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Abstract 

 IL-4 plays a central role in allergic responses by activating the STAT6 pathway. 

Several studies indicate that regulatory T-cells (Treg) are modulated by IL-4 in vitro. We 

previously showed that STAT6-/- mice are highly resistant to allergic lung inflammation 

even when wild type Th2 effectors were provided and that they have increased numbers 

of Tregs. However, the role of STAT6 in modulating Tregs in vivo during allergic lung 

inflammation has not been thoroughly investigated. We hypothesized that IL-4-induced 

activation of STAT6 suppresses natural and inducible Treg differentiation, leading to 

enhanced allergic lung inflammation. Using a GFP marker for Tregs, we found that 

STAT6-/- mice have increased frequencies and total numbers of natural (n) Tregs in vivo 

and also increased frequencies of in vitro generated iTregs compared to STAT6-sufficient 

mice. Additionally, utilization of Helios and Nrp1 as markers for nTregs revealed a 

similar result. Taken together, these results suggest that STAT6-/- mice are highly 

resistant to Th2-driven inflammation because of their elevated numbers of Tregs. To test 

this hypothesis, STAT6-/-, STAT6xRAG2-/- and RAG2-/- mice were subjected to OVA-

sensitization and challenge following adoptive transfer of OVA-specific, wild type Th2 

effectors with or without prior Treg depletion/ inactivation using anti-CD25 (PC61). As 

expected, STAT6-/- mice were highly resistant to airway inflammation and remodeling. In 

contrast, allergic lung inflammation was partially restored in STAT6-/- mice treated with 

PC61 to levels observed in STAT6xRAG2-/- mice. In some cases, STAT6xRAG2-/- mice 



were also given nTregs along with Th2 effectors. Adoptive transfer of nTregs caused a 

substantial reduction in BAL eosinophil composition and suppressed airway remodeling 

and T-cell migration into the lung in STAT6xRAG2-/- mice to levels comparable to those 

in STAT6-/- mice.  We also analyzed the contribution of another IL-4-activated signaling 

mediator, insulin receptor substrate 2 (IRS2). In contrast to STAT6, IRS2 suppressed 

iTreg expansion, but not nTreg expansion in vivo. These results illustrate that two 

signaling pathways activated by IL-4, STAT6 and IRS2, differentially antagonize Tregs 

in vivo. STAT6 and IRS2 both suppress iTregs, while only STAT6 suppresses nTregs. 

Furthermore, we demonstrate that STAT6 suppresses Tregs in vivo thereby promoting 

allergic airway inflammation.  
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1.1 Brief Introduction 

The human adaptive immune system responds to pathogens and antigens by 

inducing the differentiation of naïve CD4+ Th0 cells into different types of effector cells, 

including Th1, Th2, and Th17 cells. Naïve CD4+ T-cells that develop into CD4+ Th2 

effector cells protect hosts from extracellular parasitic infections. However, an excessive 

Th2-type immune response can cause damage to the host and has been known to cause 

allergic airway inflammation and asthma in mice and humans. According to the GINA 

(Global Initiative for Asthma) Executive Summary, asthma is clinically defined as 

reversible airflow obstruction that is caused by underlying airway inflammation (1). 

1.2 Epidemiology and Prevalence 

Three hundred million people worldwide suffer from asthma and 250,000 die 

from it annually (2).  According to the World Health Organization, the number of people 

suffering from asthma is predicted to increase by 100 million in 2025 (2). Of the 300 

million, 25 million individuals with asthma reside in the U.S. (3).  Additionally, asthma is 

the most common chronic illness amongst children (4). Asthma symptoms can be 

triggered by several agents, such as exercise, temperature fluctuation, or allergens. 70% 

of asthmatics have reported that they also suffer from allergies (2). Many individuals that 

suffer from allergic asthma have elevated Serum IgE levels (5).  

1.3 Etiology 

The cause of allergic asthma is still under debate and is most likely multifactorial. 

It has been suggested that the eradication of parasites and other microorganisms from 
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industrialized, modern nations has led to an imbalance in microbe encounters with the 

immune system and has allowed for robust Th2 adaptive immune responses to manifest. 

This concept, known as ‘The Hygiene Hypothesis’ has been studied extensively. One 

cross-sectional study found that children who grew up on farms had a lower prevalence 

of allergy and asthma and were exposed to a more diverse array of environmental 

microorganisms (6). Additionally, obesity, exposure to cigarette smoke, and childhood 

upper respiratory viral infections has been described as risk factors for developing 

allergic asthma (7). 

Genetic factors may also play a role in the development of allergic asthma. 

Polymorphisms in certain genes associated with the Th2 adaptive immune response, such 

as Il4ra and Stat6, are associated with a higher prevalence of asthma (8, 9). Furthermore, 

environmental exposures during and after fetal development can influence allergic 

asthma. Breastfeeding has been implicated by some studies to provide protection from 

the development of atopy and asthma, but these findings are still under much debate (7). 

Maternal exposure to allergens during pregnancy has been suggested to decrease the risk 

of allergic asthma, while the influence of gestational age, birth order, and head 

circumference in still unclear (7). Several studies have concluded that children who grow 

up with a household pet are less likely to develop atopic disease, but some believe that 

this is due to indirect microbial exposure from the pets and not due to their dander (7).  

1.4 Clinical Features 

Allergic airway disease is characterized pathologically by excessive pulmonary 

mucus production, bronchial smooth muscle constriction and thickening, and eosinophilic 
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inflammation in the airway and lungs (10). Increased mucus production contributes to 

shortness of breath (11) . Additionally, atopic patients with asthma experience a 

consistent non-productive cough, wheezing, and chest tightness (11).  Chronic allergic 

airway inflammation leads to irreversible remodeling of the airway, which involves 

mucus hypersecretion, epithelial cell proliferation, airway smooth muscle growth, and 

subepithelial fibrosis, which eventually causes a reduction in pulmonary function (12). 

 Clinically, asthma can be categorized based on the frequency of symptoms and 

the patient’s results of pulmonary function tests (PFT) (1). Mild intermittent asthmatics 

have normal PFT values except during asthma exacerbation. When symptoms occur on a 

weekly basis, the patient is put into the mild persistent group. These symptoms normally 

respond well to a bronchodilator. Patients with symptoms that interfere with daily life and 

occur on a daily basis are considered to have moderately persistent asthma. Severe 

persistent asthma is characterized by continuous symptoms that remain after medication 

use. One variant of this categorization system includes patients whose only symptom 

involves a non-productive cough that is alleviated with glucocorticosteroids; these 

patients do not present with any other asthmatic symptom, including the most common 

one, wheezing (1). Another category of patients are those with steroid-resistant 

uncontrolled severe asthma, which has been associated with elevated production of the 

cytokine IL-17 (10). Additionally, patients with elevated Serum IgE levels that correlate 

with their asthma symptoms as categorized as atopic patients  (1). 

1.5 Current Therapies 
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Avoidance of allergens and other triggers is a very effective way to decrease 

allergic asthma symptoms, but complete avoidance is not always possible due to factors 

out of the control of the patient, such as seasonal changes, employment, and incompletely 

identified allergens. Pharmacotherapy for asthma is categorized as controller drugs and 

rescue drugs. Controller medications are indicated for individuals with mild persistent or 

more severe asthma. Controller drugs target inflammation. While long-acting beta 2 

agonist (13) bronchodilators are classified as controller medications, their use without an 

anti-inflammatory agent is associated with increased mortality. Moreover, regular use of 

LABAs can lead to decreased sensitivity to short-acting β2 agonists used as rescue 

inhalers. A previous study demonstrated that chronic use of the long-acting inhaled β2 

agonist, salmaterol, was associated with a higher risk of asthma-related death (14). 

Additionally, specific variations in the beta adrenergic receptor gene have been suggested 

to influence a patient’s response to β2 agonists (15). 

Inhaled glucocorticosteroids are the most effective medication to decrease lung 

inflammation via local immunosuppression in the lungs. They improve quality of life and 

reduce asthmatic symptoms. Systemic glucocorticosteroids are administered orally, 

intravenously, or intramuscularly only for short periods of time for severely uncontrolled 

asthma. Major side effects due to long term systemic glucocorticosteroids use include 

osteoporosis, diabetes, adrenal suppression, and glaucoma. For additional reduction in 

symptoms, leukotriene modifiers are sometimes use as an additional anti-inflammatory 

agent. Leukotriene modifiers are further divided into 2 sub-classes. The first sub-class 

inhibits 5 lipoxygenase and can cause liver toxicity (16). The second sub-class blocks the 

leukotriene  C4 receptor. Churg Strauss eosinophilic vasculitis is a serious toxicity that 
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can be caused by this sub-class (17). Patients who have an aspirin sensitivity, nasal 

polyps, and asthma are more likely to respond to leukotriene modifiers (18).  

Anti-IgE therapy is used only in patients with elevated serum IgE levels and 

allergic asthma that has failed to be controlled by inhaled glucocorticosteroids (1).  

Allergen-specific immunotherapy, which includes low-dose administration of allergen to 

induce tolerance, has been shown to reduce the amount of medication needed to control 

allergic asthma and to also improve airway hyperresponsiveness (allergen-specific and 

non-specific) (1). Patients with uncontrolled asthma upon the commencement of 

immunotherapy have a higher risk of rare, but life-threatening anaphylaxis.  

Rescue medications target acute bronchoconstriction and are mainly used for 

asthma exacerbations. Short acting β2 agonists induce rapid bronchodilation. Two 

common side effects are tremor and tachycardia.  

 

1.6 Animal Models 

Most studies of allergic asthma have been carried out in animal models and not in 

humans. Ethical policies and considerations prevent many manipulations of human 

research subjects to study the full course of allergic lung disease without the 

administration of pharmacological therapeutic agents, which would confound research 

results and conclusions. Unlike smaller mammals, horses naturally develop airway 

inflammation and obstruction after chronic barn dust exposure. However, horses and 

other larger mammals, such as sheep and monkeys pose a large financial burden to a 

research project (19).  Early allergic airway disease studies utilized the guinea pig and 
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revealed that this animal can develop allergic airway disease in a manner that allows for 

the allergic response to be targeted mainly to the lung (20). However, there exist 

limitations in studying specific cell types due to a scarcity of inbred strains and the ability 

to perform genetic manipulations. Chronic airway hyperreactivity can be elicited in rats 

and has been used by some investigators to generate and investigate allergen-specific 

antibodies (21). The main limitation in using rats is the decreased abundance of 

immunological tools, when compared to those available for mice (19). In mouse models 

of allergic airway disease, the humoral response is dominated by IgE and allows for 

investigation of the humoral allergic response, in a clinically relevant manner. The major 

benefit to mouse allergic lung inflammation and disease models is the plethora of inbred 

strains to generate an unlimited source of genetic manipulations. This in turn provides 

opportunities to examine mechanisms within specific cell types and perform cell transfers 

using various cell markers, antibodies, allergens, and growth factors. In fact, the Th2-

driven allergic response paradigm was created using information gained from studies 

mainly completed in mice (19). Concerning their pulmonary vasculature, airway tree 

branching, and inability to develop spontaneous smooth muscle hyperplasia, mice are in 

some ways physiologically distinct from humans (19). Additionally, unlike humans, 

mouse lungs are mature and fully developed upon birth. This becomes relevant when 

investigating asthma, which normally starts during infancy. Human lungs continue to 

develop several years after birth and may differ in their development of asthma, 

compared to mature mouse lungs (22). Therefore, caution must be used when predicting 

clinical relevance of allergic lung studies in mice. Nevertheless, much knowledge of 

allergic lung inflammation has been gained from various animal models (23).  
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1.7 Immune Response 

