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Abstract

IL-2 is a pleiotropic cytokine that promotes the differentiation of T helper (Th) cell subsets 

including Th1, Th2, and Th9 cells, but impairs development of Th17 and Tfh cells. Although IL-2 

is produced by all polarized Th subsets to some level, how it impacts cytokine production when 

effector T cells are restimulated is unknown. We show here that golgi transport inhibitors (GTI) 

blocked IL-9 production. Mechanistically, GTIs blocked secretion of IL-2 that normally feeds 

back in a paracrine manner to promote STAT5 activation and IL-9 production. IL-2 feedback had 

no effect on Th1 or Th17-signature cytokine production, but promoted Th2- and Th9-associated 

cytokine expression. These data suggest that use of GTI result in an underestimation of the 

presence of type 2 cytokine secreting cells, and highlight IL-2 as a critical component in optimal 

cytokine production by Th2 and Th9 cells in vitro and in vivo.

Introduction

Allergic inflammation is orchestrated by a CD4 T cell response that is dominated by 

interleukin (IL)-4, -5, and -13-secreting Th2 cells and IL-9-secreting Th9 cells. In 

combination, these cytokines act to promote mucus production by goblet cells, IgE class 

switching in B cells, and the recruitment of innate immune cells (eosinophils, mast cells) 

that further augment inflammation. Th2/Th9-associated cytokines also play a critical role in 

parasite immunity and clearance (1, 2).

IL-2, through STAT5 activation, promotes the differentiation of Th subsets including Th1, 

Th2, and Th9 cells, but impairs development of Th17 and Tfh cells (3-8). IL-2 alters 

differentiation both by direct effects on cytokine loci and by activating transcription factors 

that promote differentiation (4, 6). However, differentiated Th subsets all produce IL-2 to 
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varying levels and how IL-2 secreted by stimulated T cells impacts the production of other 

Th cytokines is not clear.

The concept of cytokine-autonomy following differentiation of Th subsets suggests that once 

a T helper subset differentiates, it no longer requires the differentiating cytokine to produce 

cytokine following antigen receptor stimulation. In classic reports from the Paul laboratory, 

Th1 cells were shown to be cytokine-dependent as IL-12 could enhance IFN-γ production. 

In contrast, addition of IL-4 to Th2 cells did not enhance the production of Th2 cytokines, 

and so were thought to be cytokine-autonomous (9). This concept was extended by the 

demonstration of IL-23 promoting IL-17 production from Th17 cells (10). This highlights 

that cytokines other than the differentiating cytokine can impact acute cytokine production. 

Yet, little is understood about how the cytokine environment impacts Th cytokine production 

during antigen receptor stimulation.

We show here that golgi transport inhibitors (GTIs) such as monensin and brefeldin A (BFA) 

that are commonly used for detection of intracellular cytokines actually inhibit the 

production of IL-9, and transcription of the Il9 gene, during Th9 restimulation. GTIs act to 

limit IL-2 secretion that normally feeds back and activates Il9 transcription and protein 

production. The effect of IL-2 feedback was restricted to Th2 and Th9 cytokines, as there 

was no effect on Th1 or Th17 cells, demonstrating another level of cytokine control that is 

non-autonomous.

Methods

Mice and isolation of naïve CD4 T cells and in vitro culture

C57BL/6 mice and CD45.1+ C57BL/6 mice were bred in house at the IU School of 

Medicine, Indianapolis, IN, USA. IL-2-deficient mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA) and BCL6-conditional mutant mice were previously 

described (11). All mice were used with the approval of the Indiana University Institutional 

Animal Care and Use Committee.

Naïve CD44- or CD62L+ CD4+ T cells were isolated from C57BL/6 or Il2-/- mice using 

magnetic enrichment via the supplier's instructions (Miltenyi Biotec, Auburn, CA, USA). 

