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Abstract

Purpose—Sustained inflammation is a key feature of mycosis fungoides (MF), the most 

common form of cutaneous T-cell lymphoma (CTCL). Resident IL9–producing T cells have been 

found in skin infections and certain inflammatory skin diseases, but their role in MF is currently 

unknown.

Experimental Design—We analyzed lesional skin from patients with MF for the expression of 

IL9 and its regulators. To determine which cells were producing IL9, high-throughput sequencing 

was used to identify malignant clones and Vb-specific antibodies were employed to visualize 

malignant cells in histologic preparations. To explore the mechanism of IL9 secretion, we knocked 

down STAT3/5 and IRF4 by siRNA transfection in CTCL cell lines receiving psoralen+UVA 
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(PUVA) ± anti-IL9 antibody. To further examine the role of IL9 in tumor development, the EL-4 

T-cell lymphoma model was used in C57BL/6 mice.

Results—Malignant and reactive T cells produce IL9 in lesional skin. Expression of the Th9 

transcription factor IRF4 in malignant cells was heterogeneous, whereas reactive T cells expressed 

it uniformly. PUVA or UVB phototherapy diminished the frequencies of IL9- and IL9r-positive 

cells, as well as STAT3/5a and IRF4 expression in lesional skin. IL9 production was regulated by 

STAT3/5 and silencing of STAT5 or blockade of IL9 with neutralizing antibodies potentiated cell 

death after PUVA treatment in vitro. IL9-depleted mice exhibited a reduction of tumor growth, 

higher frequencies of regulatory T cells, and activated CD4 and CD8 T lymphocytes.

Conclusion—Our results suggest that IL9 and its regulators are promising new targets for 

therapy development in mycosis fungoides.

Introduction

Mycosis fungoides (MF) is the most common type of cutaneous T-cell lymphoma (CTCL) 

accounting for about two thirds of all CTCLs and for almost half of all primary cutaneous 

lymphomas (1). MF is characterized by the expansion of malignant T cells in an 

environment of chronic inflammation primarily in the skin. Patients with MF usually present 

with fixed circumscribed patches and plaques that may persist for decades before 

progression to the tumor stage.

Malignant T cells in MF have a phenotype that resembles skin resident memory T (TRM) 

cells by the expression of CD45RO (2), CCR4, CLA, and lack L-selectin (3). The vast 

majority of T cells in the skin are considered TRM. In normal skin, T cells are found at a 

density of 106 cells/cm2, making for a total of nearly 20 billion cells in the entire skin 

surface. This number accounts for almost twice the number of T cells in circulation (4). TRM 

are a fundamental part of the skin immunity; however, their aberrant function results in 

chronic inflammatory diseases like psoriasis where they are able to initiate psoriatic lesions 

without T-cell recruitment from the blood in animal models (5).

MF lesions tend to relapse in the same location, another characteristic given by the possible 

TRM origin of malignant cells. The presence of fixed lesions makes skin-directed therapies 

like topical retinoids or steroids and phototherapy with UVB or psoralen+UVA (PUVA) the 

first-line treatment options for patients with MF from stage I to IIA, according to EORTC-

ISCL classification (1). Treatment with PUVA (6) or 311 nm narrowband UVB leads to 

complete remission in many patients with MF. Phototherapy has proapoptotic and immune-

modulating properties (7), although the exact mechanisms by which this treatment leads to 

clearance of skin lesions of inflammatory skin conditions such as psoriasis and 

lymphoproliferative disorders like MF remain to be determined. For instance, in psoriasis, 

skin-infiltrating IL2r-bearing T-cell subsets were strongly suppressed after PUVA treatment, 

with almost complete elimination of these cells in some patients (8). Using the K5.hTGF-β1 

mouse psoriasis model, we showed that PUVA induced clearance of skin lesions by 

downregulating the Th17/IL23 axis and simultaneous induction of regulatory T cells (Tregs; 

ref.9). This was consistent with the reduction of circulating Th17 cells and restoration of 

Tregs by photo(chemo)therapy observed in psoriasis patients. Nevertheless, Bath-PUVA 
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decreased the number of CCR4 tumor cells and Foxp3-positive cells in MF lesions, 

suggesting that treatment eliminates both malignant T cells and Tregs (10).

A large proportion of TRM in the skin secretes IL9 with a distinctive Th9 phenotype (11). 

IL9 is a pleiotropic cytokine required for optimal secretion of effector cytokines and host 

defense in the skin against C. albicans (11), and in addition it potentiates angiogenesis and 

IL17 production in psoriasis (9). T lymphocytes secrete IL9 upon stimulation with IL2, IL4, 

and TGFβ by inhibition of BCL-6 (12), activation of IRF4 (13), and triggering of Smad2/3 

(14), respectively. Though the Il9 locus is responsive to several transcription factors, PU.1 