1.7.1 Innate Immune Response 

The allergic asthmatic response is initiated by the innate immune system. An 

individual inhales particles containing a mixture of allergens and Toll-like receptor 

(TLR) agonists. The TLR agonists act as adjuvants for sensitization to the allergen and 

bind TLRs 1-6 and TLR9 on DCs, mast-cells, and bronchial epithelial cells (BECs), 

which can become activated to secrete IL-25, IL-33, and TSLP (thymic stromal 

lymphopoietin) (24-26). TSLP induces DC maturation and allows them to fulfill their 

function as APCs (26). IL-25 is a part of the IL-17 cytokine family, IL-17E,  and has 

been shown to augment the synthesis of Th2 cytokines (27). IL-25 induces proliferation 

of a multipotent progenitor cell (MMPtype2 cell), which can differentiate into mast-cells, 

macrophages, or basophils (24) NKT-cells and iNKT-cells are also activated by IL-25 to 

produce IL-13 (28, 29). The roles of both of these cell types have been previously 

demonstrated: iNKT-cell-deficient mice and WT mice whose IL-17RB+ NKT-cells are 

depleted/ inactivated cannot develop IL-25-induced allergic airway reactivity (27). IL-33 

is included in the IL-1 cytokine group. In humans, basophils and mast-cells can be 

activated by IL-33 and stem cell factor (30). Interestingly, IL-33 directly induces human 

NK cells to produce IFNγ (31). Additionally, IL-33 promotes human eosinophil viability 

and degranulation (32). Both IL-25 and IL-33 can stimulate the expansion of innate 

immune cells: nuocytes and Ih2 cells (24). Another innate immune cell known as the 

natural helper cell (NHC), has been found to contain large amounts of transcripts for Il4, 

Il5, Il6, and Il13(33). MMPtype2 cells, nuocytes, Ih2 cells, and natural helper cells (NHC) 

all contribute to increased production of IL-4, 5, and 13 (24).  Nuocytes, Ih2 cells, and 
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NHCs have been re-classified as innate lymphoid cells (34) class 2 cells using a new 

nomenclature system that has organized all ILCs (35).   

Of the MMPtype2–derived cells, mast-cells localize to submuscosal tissue, 

including smooth muscle cells through adhesion molecules and enhance smooth muscle 

contractility resulting in airway hyperresponsiveness. Mast-cells can also directly 

contribute to Th2 differentiation by secreting IL-4 and IL-13 (36). Basophils are activated 

by IL-18 or IL-33 to release IL-4 and IL-13. These cells are recruited from the circulation 

to sites of allergen encounter within hours of initial exposure and may contribute to 

allergic inflammation even after the allergen itself has been cleared from the airway (37). 

Eosinophils release large amounts of Major Basic Protein (MBP), which can induce 

mast-cell and basophil degranulation, increase bronchial smooth muscle contraction by 

interfering with vagal nervous system receptors, and increases vascular permeability to 

allow inflammatory cells to access the site of allergen encounter and cause further 

inflammation and tissue destruction (38). Each of these MMPtype2–derived cells is capable 

of APC function and enhances allergen presentation to T-cells with subsequent activation 

of allergic inflammation (36-38). 

1.7.2 Adaptive Immune Response 

Allergen is endocytosed by antigen presenting cells, which present the allergen in 

complex with MHC (major histocompatibility complex) II to naïve CD4+ Th0 

lymphocytes in the peribronchial lymph node (LN), the primary draining LN of the lung 

(Figure 1.1). Allergen-specific CD4+ Th0 cells undergo IL-4-mediated differentiation 

into CD4+ Th2 cells that clonally expand and proliferate (39). The primed effector CD4+  
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Th2 cells travel to the original site of allergen encounter in the lungs and release 

IL-4, 5, and 13 (40). Additionally, activated T follicular helper cells (TFH) travel to 

germinal centers where they release IL-21 and IL-4 to activate B cell differentiation into 

plasma cells and immunoglobulin class switch to IgE (41). Once secreted by B cells, 

allergen-specific IgE sensitizes basophils and mast-cells by binding high affinity IgE Fc 

receptor, FcεRI (42). When cross-linked by allergen, the bound IgE triggers basophils 

and mast-cells to release chemokines, histamines, IL-5, IL-13, and other inflammatory 

mediators (43, 44). IL-4 and IL-13 stimulate alternative activation of macrophages (45) 

and AAMs produce YM-1, Fizz1, and Arginase 1 proteins that further contribute to 

allergic lung inflammation (46-48). IL-13 alone can cause many of the changes in airway 

structure and function  that occur in human asthma, including epithelial metaplasia,  

goblet-cell hypertrophy and hyperplasia and subsequent increase in mucus production 

and smooth muscle hypertrophy and  enhanced contractility (49-51). IL-13 enhances 

myofibroblast proliferation, contributing to the submucosal fibrosis that characterizes the 

airway remodeling that occurs in humans with chronic asthma (52, 53). The Th2 cytokine 

IL-5 modulates eosinophil development and mediates its activation (54, 55). 

Additionally, IL-5 induces the release of necessary signals to allow eosinophil migration 

and infiltration into the airway after exposure to an allergen (54). Eosinophils secrete pro-

Th2-mediated inflammatory cytokines such as IL-4/5 and also release their granular 

proteins that promote allergic lung inflammation  (56, 57). 

1.8 IL-4 and IL-13 signal transduction  

In hematopoietic cells, IL-4 binds the IL-4Rα chain, which can dimerize with the 

common gamma chain (γc) to form the Type I IL-4 receptor (58, 59) (Figure 1.2).  The γc  
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subunit is shared by receptors for IL-2, -7, -9, -15, and -21 (59). In non-hematopoietic 

cells, the IL-4-bound-IL-4Rα chain complexes with the IL-13Rα1 chain to form the Type 

II IL-4 receptor, the receptor for IL-13 (60). IL-4 activation of Type I IL-4 receptor 

stimulates binding of JAK (Janus-family tyrosine kinase)-1 to the IL-4Rα chain and 

binding of JAK3 to the γc subunit. Activation of type II IL-4 receptor by IL-13 activates 

binding of JAK2 or Tyrosine Kinase (TYK)-2 to the IL-13Rα1 chain (61-63).  

Heterodimerization of JAK1 and or JAK2 and TYK2 results in phosphorylation of 

specific tyrosine residues on the IL-4Rα chain (64). Additional signaling molecules that 

contain Src homology domain type 2 (SH2) or phosphotyrosine binding (PTB) domains 

bind to the phosphorylated tyrosine residues resulting in tyrosine phosphorylation and 

activation of the transcription factor (TF), STAT (signal transducer and activator of 

transcription) 6 (59). Phosphorylated STAT6 homodimerizes and translocates into the 

nucleus, where it binds to DNA motifs within the promoters of IL-4-reponsives genes and 

stimulates transcriptional activation of genes critical for the Th2-dependent allergic 

response (59). STAT6 induces trans-acting T-cell-specific transcription factor (Gata3), 

which blocks Th1 cell programming and is necessary for Th2 cytokine production by 

mature Th2 cells (65).  

STAT6 is one of two major downstream signaling pathways of IL-4 signaling, the 

other being Insulin Receptor Substrate 2 (IRS-2). Binding of IL-4 to Type I IL-4 receptor 

stimulates recruitment of JAK3 and JAK1 to Type I IL-4R phosphorylation of  specific 

tyrosine residues on the IL-4Rα chain cytoplasmic domain including tyrosine number 500 

that binds PTBs of IRS2 and Src homology-2 domain (Shc) (66). Once recruited to the 

IL-4 receptor complex, IRS2 is phosphorylated with subsequent phosphorylation of the 
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DNA binding protein HMG-I/Y and transcriptional activation of ε heavy chain locus to 

promote IgE production (66). Phosphorylated IRS2 also binds PI-3 kinase to regulate 

P70S6 kinase and Akt signaling to promote cell proliferation. IRS2 is mainly expressed 

in hematopoietic cells in mice and by human thymocytes and peripheral T-cells. IRS2 is 

also a major target for the insulin receptor and the insulin growth factor receptor 1 

(IgfR1) (67). 

In vivo and in vitro studies have shown that STAT6 deletion causes defective Th2 

differentiation and migration, loss of eosinophilic inflammation and mucus production, 

and loss of the allergen-induced IgE class switch (68, 69). Many studies have 

demonstrated that IL-4-mediated STAT6 activation is required to promote Th2 

differentiation during the allergic response.  

1.9 Regulatory T-cells 

In normal, non-atopic individuals, the allergic asthmatic response to an allergen 

does not occur because of immune nonresponsiveness to allergens established by 

regulatory T-cell lymphocytes (Tregs) (70). Tregs are CD4+ CD25+Foxp3+ T-cells that 

regulate immune responses of effector lymphocytes. They prevent the allergic response 

via several mechanisms, including: suppressing dendritic cell (DC) antigen presentation 

to CD4+ Th0 cells, reducing B cell IgE class switching, by producing the 

immunosuppressive cytokines, IL-10 and TGFβ, and suppression of T-cell trafficking to 

peripheral tissue (71-73). Two types of Tregs have been identified: natural (n) Tregs and 

inducible (i) Tregs. As T-cells both types of Tregs undergo thymic selection and 

development, but nTregs exit the thymus expressing CD4, CD25, and Foxp3 with the 
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capacity to recognize self-antigens (74, 75). Inducible Tregs exit the thymus as 

CD4+CD25-Foxp3- cells and are induced to express CD25 and Foxp3 and gain 

immunosuppressive function by exposure to a specific antigen, in the presence of TGF-β 

and IL-2 (76). CD25 is the α subunit of the IL-2 receptor complex, which also includes a 

β subunit and the common gamma chain (γc) (77). The β and γc subunits are necessary for 

signal transduction upon IL-2 binding to its receptor, while the α subunit is needed to 

increase the IL-2R affinity for IL-2 by 10 to 100 fold  (78). It has been established that 

mice deficient in CD25 or IL-2 have Tregs and therefore, IL-2 is dispensable for nTreg 

development (79, 80). However, nTregs require IL-2 for peripheral survival and 

maintenance. Furthermore, these Tregs have decreased metabolic fitness (79, 80).  

Individuals with allergic or asthmatic symptoms have been found to have a 

defective Treg population. A previous study by Hartl et al. demonstrated that 

bronchoalveolar lavage fluid (BALF) from healthy control patients contained a 

significantly higher amount of CD4+CD25HI T-cells than allergic patients (81). 

Additionally, compared to Tregs from non-allergic normal healthy individuals, Tregs 

isolated from atopic patients have decreased immunosuppressive potency to prevent 

allergen-stimulated proliferation of CD4+CD25- T-cells in vitro (82). In a murine model 

of allergic asthma and allergic lung inflammation, the depletion/ inactivation of Tregs 

lead to exacerbation of allergic airway inflammation (83). Additionally, the transfer of 

Tregs has been shown in various studies to block allergic lung inflammation in mice and 

rat experimental models (70, 84, 85). Therefore, clinical and animal model studies have 

illustrated that loss of Treg immune regulation can contribute to allergic asthma. 

1.10 STAT6 and Treg Interplay in Allergic Asthma 
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Various studies have indicated that IL-4 and IL-13 can block the 

immunosuppressive and tolerogenic functions of Foxp3+ cells during the allergic 

asthmatic response (86). In fact, there may be direct interaction and mutual antagonism 

between the key Th2 TFs (Gata3 and STAT6) and the Treg TF (Foxp3). For example, 

Foxp3 binds to Gata3 and represses transcriptional activation of IL-5 and Th2 

differentiation (87). Additionally, activated Th2-differentiated T-cells were refractory to 

in vitro Foxp3 induction in the presence of TGF-β (88). Of particular relevance to the 

studies discussed later, several in vitro experiments demonstrate an antagonistic 

interaction between STAT6 activation and the differentiation of Foxp3+ iTregs. 