Naïve CD4 T cells (106 per ml) were cultured in flat bottom plates coated overnight at 4°C 

with anti-CD3 (2C11, 2μg/ml, BioXcell) and soluble anti-CD28 (37.51, 5μg/ml, BioXcell) 

as previously described (12). Briefly, Th1 cells were cultured in the presence of IL-12 

(2ng/ml, Peprotech) and anti-IL-4 (11B11, 20μg/ml, BioXcell). Th2 polarization conditions 

contained IL-4 (20ng/ml, Peprotech), anti-IFN-γ (XMG, 20μg/ml, BioXcell) and anti-

IL-10R (1B1.3A, 20μg/ml, BioXcell). Th9 cells were cultured in the presence of IL-4 (20ng/

ml), anti-IFN-γ (20μg/ml), anti-IL-10R (20μg/ml) and human TGFβ-1 (2ng/ml, Miltenyi 

Biotec). Th17 cells were cultured with IL-6 (20ng/ml, Peprotech), human TGFβ-1 (2ng/ml), 

IL-23 (2ng/ml, Peprotech), anti-IFN-γ (20μg/ml), anti-IL-4 (20μg/ml) and anti-IL-2 

(JES6-1A12, 20μg/ml, BioXcell). After 3 days of culture, cells were removed from plates 

containing plate-bound anti-CD3 and placed in 3 volumes of fresh media supplement with ½ 

of cytokine and antibody concentrations listed above, except for Th9 cultures that received 

full amounts of cytokines and antibodies at day 3. Additionally Th17 cells did not receive 
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TGFβ-1 at day 3 of culture. In experiments where Th9 cells were derived from Il2-/- mice, 

cultures were supplemented with 50U/ml of recombinant human IL-2 (rhIL-2).

Stimulation of polarized Th cells and cytokine analysis

Cells (106/ml) were incubated in 96 well round-bottom plates in media alone (unstimulated) 

or stimulated in media containing PMA (50ng/ml, Sigma) and ionomycin (1μg/ml, Sigma) 

with monensin (2μM, Sigma) added at various time points during the 5.5–6 h stimulation at 

37°C before analysis as previous described (12). In experiments where Th9 cells derived 

from WT and IL-2-deficient mice were co-cultured, PMA/ionomycin stimulation occurred 

in Eppindorf tubes under rotation at 37°C. Blocking antibodies to CD25 (3C7, 1μg/ml, 

Biolegend) were added 15 min prior to PMA/ionomycin stimulation and blocking antibodies 

to IL-2 (JES6-1A12 or S4B6-1, Biolegend or BioXcell), TNFα (MP6-XT22, Biolegend) 

and IL-4 were added (all antibodies used at 20 μg/ml) during stimulation as indicated. Real 

time PCR for analysis of gene expression, pSTAT protein staining, and retroviral 

transduction of primary cells was performed using standard methods as previously described 

(12).

Intracellular cytokine staining and analysis

After stimulation, as per above, T cells were in some cases stained with anti-CD3 

(145-2C11, eBioscience) and anti-CD4 (RM4-5, eBioscience), fixed with 4% formaldehyde 

for 20 min at 4°C and washed subsequently with FACS buffer. Cells were then 

permeabilized with permeabilization buffer (eBioscience) for 10 min at room temperature 

and subsequently stained with antibodies for intracellular cytokines (IL-2: JES6-5H4, 

eBioscience, TNF: MP6-XT22, eBioscience, IL-9: RM9A4, Biolegend, IL-10: JES5-16E3, 

eBioscience) for 30 min at room temperature (all antibodies were used at 1μg/ml, except 

TNF which was used at 0.4μg/ml). Cells were washed twice in FACS buffer and run on an 

Attune Flow Cytometer (Thermo Fisher). Flow cytometry data was analyzed on FlowJo 

version 8.87.

Aspergillus fumigatus extract exposure

C57BL/6 mice were exposed to 25 μg of Aspergillus fumigatus (AF) extract (GREER, NC, 

USA) in PBS 3 days a week with one day of rest between each exposure for 6 weeks. After 

the 6th week of exposure, mice were rested for 2 days prior to harvest of lung mononuclear 

cells. In brief, lungs from AF-exposed mice were digested with 1mg/ml of type 2 

collagenase (Worthington, NJ, USA) for 45 min at 37°C followed by pressing digested lungs 

through a wire mesh sieve (Bellco Glass, NJ, USA) to make a single cell suspension. CD4+ 

cells from this lung suspension were enriched by magnetic enrichment (CD4 microbeads, 

Miltenyi Biotec) to purities greater than 90% following the manufacturer's directions. 

Enriched CD4+ T cells were stimulated at 106 cells/ml with PMA and ionomycin in the 

presence or absence of monensin for 6 hours in U-bottom 96 well plates (Corning).

