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Abstract

Vitamin D can modulate the innate and adaptive immune system. Vitamin D deficiency has been 

associated with various autoimmune diseases. Th9 cells are implicated in the pathogenesis of 

numerous autoimmune diseases. Thus, we investigated the role of calcitriol (active metabolite of 

vitamin D) in the regulation of Th9 cell differentiation. In this study, we have unraveled the 

molecular mechanisms of calcitriol-mediated regulation of Th9 cell differentiation. Calcitriol 

significantly diminished IL-9 secretion from murine Th9 cells, associated with downregulated 

expression of the Th9-associated transcription factor, PU.1. Ectopic expression of VDR in Th9 

cells attenuated the percentage of IL-9-secreting cells. VDR associated with PU.1 in Th9 cells. 

Using a series of mutations, we were able to dissect the VDR domain involved in the regulation of 

Il9 gene. The VDR-PU.1 interaction prevented the accessibility of PU.1 to the Il9 gene promoter 

thereby restricting its expression. However, the expression of Foxp3, Treg-specific transcription 

factor, was enhanced in the presence of calcitriol in Th9 cells. When Th9 cells are treated with 

both calcitriol and TSA (histone deacetylase inhibitor), the level of IL-9 reached to the level of 

wild-type untreated Th9 cells. Calcitriol attenuated specific histone acetylation at the Il9 gene. In 

contrast, calcitriol enhanced the recruitment of the histone modifier, HDAC1 at the Il9 gene 

promoter. In summary, we have identified that calcitriol blocked the access of PU.1 to Il9 gene by 

reducing its expression and associating with it as well as regulated the chromatin of Il9 gene to 

regulate expression.
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Introduction:

The fat soluble vitamin D plays crucial function in immune system regulation apart from its 

conventional function in maintaining calcium and phosphorous homeostasis (1, 2). The 

biologically active form of vitamin D, designated as vitamin D3 or calcitriol, is a secosteroid 

hormone that is predominantly synthesized in the skin from 7-dehydrocholesterol by UV-B 
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rays (2). Calcitriol acts via vitamin D receptor (VDR), which belongs to the nuclear receptor 

superfamily (2, 3). Binding of calcitriol brings about a change in conformation of VDR, 

followed by heterodimerization with an orphan receptor, retinoid X receptor (RXR). This 

heterodimer of VDR-RXR moves to the nucleus, binds to the vitamin D response elements 

(VDRE) to regulate the transcription of more than 200 genes (2, 3). VDR is expressed by 

numerous tissues such as brain, breast, kidney, intestine, liver, lung (4). Interestingly, VDR 

is also known to be expressed by a wide-range of immune cells such as monocytes, 

macrophages, NK cells, dendritic cells, B cells and T cells, highlighting the function of 

calcitriol in the immune system (2, 5). Active vitamin D promotes the antimicrobial 

mechanisms induced by macrophages and neutrophils. Calcitriol prevents the maturation 

and differentiation of the dendritic cells and thereby impairs T cell activation and 

differentiation, which upon dysregulation leads to the initiation and perpetuation of 

autoimmune diseases (2, 6, 7). Globally, there has been increased prevalence of autoimmune 

diseases including rheumatoid arthritis, multiple sclerosis, Crohn’s disease, type-I diabetes 

mellitus and other immune-mediated diseases (8). Vitamin D3 deficiency is associated with 

increased risk of several autoimmune diseases (2, 4). Several studies suggest that calcitriol 

supplementation attenuates the disease activity score and reduces disease exacerbation of 

various autoimmune diseases (9). Thus a strong correlation between low vitamin D levels 

and the development of autoimmune diseases exists and calcitriol supplementation might 

play a protective role in the pathophysiology of autoimmune diseases.

The principal immunological mechanism employed by calcitriol in providing protection 

against autoimmune diseases involves modulating the differentiation of various T helper 

(Th) cell subsets (6, 7, 10). Increased frequencies of Th1 and Th17 cells are known to be 

responsible for the pathogenesis of multiple sclerosis, rheumatoid arthritis, and 

inflammatory bowel disease (11). Interestingly, calcitriol treatment resulted in reduced 

frequency of pathogenic Th1 and Th17 cells in various autoimmune disease models and 

patients suffering from autoimmune diseases (10–12). This affirms the protective role of 

calcitriol in autoimmune diseases via modulating the development of pathogenic T helper 

cells. In contrast, calcitriol enhances the polarization of Th2 and Treg cells. The impact of 

calcitriol in the differentiation of IL-9-secreting Th9 cells is however not clearly understood. 

Th9 cells were discovered more than a decade ago and are known to impart protection 

against helminth infections as well as exhibit anti-tumor immune responses (13). 

Conversely, Th9 cells are also involved in the pathophysiology of several autoimmune 

diseases (14). Hence, modulating Th9 cell development might be an alternate strategy for 

restraining the perpetuation and progression of autoimmune diseases. Thus, owing to the 

pathological role of Th9 cells and the protective effects of vitamin D supplementation in the 

pathophysiology of autoimmune diseases, we have investigated the role and the molecular 

mechanisms employed by calcitriol in regulating Th9 cell development.

In this study, we have observed that calcitriol attenuated the secretion of IL-9 in murine Th9 

cells associated with impaired level of Th9-specific transcription factors (PU.1, IRF4 and 

Batf). Ectopic expression of VDR resulted in decreased IL-9 secretion from murine Th9 

cells. Mechanistically, VDR associated with PU.1 in Th9 cells that impaired the binding of 

PU.1 to the Il9 gene culminating in impaired IL-9 expression and secretion by Th9 cells. 

Using a series of mutations of the ligand binding and DNA binding domains of VDR, we 
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have identified specific domains of VDR that interacted with PU.1. Furthermore, Th9 cells 

treated with calcitriol upregulated the secretion of IL-10, an anti-inflammatory cytokine and 

enhanced the expression and recruitment of Foxp3 at Il9 gene. Calcitriol also regulated Il9 
gene expression epigenetically. The inhibitory effect of calcitriol on Th9 cell development 

was rescued by trichostatin A, HDAC inhibitor. We also observed increased recruitment of 

HDAC1 at the Il9 gene in the presence of calcitriol concomitant with decrease in the specific 

histone modifications essential for the permissive chromatin. Thus, our results suggest 

multiple novel mechanisms that are employed by calcitriol for the regulation of Th9 cell 

development and their potential therapeutic role to treat autoimmune diseases.

