 cell responses and could potentially be mediated by staphylococcal toxin-specific 

IgE 51,52. Noteworthy, Staphylococcus aureus is also often found in the infant gut 53, but whether 

this could influence Th9 development in the gut during infancy is not known.  

In addition, the opportunistic fungus Candida albicans, inhabiting most of the body’s epithelial 

barriers,  was observed to stimulate Th9 cells both in the human skin and gut 39,54. Specifically, it 

was shown that a high proportion of skin-tropic Th9 cells possessed specificity for Candida A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

albicans, since stimulation of these Th9 cells with a heat-killed preparation of the fungus lead to 

enhancement of IL-9 secretion 39. Moreover, Candida albicans enhanced Th9 cell development in 

CD4 T-cells residing in Peyer’s Patches and  mesenteric lymphnodes 54. Importantly, it was also 

hypothesized that Candida albicans may exacerbate asthma symptoms 55. However, mechanisms 

or possible mediators behind these effects remain to be unraveled.  

On the other hand, several reports determined inhibiting effects of gut-derived compounds on 

Th9 cell responses. First of all, recent murine studies showed that butyrate, one of the 

microbiota-derived SCFAs, suppressed Th9 cell responses in a lung inflammation setting. 

Specifically, butyrate reduced the frequency of Th9 cells in the lung and subsequently reduced 

eosinophil infiltration and lung inflammation 56.

In addition, antagonizing effects of retinoic acid (RA), a dietary metabolite of vitamin A which is 

synthesized by mucosal dendritic cells (DCs), were described 57. RA showed to impact the 

transcriptome of Th9 cells while not affecting other T-helper subtypes to the same extent. Th9 

cells development was inhibited by direct binding of RA to its receptor RAR and subsequent 

repression of the extended IL9 locus. In addition, it was determined that allergic inflammation in 

human asthma is associated with a decreased expression of RA target genes 57. These results 

complement a previous finding showing an association between vitamin A deficiency and a 

higher prevalence and severity of allergic asthma 58. 

Finally, the metabolic active form of vitamin D, 1,25-dihydroxyvitamine D3, was shown to inhibit 

the Th9 cell development in PBMCs from asthma patients in vitro. Vitamin D is either taken up by 

the skin or gut and transformed to the active form by the liver and kidneys. However, the 

mechanisms by which it does so, as well as the clinical applications are to date not fully 

understood 59. 

These findings suggest that dietary and microbial derived compounds have broad modulatory 

effects on Th9 cells immune responses, and their influence is not limited to their organ of origin 

but can be extended throughout the body. The above mentioned potential modulatory effects of 

microbial species and microbial and diet-derived factors are summarized in Table 1. and 

graphically depicted in Figure 1. A
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Further investigation on the associations between the microbiota, dietary factors and Th9 cells is 

clearly needed, while at the same time relating these associations to clinical outcomes such as 

allergy development.  

Conclusion

In the 10 years since the discovery of Th9 cells, these cells have been associated with a broad 

range of allergic diseases. Consequently, Th9 cells are increasingly acknowledged as potential 

targets to prevent and treat allergic pathologies. Since the microbiota and microbial derived 

factors as well as dietary compounds have been recognized as important immunomodulators, 

also in relation to allergic disease, it is of interest to investigate whether they can have an impact 

on Th9 cells and their responses. 

This review of current literature suggests that Staphylococcus aureus and Candida albicans 

enhance Th9 cell responses in different organs. Future research should further explore these 

associations as well as the underlying mechanisms and clinical consequences. Moreover, we 

highlight retinoic acid, butyrate, and vitamin D as important modulating and antagonistic factors 

for Th9 cells that could eventually be used in allergic disease management. Further investigation 

is needed to understand how and to what extent these metabolites influence the immune 

responses in different organs. Lastly, it is of interest to investigate the possible applications of 

these compounds in clinical allergy settings. 
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Figure 1. Schematic representation of the current knowledge on associations between 

microbial species as well as microbial and dietary metabolites and Th9 cells.

Inhibiting effects on Th9 cells are represented by green lines, while stimulating effects are 

indicated with red arrows. Origin site and/or localization of the microbes and microbial and 

dietary metabolites is shown. (Figure made with Biorender).

A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

Table 1. Summary of the current research on associations between microbial species, dietary metabolites and Th9 cells.  

Microbial species and dietary 

metabolites  

               Effect on Th9 cells Model organism Ref. 

Staphylococcal enterotoxin B (SEB) 

 

 SEB enhances Th9 cell properties in CD4 T-cells  Murine cancer model 50 

Candida albicans (C. albicans)  C. albicans stimulation induces production of IL-9 in skin-

tropic Th cells  

Human peripheral blood 

and skin tissue 

39 

Candida albicans (C.albicans)  IL-9 producing cells (including T-cells) and mast cells are key 

players in C. albicans induced gut pathology  

 C. albicans enhances Th9 cell development in CD4 T-cells 

residing in Peyer’s Patches and mesenteric lymph nodes 

 

Murine model and 

human duodenum 

biopsies 

54 

Butyrate  Butyrate suppresses Th9 cell frequency in lung 

 Butyrate reduces Th9 cell mediated eosinophil infiltration in 

the lung 

 

Murine lung 

inflammation model 

56 

Retinoic acid  Retinoic acid impacts the Th9 cell transcriptome 

 Retinoic acid binds to RAR and this complex represses the 

IL9 locus  

 The effects on Th9 cells are more pronounced than on other 

T helper subsets 

 

Human peripheral blood 

and murine asthma 

model 

57 
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1,25-dihydroxyvitamine D3  1,25-dihydroxyvitamine D3 has inhibitory effects on Th9 

cell development and IL9 secretion by Th9 cells  

Peripheral blood 

mononuclear cells from 

human asthma patients 

59 
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