ChIP-seq analysis

ChIP-seq datasets for STAT5A and STAT5B in Th2 cells with the accession number: 

GSE12346 (13) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12346) were 
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retrieved from NCBI. BED records were converted into FASTA sequence files using the 

BED tools getfasta utility (14) and the mm8 reference genome. The FASTA sequence files 

were aligned back to the current mouse reference genome using bowtie2 (15) with default 

parameters. The resulting SAM files were converted into BAM format using SAM-BAM 

conversion utility from SAM tools (16). Peak calling was performed using MACS (Model-

based analysis of Chip-Seq) algorithm (16) with default parameters. The peaks identified in 

each sample in the form of wig files resulting from running MACS, were visualized using 

UCSC genome browser.

Results

IL-9 production is inhibited by the use of golgi transport inhibitors

Traditionally, intracellular cytokine staining (ICS) is done in the presence of golgi transport 

inhibitors (GTIs) (i.e. monensin or brefeldin A, BFA) to retain cytokines within the cell 

during stimulation. Using this approach, cytokine-positive cells are subsequently identified 

using flow cytometry. However, the timing of GTI administration and type of GTI used 

during stimulation has been shown to be important for the optimal detection of a number of 

cytokines (17). While optimizing the ICS protocol for IL-9 detection by polarized Th9 cells, 

we observed that stimulation of Th9 cells in the presence of monensin or BFA resulted in an 

increase in the frequency of cells staining positive for intracellular TNFα, IL-2 and IL-9 

compared with unstimulated (Media) cells (p<0.05, Fig. 1A, B), where monensin was 

slightly better for intracellular detection of IL-9 (Fig. 1A, B). As a control, we also 

stimulated the same cells in the absence of monensin or BFA. Predictably, we observed a 

diminished frequency of cells staining positive for intracellular TNF and IL-2, but 

surprisingly saw a ∼2-4-fold increase (p<0.05) in the frequency of cells staining for 

intracellular IL-9 as compared to GTI-treated cells (Fig. 1A, B). This result was not due to 

cross reaction by the IL-9 detection antibody used in these experiments, as Th9 cells from 

IL-9-deficient mice showed no intracellular IL-9 staining (data not shown). Similarly, Il2 
mRNA was most highly expressed in monensin-treated cells, whereas Il9 mRNA levels were 

significantly increased (p<0.05) when stimulated in the absence of monensin (Fig. 1C). 

These data indicate that GTIs inhibit the induction of Il9 at the transcriptional level.

To determine if GTI usage also resulted in diminished detection of IL-9 in ex vivo-derived 

cells, we utilized a model of chronic Aspergillus extract exposure to induce IL-9-secreting 

cells in the inflamed lung (18). Enriched CD4 T cells isolated from the lungs of Aspergillus-

exposed mice were left unstimulated (Media) or stimulated with PMA and ionomycin (PI) 

with monensin added in culture at 0, 4 or 6 (just prior to cell harvest) hours post stimulation. 

After a total of 6 hours of stimulation, cells were stained for cell surface CD3 and CD4, 

fixed and stained for intracellular IL-9 and IL-10. Similar to our in vitro studies, we detected 

∼2-fold more IL-9+ cells (p<0.05) when cells were treated at 4 or 6 hours with monensin as 

compared to cells treated at 0 hrs (Fig. 1D). We did not observe any significant increase 

(p>0.05) in the frequency of IL-10+ CD4+ T cells with monensin added at later time points. 

However, detection of IL-10 did not require the use of GTI from ex vivo stimulated cells. 

Taken together, these data suggest that use of GTIs limits IL-9 production from in vitro-
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derived cells and cells analyzed ex vivo. Thus, standard ICS protocols might lead to 

technical limitations in measuring the numbers of IL-9-secreting cells.

IL-2 feedback is required for optimal IL-9 expression after stimulation

As monensin and BFA act to inhibit cytokine secretion, we hypothesized that a secreted 

cytokine, induced after stimulation, played a role in amplifying IL-9 production. We 

observed that cells stimulated in the absence of monensin had significant loss (p<0.05) of 

intracellular IL-2 and TNF (Fig. 1A), likely indicating secretion. We therefore neutralized 

these cytokines by using blocking antibodies to IL-2 and its receptor, CD25, or to TNF 

during stimulation of Th9 cells with PI and examined at IL-9, IL-10 and IL-2 production by 

intracellular cytokine staining. Similar to what we observed with IL-9 in Fig. 1, IL-10 was 

also significantly increased in both protein level and mRNA level (Fig. 2A-C) when 

stimulated in the absence of monensin. Interestingly, blockade of IL-2 and CD25 (α2/α25) 

significantly reduced levels of intracellular IL-9 and IL-10, similar to levels observed in 

PIM-treated cells (p<0.05, Fig. 2A, B). In contrast, neutralization of TNF had no effect on 

levels of intracellular IL-9 or IL-10 (p>0.05, Fig. 2A, B). Further, blockade of IL-2 and 

CD25 significantly reduced Il9 and Il10 transcription (Fig. 2C) and secretion after 24 hours 

of stimulation with plate-bound αCD3 (data not shown).