Dardalhon et al. showed that IL-4 suppressed induction of Foxp3 by TGF-β in vitro in a 

STAT6-dependent manner (87). A STAT6-binding site was identified within the Foxp3 

promoter and STAT6 was shown to inhibit TGF-β1-induced chromatin remodeling on the 

Foxp3 promoter and transcriptional activation of Foxp3 (89).  

Mice deficient in STAT6 have been previously shown to be resistant to allergic 

airway inflammation (50, 90, 91). This was not surprising since STAT6 is an important 

transcriptional activator for several genes required for Th2 cell differentiation, homing, 

and pro-inflammatory effector function (50, 69, 92). However, we found that STAT6-/- 

mice were still resistant to allergic airway inflammation when reconstituted with wildtype 

(WT) bone marrow (93) or WT Th2 effectors, suggesting the presence of residual 

suppressive function in these mice. Of additional interest, when STAT6-/- mice were 

crossed with lymphocyte-deficient RAG2-/- mice (STAT6xRAG2-/-), they lost residual 

suppressor activity and were susceptible to moderate eosinophilic airway inflammation, 

when reconstituted with WT Th2 cells or WT BM (90). These results suggest that a 
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Rag2-dependent-cell type suppresses allergic inflammation. We previously reported that 

both naïve and immunized STAT6-/- mice have twice the frequency of 

CD4+CD25HiFoxp3+ Tregs in their lungs and spleen compared to wildtype mice. 

However, nTregs from STAT6+/+ and STAT6-/- mice exhibited similar capacity to 

suppress T-cell proliferation in vitro (90). Foxp3+ Tregs are Rag2-dependent and have 

been previously shown to regulate allergic inflammation (68, 83, 94). However, the role 

of STAT6 in controlling Treg development in vivo and the consequences of these effects 

for the pathogenesis of allergic airway inflammation have not been elucidated.  
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1.11 Specific Aims 

Asthma is a debilitating respiratory illness that plagues 300 million people worldwide (1, 

2). One subtype of asthma, allergic asthma is a Th2 immune-mediated disorder that is 

characterized by elevated levels of IL-4 and 13. STAT6 is a transcription factor that has 

been shown to have a major function in the manifestation of the IL-4-mediated allergic 

asthmatic response (68, 69). Recent studies have indicated that Tregs (specifically iTregs) 

and IL-4 have an antagonistic relationship. Tregs modulate effector T lymphocyte 

immune responses that occur outside the thymus to maintain immune tolerance. Our 

overall objective is to clarify the complex relationship between STAT6 and Tregs during 

allergic lung inflammation. We hypothesize that IL-4-induced activation of STAT6 

reduces both natural and inducible Treg differentiation, leading to enhanced 

allergic lung inflammation in susceptible individuals. This hypothesis will be tested 

using genetically defined mice and an in vivo allergic airway inflammation model by 

addressing the following specific Aims:  

Aim 1: To determine if STAT6-/- mice are resistant to allergic airway inflammation 

because of their enhanced Treg population  

Sub-aim 1.1: Determine if Treg inactivation/depletion in STAT6-/- mice restores 

normal susceptibility to allergic Th2-mediated airway inflammation. 

 Sub-aim 1.2: Determine if the adoptive transfer of Tregs to STAT6xRAG2-/- 

mice will increases resistance to allergic lung inflammation to levels comparable to that 

seen in STAT6-/- mice.  

Aim 2: To analyze the role of STAT6 in the control of nTreg and iTreg numbers 
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Sub-Aim 2.1: Compare nTreg and in vitro generated iTreg frequencies between 

transgenic Treg reporter mice which are STAT6-sufficient or STAT6-deficient. 

Sub-Aim 2.2: Assess Natural and Inducible Treg frequencies using the novel 

markers, Helios and Nrp1 in WT vs. STAT6-/- mice. 
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Ethics 

 All experiments and animal treatment followed standard ethical guidelines. 

Mice: 

Balb/c STAT6-/-  mice were previously generated and described (90, 92) and were 

bred in the AALAC (Association for Assessment and Accreditation of Laboratory 

Animal Care) -approved animal care center at the University of Maryland, Baltimore 

(UMB).  STAT6-/-  mice were crossed to RAG2-/- mice to generate STAT6xRAG2-/- mice 

(90, 95). WT (BALB/c) RAG2-/- and D011.10xRAG2-/- mice were purchased from 

Taconic (Germantown, NY). C57BL/6 WT and STAT6-/- mice were obtained from Dr. 

Jonathan Bromberg (University of Maryland, Baltimore). A breeding pair of D011.10 

Foxp3GFP(KI) mice were previously generated by crossing Foxp3GFP(KI) mice on a BALB/c 

background with D011.10 TCR transgenics and bred thereafter in the UMB animal care 

facility (96, 97). Presence of the gene insertions, gene deletions or transgenes was 

detected by genotyping PCR using a Terra PCR Direct Polymerase Mix Kit (Clontech, 

Mountain View, CA). Primers used for PCR: GFP insertion primers F: 

AGCCTGCCTCTGACAAGAAC; R: CAAGTACCCCACCCTGCTTA ; RAG2 deletion 

primers F: 5’-GGGAGGACACTCACTTGCCAG; R: 3’-

AGTCAGGAGTCTCCATCTCAC; Neo F: 5’-CGGCCGGAGAACCTGCGTGCAA; 

D011.10 primers F: CAGGAGGGATCCAGTGCCAGC; R: 

TGGCTCTACAGTGAGTTTGGT; STAT6 deletion primers F: 

ACTCCGGAAAGCCTCATCTT; R: AAGTGGGTCCCCTTCACTCT. All procedures 

described were performed in agreement with the animal protocol approved by the 
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Institutional Animal Care and Use Committee at the University of Maryland, Baltimore 

School of Medicine. 

Flow Cytometric Analysis 

  Single cell suspensions made from spleens and lymph nodes were passed through 

40 µM cell strainers (BD Falcon) (98). Red Blood Cells (RBCs) were lysed in Red Blood 

Cell Lysing Buffer (Sigma-Aldrich, St. Louis, MO). Cells were stained using conjugated 

antibodies to the following surface markers: CD4 (PE, PE-Cy7, or AlexaFluor647; BD 

Bioscience), mouse D011.10 TCR clone KJ126 (FITC, allophycocyanin (APC); 

eBioscience); CD25 (PE and PE-Cy7; BD Bioscience); Nrp1 (Alexa Fluor 488; R&D 

Systems). In some cases, cells were stained with rat anti-mouse CD25 (clone PC61, 

BioXCell, West Lebanon, New Hampshire) followed by donkey anti-rat IgG (AlexaFluor 

594, Molecular Probes, Eugene, Oregon).  All cells were analyzed on a FACSCalibur 

Flow cytometer or a BD LSR Fortessa Cell Analyzer (Becton Dickinson, Franklin, NJ). 

Flow cytometric data were analyzed and forward and side scatter gating was performed 

using CELLQuest, BD FACSDiva, or FlowJo software. 

Intracellular Staining 

Following surface staining, LN and spleen single cell suspensions were fixed 

using 4% paraformaldehyde for 15 minutes, washed, and stored in FACS Buffer for 18 

hours as previously described (90). Cells were treated with Fixation/ Permeabilization 

solution for 30 minutes and permeabilized at 4oC. Anti-Foxp3-APC (Clone FJK-16s, 

eBioscience) and/ or Helios (Pacific Blue, BioLegend) were used to stain cells. 

In vivo-primed CD4+ T-cell generation and adoptive transfer  
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D011.10xRag2-/- mice were immunized i.p. with 100 µg/200 µL OVA (Sigma-

Aldrich, St. Louis, MO) along with 2 mg of  Aluminum hydroxide adjuvant (Alum, 

Sigma-Aldrich, St. Louis, MO or Pierce Biotechnology, Rockford, IL). Ten days later, 

LN and spleens were homogenized and the in vivo primed CD4+ T-cells were purified 

from single cell suspensions using immunomagnetic separation and negative selection 

(EasySep™ Mouse CD4+ T-cell Isolation Kit, Stem Cell Technologies, Vancouver, 

Canada) and adoptively transferred to recipient mice either i.v. into the tail vein (for the 

co-transfer of a 1:5 ratio of Tregs and Th2 cells, respectively in Chapter 4)  or i.p. (2-4 

x106 cells/mouse) in a total volume of 200µL, as described (95) . 

Depletion/ inactivation of Tregs 

The PC61.5.3 clone of rat-anti-mouse CD25 antibody (BioXCell, West Lebanon, 

New Hampshire) was administered to STAT6-/-  mice i.p. (0.03 mg/kg) in 200 µL of PBS 

48 hours prior to each sensitization to deplete/ inactivate CD4+CD25+Foxp3+ Tregs. Rat 

IGg1 isotype antibody (BioXCell, West Lebanon, New Hampshire) was used as a control 

(83, 99). 

In vivo expansion of nTregs 

A 1:2 molar ratio of IL-2 anti-mouse IL-2 antibody (JES6-1A12 clone, 

eBioscience) and recombinant mouse IL-2 (PeproTech, Rocky Hill, NJ), respectively 

were combined and incubated for 30 min at 37oC to form stable complex. The freshly 

made complex or control PBS was injected intraperitoneally 3 times daily into naïve 

D011.10 Foxp3GFP(KI) reporter mice to expand their  CD4+CD25+Foxp3+nTreg cell 
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population, as previously described (100, 101). Tregs were harvested from LNs and 

spleens and purified 72 hours following the last i.p. injection.  

Enrichment of CD4+CD25+ Mouse Tregs 

CD4+CD25+ Tregs or control CD4+CD25- T-cells were isolated from spleens and lymph 

nodes of D011.10 Foxp3GFP(KI) reporter mice using a combination of immunomagnetic 

separation and a series of negative selection (Easy Sep Negative Selection CD4+ T-cell 

enrichment)  and 2 (for CD4+CD25- T-cells ) or 4 (for CD4+CD25+ Tregs ) rounds of 

positive selection (EasySep™ Mouse CD4+CD25+ Regulatory T-cell Isolation Kit, Stem 

Cell Technologies, Vancouver, Canada). 

Adoptive Co-Transfer of CD4+CD25+ Tregs or control CD4+CD25- T-cells and Th2 

effector cells 

CD4+CD25+ Tregs or control CD4+CD25- T-cells were isolated from harvested 

spleens and lymph nodes of D011.10 Foxp3GFP(KI) mice. Twenty-four hours prior to OVA 

sensitization, 9x105 cells were co-transferred to STAT6xRAG2-/- mice along with in vivo-

primed Th2 effector cells (from D011.10xRag2-/- mice) at a 1:5 or 1:2 ratio, respectively. 

FACS analysis (using the above mentioned Abs) indicates >90% of purified CD4+CD25+ 

T-cells are Foxp3+ (68, 102). 

Allergen Sensitization and Challenge 

Mice were immunized i.p. on days 1 and 6 with chicken egg Ovalbumin (OVA, 

Sigma-Aldrich, St. Louis, MO) in Alum or with Alum alone. On days 12 and 14, mice 
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were challenged with aerosolized 1% OVA in PBS for 40 minutes using an Invacare 

Envoy Nebulizer (95). 