(15) and IRF4 (13) have been proposed as master regulators of Th9 cells. We have shown 

that IRF4 is induced by STAT3 and STAT5 in T-cell lymphomas expressing nucleophosmin/

anaplastic lymphoma kinase chimeric protein NPM/ALK, enhancing cell proliferation and 

protection from apoptosis (16). A growing body of evidence highlights the critical role of 

cytokine signaling in CTCL for survival and proliferation. IL13 acts as an autocrine factor 

that together with IL4 increases proliferation of malignant cells (17) and contributes to 

susceptibility of patients with MF to bacterial skin infections (18). IL21 stimulates activation 

of STAT3 in a positive regulatory loop in CTCL cell lines. However, its inhibition is 

insufficient to induce apoptosis or cell-cycle inhibition (19). IL32 is another cytokine 

upregulated in CTCL that potentiates cell survival and correlates with CCL17 and CCL18 

expression (20). Herein, we report on the abundance of IL9 in MF lesions secreted by 

malignant and reactive T cells. Overexpression of STAT3/5 in malignant T cells drove IL9 

secretion, suggesting an autocrine regulatory mechanism. IL9-producing cells had 

heterogeneous expression of IRF4 and no apparent dependence from PU.1. After 

photo(chemo)therapy, the number and relative frequency of IL9-positive cells was reduced 

as well as expression of IL9r, STAT3, and IRF4. We also provide evidence for the 

requirement of IL9 in tumor growth and its modulation of antitumor immune response in a 

mouse lymphoma model. Together, this points toward the crucial role of IL9 in the 

pathophysiology of MF at early stages.

Materials and Methods

Patients and human tissue samples

Human tissue samples were available from two sets of patients. By computer-assisted search 

in the electronic patient documentation system of the Phototherapy Unit (Department of 

Dermatology, Medical University of Graz, Graz, Austria) we identified archived, paraffin-

embedded samples from eight patients with MF who had exhibited complete clinical and 

histologic response to photo(chemo)therapy. The patients had been treated with PUVA (n = 

5) or 311-nm UVB (n = 3). The biopsies were taken before and after photo(chemo)therapy 

in the period from 2002 to 2012. The second set of tissue samples came from the patients of 

a clinical PUVA study (NCT01686594), where MF patients of clinical stage IA–IIB were 

treated in a standardized manner by oral PUVA (8-MOP, 10 mg per 20 kg of body weight; 

UVA twice a week). Biopsies were taken at baseline and after 6 weeks of therapy for further 

analysis. The characteristics of patients with MF are shown in Supplementary Table S2 and 

S3, respectively. Normal lesion-adjacent skin samples were available from patients 

undergoing surgery for skin lesions (i.e., melanocytic nevus or basal cell carcinoma). All 

Vieyra-Garcia et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2016 July 31.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



study procedures were approved by the ethics committee of the Medical University of Graz 

(Graz, Austria; protocols no. 25-294 ex 12/13; 24-169 ex 11/12; 21-080 ex 09/10; and 

18-068 ex 06/07) and in compliance with the Declaration of Helsinki.

Cell lines

MyLa2000 and PB2B cells, derived from MF patients (21) and Hut78 derived from the 

blood of a patient with Sézary syndrome (22) were used for cell culture investigations. 

Hut78 cells were maintained in RPMI1640 medium with 10% FBS, 2 mmol/L L-glutamine, 

1mmol/L sodium pyruvate, 10mmol/L HEPES, penicillin/streptomycin (50U/50 µg/mL). For 

the allograft lymphoma model, the mouse T-cell lymphoma cell line EL-4 was purchased 

from ATCC. MyLa2000 and EL-4 cells were maintained in high-glucose DMEM medium 

with 10% FBS, 50 mmol/L 2-mercaptoethanol and penicillin/streptomycin (50U/50 µg/mL).

RNA isolation and quantitative PCR

Total DNA and RNA were isolated from frozen tissue using the AllPrep DNA/RNA Mini 

Kit (Qiagen 80204) according to manufacturer's instructions. For cDNA synthesis, RNA (0.5 

µg) was used for reverse transcription (Applied Biosystems, 4368814). cDNA (5 ng) was 

used to quantify expression of IL9, IRF4, and STAT3 (primer-list in ST1) by qPCR with 

Power SYBR Green (Applied Biosystems, 4367659). Samples were normalized to GAPDH 

and relative expression was calculated by the ΔCt method.

For in vitro experiments, gene expression was quantified by purifying total RNA with 

RNeasy Mini Kit (Qiagen, 74104). cDNA was transcribed from 1 µg of RNA (Applied 

Biosystems, 4368814). qPCR was performed using TaqMan gene expression for IL9 and 

IL32 (Applied Biosystems, HS00914237-m1/HS00992441-m1). Gene expression was 

normalized on the basis of expression of reference gene GAPDH (Applied Biosystems, 

HS02758991-g1) and reported as relative units.

High-throughput sequencing analyses

DNA obtained from lesional MF skin was used to amplify the CDR3 regions of the TCR-β-

chain for sequencing analysis by ImmunoSEQ (Adaptive Biotechnologies) from a 400 ng 

DNA template. A set of forward primers each specific to a functional TCR-βV segment and 

reverse primers to a specific to a TCR-βJ segment were used to amplify rearranged V(D)J 

segments for high-throughput sequencing at approximately 20× coverage. A clustering 

algorithm corrected sequencing errors and CDR3 segments were annotated, according to the 

international ImmunoGeneTics collaboration to enlist the contributing V, D, and J segments 

to every rearranged functional TCR (23). The distinct TCR were plotted on the basis of their 

frequency of appearance in the repertoire and ordered by the combination of TCR-βJ and 

TCR-βV genes in a 3D histogram. The putative malignant clone was identified by the 

abundance of sequence within the TCR repertoire.