In parallel, we also examined the capacity of IL-2-deficient cells to produce IL-9 after 

stimulation. In these experiments, WT cells were polarized under standard Th9 conditions, 

whereas IL-2-deficient cells were supplemented with rhIL-2, as IL-2 is critical for their 

differentiation (6, 7). At day 5 of culture, cells were rigorously washed to remove any 

residual IL-2 and stimulated with PI in the presence or absence of monensin. While a greater 

frequency of WT cells stimulated in the absence of monensin had intracellular IL-9 and 

IL-10 as compared to monensin-treated controls (p<0.05), this was not the observed in Il2-/- 

cultures (p>0.05, Fig. 2D). Together, these data indicate a critical role for IL-2 feedback in 

amplifying IL-9 and IL-10 transcription, protein production and secretion by Th9 cells 

during re-stimulation.

Paracrine IL-2 responsiveness plays a dominant role in IL-9 production

As both IL-2-producing and non-producing cells have the capacity to produce IL-9 (Fig. 1A) 

we next asked whether the effect of IL-2 in these cultures was predominantly autocrine or 

paracrine. To address this, we initially stimulated Th9 cells at different cell densities with the 

expectation that at lower cell densities, an autocrine effect of IL-2 would be retained but that 

cells spaced further apart would be less exposed to paracrine IL-2. In these experiments, we 

observed a dramatic decrease (p<0.05) in Il9 mRNA as cells were diluted, while Il2 and Tnf 
transcript levels were not altered by cell dilution (Fig. 3A), suggesting a specific dominant 

role of paracrine IL-2 signaling for Il9 production. This effect was further supported by a 

significant increase (p<0.05) in Il9 mRNA levels when exogenous rhIL-2 was added to cells 

stimulated at lower cell densities (105 and 104 cells/ml, Fig. 3A). However, our data also 

show that while blockade of IL-2 was effective at decreasing Il9 at high cell densities, it had 

no significant effects at lower cell densities (p>0.05), possibly supporting a modest role for 

autocrine signaling that could potentially be difficult to block with anti-IL-2 antibodies. In 

contrast, Il2 and Tnf mRNA levels were completely unaltered by either cell density or 
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blockade/addition of IL-2, suggesting that they are not regulated by paracrine or autocrine 

signaling. These data suggest that induction of Il9 is distinct from that of some other 

cytokines in that it is subject to environmental cues.

To address the question of autocrine versus paracrine IL-2 signaling using a parallel 

approach, we cultured WT (CD45.1+) and Il2-/- (CD45.2+) Th9 cells separately for 5 days. 

Immediately prior to stimulation, cells were washed, mixed at an approximate 1:1 ratio (Fig. 

3B), and stimulated with PI in the presence or absence of IL-2/CD25 blocking antibodies or 

rhIL-2. IL-2/CD25 blockade or IL-2-deficiency inhibited production of IL-9, and 

demonstrated similar effects on the production of IL-10 (p<0.05, Fig. 3C, E). However, 

addition of either rhIL-2 or WT Th9 cells to Il2-/- cells rescued IL-9/10 production to 

percentages that were similar to WT cells (p>0.05), suggesting a dominant role for paracrine 

IL-2 signaling in promoting Th9 cytokine production.

STAT5 is activated rapidly after stimulation and is sufficient for IL-2-mediated IL-9 
production

As IL-2 primarily signals through STAT5, we examined the kinetics of STAT5 activation 

after stimulation of Th9 cells with PI in the presence or absence of monensin or IL-2/CD25 

blocking antibodies. STAT5 is potently phosphorylated after as little as 2 hours post PI-

stimulation and is maintained at 3 hours of stimulation (Fig. 4A, B). Either monensin or 

IL-2/CD25 blocking antibodies significantly inhibited the induction of pSTAT5 at 2 hours of 

stimulation and STAT6 at 3 hours of stimulation (p<0.05, Fig. 4A-C). Interestingly, only 

pSTAT5+ cells were positive for phosphorylated STAT6 (Fig. 3A), suggesting that 

competence for STAT6 activation is a cell-intrinsic effect of STAT5 signaling. Together, 

these data indicate that monensin and IL-2/CD25 blocking antibodies inhibit the induction 

of pSTAT5 during stimulation and reduce the capacity of Th9 cells to also respond to 

STAT6-activating cytokines.