Assessment of Allergic Airway Inflammation 

Forty-eight hours following the second inhaled allergen challenge, mice were 

euthanized with 300-500 µL of 2.5% Avertin-PBS solution and bronchoalveolar lavage 

(103) was performed  using 1 mL of sterile PBS on each mouse and BAL cells were 

positioned onto a microscope slide using the Thermo Shandon Cytospin3, stained with 

Diff Quick solution (Microptic Automatic Diagnostic Systems, Las Vegas, Nevada) and 

enumerated using images under 100x magnification, as previously described (90, 95). 

Diff Quick staining caused eosinophils to appear as cells with spherical nuclei that 

surround a pink/orange cytoplasm. Airway cytokine IL-5 was measured in BAL fluid by 

ELISA (R&D Systems, Minneapolis, MN) as per manufacturer’s instructions (the lower 

detection limit was 75 pg/mL). 

Lung Histology 

As previously described (104), 10 mL of PBS was used to flush lungs and to 

displace circulating blood. Lungs were removed and fixed in 10% Formalin (Fischer 

Scientific, Fairland, NJ) at 25oC for 120 min and subsequently stored in 70% ethanol. 

Lungs were paraffin-embedded and distributed into tissue sections. De-paraffinized serial 

lung sections were stained with Hematoxylin and Eosin (HxE) or Periodic acid Schiff 

(PAS) at the Histology Core at University of Maryland School of Medicine (Baltimore, 

MD). Peroxidase activity was inactivated by washing slides with PBS followed by a 30 

minute soak in a 0.3% H
2
0

2
 solution. A 1:100 dilution of rat anti-CD3 (Serotec, Raleigh, 
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NC) and a subsequent 1:200 dilution of biotinylated rat anti-mouse antibodies (Vector 

Laboratories Inc. Burlingame, CA) were used to stain the slides. 

Evaluation of Airway Remodeling 

Serial lung sections were stained with Masson’s Trichrome after paraffin 

embedding to illustrate collagen deposition (blue).  Red color indicates muscle fibers and 

keratin. Images (40X magnification) of Trichrome-stained lung sections were analyzed 

with NIH Image J Software (National Institutes of Health, Bethesda, MD) to quantify the 

area stained with collagen relative to the entire area, as previously described (95, 105). 

Means of values from forty airways per mouse group were calculated. Mean thickness of 

airway smooth muscle was analyzed in H&E-stained lung sections using NIH Image J 

software to measure the cross-sectional diameter of the airway smooth muscle layer at 

three distinct regions surrounding the airway lumen (95, 106). Mean of values from forty 

airways were measured for each mouse group. 

In vitro iTreg generation 

Single cell suspensions prepared from spleens of D011.10xSTAT6-/- Foxp3GFP(KI) 

mice or D011.10xFoxp3GFP(KI) mice  (100,000 cells/well) were cultured under various in 

vitro conditions, for 5 days at 37oC in a 5% CO2 incubator, in the presence of anti-CD3 

antibody (1 µg/mL), IL-2 (10ng/mL), and active human rTGFβ1 (3 or 10 ng/mL) in a 

final volume of 200 µL complete RPMI media (supplemented RPMI 1640 with 10% fetal 

bovine serum, 2mM L-Glutamine, 100µg/mL streptomycin, 100 IU/mL penicillin, and 

2x10-5M 2-mercaptoethanol in U-bottomed 96 well plates, as previously described (107).  

Statistical Analysis: 
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Data averages are presented as mean ± SEM. To determine statistical significance 

and compare two groups, the two-tailed student t test (Microsoft Excel) and F-test for 

variance (Microsoft Excel) or Single Factor ANOVA (Microsoft Excel) were used. A p 

value of ≤0.05 (for all other studies unless specified) or 0.001 (for airway remodeling 

studies) was considered to be statistically significant. 
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3.1 Introduction 

In previous studies we found that STAT6-/- mice had twice as many CD4+CD25HI, 

Foxp3+ cells in the lungs and spleen as STAT6+/+ mice under basal and inflammatory 

conditions using cytoplasmic staining for Foxp3 (90). These results suggest that STAT6 

may block development of natural (n) Tregs and the TGFβ-mediated induction of iTregs.  

We hypothesized that if disinhibited Treg generation plays a key role in the 

resistance of STAT6-/- mice to allergic airway inflammation, then Treg depletion/ 

inactivation would restore Th2-driven inflammation to levels observed in STAT6xRAG2-

/- mice, which develop moderate allergic lung inflammation.  

3.2 Results 

Cells were harvested from the LNs and spleen of WT and STAT6-/- mice and 

were analyzed by flow cytometry using antibodies against surface and intracellular Treg 

markers. Balb/c STAT6-/- mice had a higher percentage of LN CD4+Foxp3+ cells than 

WT (13% vs. 11.6%, respectively) (Figure 3.1A). Compared to naïve Balb/c WT mice, 

STAT6-/- mice had 2-fold higher numbers of the CD4+Foxp3+ Tregs in the LN and 6-

fold more in the spleen (Figure 3.1B).  

To examine the frequency of Tregs under inflammatory conditions, Balb/c WT 

and STAT6-/- mice were immunized with OVA/alum twice. LNs were analyzed 48 hours 

later using flow cytometry and antibodies for Treg markers (Figure 3.2A). As seen in 

naïve mice, immunized Balb/c STAT6-/- mice had 2-fold more CD4+Foxp3+ Tregs in 

their LNs than WT mice (Figure 3.2B,C).  



 

 

Figure 3.1 Elevated nTreg Frequency in Balb/c STAT6
Conditions. Single cell suspensions prepared from the spleens and LN of BALB/c WT or 

STAT6
-/-

 mice were stained with conjugated antibody to CD4, CD25, and stained intracellularly 

for Foxp3 prior to flow cytometry. (A) Foxp3

population. (B) The total number of CD4
based on the total cells recovered from LN and spleens from 3 mice. n=3 pooled mice/group.
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Figure 3.1 Elevated nTreg Frequency in Balb/c STAT6-deficient Mice Under Steady State 
Single cell suspensions prepared from the spleens and LN of BALB/c WT or 

were stained with conjugated antibody to CD4, CD25, and stained intracellularly 

for Foxp3 prior to flow cytometry. (A) Foxp3 expression is shown in the LN CD4

population. (B) The total number of CD4
+
Foxp3

+
 lymphocytes for each group was calculated 

based on the total cells recovered from LN and spleens from 3 mice. n=3 pooled mice/group.

 

eficient Mice Under Steady State 
Single cell suspensions prepared from the spleens and LN of BALB/c WT or 

were stained with conjugated antibody to CD4, CD25, and stained intracellularly 

expression is shown in the LN CD4
+
 cell 

lymphocytes for each group was calculated 
based on the total cells recovered from LN and spleens from 3 mice. n=3 pooled mice/group. 



 

 

Figure 3.2 Elevated Treg Frequency in Balb/c STAT6
Conditions. (A) WT and STAT6
1 and 5. Forty-eight hours later, lymphocytes were isolated from LN . 
prepared from LN were stained with conjugated antibody to CD4, CD25, and stained 

intracellularly for Foxp3 prior to flow cytometry. (B) Foxp3 expression is shown in the CD4

cell population. (C) The total number of CD4
based on the total cells recovered from LN of 2 mice. n=2 mice/group.
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Figure 3.2 Elevated Treg Frequency in Balb/c STAT6-deficient Mice Under Inflammatory 
(A) WT and STAT6

-/- 
mice were immunized twice with 100 µg OVA in Alum Days 

eight hours later, lymphocytes were isolated from LN . Single cell su
prepared from LN were stained with conjugated antibody to CD4, CD25, and stained 

intracellularly for Foxp3 prior to flow cytometry. (B) Foxp3 expression is shown in the CD4

cell population. (C) The total number of CD4
+
Foxp3

+
 lymphocytes for each group was calculated 

based on the total cells recovered from LN of 2 mice. n=2 mice/group. 

 

deficient Mice Under Inflammatory 
immunized twice with 100 µg OVA in Alum Days 

Single cell suspensions 
prepared from LN were stained with conjugated antibody to CD4, CD25, and stained 

intracellularly for Foxp3 prior to flow cytometry. (B) Foxp3 expression is shown in the CD4
+
 LN 

ach group was calculated 
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Thus far, all studies of STAT6 participation in Treg generation and allergic lung 

inflammation were performed using Balb/c mice, which have a propensity to skew Th0 

differentiation to Th2 cells. Therefore, we performed additional experiments in C57BL/6 

mice to determine whether the observed effects of STAT6 deletion were strain specific or 

could be influenced by skewed Th1 cell differentiation in C57BL/6 mice. LN cells from 

naïve WT and STAT6-/- mice on the C57BL/6 genetic background were isolated and 

analyzed for Treg marker expression by flow cytometry, as previously described. 

Compared to BL/6 WT mice, BL/6 STAT6-/- mice had a 2-fold higher frequency of 

CD4+Foxp3+ Tregs (8.7% vs. 16.3%, respectively) (Figure 3.3A). When comparing 

absolute CD4+Foxp3+ LN Treg cell numbers, STAT6-/- mice contained 7.3x106 LN Tregs 

compared with 3.6x106 Tregs in WT BL/6 mice (Figure 3.3B). Additionally, the MFI for 

Foxp3 expression in CD4+Foxp3+ gated Tregs illustrated that Tregs in WT mice exhibit a 

lower MFI (993) than STAT6-/- mice (1448) (Figure 3.3C). 

Our OVA-induced allergic asthma protocol involves the transfer of in vivo-primed 

Th2 cells into our recipient mice. This necessary step provides  STAT6-/- mice and 

STAT6xRAG2-/- mice with exogenous STAT6-sufficient Th2 effectors that can release 

Th2 cytokines and elicit allergic lung inflammation. All experimental mice are devoid of 

STAT6 expression and therefore, their endogenous cells cannot cause Th2-mediated 

allergic inflammation (92). We chose to use Th2 effectors from D011.10xRAG2-/- donor 

mice because their TCRs are designed to recognize OVA and therefore, they would 

contain a larger number of potential Th2 effectors upon immunization with OVA due to 

their D011.10 transgene. Our previous studies indicate that T-cells from D011.10xRAG2-

/- mice are able to upregulate activation makers (95). However, immunization of animals  



 

Figure 3.3 Elevated nTreg Frequency in C57BL/6 STAT6
State Conditions. Single cell suspensions prepared from the LN of C57BL/6 WT and STAT6
mice were stained with conjugated antibody to CD4, CD25, and stained intracellularly for Foxp3 

prior to flow cytometry. (A) Foxp3 expression is shown in 

number of CD4
+
Foxp3

+
 lymphocytes for each group was calculated based on the total LN cells 

recovered from 2 mice. (C) Graphical representation of the Mean Fluorescent Intensity of Foxp3 

is shown in CD4
+
Foxp3

+
 lymphoc
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Figure 3.3 Elevated nTreg Frequency in C57BL/6 STAT6-deficient Mice Un
Single cell suspensions prepared from the LN of C57BL/6 WT and STAT6

were stained with conjugated antibody to CD4, CD25, and stained intracellularly for Foxp3 

prior to flow cytometry. (A) Foxp3 expression is shown in the CD4
+
 cell population. (B) The total 

lymphocytes for each group was calculated based on the total LN cells 
recovered from 2 mice. (C) Graphical representation of the Mean Fluorescent Intensity of Foxp3 

lymphocytes n=2 mice/group. 