Materials and Methods

Mice

Female C57BL/6 mice were procured from National Institute of Nutrition (Hyderabad, 

India). They were housed and bred at small animal facility of IIT Kharagpur in pathogen-

free conditions. All the studies were performed according to the guidelines laid out by 

Institutional Animal Ethics Committee of IIT Kharagpur.

Murine T helper cell differentiation

Naïve CD4+ T cells were isolated from the spleen of 6–8 w/o female mice by magnetic cell 

sorting (Biolegend, CA, USA). Magnetically sorted naïve CD4+ T cells were grown in 

RPMI 1640 medium supplemented with 10% FBS and 1% antibiotic-antimycotic solution at 

37°C in an incubator with 5% CO2. Plate-bound anti-CD3 (2 μg/mL, Biolegend) and soluble 

anti-CD28 (1 μg/mL, Biolegend) were used to activate naïve CD4+ T cells, followed by 

differentiation into Th1 (IL-12 [5 ng/mL; Peprotech, NJ, USA], IL-2 [(50 U/mL); 

Biolegend] and anti-IL-4 [10 μg/mL; Peprotech]); Th2 (IL-4 [20 ng/mL; Biolegend] and 

anti-IFN-γ [10 μg/mL; Biolegend]), Th9 (IL-4 [20 ng/mL], TGF-β [2 ng/mL; Biolegend] 

and anti-IFN-γ [10 μg/mL]), Th17 (TGF-β [2 ng/mL], IL-6 [100 ng/mL; Peprotech], IL-1β 
[10 ng/mL; Peprotech], IL-23 [10 ng/mL; Peprotech], anti-IFN-γ [10 μg/mL] and anti-IL-4 

[10 μg/mL]) and Treg cell differentiating conditions (TGF-β [2 ng/mL], anti-IL-4 [10 

μg/mL; Peprotech] for 3 days. The cultures were expanded for further 2 days by adding three 

times of fresh media for all the culture conditions with IL-4 and TGF-β for Th9, half the 

concentration of IL-6, IL-1β, IL-23 for Th17 and IL-2 for Treg conditions. Calcitriol used in 

the experiments was procured from Sigma Aldrich (MO, USA).

Intracellular cytokine staining and flow cytometry

Day 5 differentiated Th9 cells were stimulated with phorbol 12-myristate 13-acetate (PMA) 

and ionomycin (Sigma Aldrich) for 6 hrs. Monensin was added for the last 2 hrs of 

stimulation. The cells were surface stained using PE/Cy7 anti-CD4 antibody (Biolegend). 

The cells were then fixed using paraformaldehyde followed by permeabilization and staining 

using fluorochrome-conjugated anti-mouse IL-9, anti-mouse IL-4 and anti-mouse IL-10 

(Biolegend). The flow cytomter FACS Calibur (BD Biosciences, CA, USA) was used to 

analyse the stained cells. The data was analysed by FlowJo software (Tree Star, OR, USA)
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Quantitative RT-PCR and cytokine analysis

On day 5, differentiated Th cells were re-stimulated using anti-CD3 for 6 hrs and total 

mRNA was isolated by TRIzol (Thermo Fisher Scientific, MA, USA). Reverse transcription 

of RNA into cDNA was performed using the verso cDNA synthesis kit and analysed using 

PowerUp SYBR™ Green PCR master mix in QuantStudio 5 real-time PCR system (Thermo 

Fisher Scientific). The change in gene expression was normalized using β-actin as an 

endogenous control. The relative fold change in the gene expression was estimated using the 

formula 2(−ΔΔCT). The primer sequences for real-time PCR have been depicted in the Table 

S1. Cytokine analysis was performed using ELISA by re-stimulating 5-day differentiated T 

helper cells with anti-CD3 for 24 hrs and detecting the amount of IL-9 in cell-free 

supernatant by using anti-IL-9 capture and biotin-conjugated anti-IL-9 detection antibodies 

(Biolegend).

Immunoblot

Th0, Th1, Th2, Th9, Th17 and Treg cells were differentiated for 5 days. Upon 

differentiation, total nuclear lysates were prepared from the indicated T helper cell subsets 

using CelLytic M (Merck, NJ, USA). The cell lysates were resuspended in Laemmli buffer, 

boiled at 100°C for 5 mins, run on SDS-PAGE gel, transferred on PVDF membrane and 

probed with antibodies against PU.1, VDR (Cell Signaling Technology, MA, USA), IRF4 

and BATF (Santa Cruz Biotechnology, TX, USA) and β-Actin (Biorbyt, Cambridge, UK).

Plasmids

The MIEG-hCD4 retroviral plasmid was a generous gift from Prof. Mark H. Kaplan, Indiana 

University and pCDNA3.1 was a kind gift from Dr Arindam Mondal (School of Bioscience, 

IIT Kharagpur). The murine VDR open reading frame, pGEM-mVDR was purchased from 

Sino Biological Inc. (Beijing, China). The mVDR was cloned into MIEG-hCD4 vector using 

EcoRI and XhoI restriction sites. The DNA binding domain deletion mutant of VDR 

(VDRΔDBD) was made from wild type VDR using stitch PCR. The primer pairs 1, 2 and 3, 

4 were used to generate individual fragments. The final stitching of both fragments was 

carried out using equimolar concentrations of each fragment. The mouse VDR lacking the 

amino acids from 403 to 422 (VDRΔ403), from 304 to 422 (VDRΔ304) and from 276 to 422 

(VDRΔ276) were generated using forward primer 5 and different reverse primers 6, 7 and 8, 

respectively and cloned into pCDNA3.1. The primer sequences of primers 1–8 have been 

mentioned in Table S2.

Transient transfection and retroviral transduction

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s medium supplemented with 

10% FBS and 1% antibiotic-antimycotic solution. HEK293T cells were transfected with 

MIEG-mVDR-hCD4 using lipofectamine 3000 (Thermo Fisher Scientific) along with viral 

envelope constructs gag-pol and Env (provided by Prof. Mark H. Kaplan). The retroviral 

supernatant was collected after 24 hrs of transfection and was filtered using 0.45 μm filter. 

Naïve CD4+ T cells differentiated for 2 days under Th9 differentiating conditions were 

transduced with the retroviral supernatant using polybrene (Merck). On day 5, the 

transduced cells were analysed for the secretion of IL-9 by flow cytometry.