We next asked if a constitutively active STAT5 (caSTAT5) could rescue IL-9 production 

when cells were stimulated in the presence of monensin or IL-2/CD25 blocking antibodies. 

In these experiments, Th9 cells were transduced with either a control retrovirus (hNGFR 

Ctrl-RV) or a RV expressing hNGFR-IRES-caSTAT5 (caSTAT5-RV) and stimulated with PI 

in the presence or absence of monensin or IL-2/CD25 blocking antibodies. Ctrl-RV-

transduced cells showed a dramatic loss (p<0.05) of IL-9 protein production in the presence 

of monensin or blocking antibodies (Fig. 4D, E). Although caSTAT5-transduced cells 

exhibited some loss of IL-9 production in the presence of monensin and blocking antibodies 

as compared to untreated cells (p<0.05), this loss was significantly (p<0.05) mitigated by 

expression of caSTAT5 (Fig. 4D, E). As a whole, these data suggest that IL-2 signaling 

through STAT5 amplifies IL-9 production.

IL-2 has a critical role in the differentiation of Th2 and Th9 cells. In Th2 cells, IL-2-induced 

STAT5 is required for maintenance of Gata3 expression as well as Il4 production by directly 

binding these loci (8). STAT5 in Th9 cells similarly binds directly to Il9 (6, 19), inhibits 

induction of the transcriptional repressor BCL6, and competes with BCL6 for binding to the 

Il9 locus (3, 6). We show here that IL-2 also is required for IL-9 production by fully 

differentiated cells, independent of its presence during differentiation. Although blockade of 
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IL-2 during stimulation did result in increased BCL6 expression (data not shown), IL-2 

blockade in BCL6-deficient Th9 cells was as effective in repressing IL-9 production as it 

was in BCL6-sufficient cells (data not shown). These data indicate that IL-2-induced STAT5 

during stimulation likely acts to directly bind the IL-9 locus rather than acting via repressing 

BCL6.

IL-2 specifically enhances Th2/Th9-associated cytokine production

Since IL-2 enhanced not only IL-9, but also IL-10 production by Th9 cells (Fig. 2-3) we 

questioned if IL-2 acted to acutely amplify production of other lineage- or non-lineage-

specific cytokines. For these studies, we cultured Th1, Th2, Th9 and Th17 cells that were 

left unstimulated or stimulated with PI in the presence or absence of monensin or IL-2/CD25 

blocking antibodies. After stimulation we examined cytokine mRNA levels after stimulation. 

Interestingly, the expression of non-lineage-specific cytokines (i.e. Il2 and Tnf) was not 

negatively impacted by the addition of monensin or IL-2/CD25 blocking antibodies in any 

Th subset (Fig. 5). Further, neither the expression of the Th1 signature cytokine gene (Ifng) 

nor the Th17-associated cytokine genes (i.e. Il17a, Il17f, Il21) were altered by monensin or 

IL-2/CD25 blocking antibodies (p>0.05, Fig. 5). In stark contrast, virtually all Th2/Th9-

associated cytokine genes, with the exception of Il4 and Il5, were decreased (p<0.05) with 

the addition of monensin or IL-2/CD25 blocking antibodies during stimulation (Fig. 5). Il4 
expression by Th2 cells, although unaffected by monensin treatment, was diminished by 

IL-2/CD25 blockade (p<0.05, Fig. 5). Il5 mRNA levels were decreased by addition of 

monensin (p<0.05, Fig. 5), but not consistently by IL-2/CD25 blockade (p>0.05, Fig. 5). 

These data clearly indicate that IL-2 specifically amplifies production of many of the Th2/

Th9-associated cytokine genes.