 

deficient Mice Under Steady 
Single cell suspensions prepared from the LN of C57BL/6 WT and STAT6

-/-
 

were stained with conjugated antibody to CD4, CD25, and stained intracellularly for Foxp3 

cell population. (B) The total 

lymphocytes for each group was calculated based on the total LN cells 
recovered from 2 mice. (C) Graphical representation of the Mean Fluorescent Intensity of Foxp3 
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with transgenic TCRs using the antigen recognized by their TCR has been challenged 

previously (108, 109).  It has been previously shown that ~94% of the T-cells in 

D011.10xRag2-/- xFoxp3-GFPKI mice were KJ126+ and expressed the transgenic TCR 

(97). Therefore, to provide further support for successful immunization of transgenic 

mice, 3 D011.10xRag2-/- xFoxp3-GFPKI mice were immunized with OVA or alum, as a 

negative control, and challenged twice with OVA/alum inhalation. They were analyzed 

for lung inflammation 48 hours after the second inhaled OVA challenge. OVA-

immunized and challenged transgenic and WT mice exhibited similar severe allergic lung 

inflammation and mucus production that was not present in control-treated mice (Figure 

3.4).These results confirm that D011.10xRag2-/- xFoxp3-GFPKI mice are capable of 

generating an allergic response to inhaled OVA.   

Based on the increased number and frequency of Tregs in STAT6-/- mice , we 

stablished a strategy to reduce the number of Tregs using anti-CD25 monoclonal 

antibody (PC61 clone). To confirm that in vivo administration of PC61 clone depleted/ 

inactivated Tregs, naïve BALB/c Foxp3-GFPKI mice received two intraperitoneal 

injections of PC61 5 days apart and were euthanized and tissues harvested 1 day later. 

Control mice were similarly treated but received PBS rather than antibody. T-cell 

composition was analyzed by flow cytometry and Tregs were identified as CD4+, GFP-

expressing cells. This analysis demonstrated a 3-fold reduction in the proportion of Tregs 

in T-cells from all LNs and a 50% reduction in spleen (Figure 3.5), thereby 

demonstrating the effectiveness of our PC61 treatment protocol in reducing the number 

of Foxp3-expressing Tregs.  
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Figure 3.4 Ovalbulmin-induced Allergic Lung Inflammation in Tg D011.10 RAG2

-/-
 FoxP3-

GFP Mice. (A) WT BALB/c mice or D011.10xRag2
-/-

 xFoxp3-GFP
KI

 mice were immunized 
twice with Alum or 100 µg OVA in Alum and challenged 6 days later with 1% aerosolized OVA 
in PBS. The mice were analyzed 48 h following the last challenge. (B) Representative 
photomicrographs (H&E: 10x, 100x and PAS: 40x) is shown. (C) The mean percentages of 
eosinophils in the airway, lung vasculature, and lung parenchyma are shown (n=2-3 mice/group). 
 
 

OVA 
aerosol  

-1  0  1        4      6                          12      14      16 

Lung  
Histology  

Days 

OVA/Alum, 
i.p. A. 

 
 
 
 
 
 
 
 
 
 
B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C. 

 



 

 
 
 

 
 
 
 
 
Figure 3.5 Anti-CD25 Ab Decreases the Number of Tregs in Mouse LNs and spleen. 
Balb/c FoxP3-GFP female mice were administered 0.5 mg PC61 
5. Twenty-four hours later, lymphocytes were isolated from LNs and spleen. Cell
expression of CD4 (PE) and intracellular expression of FoxP3 (GFP) was determined by 
cytometry analysis with FACSCalibur flow cytometer using commercially available antibodies 
from BD Biosciences. Cells gated by forward

FlowJo software. (B) The % of CD4
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CD25 Ab Decreases the Number of Tregs in Mouse LNs and spleen. 
GFP female mice were administered 0.5 mg PC61 α-CD25 or PBS on days 1 and 

four hours later, lymphocytes were isolated from LNs and spleen. Cell
expression of CD4 (PE) and intracellular expression of FoxP3 (GFP) was determined by 
cytometry analysis with FACSCalibur flow cytometer using commercially available antibodies 
from BD Biosciences. Cells gated by forward- and side-scatter parameters were analyzed using 

FlowJo software. (B) The % of CD4
+
FoxP3

+ 
is shown. n=2mice/group 

CD25 Ab Decreases the Number of Tregs in Mouse LNs and spleen. (A) 
CD25 or PBS on days 1 and 

four hours later, lymphocytes were isolated from LNs and spleen. Cell-surface 
expression of CD4 (PE) and intracellular expression of FoxP3 (GFP) was determined by flow 
cytometry analysis with FACSCalibur flow cytometer using commercially available antibodies 

scatter parameters were analyzed using 
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Treg Depletion/ inactivation in an OVA-induced Allergic Lung Inflammation Model 

We used  D011.10xRAG2-/- mice as the source of OVA-specific Th2 effector 

cells to reconstitute Treg-depleted STAT6-/-, control STAT6-/- and STAT6xRAG2-/- mice, 

in order to determine if Th2 effectors can cause inflammation after Tregs are depleted 

from STAT6-/- mice. We immunized transgenic donor D011.10xRAG2-/- mice with 

OVA/alum and subsequently purified in vivo primed OVA-specific CD4+ T-cells (purity 

> 95%) from their harvested LNs and spleen (Figure 3.6). Our previous studies 

demonstrate that purified CD4+ T-cells from OVA/alum-immunized D011.10xRAG2-/- 

mice produce IL-4 and have a Th2 cell phenotype (95). 

STAT6-/- and STAT6xRAG2-/- mice received in vivo primed D011.10 CD4+ Th2 

cells from donor D011.10xRAG2-/- mice and were immunized twice with Alum or 100 

µg OVA in Alum and challenged 6 days later with 1% aerosolized OVA in PBS. The 

mice were analyzed 48 h following the last challenge (95) (Figure 3.7).  

To further analyze the effect of reducing Tregs, STAT6-/- mice were treated with 

the PC61 clone of anti-mouse CD25 antibody or a control IgG antibody two days prior to 

each OVA sensitization (Figure 3.7). The use of PC61 to deplete/ inactivate Tregs has 

been extensively repeated and is validated using FACS here in Figure 3.8 (83, 99, 110, 

111). Compared to the percentage of CD4+Foxp3+ Tregs in control STAT6-/- mice  

administered IgG (1.29%), the proportion of host Tregs was reduced by greater than 40% 

in the lung-draining LNs of STAT6-/- mice given PC61 (0.78%) (Figure 3.8). This 

consistent depression of Tregs was also observed when PBS was used as a control in 

place of IgG (data not shown). 



 

 

 
 
 

 
 
 
 
 
 
Figure 3.6 Purification of 
D011.10xRAG2

-/-
 mice. Single cell suspensions 

immunized BALB/c D011.10xRag2

(BD Falcon). RBCs were lysed using Red Blood Cell Lysis Buffer
purified from the single cell suspensions using immunomagnetic separation and negative 

selection. Lymphocytes were stained with conjugated antibodies to CD4, CD8, BB20, and I
prior to flow cytometry. Pooled LN and spleen lymphocyte samples
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Figure 3.6 Purification of In vivo primed CD4
+
 Th2 cells from Transgenic Donor 

Single cell suspensions made from the spleens and LN of OVA

immunized BALB/c D011.10xRag2
-/- 

mice and were subsequently passed through 40µM strainers 

(BD Falcon). RBCs were lysed using Red Blood Cell Lysis Buffer (NH4Cl). CD4
purified from the single cell suspensions using immunomagnetic separation and negative 

selection. Lymphocytes were stained with conjugated antibodies to CD4, CD8, BB20, and I
prior to flow cytometry. Pooled LN and spleen lymphocyte samples after purification are shown. 

Th2 cells from Transgenic Donor 
made from the spleens and LN of OVA-

mice and were subsequently passed through 40µM strainers 

. CD4
+
 T cells were 

purified from the single cell suspensions using immunomagnetic separation and negative 

selection. Lymphocytes were stained with conjugated antibodies to CD4, CD8, BB20, and I-A
d
 

after purification are shown.  
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Figure 3.7 Ova-Induced Allergic Asthma Protocol and Treg Depletion/ Inactivation in 

STAT6
-/- 

mice. This study utilized an Allergic Airway Inflammation protocol in which STAT6
-/- 

and STAT6xRAG2
-/- 

mice received in vivo primed D011.10 CD4
+
 T cells (described in Materials 

and Methods) and were immunized twice with Alum or 100 mg OVA in Alum and challenged 6 

days later with 1% aerosolized OVA in PBS. Additional STAT6
-/- 

groups received two i.p. 
treatments of PC61 to deplete Tregs or control IgG 48h prior to each immunization. The mice 
were analyzed 48 h following the last challenge.  
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Figure 3.8 Reduced Expression of CD25 and Foxp3 by host CD4

of PC61 to eliminate Foxp3

lymphocytes from the pulmonary lymph nodes of STAT6
CD25). Lung-draining LN cells were surface
and stained intracellularly for Foxp3 expression prior to flow cytometry. (A) CD4 and Foxp3 

expression is shown in lung draining LNs. (B) 
shown. (n=4-5 pooled mice/group) Data is representative of three independent experiments.
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Figure 3.8 Reduced Expression of CD25 and Foxp3 by host CD4
+
 T cells. To test the efficacy 

Foxp3
+
 Tregs in the context of OVA-induced allergic asthma, we harvested 

lymphocytes from the pulmonary lymph nodes of STAT6
-/- 

mice treated with IgG or PC61
draining LN cells were surface-stained with antibodies to CD4, KJ126, and CD25 

and stained intracellularly for Foxp3 expression prior to flow cytometry. (A) CD4 and Foxp3 

expression is shown in lung draining LNs. (B) The % of CD4
+
Foxp3

+ 
 lung draini

5 pooled mice/group) Data is representative of three independent experiments.

To test the efficacy 

induced allergic asthma, we harvested 

mice treated with IgG or PC61 (anti-
stained with antibodies to CD4, KJ126, and CD25 

and stained intracellularly for Foxp3 expression prior to flow cytometry. (A) CD4 and Foxp3 

lung draining LN T cells is 
5 pooled mice/group) Data is representative of three independent experiments.   
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Treg Depletion/ inactivation Restores Allergic Airway Inflammation in STAT6-/- mice in 

an OVA-induced Allergic Lung Inflammation Model 

Control STAT6-/- mice treated with IgG prior to OVA sensitization only 

demonstrated a modest increased airway eosinophilia in response to OVA (Figure 3.9). 

Eosinophils represented only 6 ± 0.9% of the cell population recovered from their BAL 

and the cell composition was dominated by macrophages (Figure 3.9A). However, when 

Tregs were depleted/ inactivated from STAT6-/- mice using PC61, the proportion of BAL 

eosinophils significantly increased to 16 ± 2.8% after OVA priming and challenge. 

STAT6xRAG2-/- mice had the greatest extent of eosinophilic expansion in their BAL (40 

± 1.5%). The depletion/ inactivation of Tregs from STAT6-/- mice also resulted in a 3-fold 

increase in total BAL eosinophils from IgG-treated STAT6-/- mice to STAT6-/- mice given 

PC61 (12,319 vs. 39,045, respectively) (Figure 3.9B). The largest numbers of eosinophils 

were recovered from the BAL of STAT6xRAG2-/- mice (80,715 cells).  

Histological changes in the Lung following the Depletion/ inactivation of Tregs 

For the purpose of examining lung tissue eosinophilia, serial lung sections from 

OVA sensitized and challenged STAT6-/- mice (treated with either PC61 or control 

antibody) and STAT6xRAG2-/- mice were stained with H&E. (Figures 3.10 and 3.11). 