Immunohistochemistry (IHC)

Paraffin-embedded skin sections were rehydrated in xylene and increasing dilutions of 

ethanol. Antigen retrieval was done using TRIS-EDTA pH9 buffer (Dako, S2367). The 

following antibodies were used: IL9 (Abcam, ab134434), IL9r (Abcam, ab61196), IRF4 
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(Abcam, ab124691), STAT3 (Abcam, ab50761-100), CD3 (Novocastra, NCL-CD3-PS1) and 

PU.1 (Abcam, ab76543). For single stains, the Peroxidase/AEC, rabbit/mouse REAL 

detection system (Dako, K5003) was used, as briefly described. After overnight incubation 

of the primary antibody, the slides were covered with a secondary antibody for 10 minutes, 

followed by streptavidin for 10 minutes, and finally the AEC/H2O2 substrate solution. 

Hematoxylin was used for nuclear counterstain. For cell quantification, the 40× objective 

was used and the area of the viewfield was calculated. Positive cells were counted in three 

different viewfields, and the mean values are presented.

Double stains were done using the MultiVision polymer detection system (Thermo 

Scientific, TL-012-MARH). After incubation with the primary antibody, the Ultra V block 

solution was applied for 10 minutes followed by the MultiVision polymer cocktail (anti-

rabbit/HRP and anti mouse/AP) for 30 minutes. LVBlue chromogen (reacting with anti-

mouse/AP immunoglobulins) was added for 10 minutes, followed by the LVRed chromogen 

(reacting with anti-rabbit/HRP immunoglobulins) for 10 minutes. Four washes with TBS-

Tween 20 (0.5%) were done in between every step. For visualization of the malignant clone, 

we used the TCR sequencing data to select the anti-TCRVβ22 anti-body (Beckman Coulter, 

IM1484) to costain with IL9 and IRF4 the double stain system.

Selective inhibition of STAT and IRF4 by siRNA and JAK inhibition

Cells were transfected using the SMARTpool ON-TARGETplus–specific siRNA to STAT3, 

STAT5ab, or negative control siRNA (siCTRL; Thermo Scientific, L-003544-00-0005, 

L-005169-00-000, and L-010539-00-0005; 0.041 nmol/106 cells), siRNA targeting IRF4 

(Ambion, AM16708-145051), or siCTRL (Ambion, AM4611; 0.05 nmol/106 cells) with an 

Amaxa Nucleofector protocol (Lonza). To confirm silencing, cells were lysed in RIPA buffer 

(EDTA 1%), protein quantification was done with Pierce BCA Protein Assay kit (Thermo 

Scientific), loaded in 4%–12% PAGE gels (Bio-Rad, 345-0125) and blotted on a 0.45-µm 

nitrocellulose membrane (Bio-Rad, 9004-70-0, 170-4071). Antibodies against IRF4 

(Abcam, ab133590), STAT5, phospho-STAT5 (Y694), (Cell Signaling Technology; 9363 

and 9356) or β-actin (Sigma, A5441) were used for Western blot analyses. MyLa2000 cells 

were treated with 180 µmol/L of ruxolitinib (Selleck Chemicals, INCB018424) and cultured 

to analyze IL9 expression by qPCR with the TaqMan method.

8-Methoxypsoralen and UVA irradiation in vitro

Cells were treated with 1 µmol/L of 8-Methoxypsoralen (8-MOP) 2 hours prior to UVA 

irradiation, a sublethal dose of UVA light (0.4 or 0.8 J/cm2) was given and the cells were 

incubated in DMEM supplemented with 1,500 U/mL of IFNα2b (Merck-Millipore, GF417), 

20 µg/mL of goat polyclonal anti-human IL9 antibodies (R&D Systems, AB-209-NA). For 

siRNA experiments, MyLa2000 cells were transfected with STAT5ab-siRNA or siCTRL and 

incubated for 24 hours prior to PUVA in vitro. Forty-eight hours after UVA irradiation, cells 

were double stained with the apoptosis kit Annexin V-FITC and PI (Beckman Coulter, PN-

IM2375) and analyzed by flow cytometry (Beckman Coulter, Cell-Lab-Quanta-SC-MPL).
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Intracellular staining and flow cytometry analyses

For experiments with Myla2000 and Hut78 cell lines, cells (0.5 × 106) were fixed and 

permeabilized with Fixation/Permeabilization buffer (eBioscience, 00-5123) for 30 minutes, 

followed by the staining with an isotype control antibody or an anti-IRF4-eFlour660 

(eBioscience, 50-9858-82) in a permeabilization buffer (eBioscience, 00-8333) for 30 

minutes.

For experiments with mice, cell suspensions were made by mincing lymph nodes in PBS. 

Cells (0.5 × 106) were stained with an anti-CD3-BrilliantViolet421 (Biolegend, 100335), 

anti-CD4-PercP (eBioscience, 45-0042-82), anti-CD8-APC (Biolegend, 100711), anti-

CD44-PE-eFlour610 (eBioscience, 61-0441), and anti-CD62L-APC-Cy7 (Biolegend, 

104428) for 20 minutes and acquired in the FACS LSR-II (BD Biosciences) and analyzed 

with FlowJo V9.3.2 (Tree Star).

IL9 ELISA

Production of IL9 was quantified in the supernatant of MyLa2000 and Hut78 cells using the 

Human IL9 ELISA kit (eBioscience, 88-7958-22). The assay was done according to the 

manufacturer's instructions with 50 µL of supernatant and the optical density was measured 

at 450 nm with a standard curve range of 1 to 100 pg/mL.