Vyas et al. Page 4

J Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunoprecipitation

Nuclear extracts were prepared from T helper cells differentiating in Th9 developing 

conditions and HEK293T cells transfected with pCDNA3.1-mVDR, MIEG-PU.1-GFP (gift 

from Prof. Mark H. Kaplan) as well as different deletion constructs lacking mVDR DNA 

and ligand binding domains. 0.5 mg of nuclear lysate was immunoprecipitated with 2 μg of 

anti-VDR and anti-PU.1 antibody at 4°C overnight using protein G agarose beads (Cell 

Signaling Technology). The conjugate was eluted from the beads by boiling at 100°C for 5 

minutes, followed by centrifugation at 10000g for 10 minutes. The eluted conjugate was run 

on SDS-PAGE, transferred onto PVDF membrane and probed against VDR/PU.1 antibodies.

Chromatin immunoprecipitation

Th9 cells were cross-linked with formaldehyde and the protein-chromatin conjugate was 

immunoprecipitated with protein-G agarose beads overnight at 4°C. The nuclear lysates 

were immunoprecipitated with antibodies against VDR, PU.1, Foxp3, H4K5Ac, H3K9Ac, 

H3K14Ac, HDAC1 and rabbit IgG (Cell Signaling Technology). Protein-chromatin cross-

links were reversed by incubation at 65°C, followed by DNA elution by phenol-chloroform 

extraction and ethanol precipitation. The binding of the above mentioned proteins at the 

three previously identified conserved regions of Il9 (CNS1, CNS0 and CNS-25) was 

determined using real-time PCR analysis. The list of primers for all the three conserved non-

coding sequences in Il9 gene has been mentioned in Table S1.

Statistics

One-way analysis of variance followed by post-hoc Tukey multiple comparison test was 

used to determine statistical significance among all the data sets using GraphPad Prism 6.0 

software (CA, USA). p<0.05 and p<0.01 were considered to be statistically significant for 

all the experiments.

Results

Vitamin D receptor is expressed by Th9 cells and treatment with calcitriol leads to 
enhanced recruitment of VDR at vitamin D response element on Il9 gene

Calcitriol, is known to modulate the development of different T helper cell subsets (15). 

Calcitriol binds to its receptor VDR that leads to modulation of immune responses (2). VDR 

expression is usually associated with dampened Th1 and Th17 cell development and 

promotion of Th2 and Treg cell polarization (15). However, the role of calcitriol has 

remained understudied in Th9 cell differentiation. To begin with we assessed the level of 

VDR expression across different T helper subsets. VDR was expressed by activated Th cells 

and by differentiated Th cell subsets at various levels (Fig 1a). VDR was abundantly 

expressed by Th9 cells when compared with Th1, Th2, Th17 and Treg cells observed by 

qPCR and immunoblot (Fig 1a). This prompted us to investigate whether Th9 cells respond 

to calcitriol by altering VDR expression or by regulating signal transduction via VDR (16, 

17). The addition of calcitriol (ligand) did not significantly alter VDR (receptor) expression 

in Th9 cells as evident from the qPCR and immunoblot experiments (Fig 1b). Subsequently, 

we wanted to determine if there was enhanced recruitment of VDR to the putative VDRE in 
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the presence of calcitriol (150 bp downstream of the Il9 gene promoter) using chromatin 

immunoprecipitation (ChIP) (Fig 1c). We demonstrated that calcitriol treatment led to 

enhanced recruitment of VDR at the putative VDRE, suggesting that calcitriol might alter 

the activation status of VDR and thereby stimulate VDR signaling in order to regulate Th9 

cell differentiation (Fig 1c). Collectively, our preliminary results support calcitriol-mediated 

regulation of Th9 cells.

Calcitriol impairs Th9 cell differentiation

Th cell subsets such as Th1, Th17 and Th9 cells are known to have both beneficial and 

detrimental functions. As mentioned previously, calcitriol levels and VDR expression are 

known to limit autoimmune responses. The immunomodulatory effect of calcitriol on Th1 

and Th17 cell differentiation has been reported in several studies (18–21). Therefore, we 

wanted to define the role of calcitriol in the differentiation of Th9 cells. Naïve CD4+ T cells 

were polarized into Th9 cells in the presence of calcitriol (10, 50 and 100 nM) for 5 days 

and IL-9 production was assessed by intracellular cytokine staining. Calcitriol treatment 

resulted in a dose-dependent decrease in IL-9 production by Th9 cells with maximal 

reduction at 100 nM concentration with no change in cell viability (Fig S1a, 2a, b). These 

data correlate with the findings of Palmer and Keating (22, 23). IL-4 is the shared cytokine 

required for the differentiation of Th2 and Th9 cells. Th9 cells also secrete IL-4 at low 

levels. We observed that treatment with calcitriol did not impact IL-4 production by Th9 

cells suggesting that calcitriol specifically dampens IL-9 secretion by Th9 cells and this 

effect is probably IL-4-independent (Fig 2a). We further confirmed this observation by 

determining the expression and secretion of IL-9 by Th9 cells in the presence of calcitriol 

using qPCR and ELISA (Fig 2b, c). Next we determined whether the effect of calcitriol on 

Th9 cell production was VDR-dependent. Developing Th9 cells were transduced with 

control plasmid (MIEG-hCD4) and VDR-expressing plasmid (MIEG-mVDR-hCD4). IL-9 

secretion by Th9 cells was significantly reduced when VDR was ectopically expressed in 

Th9 cells, suggesting VDR-dependent function in the process (Fig 2d). Together, our 

findings confirm the inhibitory role of calcitriol on Th9 cell development in VDR-dependent 

manner.