IgG-treated STAT6-/- mice showed the absence of eosinophilic inflammation around 

airways or pulmonary vasculature (Figure 3.10A,B). This result is consistent with 

previous observations on the resistance of STAT6-/- mice to allergic lung inflammation 

(90). Conversely, the lungs of STAT6-/- mice with Treg depletion/ inactivation revealed 

an increased proportion of eosinophils adjacent to their airways and vasculature  



 

 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 3.9 Treg Depletion
Eosinophilia. Allergic airway inflammation was induced in STAT6
as described above.  Bronchoalveolar lavage was performed and the eosinophils in the BAL were 
analyzed by differential cell counting.
number of eosinophils (B) are depicted here in bar graphs ± SEM (n=2
group, n=3-5 OVA-treated mice/group). *p<0.05; n.s. indicates non
0.05). 
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Figure 3.9 Treg Depletion/ Inactivation in STAT6
-/-

 mice restores Th2
Allergic airway inflammation was induced in STAT6

-/- 
and STAT6xRAG2

as described above.  Bronchoalveolar lavage was performed and the eosinophils in the BAL were 
analyzed by differential cell counting. The average percentage of eosinophils (A) and absolute 
number of eosinophils (B) are depicted here in bar graphs ± SEM (n=2-3 Alum

treated mice/group). *p<0.05; n.s. indicates non-statistical significance (p > 

mice restores Th2-driven Airway 
and STAT6xRAG2

-/- 
mice 

as described above.  Bronchoalveolar lavage was performed and the eosinophils in the BAL were 
The average percentage of eosinophils (A) and absolute 

3 Alum-treated mice 
statistical significance (p > 



 

 
 

 

Figure 3.10 Treg Depletion
Lung Inflammation. Allergic airway inflammation was induced as described in Figure 1. Lung 
sections were stained with H&
vessels was quantified by differential counting in 9
graphically ± SEM (n=3-5 mice/ group). *p<0.05; n.s. indicates non
0.05). HPF: high power field. Data are representative of three independent experiments. (B) 
Representative H&E images of lung sections from OVA
lumen (left) or bordering the pulmonary vasculature (right) are shown at 10
 

A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. 
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Figure 3.10 Treg Depletion/ Inactivation in STAT6
-/-

 mice restores Th2
Allergic airway inflammation was induced as described in Figure 1. Lung 

sections were stained with H&E. (A) The percentage of eosinophils surrounding airways or blood 
vessels was quantified by differential counting in 9-15 HPF/group. Percentages are represented 

5 mice/ group). *p<0.05; n.s. indicates non-statistical significance (p 
0.05). HPF: high power field. Data are representative of three independent experiments. (B) 
Representative H&E images of lung sections from OVA-primed mice adjacent to the airway 
lumen (left) or bordering the pulmonary vasculature (right) are shown at 10x, 40x, and 100x. 

 

mice restores Th2-driven Allergic 
Allergic airway inflammation was induced as described in Figure 1. Lung 

E. (A) The percentage of eosinophils surrounding airways or blood 
15 HPF/group. Percentages are represented 

statistical significance (p > 
0.05). HPF: high power field. Data are representative of three independent experiments. (B) 

primed mice adjacent to the airway 
x, 40x, and 100x.  
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Figure 3.11 Enlarged H&E Photomicrographs. Allergic airway inflammation was induced as 
described in Figure 3.7. Lung sections were stained with H&E. Enlargements of representative 
H&E images of lung sections from OVA-primed mice adjacent to the airway lumen (top) or 
bordering the pulmonary vasculature (bottom) are shown.  
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(19±2.8% and 35±1.9%, respectively) (Figure 3.10A). The degree of eosinophilic 

inflammation in PC61-treated STAT6-/- mice was similar to that of STAT6xRAG2-/- 

mice, in which eosinophils comprised 36% of the cells surrounding the airway lumen and 

almost half of the cells adjacent to the pulmonary vasculature (Figure 3.10A). 

STAT6xRAG2-/- mice consistently developed moderate levels of eosinophilic lung 

inflammation. These results demonstrate that resistance to eosinophilic lung infiltration in 

STAT6-/- mice in the presence of WT Th2 cells can be reversed after Treg depletion/ 

inactivation. 

Effect of Treg Depletion/ inactivation on Remodeling of the Airway During Allergic 

Inflammation 

Airway remodeling is a hallmark feature of allergic asthma that can be analyzed 

by measuring the extent of collagen deposition and the thickness of the smooth muscle 

layer surrounding the airway lumen (112-114). To determine the extent of pulmonary 

collagen deposition, lung sections from OVA sensitized and challenged STAT6-/- and 

STAT6xRAG2-/- mice were stained with Masson’s Trichrome (Figure 3.12A). Image J 

software was used to quantify the average area of collagen deposition. A low level of 

collagen deposition was detected in the lungs of STAT6-/- mice treated with IgG 

(9.48±0.26%) (Figure 3.12A,B). In contrast, STAT6-/- mice treated with PC61 and 

STAT6xRAG2-/- mice exhibited comparably increased levels of lung fibrosis. 

(14.66±0.38% and12.35±0.35%, respectively) (Figure 3.12A,B). The transverse diameter 

of the smooth muscle layer within the airway (ASM) was quantified using Image J 

software analysis of H&E stained lung sections (Figure 3.12 C,D). Mean smooth muscle 

thickness was 2-fold greater in the Treg-depleted/ inactivated STAT6-/- mice and in  



 

Figure 3.12 Airway Remodeling in Treg
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(A) Masson’s Trichrome stain was applied to paraffin
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reddish pink. Collagen deposition is shown in photographs at magnifications of 10x, and 40x as 
indicated, and 100x (inset). (B) NIH Image J software was used to quantify total collagen in the 
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significance (p > 0.01). n = 30
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Figure 3.12 Airway Remodeling in Treg-depleted STAT6
-/- 

mice

mice were subjected to the allergic asthma protocol as described in Figure 3.7. 
(A) Masson’s Trichrome stain was applied to paraffin-embedded lung sections of each mouse. 
Collagen stains blue; keratin, muscle fibers, and erythrocytes stain red. The cytopla
reddish pink. Collagen deposition is shown in photographs at magnifications of 10x, and 40x as 
indicated, and 100x (inset). (B) NIH Image J software was used to quantify total collagen in the 
lung. The average percent area of collagen ± SEM (stains blue) is represented graphically. 
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STAT6xRAG2-/- mice compared with control IgG-treated STAT6-/- mice (Figure 3.12D) 

(95, 105, 106). These results show that STAT6-/- mice can be made susceptible to airway 

remodeling by the depletion/ inactivation of their Tregs.  

Previous studies have shown that Tregs can suppress leukocyte recruitment and 

migration of effector T-cells into the site of inflammation (73, 115). Therefore, we used 

CD3 lung immunohistochemistry to compare the number of T-cells that migrated into the 

lungs of STAT6xRAG2-/- mice and STAT6-/- mice after OVA sensitization and challenge 

(Figure 3.13). Control IgG-treated STAT6-/- mice demonstrated low numbers of CD3+ T-

cells in the areas adjacent to their airways even though they were provided Th2 cells 

exogenously (Figure 3.13B). These results are consistent with previous studies showing 

that T-cells did not migrate to lungs of STAT6-/- mice in response to OVA-challenge 

(116). In contrast, Treg depleted/inactivated-PC61-treated STAT6-/- mice and 

STAT6xRAG2-/- mice demonstrated a significant increase in the number of CD3+ T-cells 

that were able to migrate into their lungs. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
Figure 3.13 Treg depletion enhances CD3+ T

STAT6xRAG2
-/- 

mice were subjected to the allergic asthma protocol as described in Figure 3.5.  
Lung sections were stained with antibodies to CD3. (A) CD3+ cells appear brown in 10x, 40x, 
and 100x magnified representative images of lung sections adjacent to the airway lu
OVA-primed mice. (B) Graphical representation of immunohistochemistry data. The number of 
CD3+ cells in each lung section was quantified and graphed. Data represented as cell counts ± 
SEM. *p<0.05; n.s. indicates non
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Figure 3.13 Treg depletion enhances CD3+ T- cell migration into the lung. 

mice were subjected to the allergic asthma protocol as described in Figure 3.5.  
Lung sections were stained with antibodies to CD3. (A) CD3+ cells appear brown in 10x, 40x, 
and 100x magnified representative images of lung sections adjacent to the airway lu

primed mice. (B) Graphical representation of immunohistochemistry data. The number of 
CD3+ cells in each lung section was quantified and graphed. Data represented as cell counts ± 
SEM. *p<0.05; n.s. indicates non-statistical significance (p > 0.05). HPF: high power field, 100x.
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and 

mice were subjected to the allergic asthma protocol as described in Figure 3.5.  
Lung sections were stained with antibodies to CD3. (A) CD3+ cells appear brown in 10x, 40x, 
and 100x magnified representative images of lung sections adjacent to the airway lumen from 

primed mice. (B) Graphical representation of immunohistochemistry data. The number of 
CD3+ cells in each lung section was quantified and graphed. Data represented as cell counts ± 

0.05). HPF: high power field, 100x. 
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3.3 Discussion 

 We found that STAT6-/- mice contain more total Tregs than WT mice under both 

basal and inflammatory conditions in both Balb/c and BL/6 mice. Additionally, the 

studies reported confirm that  STAT6-/- mice  are resistant to induction of Th2-driven 

allergic lung inflammation  and that this resistance is caused by an elevated number of 

regulatory T-cells. Furthermore, my study provides evidence that STAT6 suppresses 

Tregs in vivo during allergic lung inflammation. Previous in vitro studies support the 

notion of an opposing relationship between STAT6 and Foxp3 (87, 90). Dardalhon et al. 

showed that IL-4 inhibited TGF-β-induced expression of Foxp3 in naïve T-cells in vitro 

by a STAT6-dependent mechanism (87). Furthermore, Pillemer et al. found that 

constitutive STAT6 activation rendered T-cells resistant to regulation by Foxp3+ Tregs 

(86). Additionally, Takaki and colleagues demonstrated that STAT6 can bind directly to 

the Foxp3 promoter (in a putative STAT6-binding site) and suppress TGF-β-dependent 

induction of Foxp3 by preventing TGFβ-mediated Foxp3 histone acetylation (89).  These 

findings indicate that IL-4-induced activation of STAT6 can prevent the induction of 

Foxp3 in naïve CD4+ T-cells and thereby block induction of iTregs in vitro. 

However, the potential for in vivo modulation of regulatory T-cells by STAT6 in 

the context of allergic lung inflammation was unclear. In this study, we used antibody-

mediated depletion/ inactivation of Tregs in a previously established model of Th2-driven 

allergic lung inflammation (90). To induce allergic lung inflammation using OVA, we 

transferred in vivo primed transgenic Ova-specific Th2 cells to the mouse recipients and 

to induce an allergic response to Ova. The ability of T-cells to differentiate without clonal 

expansion in immunized transgenic animals has been questioned previously (108, 109). 
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Additionally, it has been suggested that the transgenic T-cell compartment is maximally 

expanded in naïve TCR transgenic mice and that there exists no extra room to provide for 

further T-cell proliferation after immunization with TCR-specific antigen. Our previous 

studies have shown that T-cells from transgenic D011.10xRAG2-/- mice, immunized with 

OVA/alum do not demonstrate an increase in proliferation, but that this had no effect on 

their ability to become activated, produce Th2 cytokines, and to induce allergic lung 

inflammation (95). The in vivo primed transgenic T-cells upregulated surface expression 

of T-cell activation markers and produced effector cytokines (95).  