Tumor experiments in mice

Six-week-old C57BL/6 mice were shaved on the back with electric clippers and injected 

intradermally with 100 µL of EL4 cells (104 cells per mouse) to induce tumors. The animals 

were injected with 20 µg of goat isotype control (R&D Systems, ab-108-c) or blocking anti-

IL9 (R&D Systems, ab-409-na) simultaneously with the EL-4 cells. Subsequently 

intralesional injections with the anti-IL9 or isotype control antibody were done every 48 

hours. Tumor growth was assessed daily (on week days) by measuring two-diameter axes to 

calculate individual average (Mitutoyo, Mini-caliper). The animals were euthanized by 

cervical dislocation when tumor size reached 1 cm of diameter; skin samples and lymph 

nodes were taken for further analyses. Mice were held in a pathogen-free barrier facility. 

Animal work was done in accordance with our institutional guidelines on animal welfare 

with the approval by the Federal Ministry of Science, Research and Economy of Austria 

(BMWF-66.010/0022-II/3b/2013).

Statistical analysis

Data were analyzed for normal distribution with Shapiro test on SPSS 22 (IBM) and plotted 

with GraphPad Prism 6 (GraphPad). The statistical test chosen for each experiment is 

indicated in the figure legend.

Results

IL9 is abundantly produced by neoplastic and reactive T cells in MF lesional skin of 
patients with MF

Previous findings indicated the of IL9-producing skin-resident T cells in healthy individuals 

and inflammatory skin diseases such as psoriasis (9) and atopic dermatitis (24). We 
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examined skin biopsies from patients with MF and skin samples from healthy individuals by 

IHC. Normal skin had few IL9-producing cells (Fig. 1A), whereas a high number of IL9-

positive cells were found in the dermis and dermoepidermal junction in MF skin lesions 

(Fig. 1B). Furthermore, we analyzed whether IL9 receptor (IL9r) and STAT3 were expressed 

in lesional MF skin. IL9r-positive cells were frequently present in lesional MF skin (Fig. 

1B). We also observed positive nuclear stain of STAT3 in cells infiltrating the dermis. 

Normal skin stained negative for IL9r and only few cells were positive for STAT3 in the 

epidermis (Fig. 1A).

The fact that IL9-positive cells were located in the dermis and dermoepidermal junctions, 

particularly within Pautrier microabscesses (Fig. 1B) suggested that malignant T cells were 

indeed IL9 producers. To gain further insight about the IL9 source, we prepared 

immunohistochemical double stains of CD3/IL9 and STAT3/IL9 of lesional skin (Fig. 2A 

and B). The majority of IL9-positive cells were also CD3 positive and IL9 cells costained 

with STAT3.

Malignant clone identification in histologic sections relies mainly on cellular morphology, a 

caveat in distinguishing these cells from reactive T cells in lesional skin. We used high-

throughput TCR-β CDR3 sequencing on DNA obtained from lesional skin to identify 

malignant clones. Results of a representative MF patient in tumor stage are shown in Fig. 

2C. We observed an expanded number of sequence reads (blue bar indicative of an expanded 

malignant clone). This clone accounted for approximately 3% from all cells with functional 

(i.e., nonfragmented) T-cell receptors and had almost 10-fold higher frequency compared 

with the second most frequent clone (Supplementary Fig. S1A). The malignant clone carried 

the TCRβV02-01*01 and TCRβJ01-01*01 gene fragments identifiable by a commercially 

available Vb22 antibody (two different nomenclatures for TCR genes are used but 

TCRβV02-01 corresponds to Vb22). On the basis of the sequencing data, we estimated that 

approximately 38% from all Vb22-positive cells belonged to the malignant clone 

(Supplementary Fig. S1A). We found Vb22/IL9 double positive cells present at the basal 

epidermis and across the infiltrate of the dermis (Fig. 2D). We also found some IL9-

producing cells negative for Vb22 suggesting an additional contribution of reactive T cells to 

the IL9-enriched microenvironment. To ensure the specificity of our stains, we used the 

combination of Vb22/isotype control antibody and Vb3/IL9. Vb22/isotype control antibody 

was negative while only a few Vb3 single positive cells and no Vb3/IL9 double positive cells 

were observed (Supplementary Fig. S1B). Taken together, these results indicate that 

neoplastic MF cells and reactive T cells overproduce IL9 compared with normal skin.

IL9 production in MF cell line MyLa2000 depends on JAK-STAT3/5 signaling

To further explore the mechanism of IL9 production in neoplastic MF T cells, we assessed 

whether IL9 production is maintained in CTCL cell lines. MyLa2000 and Hut78 cells were 

cultivated for 48 hours to determine IL9 production by qPCR and ELISA (Supplementary 

Fig. S2A). Whereas MyLa2000 cells highly expressed IL9 both at mRNA and protein level, 

we were unable to detect IL9 in Hut78 cells. Given that MyLa2000 cells have been used as 

an in vitro model for MF and its high production of IL9, we examined the role of JAK/STAT 

signaling in IL9 production by treating MyLa2000 cells with a selective JAK1/2 inhibitor 
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ruxolitinib. Treated cells showed a reduction of IL9 expression at 24 and 48 hours (Fig. 3A) 

without a significant loss of cell viability (Supplementary Fig. S2B). We transfected 