Calcitriol downregulates the expression of Th9-specific transcription factors

Transcription factors differentiate effector T cells into Th cell subsets. Th9 cell 

differentiation is also regulated by a slew of transcription factors. Downstream of TGF-β 
signal, the transcription factor PU.1 and downstream of IL-4 signal the transcription factors 

IRF4 and Batf play important roles in Th9 cell differentiation (24). Additionally, the STAT6 

signal is also indispensable for Th9 cell differentiation (25). Calcitriol modulates the 

differentiation of Th17 cells at the transcriptional level via reducing the expression of 

RORγt (22). Thus, we determined if calcitriol-mediated Th9 cell differentiation is controlled 

by modifying the expression of Th9-specific transcription factors. We observed that 

calcitriol significantly attenuated the expression of Sfpi1, Irf4, Batf and Stat6 mRNA in Th9 

cells using qPCR (Fig 3a). This was further confirmed using immunoblot prepared from the 

nuclear extracts of Th9 cells treated with calcitriol. We demonstrated significantly attenuated 

expression of PU.1, IRF4 and Batf in the presence of calcitriol in Th9 cells (Fig 3b). Hence, 

calcitriol negatively regulates Th9 cell differentiation by downmodulating the transcriptional 
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machinery required for the development of Th9 cells. Th9 cell differentiation requires the 

cytokines IL-4 and TGF-β, which are required for differentiating into Th2 and Th17 cells, 

respectively. This led us to speculate that the inhibitory effect of calcitriol on Th9 cells might 

be secondary to its effect in Th2 and Th17 cell differentiation. Therefore, we determined 

whether calcitriol attenuated IL-9 secretion indirectly by impairing the transcription 

machinery of Th2 and Th17 cells. Gata3 is lineage-specific transcription factor of Th2 cells 

and have been speculated to be regulating Th9 cell differentiation by suppressing the 

expression of the transcription factor, Foxp3 that negatively regulates Th9 cell differentiation 

(26). Th9 cells express Gata3; however, its expression was not altered in Th9 cells by 

calcitriol that correlated with unchanged expression of Il4 (Fig 3c). IL-9 has been suggested 

to be a mediator of Th17-mediated inflammatory diseases (27). Rorγt expression was 

unaltered when Th9 cells were treated with calcitriol (Fig 3c). This correlated with 

unchanged expression of Il17 (Fig 3c). Thus, our data collectively indicates that calcitriol 

inhibits IL-9-secreting Th9 cell development by attenuating the expression of Th9-

differentiating transcription factors without impacting the expression of cytokines and 

transcription factors specific for the differentiation of Th2 and Th17 cells.

Vitamin D receptor interacts with PU.1 and impairs its binding to the Il9 gene locus

PU.1 is known to bind the Il9 gene locus and thereby regulate the development of Th9 cells 

(28). Our data suggested reduced expression of PU.1 by Th9 cells in the presence of 

calcitriol (Fig 3a, b). Hence, we wanted to determine whether decreased PU.1 expression is 

also associated with attenuated binding of PU.1 at Il9 gene locus thereby impeding Th9 cell 

development. We ascertained the effect of calcitriol on PU.1 binding at the Il9 gene using 

ChIP assay. We observed that treatment with calcitriol led to significantly decreased binding 

of PU.1 at CNS1 of the Il9 gene indicating that calcitriol impairs PU.1 binding at the Il9 
gene culminating in attenuated Th9 cell development (Fig 4a). Additionally, we also 

identified the effect of calcitriol on the binding of PU.1 at putative VDRE on Il9 gene and 

observed significantly reduced PU.1 binding at VDRE in the presence of calcitriol (Fig 

S1b).

We have observed previously that treatment with calcitriol leads to enhanced recruitment of 

VDR at putative VDRE on the Il9 gene (Fig 1c). Moreover, we also demonstrated decreased 

binding of PU.1 at Il9 gene locus (Fig 4a). Thus, we speculated that in the presence of 

calcitriol, VDR might bind to PU.1 binding sites on the Il9 gene and thereby attenuate PU.1 

binding indirectly culminating in diminished Th9 cell development. However, PU.1 binding 

sites do not overlap with VDRE half-sites (Fig S1c) and thus we hypothesized that VDR in 

the presence of calcitriol might directly associate with PU.1 and thereby prevent PU.1 from 

binding at the Il9 gene to regulate Th9 cell development. In the presence of calcitriol, VDR 

is known to physically interact with Runx1 culminating in decreased binding of Runx1 at the 

Il17a gene (10). Moreover, VDR is also known to directly interact with PU.1 in alveolar 

macrophages suggesting a possible interaction between PU.1 and VDR in Th9 cells. We 

transfected human embryonic kidney (HEK293T) cells with PU.1 and VDR expressing 

plasmids as mentioned in the materials and methods section, followed by nuclear lysate 

preparation and co-immunoprecipitation to determine the association of VDR with PU.1. 

When immunoprecipitated with VDR, PU.1 was co-precipitated (Fig 4b). This was 
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confirmed in reciprocal experiments that indicated VDR and PU.1 associate with each other 

(Fig 4b). We confirmed this observation by preparing nuclear lysates from Th9 cells cultured 

in the presence of calcitriol, immunoprecipitated with VDR followed by blotting with PU.1 

(Fig 4c). This was confirmed in reciprocal experiments (Fig 4c). Consistent with our 

previous observation, we observed that VDR and PU.1 co-eluted in Th9 cells in the presence 

of calcitriol (Fig 4c). Hence, our results imply that VDR physically associates with PU.1 and 

thereby attenuates the binding of PU.1 at Il9 gene.

Next, we wanted to determine the domain(s) of VDR that interact with PU.1. Murine VDR 

is 422 amino acids long (29). It has a 76 amino acid-long DNA binding domain with a 

ligand binding domain that is 292 amino acids long (29). Thus, in order to map the region of 

VDR critical for association with PU.1, we generated deletion constructs of mouse VDR 

(mVDR) as described in the materials and methods section (Fig 5a). Briefly, we co-

transfected HEK293T cells with full length mVDR and mutant mVDR lacking the DNA 

binding domain (ΔDBD), as well as distinct regions of ligand binding domain such as 

(Δ276, Δ304 and Δ403) along with PU.1-expressing plasmid. Next, we prepared nuclear 

lysates and immunoprecipitated with VDR followed by probe with PU.1 or vice-versa. We 

demonstrated that PU.1 co-precipitated with mVDR lacking regions of DNA binding 

domain as well as portions of ligand binding domain from 304–422 amino acids similar to 

the full length mVDR (Fig 5b and c; respectively). However, PU.1 precipitate was absent 

when mVDR lacked amino acids from 276–422 (Fig 5c). Thus, the region required for VDR 

interaction with PU.1 involves amino acids from 276–304. Overall, our results suggest that 

the ligand binding domain of VDR (276–304 amino acids) interacts with PU.1 and thereby 

impairs the binding of PU.1 at Il9 gene.