As STAT6 was also phosphorylated after stimulation in the absence of monensin (Fig. 4), it 

was possible that secreted IL-4 might also enhance type II cytokine production. To 

determine if this was the case, we blocked IL-2, IL-4 and IL-4/IL-2/CD25 together to assess 

the relative contributions of IL-2 and IL-4 in the observed cytokine feedback. IL-2/CD25 

blockade efficiently suppressed phosphorylation of STAT5 (p<0.05) and to a lesser extent 

STAT6 (p<0.05) as shown in Fig. 4, and was not further suppressed by co-blockade of IL-4 

(Fig. 6A). Similarly, blockade of IL-4 significantly reduced STAT6 phosphorylation 

(p<0.05) to a similar level to that of monensin treatment, indicating efficient IL-4 

neutralization (Fig. 6A). After 6 hours of PI stimulation in the presence or absence of 

blocking antibodies we also assessed type II-associated cytokine gene expression. While 

IL-2/CD25 blockade suppressed Il9, Il10, Il13, and Il24 expression (p<0.05) to similar levels 

as observed in monensin-treated controls, only Il24 was suppressed by blockade of IL-4 

(p<0.05, Fig. 6B). Interestingly, combination blockade of IL-2/CD25 and IL-4 further 

reduced expression of all type II cytokine genes as compared to IL-2/CD25 or IL-4 blockade 

alone (p<0.05); even for Il5 that was not suppressed by either IL-2/CD25 or IL-4 single 

blockade (Fig. 6B). These data suggest that while IL-2/STAT5 signaling is dominant over 

IL-4/STAT6 signaling, both cytokines can indeed work in combination to drive type II 

cytokine production.
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Discussion

IL-2 and STAT5 signaling play a myriad of roles during Th cell differentiation. During Th1 

and Th2 differentiation, IL-2 and STAT5 induce polarizing cytokine receptor expression and 

drive the expression of lineage-specific master transcription factors and cytokines (4, 8, 20). 

Similarly, IL-2 and STAT5 are required for differentiation of Th9 cells (3, 6, 7). During this 

process, STAT5 directly binds the Il9 gene and promotes gene expression. Further, STAT5 

suppresses expression of the repressive transcription factor BCL6 and potentially competes 

with BCL6 for binding in the Il9 promoter (3, 6). In contrast to its positive role in Th1, Th2 

and Th9 differentiation, IL-2 and STAT5 signaling inhibit the differentiation of Th17 and 

TFH cells. STAT5 suppresses expression of both components of the IL-6 receptor that is 

required for Th17 and TFH differentiation (20), and limits the expression of lineage-specific 

master transcription factors (BCL6 and RORγt) that are respectively required for TFH and 

Th17 development (21-25).

The relatively ubiquitous use of golgi transport inhibitors in analysis of cytokine production 

represent their utility, but as this report highlights, might also bring cautionary notes. 

Previously, monensin had some effects on limiting IL-10 production from human PBMCs, 

but did not have effects on IFN–γ or IL-4 detection (17). Other cytokines had not been 

investigated. In this report we demonstrated that IL-9 is the most profoundly affected 

cytokine analyzed thus far, which includes all of the standard T helper cell cytokines. The 

sensitivity of IL-9 to IL-2 feedback suggests that it is exquisitely responsive to STAT5 

activation. It remains unclear how prevalent the cytokine-feedback paradigm is in other 

cytokine-secreting cells, but this will be interesting to explore, and might point towards 

some important changes in data interpretation.

Our report demonstrates that IL-2 has a novel and specific role in promoting Th2 and Th9 

cytokine production outside of the differentiation process and identifies another level of 

control of type II inflammation. Recent reports have also highlighted the impact of IL-2 on 

the migration and differentiation of Th2 cells generated in vivo. In a mouse model of chronic 

allergic airway disease, IL-2 receptor (CD25) deficiency inhibited the formation of lung-

resident memory Th2 cells that were vital for induction of allergic inflammation (26), 

although the cytokine production by CD25-deficient Th cells was not examined. In similar 

studies, treatment of mice exposed to house dust mite extract with recombinant IL-2 

enhanced proliferation of CD4 T cells in the lung, enhanced Th2-associated cytokine 

production, and increased pulmonary eosinophilia (27). Moreover, in clinical studies, CD25 

blocking antibodies (Daclizumab) were effective in improving airway function in patients 

with corticosteroid-resistant chronic asthma (28). Thus, the biological effects of IL-2 

production are not restricted to an early point in the generation of the type II response and 

therapeutic targeting might still remain viable even at an effector stage.