Th2-driven allergic lung inflammation was partially restored in STAT6-/- mice 

treated with PC61 to levels observed in STAT6xRAG2-/- mice. Parameters of airway 

remodeling were also increased by Treg depletion/ inactivation. Additionally, Treg 

depletion/ inactivation from STAT6-/- mice enabled T-cell migration into their lungs. 

These data suggest that STAT6-/- mice are highly resistant to Th2-driven allergic lung 

inflammation in part because they have increased numbers of regulatory T-cells and 

provide further support for STAT6 suppression of Tregs in vivo to enhance allergic lung 

inflammation. 

Our study involved the use of the PC61 clone of anti-CD25 to deplete/ inactivate 

Tregs from STAT6-/- mice. Antibody-mediated cell depletion had been used in various 

studies to physically remove certain cell populations (117, 118). The PC61 clone of the 

CD25 antibody has been used in various studies to deplete CD4+CD25+Foxp3+ Tregs in 

mice (83, 110) by blocking IL-2 binding to the high affinity IL-2 receptor. By interfering 

with IL-2 binding and signaling in Tregs, PC61 consequently causes Treg death and 

depletion (110). This mechanism of Treg depletion was initially accepted due to the fact 
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that IL-2 binding and activation of the IL-2 receptor is necessary for Treg function and 

survival. However, the use of anti-CD25 antibody to deplete Tregs came under much 

debate after a study by Kohm et al. suggested that anti-CD25 did not cause Treg 

depletion, but rather prompted Tregs to shed CD25 from their cell surface and to 

somehow become non-functional (119).  In vivo and in vitro findings by various research 

groups indicate that IL-2 signaling is required for Treg function (83, 119-121). It is 

noteworthy to mention that this study by Kohm and colleagues did not distinguish 

between the use of the PC61 and 7D4 clone of the anti-CD25 antibody to deplete/ 

inactivate Tregs. Letters to the editor in response to this study from two independent 

research groups provided FACS data showing that although 7D4 is unable to induce Treg 

depletion, PC61 caused rapid loss of CD4+CD25+ or CD4+Foxp3+ Tregs in blood, spleen, 

and LNs (111, 122, 123).  The findings by Kohm et al. were further criticized for 

evaluating CD25 and Foxp3 expression after PC61 treatment using RT-PCR and for not 

providing accompanying FACS analysis (122). Nonetheless, subsequent studies have 

demonstrated the ability of PC61 to cause Treg depletion/ inactivation (99, 124, 125).  

We found that STAT6-/- mice treated with PC61 showed a 50% reduction in their 

proportion of CD4+FoxP3+Tregs. All STAT6-/- mice were given the same number of 

CD4+ Th2 effectors. Our studies indicate that a 2-fold change in the number or 

percentage of Tregs can influence the outcome of allergic disease. STAT6-/- mice, which 

are resistant to allergic airway inflammation, have 2X more Tregs than wildtype mice 

(90). When we reduced the proportion of Tregs in STAT6-/- mice by half using PC61, 

allergic lung inflammation was exacerbated. Whether or not PC61 depletes Tregs or 

reduces their immunosuppressive function by blocking the IL-2 signal transduction 
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necessary for Treg survival and function is still under debate (111, 119). Nevertheless, 

our results support our contention that STAT6-dependent reduction in Treg-mediated 

immune suppression contributes to the pathogenesis of allergic inflammation. 
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4.1 Introduction 

We have previously shown that when provided with WT Th2 effectors, 

STAT6xRAG2-/- mice were able to develop moderate levels of eosinophilic allergic lung 

inflammation while STAT6-/- mice were not (90). STAT6xRAG2-/- mice lack Tregs due 

to their inability to develop mature T lymphocytes while, as discussed in the previous 

chapter, STAT6-/- mice have twice as many Tregs compared to STAT6+/+ mice (90). To 

further evaluate the role of Tregs in limiting Th2-driven allergic lung inflammation, we 

analyzed the effect of adoptive transfer of Tregs on susceptibility to allergic lung 

inflammation in STAT6xRAG2-/- mice. 

4.2 Results 

Adoptive Transfer of Transgenic, GFP-labeled CD4+CD25+Foxp3+ nTregs Suppresses 

Allergic Lung Inflammation  

In preparation for our first Treg transfer and OVA-induced allergic asthma study, 

CD4+CD25+ nTregs or control CD4+CD25- T-cells were isolated from naïve D011.10 

Foxp3-GFPKI mouse LN and spleen using immunomagnetic negative and positive 

selection. A small aliquot of cells was used for flow cytometric analysis of Foxp3 (GFP) 

and surface CD4 and CD25 expression. The control cells were only 0% CD4+CD25Hi, but 

the enriched Treg population was 4.17% CD4+CD25Hi (Figure 4.1A). Half of the 

CD4+CD25HI Treg cell population expressed Foxp3 whereas none of the control T-cells 

expressed Foxp3. 

Purified CD4+CD25+Foxp3+ nTregs or CD4+CD25- T-cells were adoptively co-

transferred to STAT6xRAG2-/- mice with purified in vivo-primed OVA specific Th2 cells  
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at a 1:5 (Tregs: effector cells) ratio (Figure 4.1B). Recipient mice were immunized twice 

with OVA/Alum i.p. 1 day following the cell transfer. All mice were challenged with 

aerosolized 1% OVA twice, and the degree of allergic lung inflammation was assessed 

two days later (Figure 4.1B).  

To confirm cell transfer, LN from recipient mice were analyzed by flow 

cytometry. There were no Tregs in STAT6xRAG2-/- mice infused with CD4+CD25- T-

cells (Figure 4.2A). In contrast, in STAT6xRAG2-/- mice that received Tregs, 36% of 

donor CD4+ T-cells expressed Foxp3.  

OVA-immunized and challenged STAT6xRAG2-/- mice that received CD4+CD25- 

T-cells and Th2 effectors, demonstrated a high percentage of BAL eosinophils (53%) 

(Figure 4.2B). In contrast, the proportion of BAL eosinophil decreased to 31% in OVA-

sensitized and challenged STAT6xRAG2-/- mice that were infused with CD4+CD25+ 

nTregs and Th2 effectors.  

We analyzed eosinophilic inflammation in H&E-stained lung tissue sections from 

these mice as described in Materials and Methods. Histological analysis revealed there 

was widespread eosinophilic inflammation adjacent to the airways of control OVA-

sensitized and challenged STAT6xRAG2-/- mice that received CD4+CD25- T cells 

(Figure 4.3). STAT6xRAG2-/- mice that received CD4+CD25+ nTregs prior to OVA 

sensitization and challenge exhibited reduced eosinophil infiltration into their airways 

from an eosinophil percentage of 35% to 10% of total leukocytes (Figure 4.3B left 

graph). As expected, there was a low level of eosinophilic inflammation surrounding the 

airways of STAT6-/- mice subjected to OVA sensitization and challenge (4%). The  



 

Figure 4.1 Adoptive transfer of nTregs into STAT6xRAG2

Lung Inflammation. (A) CD4

harvested spleens and LN of D011.10 Foxp3
immunomagnetic separation and a series of negative selection (Easy Sep Negative Selection 

CD4
+
 T cell enrichment)  and 2 (for CD4

positive selection, as previously described (Stem Cell Technologies, Vancouver, Canada). Cell 
subsets were analyzed by FACS for surface expression of CD4 and CD25 (left) and expression of 

GFP(Foxp3) in the gated CD4

(CD4
+
CD25

+
) cell samples (right)  (n=9 mice). (B) STAT6

in vivo primed D011.10 CD4

and challenged with OVA on two occasions 6 days apart. STAT6xRAG2

CD4
+
CD25

+
 Tregs or CD4

+

with the Th2 effectors (1 Treg: 5 T eff). Experimental analysis was performed 48 h following the 
last challenge. Only a very tiny fraction of cells was used for analysis.
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Figure 4.1 Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice and Induction of Allergic 

(A) CD4
+
CD25

+
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Figure 4.2 Adoptive transfer of nTregs into STAT6xRAG2
Allergic Lung Inflammation.  

STAT6xRAG2
-/- 

mice as described in 

mice given CD4
+
CD25

+
 Tregs or CD4

CD4 and CD25, prior to flow cytometry and assessed for Foxp3 (GFP) during FACS analysis. 

Foxp3 expression is shown in the CD4

STAT6xRAG2
-/-

 mice received CD4
effectors as indicated. Eosinophils in the BAL were analyzed by differential counting. The 
average percentage of eosinophils are depicted here in bar graphs ± SEM
mice group, n=2-4 OVA-treated mice/group). *p<0.05; n.s. indicates non
(p > 0.05). 
 

 

53 

 

Figure 4.2 Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice Eosinophilic Th2
Allergic Lung Inflammation.  Allergic lung inflammation was induced in STAT6

mice as described in Materials and Methods. (A) Spleen from STAT6xRAG2

Tregs or CD4
+
CD25

-
 T cells were surface-stained with antibodies to 

CD4 and CD25, prior to flow cytometry and assessed for Foxp3 (GFP) during FACS analysis. 

Foxp3 expression is shown in the CD4
+
 cell population. (n=5 mice/group) (B) The 

mice received CD4
+
CD25

+
 nTregs or CD4

+
CD25

-
 T-cells in addition to the Th2 

effectors as indicated. Eosinophils in the BAL were analyzed by differential counting. The 
average percentage of eosinophils are depicted here in bar graphs ± SEM (n=2-3 Alum

treated mice/group). *p<0.05; n.s. indicates non-statistical significance 
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Figure 4.3.  Adoptive transfer of nTregs into STAT6xRAG2

Allergic Lung Inflammation. 
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Figure 4.3.  Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice suppresses Th2

Allergic Lung Inflammation.  Allergic lung inflammation was induced in STAT6

mice as described above (Figure 4.1). The STAT6xRAG2
-/-

 mice received 

nTregs or CD4
+
CD25

-
 T-cells in addition to the Th2 effectors as indicated. Lung 

sections were stained with H&E. (A) Representative H&E images of lung sections from OVA
primed mice adjacent to the airway lumen are shown at 10x, 40x, and 100x. The percentage of 
eosinophils surrounding (B) airways, (C) pulmonary vasculature and (D) lung parenchyma was 
quantified by differential counting in 9-15 HPF/group. Percentages are represented graphically ± 

5 mice/ group). *p<0.05; n.s. indicates non-statistical significance (p > 0.05). HPF: 
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ay lumen are shown at 10x, 40x, and 100x. The percentage of 
eosinophils surrounding (B) airways, (C) pulmonary vasculature and (D) lung parenchyma was 

15 HPF/group. Percentages are represented graphically ± 
statistical significance (p > 0.05). HPF: 
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analysis also revealed extensive perivascular and interstitial accumulation of eosinophils 

in the control STAT6xRAG2-/- mice that received CD4+CD25- T cells and OVA 

sensitization and challenge that was significantly lower in  STAT6xRAG2-/- mice  that 

received CD4+CD25+ nTregs  and in STAT6-/- mice (Figure 4.3B middle and right graph). 

Therefore, adoptively transferred nTregs can suppress OVA-induced lung eosinophilic 

inflammation in STAT6xRAG2-/- mice and can decrease eosinophilic airway infiltration 

to levels comparable to that in allergic inflammation-resistant STAT6-/- mice.  

Adoptive Transfer of Transgenic, GFP-labeled, in vivo-expanded CD4+CD25+Foxp3+ 

nTregs Suppresses Allergic Lung Inflammation  

To enlarge the donor nTreg cell population, nTregs were expanded in naïve 

D011.10 Foxp3-GFPKI mice by treatment with IL-2: anti-IL-2 immune complex, as 

previously described (100). Treg content of LN and spleen was quantified by flow 

cytometric analysis of Foxp3 (GFP) and surface CD25 expression (Figure 4.4). 