Calcitriol increases the secretion of IL-10 by Th9 cells and enhances the binding of Foxp3 
at Il9 gene locus

Foxp3 is the master regulator of Treg cells, which predominantly secrete anti-inflammatory 

cytokine IL-10 (30). Foxp3 expression is essential to maintain immune homeostasis and 

thereby limit autoimmunity (31). Induction of IL-10 also plays a critical role in preventing 

autoimmune diseases (32). Ectopic Foxp3 expression impairs IL-9 production in Th9 cells, 

thereby inhibiting Th9 cell development (33). Moreover, calcitriol deficiency has been 

correlated with dampened Foxp3+T cells in autoimmune patients (34). Calcitriol is also 

known to increase the ratio of Foxp3+T cells to IL-17+T cells associated with IL-10 

induction in various autoimmune disease models (15). We therefore investigated whether 

there was concomitant increase in IL-10 production and Foxp3 expression upon treating Th9 

cells with calcitriol. Calcitriol treatment led to a significant increase in Foxp3 expression and 

IL-10 production by Th9 cells (Fig 6a). This finding was confirmed by the significant 

increase in IL-10-secreting T cells that were inversely proportional to the percentage of 

IL-9-secreting T cells (Fig 6b). We then determined if the inhibitory effect of calcitriol on 

Th9 cells was mediated by IL-10. Th9 cells were treated with calcitriol along with IL-10 

neutralizing antibody (anti-IL-10) to measure the frequency of IL-9+ cells in Th9 

differentiating conditions. Calcitriol-treated Th9 cells in the presence of anti-IL-10 

significantly increased IL-9 production (Fig 6b), as previously observed (22). However, this 

increase of IL-9 did not reach to the level achieved by Palmer et al. This could be due to the 
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lack of complete blockade of IL-10. Weaver and colleagues blocked both IL-10 and its 

receptor, IL-10R. We also observed significant reduction of IL-10-secreting cells when anti-

IL-10 was added to calcitriol-treated Th9 cells (Fig 6b). Thus, calcitriol decreased IL-9-

producing T cells concomitant with an increase in IL-10-producing T cells.

Even though Foxp3 expression was significantly increased in the presence of vitamin D in 

Th9 cells, it did not reach the level expressed by Treg cells (Fig 6a). We performed 

additional experiments to determine the function of Foxp3 in mediating the regulatory effect 

of calcitriol in Th9 cells. Foxp3 binding sites are present in the Il9 gene locus (33). 

Moreover, increased Foxp3 binding at the conserved non-coding sequences of Il9 gene 

prevents IL-9 expression resulting in impaired Th9 cell development (33). Thus, we 

performed ChIP to investigate whether calcitriol altered the Foxp3 binding at the CNSs of 

Il9 gene to regulate Th9 cell development. Interestingly, we observed that calcitriol 

treatment resulted in increased recruitment of Foxp3 at the Il9 promoter (Fig 6c). 

Collectively, our results imply that the immunomodulatory role of calcitriol in Th9 cell 

development is mediated by not affecting the expression of Foxp3, but by altering the 

recruitment of Foxp3 to the Il9 gene.

Calcitriol epigenetically regulates Th9 cell development

Global gene expression results from a balance between histone acetylation and 

deacetylation. We have previously observed that calcitriol recruited Foxp3 at Il9 gene locus 

culminating in impaired Th9 cell development (Fig 6c). Furthermore, Foxp3 is known to 

recruit histone deacetylase, HDAC1 at the Il9 gene locus resulting in repressive chromatin 

and suppression of Il9 gene transcription (33). Thus, we investigated whether calcitriol 

impacted Th9 cell development by regulating Il9 gene epigenetically. We speculated that 

recruitment of Foxp3 at the Il9 gene locus by calcitriol might in turn alter the recruitment of 

HDAC1 at Il9 gene locus and thereby regulate Il9 gene transcription. We assessed the 

binding of HDAC1 at all the three CNS of Il9 gene in the presence of calcitriol. We 

demonstrated that calcitriol treatment significantly increased the binding of HDAC1 at the 

three CNS (Fig 7a). Thus, it can be argued that calcitriol enhances Foxp3 binding, which in 

turn augments the binding of HDAC1 at Il9 gene locus. Consequently, this results in 

repressive chromatin at the Il9 gene leading to diminished Il9 gene transcription and Th9 

cell development. Moreover, we also determined the binding of HDAC1 at putative VDRE 

using ChIP and observed increased binding of HDAC1 at VDRE as well in the presence of 

calcitriol (Fig S1d).

Several studies suggest that HDAC1/2 inhibitors such as trichostatin A (TSA) can reverse 

the repressive chromatin at Il9 gene locus and thereby rescue Foxp3-mediated suppression 

of Il9 gene transcription (33, 35). Thus, we tested whether TSA can rescue the inhibitory 

effect of calcitriol on Th9 cells. Differentiating Th9 cells were treated with calcitriol alone 

and or in combination with TSA and analysed the frequency of IL-9-positive cells. Upon 

treatment with TSA, an increase in IL-9 was observed, in accordance with our earlier 

publication (Fig 7b) (35). Consistent with our previous observation, calcitriol alone 

significantly inhibited the production of IL-9 (Fig 7b). Interestingly, the percentage of IL-9+ 

cells recovered to the level of control Th9 cells when Th9 cells were treated with both 

Vyas et al. Page 9

J Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



calcitriol and TSA (Fig 7b). Thus, our data implies that TSA can rescue the inhibitory effect 

of calcitriol on Th9 cells by reversing the repressive chromatin induced by calcitriol via 

promoting the recruitment of HDAC1 at the Il9 gene locus. We further confirmed this 

observation by determining the effect of TSA on calcitriol-mediated Il9 gene suppression 

using qPCR and ELISA. In the presence of TSA, the inhibitory effect of calcitriol was 

negated and associated with significant increase in the amount of IL-9 (Fig 7c).

Histone acetylation at lysine residues results in permissive chromatin leading to enhanced 

gene transcription (36). Increased histone acetylation at specific lysine residues leads to 

permissive Il9 gene locus and thereby increases Il9 gene transcription (35). Histone 

acetylation at Il9 gene is regulated by PU.1 and PU.1-deficiency results in attenuated histone 

acetylation at the Il9 promoter (35). We demonstrated decreased PU.1 levels as well as 

reduced PU.1 binding at Il9 gene locus in the presence of calcitriol. This prompted us to test 

whether decreased PU.1 binding at Il9 gene locus upon calcitriol treatment, impacts histone 

acetylation at Il9 gene as well. We initially tested the effect of calcitriol on total acetylation 

of histone 3 (H3) and 4 (H4) and demonstrated a significant decrease in the total acetylation 

of H3 but not total acetylation at H4 at Il9 promoter by ChIP (Fig S1e). Subsequently, we 

investigated the acetylation of specific histone residues at Il9 gene in the presence of 

calcitriol. We determined the acetylation at three specific lysine residues including H3K9, 

H3K14 and H4K5 at 3 CNS of Il9 gene. We observed a decrease in the acetylation of all the 

three histone acetylation marks in the presence of calcitriol at the Il9 gene promoter (Fig 

7d). H3K14 acetylation was also significantly impaired at CNS0 region (Fig 7d). Even 

though a similar trend was observed at both CNS-25 and CNS0 for H3K9 acetylation, they 

did not reach statistical significance (Fig 7d). Overall, our data suggests that calcitriol 

attenuates Th9 cell development by increasing the recruitment of HDAC1 and by impairing 

histone acetylation at Il9 gene locus.