MyLa2000 cells with siRNAs targeting STAT3 or STAT5 and confirmed inhibition by 

Western blotting at 24 and 48 hours after transfection (Supplementary Fig. S3A). siSTAT5-

transfected cells had a high reduction of IL9 expression at 24 hours. By 48 hours, both 

siSTAT3 and siSTAT5 reduced significantly IL9 expression (Fig. 3B and C). To confirm 

these observations, we quantified IL9 by ELISA in the supernatant of MyLa2000 cells after 

individual or simultaneous siSTAT3 and siSTAT5 transfection. Consistent with the mRNA 

results, siSTAT5 was more efficient at reducing IL9 secretion (Fig. 3D). However, we did 

not observe an additive effect of simultaneous transfection at 48 hours, although by 72 

hours, the reduction of IL9 was higher in simultaneously silenced cells compared with their 

individually transfected counterparts (Fig. 3D). Expression of IL32 was measured as control 

of the specific effect of STAT3/5 siRNA transfection on IL9 secretion; MyLa2000 did not 

show a change in IL32 secretion for up to 48 hours of transfection (Fig. 3E). PB2B cells also 

exhibited spontaneous IL9 production that was downregulated by STAT3/5 siRNA 

transfection (Supplementary Fig. S4). These findings indicate that JAK signaling regulates 

IL9 production via STAT3/5-dependent mechanism.

Role of IRF4 and PU.1 transcription factors in MF

To address whether malignant cells expressed Th9-related transcription factors, we prepared 

double stains of CD3/IRF4 (Fig. 4A) and CD3/PU.1 (Fig. 4B) of lesional skin. CD3-positive 

cells costained with IRF4 while all PU.1-positive cells were CD3-negative (detailed 

information about double stains is shown in Supplementary Table S2). To further analyze 

expression of IRF4 in malignant T cells, we performed a double stain for Vb22/IRF4 (Fig. 

4C). We observed that some Vb22-positive cells expressed IRF4; we also found IRF4 single 

positive cells with lymphocyte morphology (Fig. 4A) suggesting that IL9 expression in T 

cells is independent of PU.1 and that IRF4 is likely to be involved in both malignant and 

reactive T-cell IL9 production.

Following our observation of IRF4 expression in malignant and reactive T cells, we 

analyzed the role of this transcription factor in vitro. MyLa2000 cells expressed IRF4, 

whereas Hut78 cells lacked expression of this transcription factor (Fig. 4D). Flow cytometry 

analyses showed that MyLa2000 had a high expression of IRF4, whereas Hut78 cells 

displayed only a discrete expression (Supplementary Fig. S5A). Consistent with these 

results, siIRF4-transfected MyLa2000 cells showed a reduction of IL9 expression by 60% 

and 80% at 24 and 96 hours, respectively, after transfection (Fig. 4E). Although transfection 

efficacy of siIRF4 was only 20%, this was sufficient to observe an effect on IL9 expression 

and did not compromise cell viability compared with siCTRL (Supplementary Fig. S5B). In 

addition, Hut78 cells were mainly PU.1-negative while MyLa2000 cells had a low 

expression of PU.1 (Supplementary Fig. S3B). Together our data indicate that IRF4 is 

expressed in lesional skin of patients with MF and regulates IL9 production in neoplastic 

cells.
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PUVA depletes IL9-producing cells in MF lesions

As IL9 is overexpressed in MF skin lesions, we wanted to examine whether clinical response 

to phototherapy correlates with a decrease in IL9-producing cells. Biopsies taken at baseline 

and after 6 to 45 weeks of treatment at complete clinical remission were available for further 

analysis (detailed information about the patients and their treatment can be found in 

Supplementary Table S2). As depicted in Fig. 1, we found a high number of IL9-positive 

cells infiltrating the dermis prior to therapy. After phototherapy treatment, the total infiltrate 

of IL9-positivecells was reduced by 69% (from 245 to 77 cells/mm2; Fig. 5A). In addition, 

we stained for IL9r to assess the potential number of cells responsive to IL9 before and after 

treatment. We observed a substantial reduction of IL9r-positive cells by 64% (from 187 

cells/mm2 before treatment to 68 cells/mm2 after treatment; Fig. 5B).

Furthermore, we analyzed fresh material from patients receiving oral PUVA with 8-MOP 

twice a week in a clinical study (detailed information about the patients and their treatment 

can be found in Supplementary Table S3). Biopsies taken at baseline (before treatment) and 

after 6 weeks of treatment were available to evaluate response. We found that IL9 and 

STAT3 expression was decreased in lesional skin after treatment in 6 of 8 patients (Fig. 5C 

and D). IRF4 (Supplementary Fig. S5C) and STAT5a (Supplementary Fig. S6A) were also 

decreased in patients after treatment while STAT5b did not change significantly 

(Supplementary Fig. S2B). Furthermore, analyses of infiltration degree coupled with STAT3 

or IRF4 expression revealed a correlation between high expression of these transcription 

factors and higher cellular infiltration of the skin (Supplementary Fig. S6A and S6D). These 

results indicate that photo(chemo)therapy in patients with MF depletes IL9 in lesional skin 

together with lowering expression of elements of the JAK/STAT signaling pathway.