IL-2 secretion and STAT5 activation after secondary stimulation specifically enhances 

production of type II cytokines potentially through a direct effect of STAT5 binding to 

multiple cytokine loci. STAT5 binds the Il9 promoter and can directly activate gene 

expression (3, 6, 19). Additionally, IL-2-induced STAT5 binds the Il4 locus and Th2 locus 

control region to induce the expression of the Th2-associated cytokines IL-4, IL-5 and IL-13 
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(4, 8, 13). Our work demonstrates that expression of Il10 and Il24 is also diminished in the 

presence of monensin or IL-2/CD25 blocking antibodies. Using available data from Liao et 

al (13), there was enhanced STAT5A and STAT5B binding to the Il10 and Il24 loci upon 

IL-2 treatment as compared to controls (Supplementary Figure 1). This supports a direct link 

between STAT5 and induction of multiple type II cytokine loci. Importantly, the effect of 

STAT5 is even broader than IL-4 during acute restimulation as neutralization of IL-4 

impaired only Il24 expression.

The availability of cytokine in the extracellular milieu and appropriate expression of the 

cytokine receptor must be temporally matched to mediate these responses. IL-2 has effects 

on the differentiation of all Th cells because IL-2R complex is expressed rapidly after 

activation. Th2 cells maintain expression of CD25 through differentiation (29), and as shown 

here, Th9 cells maintain a high level of IL-2 responsiveness. It was interesting that Th17 

were refractory to the effects of IL-2 blockade or monensin during restimulation, and we 

observed no changes in the production of Th17 lineage cytokines. It is possible that the lack 

of effect is due to low levels of CD25 expression on Th17 cells at late stages of 

differentiation (30). It is likely that IL-2 availability is also tightly regulated by the immune 

system in vivo. T regulatory cells that express high levels of CD25 have been shown to 

compete for bioavailable IL-2 with effector T cells (31). Thus, the activation of paracrine 

feedback in Th2 and Th9 cells in vivo will be limited by a balance with other competing 

cells in the microenvironment.

The ability of IL-2 to modulate Th9 cytokine production might also make it a viable 

supplement for cellular anti-tumor therapy. Th9 cells have also been shown to be highly 

effective in tumor immunotherapy (32, 33). In adoptive immunotherapy, pulsing Th9 cells 

prior to transfer with recombinant IL-2 might boost anti-tumor efficacy. Thus, the 

identification of this effector paracrine effect of IL-2 might also impact potential cellular 

therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
IL-9 production is inhibited by GTIs. (A) Th9 cells were cultured for five days, harvested 

and stimulated with media, or PMA/ionomycin (PI) in the presence or absence of brefeldin 

A (BFA) or monensin (Mon) for 5.5 hours. Representative contour plots are shown for 

intracellular IL-2, TNF and IL-9 staining. (B) The frequency of intracellular IL-2+, TNF+, 

and IL-9+ cells at day 5 of culture. (C) Il2 and Il9 mRNA levels of day 5 Th9 cells after 

stimulation with media, PI, or PI + monensin (PIM). These data represent >3 individual 

experiments and error bars represent standard deviation of at least 3 animals per group. *, 

p<0.05, reduced as compared to PIM stimulated controls. #, p<0.05 increased as compared 

to PIM-treated controls. (D) Intracellular IL-9 and IL-10 in viable, pulmonary CD3+ CD4+ 

T cells from mice chronically exposed to Aspergillus fumigatus extract for 6 weeks. Purified 

CD4 T cells were stimulated with PI and monensin added at 0, 4, or 6 hours of stimulation. 

These studies represent 2 individual experiments with 4-5 mice per group. *, p<0.05 greater 

as compared to 0 hour monensin-treated cells.
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Figure 2. 
IL-2 secretion and feedback is required for optimal IL-9 production. (A) Differentiated Th9 

cells were left unstimulated (media) or stimulated with PI in the presence of monensin or 

blocking antibodies to IL-2/CD25 or to TNF for 5.5 hours. Shown are representative contour 

plots of intracellular IL-9, IL-10 and IL-2. (B) The frequency of intracellular IL-2+, IL-9+ 

and IL-10+ CD4 T cells quantified from A. (C) Il9 and Il10 mRNA levels from differentiated 