Discussion:

Multiple factors impact the function of immune system including micronutrients, such as 

vitamin D. A significant correlation exists between nutrition and immune system function as 

deficiency of single or multiple nutrients alter functional immune responses. The 

biologically active form vitamin D3, calcitriol is known to regulate the maturation, co-

stimulation, cytokine production and migration, antigen presentation, and T cell skewing by 

dendritic cells (37–39). Function of calcitriol has been explored in adaptive immune cells 

including T helper cell subsets such as Th1, Th2, Th17, Treg cells. However, few studies 

have observed the impact of calcitriol in the differentiation of IL-9-secreting Th9 cells. The 

importance of IL-9 and Th9 cells has been reviewed extensively (13, 24). In this manuscript 

we have defined the molecular mechanisms of calcitriol-mediated regulation of Th9 cell 

differentiation.

Calcitriol attenuated IL-9 production in murine Th9 cells that is consistent with previous 

studies (Fig 2) (22, 23). We also observed reduced IL-9 production and PU.1 expression 

when human Th9 cells were treated with calcitriol (unpublished data), suggesting the 

translatability of the findings to clinical settings. In Th2 cells, calcitriol enhanced the 

production of IL-4 and increased STAT6 expression in human (40). Unchanged IL-4-
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secreting cells in Th9 cells treated with calcitriol suggested that calcitriol-mediated 

modulation of IL-9 in Th9 cells is not directly dependent on IL-4 (Fig 2a). The cytokine 

TGF-β is required for differentiation of both Th9 and Th17 cells. Calcitriol did not alter the 

expression of Il17 gene in Th9 cells, suggesting attenuated IL-9 production in Th9 cells did 

not directly depend on IL-17 (Fig 3c). The expression of Il21, another cytokine produced by 

Th9 cells was not altered after calcitriol treatment (Fig S2a). The cytokine IL-10 has been 

reported to be secreted by Th9 cells; however low, compared to Th2 cells (28). Calcitriol 

impaired the differentiation of murine Th9 cells associated with increased IL-10 (Fig 6) (13). 

We also observed an increased level of Il10 gene expression that correlated with enhanced 

IL-10 secretion in Th9 cells treated with calcitriol (Fig 6b). Neutralizing IL-10 in Th9 cells 

significantly enhanced the secretion of IL-9 that affirms with the findings of Ulrich et al (Fig 

6b) (41).

Previous studies have revealed that calcitriol altered the expression of the transcription 

factors specific to T helper subsets. We examined if calcitriol altered the expression of 

transcription factors essential for Th9 cell differentiation to regulate Il9 gene. In the presence 

of calcitriol, there was significant attenuation of the expression of PU.1, IRF4 and Batf, 

transcription factors that positively regulate Th9 cell differentiation (Fig 3a, b). Gata3, the 

lineage-specific transcription factor of Th2 cells, is also important for Th9 cell 

differentiation (13). We did not observe any difference of Gata3 expression when Th9 cells 

were treated with calcitriol (Fig 3c). Whether calcitriol regulates Il9 gene in Th9 cells 

indirectly by modifying ‘Th2-specific’ transcription factor will require further studies. 

Foxp3, is a negative regulator of Th9 cells (25). We observed an increased expression of 

Foxp3 in Th9 cells treated with calcitriol (Fig 6a). Calcitriol could additionally modulate 

IL-9 production by regulating IL-10. Loss of IL-9 is associated with enhanced level of IL-10 

as well as augmented activated STAT3 levels (41). This data suggests that calcitriol not only 

attenuates the expression of transcription factors that positively regulate Th9 cells, but also 

enhances the expression of Foxp3, negative regulator of Th9 cells to modulate Il9 gene. Our 

results are in line with the study by Joshi et al that revealed the direct effect of Foxp3 

induction by calcitriol to regulate pro-inflammatory Th17 responses (10).

VDR can bind to genomic DNA in a sequence-specific manner that is composed of two 

hexameric nucleotide half-sites. VDR-RXR-VDRE make up the core elements of calcitriol-

mediated signaling. VDR can modulate the expression of a gene by interacting with other 

regulators. Studies have suggested context-dependent interaction of VDR with PU.1 (42, 

43). Since PU.1, a ‘pioneer transcription factor’ can be regarded as the closest to a ‘master 

regulator’ of Th9 cells, we examined if VDR interacted with PU.1. We observed an 

interaction between VDR and PU.1 in cell lines and in primary Th9 cells (Fig 4b, c). 

Subsequently, we observed significantly reduced recruitment of PU.1 to Il9 gene promoter 

(Fig 4a). An enhancer 25 kb upstream of the Il9 gene (CNS-25) has been identified as the 

region to which most of the transcription factors required for Il9 gene expression bind (44). 

The significantly impaired recruitment of PU.1 was only observed at the Il9 promoter, but 

not observed at CNS-25 nor at CNS0, indicating that the Il9 promoter is probably the 

primary target of VDR-mediated altered recruitment of PU.1 (Fig 4a). Calcitriol could also 

regulate Il9 gene via IRF4, Batf and STAT6, transcription factors that are downstream of 

IL-4 signal in Th9 cells. There is increased representation of Batf in VDR binding peaks of 
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DCs (45). VDR-IRF4 interaction could impact the regulation of IL-9. rs2853564, a SNP of 

VDR attenuated the binding of IRF4 (46). Batf has been shown to interact with IRF4 (47). It 

is possible that VDR can impact Batf-IRF4 interaction in Th9 cells to regulate IL-9. There 

could be additional transcriptional regulation of Il9 gene expression mediated by calcitriol. 

There are NFAT and AP-1 binding sites in the Il9 gene (48). The transcription factor 

NFATc1 eases the calcitriol-mediated suppression of transcription of human IL17A gene 

(10). Whether such regulation occurs at Il9 gene needs to be investigated.