Proapoptotic effect of PUVA is enhanced by IL9 depletion in vitro

The combination of PUVA and IFNα2b at variable doses increases the efficacy of 

phototherapy in MF patients; decreasing the number of PUVA sessions and the dose of UVA 

needed to achieve remission (25). To address how the effect of PUVA combined with IL9 

targeting or STAT5 inhibition compares with supplementation of IFNα2b, we transfected 

MyLa2000 cells with siRNA targeting STAT5 24 hours prior to PUVA in vitro (1 µmol/L 8-

MOP, 0.4 J/cm2 UVA). After 48 hours of PUVA, we observed a lower expression of IRF4 

and IL9 and higher expression of pSTAT5 (Supplementary Fig. S7A–S7D). Moreover, cell 

viability decreased in PUVA/siSTAT5–treated cells to 18% compared with 8-MOP alone 

(58%) and PUVA/siCTRL (42%; Fig. 5E). We used an IL9-neutralizing antibody to evaluate 

the role of this cytokine in malignant cell viability after combining PUVA with IFNα2b. 

Cells were treated with PUVA and cultured for 48 hours with IFNα2b (1,500 U/mL), goat 

polyclonal anti-human IL9 (20 µg/mL) or the two combined. The combination of PUVA 

with IFN-α2b reduced cell viability to 38% compared with PUVA treatment alone (56%); 

PUVA/anti-IL9 treatment showed a reduction of viability to 37% and the combination of 

PUVA/IFNα2b/anti-IL9 reduced viability with small additive effect down to 35%. These 

data indicate that direct targeting of IL9 or its regulators potentiates PUVA's cytotoxicity 

against malignant lymphoma cells similar to the addition of IFNα2b (Fig. 5F).
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Depletion of IL9 inhibits tumor growth and improves antitumor response in a lymphoma 
mouse model

Having established the high production of IL9 of malignant and reactive T cells in MF 

lesions and the dependence from STAT3/5 signaling in vitro, we aimed to investigate the 

functional significance of this cytokine in MF. We initially hypothesized that IL9 may affect 

growth of lymphoma cells. However, experiments with MyLa2000 cells did not reveal a 

significant effect of exogenous IL9 or IL9 antibody blockade on cell growth or apoptosis 

(data not shown). We subsequently considered that IL9 might modulate the growth of 

lymphoma cells in the tissue, rather than in cell suspension. Therefore, we evaluated tumor 

growth in a lymphoma mouse model. We injected intradermally C57BL/6 mice with the 

mouse T-cell lymphoma cell line EL-4 and blocked IL9 by intralesional injections of anti-

IL9-neutralizing antibody every 48 hours (Fig. 6A). The tumor diameter growth curve 

showed slower tumor formation in the anti-IL9-treated animals (Fig. 6B) and survival was 

extended by 50% (from 16 to 24 days; Fig. 6C) compared with isotype antibody control 

group. To analyze the effect of anti-IL9 treatment on antitumor immune response, draining 

lymph nodes were collected at 14 days after lymphoma cell injections. Anti-IL9-treated 

mice had a higher percentage of CD25+Foxp3+ T cells compared with isotype-treated 

antibody control mice (14.5% vs. 11% respectively; Fig. 6D). Frequency of antigen-

experienced (CD44high/CD62llow) CD4 and CD8 T cells were higher in anti-IL9-treated 

animals compared with isotype antibody-treated controls (10% and 8% vs. 5% and 3%, 

respectively; Fig. 6D). Together these results suggest that IL9 is required for tumor growth 

and modulates the antitumor immune response.

Discussion

This study revealed that lesional MF skin is enriched with cells producing IL9 expressing 

STAT3 and IL9r. STAT3 is an important member of the signaling pathway activated in IL9-

producing cells. It is recruited upon IL9 binding to its receptor via its SH2 domain (26) and 

is crucial for apoptosis inhibition (27). More recently, its expression in Sézary syndrome 

cells has been attributed to a positive feedback loop of IL21 (19). In the patients of this 

study, IL9-producing cells were mainly located within the infiltrate in the dermis and in 

Pautrier's microabscesses (Fig. 1B), a site that primarily harbors malignant T cells. 

Furthermore, IL9-positive cells decreased in lesional skin after complete clinical response 

(Fig. 5A) in the set of patients from archived materials. These findings were consistent with 

the results of IL9 mRNA expression (Fig. 5C) in the set of patients from the clinical PUVA 

trial (Supplementary Table S3).

High-throughput TCR sequencing analysis allowed us to identify and subsequently visualize 

malignant T-cell clones in situ. We found that the vast majority of Vb22-expressing 

malignant clones were IL9 producers (Fig. 2C and D). However, we also observed IL9 

production from presumably benign infiltrating T cells suggesting that IL9 production is not 

specific to the neoplastic population. We hypothesize that malignant clones produce 

significant amounts of IL9 that polarize the cytokine secretion of reactive T cells towards a 

Th9 profile. Consistently, many of these cells were IRF4-positive. Previous reports 

illustrated how malignant clones are able to decrease Th1 responses in favor to Th2 in 
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leukemic CTCL, in a similar manner (28). Moreover, deregulation of IL9 has been described 

for several types of lymphoma and can contribute not only to the replication of malignant 

cells (29) but also modulate the inflammatory microenvironment (30).