Th9 cells cultured and stimulated as described in A. (D) WT and Il2-/- cells were cultured 

under Th9 conditions, as per the materials and methods, and stimulated for 5.5 hours with PI 

in the presence or absence of monensin. Shown is the frequency of IL-9+ and IL-10+ cells 

after stimulation. * p<0.05, significantly decreased in comparison to Nil-treated cells. # 

p<0.05, significantly increased as compared to Nil-treated cells. These data represent 2-5 

individual experiments with cultures being derived from 3 individual mice per experiment.
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Figure 3. 
Paracrine and autocrine production responsiveness to IL-2 promote IL-9 production. (A) 

Th9 cells were cultured as before and stimulated at 106, 105 and 104 cells per ml for 5.5 

hours with PI in the presence or absence of IL-2/CD25 blocking antibodies or rhIL-2 

(50U/ml) and Il9, Il2, and Tnf mRNA levels were assessed by RT-PCR. (B) Th9 cells were 

cultured from WT mice (CD45.1+) or Il2-/- mice (CD45.2+) for 5 days. Differentiated Th9 

cells from WT and Il2-/- mice were cultured alone or mixed at a 1:1 ratio. (C) Cells were 

subsequently stimulated for 5.5 hours with PI in the presence or absence of IL-2/CD25 

blocking antibodies or rhIL-2. Representative contour plots of intracellular IL-9 and IL-10 

staining are shown for each condition. The frequency of IL-9+ (D) and IL-10+ (E) cells was 

determined based off of plots shown in panel C. * p<0.05, significantly decreased in 

comparison to Nil-treated cells. # p<0.05, significantly increased as compared to Nil-treated 
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cells. These data represent 2 individual experiments with cultures being derived from 3 

individual mice per experiment.
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Figure 4. 
STAT5 is activated rapidly after stimulation and is sufficient for optimal IL-9 production. 

(A) Th9 cells were cultured under standard conditions and stimulated with PI in the presence 

or absence of monensin or IL-2/CD25 blocking antibodies. At 0, 1, 2, or 3 hours cells were 

harvested and stained for intracellular pSTAT5 and pSTAT6. The frequency of pSTAT5 (B) 

and pSTAT6 (C) Th9 cells were enumerated at each time point based on the plots shown in 

panel A. (D) Th9 cells were transduced with an empty retroviral vector (Ctrl-RV) that 

expresses hNGFR or a RV that expresses both hNGFR and constitutively active STAT5 

(caSTAT5-RV) on day 3 of culture. Cells were harvested on day 5 of culture and stimulated 

with PI in the presence or absence of monensin or IL-2/CD25 blocking antibodies for 5.5 

hours. Shown are representative contour plots of intracellular IL-2 and IL-9 staining of 

hNGFR+ T cells. (E) The percentage of maximal IL-9 production, with 100% represented by 

Th9 cells stimulated with PI alone. These data represent 2 individual experiments with 

cultures being derived from 3 individual mice per experiment. *, p<0.05, significantly 

reduced as compared to PI-stimulated controls. #, p<0.05 significantly greater than Ctrl-RV-

transduced cells.
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Figure 5. 
IL-2 feed back specifically enhances Th2/Th9-associated cytokine production. Th1, Th2, 

Th9 and Th17 cells were cultured for 5 days and left unstimulated or stimulated with PI in 

the presence or absence of monensin or IL-2/CD25 blocking antibodies (α2/α25) for 5.5 

hours. mRNA was collected from these cells and increases lineage-specific and non-specific 

cytokine transcript levels were determined by RT-PCR. *p<0.05, significantly increased as 

compared to monensin-treated controls. #p<0.05, significantly different from PI only-

stimulated cells. These data represent 2-3 individual experiments with cultures being derived 

from 3 individual mice per experiment.
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Figure 6. 
The relative roles of IL-2 and IL-4 signaling in type II cytokine production. Polarized Th2 

cells were stimulated with PMA and ionomycin in the presence or absence of monensin, 

IL-2/CD25 blocking antibodies, IL-4 blocking antibodies or both IL-2/25 and IL-4 blocking 

antibodies. Cells were harvested 4 hours after stimulation for pSTAT5 and pSTAT6 analysis 

(A) and 6 hours after stimulation for analysis of cytokine gene expression (B). These data 

represent 3 independent experiments with cultures derived from 3 mice per experiment. 

*p<0.05, significantly decreased as compared to PI-stimulated controls. #p<0.05, 

significantly decreased from cells stimulated in the presence of IL-2/CD25 blocking 

antibodies.
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