We further dissected the VDR domain structure-function relationship involved in the 

regulation of Il9 gene. VDR is primarily composed of N-terminal variable A/B domain, core 

DNA binding domain (DBD) and structurally conserved C-terminal ligand binding domain 

(LBD) linked by a stretch of unstructured non-conserved hinge region (49). VDR LBD is 

able to recruit co-activators in its active conformation through the activation function-2 

domain (50). To this end, we generated deletion mutation of the DBD (VDRΔDBD) and a 

series of mutations of LBD (VDRΔ276, VDRΔ304 and VDRΔ403) similar to the study 

conducted by Hsieh et al (51). The mutant VDRΔ403 lacking the AF-2 domain was used to 

determine its role in interaction of PU.1 with VDR. VDRΔ276 truncation having vitamin D 

interaction domain (insertion domain) intact was used to determine its importance. Another 

truncation in between the two above-mentioned regions led to VDRΔ304 mutant that was 

used to assess its importance in mediating interaction of VDR with PU.1. In the presence of 

vitamin D, the VDRΔ403 and VDRΔ304 were able to interact with PU.1 (Fig 5c). In 

contrast, VDRΔ276 abrogated this interaction, suggesting that a domain within aa 276–304 

is required for VDR-PU.1 interaction. However, the absence of the DBD did not impair the 

binding of VDR with PU.1 as DBD is required to bind to its cognate DNA when activated 

(Fig 5b). These results are in line with the study by Hsieh et al where the VDRΔ134 

truncation (lacking the entire LBD) abrogated the association of the Hairless (Hr)-

corepressor with VDR. The same study showed that there was an insignificant difference of 

association between Hr and VDR when VDRΔ403 was used (51). However, VDRΔ304 

mutation enhanced the association of Hr and VDR, suggesting the function of VDRΔ304 is 

context and partner-dependent. The DBD of VDR probably enhances the binding of VDR to 

the Il9 gene in the presence of the ligand. Additionally, DBD could also be responsible for 

the transregulation of a gene that is mediated by VDR. The domain-specific interaction 

between PU.1 and VDR in Th9 cells will require further studies.

Vitamin D can regulate the expression of a gene by orchestrating chromatin modification. 

Ligand-dependent impact of VDR with histone modifiers suggest the role calcitriol plays in 

modifying histone (52). Repression of IL17A gene involved the dissociation of histone 

acetylase activity and the recruitment of HDAC to the gene (10). We therefore wanted to 

examine if calcitriol modulated Il9 gene by modifying its chromatin in Th9 cells. When Th9 

cells were treated with both calcitriol and TSA, the level of IL-9 was rescued to the level 

secreted by untreated Th9 cells (Fig 7b). This suggested that calcitriol would modulate Il9 
gene epigenetically. While calcitriol alone increased IL-10 secretion in Th9 cells; calcitriol 

along with TSA did not alter IL-10 levels produced by Th9 cells (Fig S2b).

The VDR/RXR dimer has been shown to interact with histone modifiers to regulate gene 

transcription. Calcitriol enhances histone H3 and H4 acetylation in VDRE proximal regions 
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of osteocalcin gene (53). We observed reduced AcH3K9, AcH3K14 and AcH4K5 marks in 

the presence of calcitriol at the Il9 promoter (Fig 7d). However, this difference was not 

observed at CNS0 region for any of the three specific histone acetylation marks in the 

presence of calcitriol, implying VDR works primarily through the Il9 promoter (Fig 7d). 

There could be additional histone acetylation marks of the Il9 gene that could be attenuated 

in the presence of calcitriol that could occur not only at the Il9 promoter, but also at other 

CNS. HDACs are also major regulators of gene expression. Not only immune pathologies 

are associated with HDACs, VDR-HDAC interaction has been observed in various diseases 

(54). Calcitriol resulted in the recruitment of HDAC2 to the IL17A promoter and suppressed 

its transcription (10). We therefore examined if calcitriol augmented the recruitment of 

HDAC1 to the Il9 gene. An enhanced recruitment of HDAC1 occurred at the Il9 promoter in 

Th9 cells (Fig 7a). This indicates that pharmacological modulation of histone acetylation 

could be used as therapeutic strategy for Th9 cell-mediated inflammatory diseases. Calcitriol 

also has been revealed to alter DNA methylation. Whether such regulation also modulates 

the Il9 gene is not known.

Calcitriol has been proposed to influence genomic VDR binding, affect the binding of 

‘pioneer transcription factor’, and modify histones (55). In this study we have delineated the 

mechanisms of how calcitriol modulates the differentiation of IL-9-secreting Th9 cells by 

PU.1. Calcitriol attenuates the expression of PU.1 in Th9 cell differentiation but elevates the 

expression of Foxp3, a known negative regulator of Th9 cells. Ligand-activated VDR 

associates with PU.1 to prevent its binding to the Il9 gene. Additionally, calcitriol attenuates 

the positive histone modification marks of the Il9 gene, increases the recruitment of HDAC1 

to the Il9 gene to suppress its expression. The model of calcitriol-mediated regulation of Il9 
gene is shown in Figure 8. Further studies will feature how calcitriol regulates the functions 

of IRF4 and Batf, two other important Th9-specific transcription factors, to modulate the 

transcription of Il9 gene to reveal the control at the transcription factor network required for 

Th9 cell differentiation.
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Key Points:

1. Calcitriol impairs Th9 cell development.

2. Calcitriol downregulates PU.1 expression and its binding to the Il9 gene.

3. Calcitriol regulates chromatin remodelling at the Il9 gene locus.
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Figure 1: Calcitriol regulates Th9 cell development via vitamin D receptor.
a) Naïve CD4+ T cells were isolated from C57BL/6 mice and activated under different T 

helper cell differentiating conditions (Th1, Th2, Th9, Th17 and Treg). VDR expression was 

determined by qPCR and immunoblot normalized against β-actin expression. b) Naive 

CD4+ T cells were activated in Th9 differentiating conditions with calcitriol (100 nM) and 

the expression by VDR by Th9 cells was investigated by qPCR and immunoblot. c) Binding 

of VDR at vitamin D response element upon treatment with calcitriol was tested using ChIP. 