The constant activation of STAT family members has been implicated in the pathogenesis of 

a wide variety of lymphomas (29, 31) including CTCL. Gain of function in this family of 

proteins has been observed as a result of chromosome instability (32) or activating mutations 

in STAT3 p.Tyr640Phe (33) and STAT5 (34). We have shown that expression of JAK3 and 

two members of the STAT family in Sézary syndrome and MF cell lines leads to IL17 

secretion (35). Studies in vitro with CTCL cell lines have revealed that the activated form of 

STAT3 leads to the expression of SOCS-3, a negative regulator of IFNα-induced signaling 

(36). Moreover, STAT3 is activated by IL9r together with STAT5 and in a lesser extent by 

STAT1 (37). Here we found that MyLa2000 cells produced high amounts of IL9 (S2) in 

accordance with our findings in MF lesional skin. Furthermore the combination of PUVA 

with IFNα and/or anti-IL9 antibody or silencing of STAT5 reduced cell viability (Fig. 5E 

and F), highlighting the possible mechanisms that mediate the conceivable better response of 

MF patients treated with PUVA in combination with biologic agents (38).

The inhibition of JAK1/2 with ruxolitinib led to a significant reduction of IL9 secretion (Fig. 

3A), and the silencing of STAT3/5 (Fig. 3B–D) suggested a self-regulatory loop of IL9 

production in MyLa2000 cells. BCL-6 is known as a negative regulator of IL9 transcription 

and is inhibited by STAT5 through binding to its regulatory region (39), STAT5 also 

activates IRF4 (40) and mediates directly the binding to the Il9 gene (41). The multiple 

involvement of STAT5 in the regulation of IL9 may explain the profound impact of its 

silencing in our results although we only observed a significant reduction in STAT5a in the 

skin of PUVA-treated patients (Supplementary Fig. S6A).

We did not find CD3-positive cells with PU.1 expression in lesional skin of MF (Fig. 4B). 

The lack of its expression in MyLa2000 cells supports the notion that PU.1 does not mediate 

IL9 secretion in neoplastic MF T cells. However, we did find PU.1-positive cells in the 

proximity of T cells suggesting a close interaction between these two populations; further 

analysis revealed that PU.1 cells were CD1a-positive with dendritic cell like morphology 

(data not shown). Our argument on the role of IRF4 in IL9 secretion by malignant T cells is 

supported by the finding that even partial inhibition of IRF4 in MyLa2000 cells led to a 

significant decrease in IL9 production (Fig. 4D and E) and that PUVA-treated patients 

exhibited reduced IRF4 expression in lesional skin (Supplementary Fig. S5C). However, the 

precise role of IRF4 remains to be determined as Vb22-positive cells exhibited 

heterogeneous expression of this transcription factor (4 out of every 10 cells were IRF4-

positive; Fig. 4C) while most (Vb22-negative) reactive T cells seemed to stain IRF4-positive 

(Fig. 4A).

We observed an overall decrease of infiltrate and IL9 microenvironment: Patients with 

complete response to photo(chemo) therapy had significantly lower numbers of IL9- and 

IL9r-positive cells in treated skin (Fig. 5A and B). PUVA-treated patients also showed a 

reduction of IL9 and STAT3 expression (Fig. 5C and D). Patients with high expression of 

IRF4 in lesional skin at baseline reduced the expression of this transcription factor after 
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treatment (Supplementary Fig. S5C) and a decrease of infiltration score correlated with 

lower STAT3 and IRF4 expression (Supplementary Fig. S6C and D).

Although there is one report on sporadic CTCL-like disease in mice (42), intradermal 

injection of murine lymphoma cell lines like MBL2 and EL-4 have been the best 

approximation of a CTCL model in mice (43, 44). In contrast to xenograft models, 

syngeneic engraftments take into account immunologic interactions between lymphoma 

cells and the host. EL-4 cells have been used in several lymphoma models of iNKT 

cytotoxic responses (45) and adipose tissue mesenchymal stem cells (46). We used these 

cells because tumors are developed without a proinflammatory external stimulus and their 

responsiveness to IL9 with expression of growth factors such as Ly-6A/E (47) and 24p3 

lipocalin (48). Our results showed that EL-4 tumors grew significantly slower in IL9-

depleted mice (Fig. 6B and C) while the percentage of activated CD4 and CD8 T cells 

increased substantially (Fig. 6E and F). However, we recognize the lack of epidermotropism 

(typically seen in MF) as the major limitation of our animal model. Another limitation of 

this report is that high-throughput TCR sequencing analysis was done in a single patient 

(Fig. 2). Nevertheless the results point towards the importance of IL9 as stimulatory 

mediator in MF.

Taken together, our results describe an IL9-enriched microenvironment in MF lesions by 

malignant and reactive T cells as the source of this cytokine. We found that STAT3/5 are 

coregulators of IL9 production in vitro. Furthermore, 16 patients with complete or partial 

response to photo(chemo)therapy exhibited decreased expression of IL9, STAT3, STAT5a, 

and IRF4. We also demonstrate the delayed development of lymphoma and improvement of 

antitumor T-cell response in the EL-4 syngeneic mouse skin lymphoma model. The evidence 

presented indicates that targeting IL9 or its mediators could be a promising new approach 

for the treatment of CTCL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Current therapies for CTCL are focused on direct targeting of neoplastic cells. However, 

there is emerging evidence that inflammatory microenvironment plays a pivotal role in 

the onset and progression of mycosis fungoides. In this study, we demonstrate that IL9 is 

overexpressed in lesional skin in mycosis fungoides by malignant cells and polarized 

reactive T cells, suggesting that this cytokine is an active mediator of tumor 

microenvironment and contributes to the survival of neoplastic cells. Mycosis fungoides 

patients in remission upon photo(chemo)therapy had lower numbers of IL9-producing 

cells in the skin, diminished expression of STAT3/5a, and the Th9 transcription factor 

IRF4. In vitro data indicate that IL9 is regulated by STAT3/5 and in vivo results highlight 

the pro-neoplastic effect of IL9 on lymphoma T cells. We propose that targeting IL9, 

either directly or via STAT inhibition, would be promising for therapeutic intervention in 

CTCL.
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Figure 1. 
Expression of IL9, IL9r, and STAT3 in patients with MF. Paraffin-embedded sections were 

stained for IL9, IL9r, or STAT3. Representative micrographs are shown; magnified areas are 

indicated. A, normal skin samples from control individuals. B, lesional skin from a patient 

with MF (archived materials ST2, patient A2), view of 20× (scale bars as indicated). Pautrier 

microabscess is shown in the magnified area of the IL9 stain.
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Figure 2. 
Malignant and reactive T cells produce IL9. Representative micrographs of two-color IHC 

(blue/red) in lesional skin of MF patient (ST2, Patient A4) CD3/IL9 (A) and STAT3/IL9 (B); 

magnified areas are indicated (detailed scoring of double stains are shown in ST2). C, 

average copy number by V-J pairing of TCRβ sequences by high-throughput sequencing of 

the CDR3 region (outstanding clone is indicated with red arrow). Immunohistochemical 

stain of the malignant clone based on sequencing results. The Vb22 antibody was used to 

identify the TCRβV02-01 gene product (D).
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Figure 3. 
STAT3/STAT5 pathway regulates IL9 production in MyLa2000 cells. A, MyLa2000 cells 

were treated with 180nmol/L of ruxolitinib and cultured for up to 48 hours. IL9 expression 

was quantified by qPCR at indicated time points; not treated (NT) cells were used as 

controls. MyLa2000 cells were transfected with siRNA targeting STAT3 (B) and STAT5 (C). 

IL9 expression was quantified by qPCR at indicated time points; fold change is depicted 

with unspecific siRNA-treated cells (siCTRL) as reference control. D, simultaneous STAT3 

and STAT5 silencing. IL9 expression was quantified by ELISA at 48 and 72 hours; siCTRL 
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cells were used as reference control. E, IL32 expression was quantified by qPCR as control 

to examine the specificity of the silencing effect on IL9 expression. Experiments were done 

in triplicates: statistical significance was assessed by Dunnet post test; P values are shown.
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Figure 4. 
IRF4 and PU.1 expression in patients with MF. Representative micrographs of two-color 

IHC are shown. The transcription factors IRF4 (A) or PU.1 (B) were stained together with 

CD3; magnified areas are indicated (detailed scoring of double stains are shown in ST2). C, 

malignant cells stained with the Vb22 antibody together with IRF4 (Patient A4 is shown in 

A–C.). Expression of IRF4 in MyLa2000 and Hut78 cells quantified by qPCR (D) and 

siRNA was used to silence IRF4. IL9 expression was determined after 24 and for up to 96 
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hours of transfection (E). Experiments were done in triplicates; statistical significance was 

assessed by Student unpaired t test; P values are shown.
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Figure 5. 
Patients under photo(chemo)therapy treatment exhibit reduced IL9 production. Samples 

from the archived materials from patients with MF (ST2) were analyzed for IL9 (A) and 

IL9r (B) expression at baseline and after 12 weeks at clinical remission (micrographs from 

patient A1 are shown). The average of positive cells in three 40× fields per sample is 

presented: adjusted to the unit of area (mm2). Biopsies from the PUVA trial (ST3) were 

analyzed by qPCR for expression of IL9 (C) and STAT3 (D) at baseline and 6 weeks after 

start of treatment. E, MyLa2000 cells were transfected with siSTAT5 or siCTRL 24 hours 
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before treated with PUVA in vitro (1 µmol/L 8-MOP, 0.4 J/cm2). F, MyLa2000 cells were 

given PUVA followed by incubation in media supplemented with IFNα2b (1,500 U/mL), 

goat polyclonal anti-human IL9 antibody (20 µg/mL) or the two combined. E and F, viability 

was assessed by Annexin V/PI incorporation after 48 hours of culture. Experiments were 

done in triplicates; statistical significance was assessed by Student paired t test (A–D), or 

Dunnet post test (E and F); P values are shown.
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Figure 6. 
Depletion of IL9 improves antitumor immune response. Mouse T-cell lymphoma cell line 

EL4 (104 cells) were injected intradermally into the backs of C57BL/6 mice. Polyclonal goat 

anti-IL9 antibodies (20 µg) or isotype control was given together with the cells and 

repeatedly every 48 hours (n = 10 mice per experimental group; A). Tumor growth was 

assessed daily for 14 days using a Mitutoyo Mini-caliper and tumor diameter mean is 

depicted (B). Mice were sacrificed when tumor size reached 1 cm of diameter; survival is 

shown (C). Mice were sacrificed 14 days after cell injections and inguinal lymph nodes were 
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taken to analyze Treg cells by flow cytometry (D) and activated CD4 and CD8 T cells (E; n 
= 6 mice per experimental group). The percentage of positive cells is presented. Figures 

shown are representative of two independent experiments. Statistical significance was 

assessed by Student t test; P values are shown.
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