Graphs depict mean± S.D of 3 independent experiments. *p<0.05 and **p<0.01 when 

compared to Teff (a) and Th9 (b and c).
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Figure 2: Calcitriol downregulates Th9 cell development.
(a) Th9 cells were treated with different doses of calcitriol (10, 50 and 100 nM) and the 

frequency of IL-9+ cells was determined by flow cytometry. FACS plots depict the 

representative figure for the effect of different doses of calcitriol on the number of IL-9+ 

cells in Th9-differentiating condition. The graph represents number of IL-9 secreting Th9 

cells when treated with different doses of calcitriol from at least three independent 

experiments. b) and c) Th9 cells were treated with calcitriol (100 nM) and the expression of 

Il9 as well as the amount of IL-9 secreted by Th9 cells was assessed by qPCR and ELISA. 

d) Murine vitamin D receptor was ectopically expressed in Th9 cells by retroviral 

transduction and the number of IL-9+ cells was detected by flow cytometry. Graphs 

represent mean± S.D of 3 independent experiments. *p<0.05 and **p<0.01 when compared 

to Th9 cells.
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Figure 3: Calcitriol attenuates the expression of Th9-differentiating transcription factors.
a) Th9 cells treated in the presence of calcitriol and the expression of various transcriptions 

factors Sfpi1, Irf4, Batf and Stat6 was determined by qPCR normalized against β-actin. b) 

The expression of PU.1, IRF4 and BATF by Th9 cells when treated with calcitriol was 

measured by western blot. c) Th9 cells were treated with calcitriol and the expression of 

Gata3, RORγt, Il4 and Il17 was investigated using qPCR. Gata3 and RORγt expression by 

Th2 and Th17 cells respectively, was used as standard. Graphs represent mean± S.D from 3 

independent experiments. *p<0.05 and**p<0.01 when compared to Th9 cells. ns: not 

significant when compared to Th9 cells.

Vyas et al. Page 20

J Immunol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Vitamin D receptor associates with PU.1 and impairs the binding of PU.1 at Il9 gene.
a) The three conserved non-coding sequences on Il9 gene have been depicted. The binding 

of PU.1 at the three CNS has been described. b) Top panel: HEK293T cells were transfected 

with VDR and PU.1-expressing plasmids, followed by immunoprecipitation with PU.1, 

probing against VDR. Bottom panel: Immunoprecipitation with VDR and blotting against 

PU.1 upon transfection of HEK293T cells with VDR and PU.1-expressing plasmids. c) Top 

panel: Th9 cells treated with calcitriol were immunoprecipitated with VDR and probed 

against PU.1. Bottom panel: Immunoprecipitation of nuclear lysate from calcitriol treated 

Th9 cells with PU.1, followed blotting against VDR.
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Figure 5: Domain-specific interaction of VDR with PU.1.
a) The wild-type VDR domain organization and the generation of DNA binding (DBD) and 

ligand binding (LBD) deletion mutants have been depicted. b) Top panel: Transfection of 

HEK293T cells with DBD deletion construct and PU.1-expressing plasmid and 

immunoprecipitation with PU.1 followed by probing against VDR. Bottom panel: 

Reciprocal immunoprecipitation of nuclear lysates prepared from calcitriol treated Th9 cells 

with VDR and probing against PU.1. c) Top panel: Co-transfection of HEK293T cells with 

wild-type mouse VDR or different ligand binding domain deletion mutants of mouse VDR 

with PU.1-expressing plasmid followed by immunoprecipitation with PU.1 and blotting 

against VDR. Bottom panel: Immunoprecipitation of nuclear lysates from the above 

mentioned co-transfected HEK293T cells with VDR and probing against PU.1.
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Figure 6: Calcitriol induces IL-10 secretion by Th9 cells and promotes Foxp3 binding at Il9 gene.
a) IL-10 and Foxp3 expression by Th9 cells treated with calcitriol is determined by q RT-

PCR. b) The frequency of IL-10+ cells in the presence of calcitriol and anti-IL-10 (30 

μg/mL) has been depicted in the representative FACS plots. The graphs represent the 

frequency of IL-9 and IL-10-positive cells in the presence of calcitriol and anti-IL-10 from 3 

independent experiments. c) Foxp3 binding at three CNS of Il9 gene was determined by 

ChIP. Graphs depict mean± S.D of 3 independent experiments *p<0.05, **p<0.01 when 

compared to Th9 cells alone and #p<0.05, ##p<0.01 when compared to Th9 cells in the 

presence of calcitriol.
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Figure 7: Calcitriol downmodulates Th9 cell development epigenetically.
a) HDAC1 binding at the three CNS of Il9 gene in the presence of calcitriol was determined 

by ChIP. b) Th9 cells were cultured with calcitriol and trichostatin A (10 nM). The number 

of IL-9+ cells were analyzed by flow cytometry. Representative FACS plots indicate the 

frequency of IL-9+ cells upon treatment with calcitriol and TSA. The graphs represent IL-9+ 

cells from at least 3 independent experiments. c) The amount of IL-9 from Th9 cells treated 

with calcitriol and TSA was determined by qPCR and ELISA, respectively. d) Acetylation of 

specific histone residues including H3K9, H3K14 and H4K5 upon treatment of Th9 cells 

with calcitriol was determined using ChIP. *p<0.05, **p<0.01 when compared to Th9 cells 

and #p<0.05 and ##p<0.01 when compared to Th9 cells treated with calcitriol.
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Figure 8: Mechanisms of calcitriol-mediated regulation of Th9 cells.
a) IL-9 production by Th9 cells is regulated at the transcriptional and epigenetic level by 

vitamin D. In the absence of calcitriol, PU.1 binds at Il9 gene locus and thereby inhibits the 

binding of HDAC1 at Il9 gene. PU.1 also promotes the acetylation of specific lysine residues 

of histone 3 and histone 4 thereby boosts Il9 gene transcription. Moreover, the binding of 

Foxp3 at Il9 gene (which attenuates Il9 gene transcription) is inhibited by STAT6. Thus, Il9 
gene is controlled both at the transcriptional and at the chromatin level in Th9 cells. b) 

Calcitriol binds with VDR present in the nucleus, followed by heterodimerization with RXR 

and thereby binds to VDRE on the Il9 gene. Upon binding to the ligand (calcitriol), VDR 

impairs PU.1 expression, associates with PU.1 and thereby impairs the binding of PU.1 on 

Il9 gene locus. Moreover, calcitriol-VDR signaling recruits Foxp3 at Il9 gene. Additionally, 

calcitriol enhances the binding of HDAC1 at Il9 gene and by attenuating specific histone 

acetylation of Il9 gene.
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