Treatment with IL-2 complex increased the Treg content of LN and spleen by 2.7-fold 

and 4.7-fold, respectively compared with control (PBS)-treated mice.    

We isolated and purified CD4+CD25+ nTregs from IL-2: anti-IL-2 immune 

complex-treated D011.10 Foxp3GFP (KI) mice by negative and positive selection using 

magnetic beads. We also prepared CD4+CD25- cells to use as negative controls. Both cell 

populations were analyzed by flow cytometry (Figure 4.5A). The enriched Treg 

population was 76% CD4+CD25+, while the control T-cell population was only 4% 

CD4+CD25+. As expected, >90% of CD4+CD25+ Treg cells expressed Foxp3 at high 

levels while most (>95%) CD4+CD25- cells were Foxp3- (Figure 4.5A). 



 

Figure 4.4 In vivo expansion of Tregs. 
(JES6-1A12 clone, eBioscience) and recombinant mouse IL

respectively were combined and incubated for 30 min at 37
freshly made complex or control PBS was injected intraperitoneally 3 

D011.10 Foxp3
GFP(KI)

 reporter mice. 72 hours later, T cells harvested from LNs and spleens were 
analyzed by FACS for expression of Treg markers.
or CD4+Foxp3+ (bottom) lymphocytes.
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expansion of Tregs. A 1:2 molar ratio of IL-2 anti-mouse IL
1A12 clone, eBioscience) and recombinant mouse IL-2 (PeproTech, Rocky Hill, NJ), 

respectively were combined and incubated for 30 min at 37
o
C to form stable complex. The 

freshly made complex or control PBS was injected intraperitoneally 3 times daily into naïve 

reporter mice. 72 hours later, T cells harvested from LNs and spleens were 
analyzed by FACS for expression of Treg markers. Bold numbers represent % CD4

lymphocytes. 

 

mouse IL-2 antibodies 
2 (PeproTech, Rocky Hill, NJ), 

C to form stable complex. The 
times daily into naïve 

reporter mice. 72 hours later, T cells harvested from LNs and spleens were 
Bold numbers represent % CD4+CD25HI (top) 



 

Figure 4.5. Adoptive transfer of nTregs into STAT6xRAG2
Lung Inflammation. (A) CD4

harvested spleens and lymph nodes of D011.10 Foxp3
immunomagnetic separation and a series of negative selection (Easy Sep Negative Selection 

CD4
+
 T cell enrichment) and 2 (for CD4

positive selection, as previously described (Stem Cell Technologies, Vancouver, Canada). Cell 
subsets were analyzed by FACS for surface expression of CD4 and CD25 (left) and expression of 

Foxp3 (GFP) in the CD4
+
CD25

samples (right)  (n=9 mice). Data are representative of two independent experiments. (B) STAT6
/-
 and STAT6xRAG2

-/-
 mice received 

immunized twice with Alum or OVA/Alu

apart. STAT6xRAG2
-/-

 mice also received CD4

from DO11.10xFoxp3-GFP
analysis was performed 48 h following the last challenge. 
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4.5. Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice and Induction of Allergic 
(A) CD4

+
CD25

+
 Tregs or control CD4

+
CD25

-
 T cells were isolated from 

harvested spleens and lymph nodes of D011.10 Foxp3
GFP(KI)

 reporter mice using a combi
immunomagnetic separation and a series of negative selection (Easy Sep Negative Selection 

T cell enrichment) and 2 (for CD4
+
CD25

-
 T cells ) or 4 (for CD4

+
CD25

+
 

positive selection, as previously described (Stem Cell Technologies, Vancouver, Canada). Cell 
subsets were analyzed by FACS for surface expression of CD4 and CD25 (left) and expression of 

CD25
+
 populations of control (CD4

+
CD25

-
) or Treg (CD4

samples (right)  (n=9 mice). Data are representative of two independent experiments. (B) STAT6

mice received in vivo primed D011.10 CD4
+
 Th2 effectors and were 

immunized twice with Alum or OVA/Alum and challenged with OVA on two occasions 6 days 

mice also received CD4
+
CD25

+
 Tregs or CD4

+
CD25

-
 
 
T cells prepared 

GFP
KI

 at a 1:2 ratio with the Th2 effectors (1 Treg: 2 T eff). Experimental 
8 h following the last challenge.  

 

mice and Induction of Allergic 
T cells were isolated from 

reporter mice using a combination of 
immunomagnetic separation and a series of negative selection (Easy Sep Negative Selection 

 Tregs) rounds of 
positive selection, as previously described (Stem Cell Technologies, Vancouver, Canada). Cell 
subsets were analyzed by FACS for surface expression of CD4 and CD25 (left) and expression of 

) or Treg (CD4
+
CD25

+
) cell 

samples (right)  (n=9 mice). Data are representative of two independent experiments. (B) STAT6
-

Th2 effectors and were 
m and challenged with OVA on two occasions 6 days 

T cells prepared 

at a 1:2 ratio with the Th2 effectors (1 Treg: 2 T eff). Experimental 



58 
 

CD4+CD25+Foxp3+ nTregs or CD4+CD25- T-cells were adoptively transferred to 

STAT6xRAG2-/- mice with OVA specific Th2 cells  at a 1:2 (Tregs: effector cells) ratio. 

Twenty-four hours later, the mice were immunized twice with OVA/Alum i.p. All mice 

were challenged twice via OVA nebulization, and two days later the degree of allergic 

lung inflammation was assessed (Figure 4.5B).  

To evaluate the effectiveness of adoptive cell transfer, lung-draining LN and 

spleen were collected from the recipient mice following the completion of the 

experiment. Donor cells were identified by flow cytometric analysis using the KJ126 

anti-idiotype antibody specific for D011.10 TCR (Figure 4.6A). In the lung-draining LNs 

of STAT6xRAG2-/- mice that received CD4+CD25- T-cells, only 1.5% of donor CD4+ T-

cells expressed Foxp3. In contrast, in the lung draining LNs of STAT6xRAG2-/- mice that 

received CD4+CD25+ nTregs, 5.73% of their CD4+ T-cells were Foxp3+. A similar 

increase in Tregs was seen in spleen after transfer of CD4+CD25+ nTregs. The percentage 

of donor CD4+Foxp3+ splenocytes increased 10-fold (3.8% vs. 38%) in mice that 

received control CD4+CD25- T-cells vs. CD4+CD25+ nTregs.   

 STAT6xRAG2-/- mice that received CD4+CD25- T-cells along with Th2 effectors 

and OVA sensitization and challenge, exhibited a high proportion of eosinophils (43%) in 

their BAL (Figure 4.6B). In comparison, the proportion of BAL eosinophil was 

significantly reduced when CD4+CD25+ nTregs were co-transferred withTh2 effectors to 

STAT6xRAG2-/- mice (10%). The transfer of Tregs to STAT6xRAG2-/- mice reduced the 

total number of BAL eosinophils 13-fold compared with mice co-transferred with 

CD4+CD25- T-cells and Th2 effectors from 92,468 to 7,965 cells (Figure 4.6C). Neither 

group exhibited BAL eosinophilia when immunized with alum adjuvant alone (Figure 
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4.6B,C). No eosinophils were recovered from BAL of STAT6-/- mice after OVA 

sensitization and challenge (Figure 4.6 B,C). 

The Th2 cytokine IL-5 modulates eosinophil development and activation (55, 

126). Additionally, IL-5 induces the release of necessary signals to allow eosinophil 

migration and infiltration into the airway after exposure to an allergen (54, 55). To 

determine if the transferred nTregs could suppress airway IL-5 production by the 

transferred Th2 effectors, we assessed the concentration of IL-5 in BAL fluid recovered 

from all experimental mice (Figure 4.6D). STAT6xRAG2-/- mice receiving CD25- T-cells 

and OVA sensitization and challenge exhibited increased production of IL-5 in the 

airway compared to the low levels of BAL IL-5 in mice subjected to control sensitization 

with alum. In comparison, STAT6xRAG2-/- mice infused with nTregs failed to exhibit 

any increase in BAL IL-5 concentration after OVA sensitization and challenge. 

The extent of eosinophilic inflammation was analyzed in H&E-stained lung tissue 

sections from these mice. Histological analysis revealed extensive eosinophilic 

peribronchial infiltration in control STAT6xRAG2-/- mice that received CD4+CD25- T 

cells and OVA sensitization and challenge (Figure 4.7 and 4.8). The transfer of 

CD4+CD25+ nTregs to STAT6xRAG2-/- mice prior to OVA sensitization and challenge 

reduced the proportion of eosinophils adjacent to airways from 57% to 21% of total 

leukocytes (Figure 4.7A). As expected, STAT6-/- mice subjected to OVA sensitization 

and challenge exhibited low levels of peribronchial eosinophilia (9±0.9%). The analysis 

also showed extensive perivascular and interstitial accumulation of eosinophils in the  

 



 

Figure 4.6 Adoptive transfer of nTregs into STAT6xRAG2

Allergic Lung Inflammation.  
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and splenocytes from STAT6xRAG2
surface-stained with antibodies to CD4 and KJ126, prior to flow cytometry and assessed for 
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Figure 4.6 Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice suppresses Th2

Allergic Lung Inflammation.  Allergic lung inflammation was induced using OVA in STAT6

mice as described in Materials and Methods. (A) Lung-draining 

and splenocytes from STAT6xRAG2
-/-

 mice given CD4
+
CD25

+
 Tregs or CD4

+
CD25

stained with antibodies to CD4 and KJ126, prior to flow cytometry and assessed for 

Foxp3 (GFP) during FACS analysis. Foxp3 expression is shown in the CD4
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population. (n=5 mice/group) Data is representative of two independent experiments.
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Figure 4.7.  Adoptive transfer of nTregs into STAT6xRAG2

Allergic Lung Inflammation. 

STAT6xRAG2
-/- 

mice as described above. The STAT6xRAG2

nTregs or CD4
+
CD25

-
 T-cells in addition to the Th2 effectors as indicated. Lung sections were 

stained with H&E. (A) The percentage of eosinophils surrounding airways or blood vessels was 
quantified by differential counting in 9
SEM (n=3-5 mice/ group). *p<0.05; n.s. indicates non
high power field. Data is representative of two independent experiments.
images of lung sections from OVA
the pulmonary vasculature (right) are shown at 10x, 40x, and 100x. Arrows identify eosinophils 
surrounding the airway or lung vasculature. 
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Figure 4.7.  Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice suppresses Th2

Allergic Lung Inflammation.  Allergic lung inflammation was induced in STAT6

mice as described above. The STAT6xRAG2
-/-

 mice received CD4

cells in addition to the Th2 effectors as indicated. Lung sections were 
stained with H&E. (A) The percentage of eosinophils surrounding airways or blood vessels was 
quantified by differential counting in 9-15 HPF/group. Percentages are represented graphically ± 

5 mice/ group). *p<0.05; n.s. indicates non-statistical significance (p > 0.05). HPF: 
high power field. Data is representative of two independent experiments. (B) Representative H&
images of lung sections from OVA-primed mice adjacent to the airway lumen (left) or bordering 
the pulmonary vasculature (right) are shown at 10x, 40x, and 100x. Arrows identify eosinophils 
surrounding the airway or lung vasculature.  
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Figure 4.8 Enlarged H&E Photomicrographs. Allergic airway inflammation was induced as 
described in Figure 4.5. Lung sections were stained with H&E. Enlargements of representative 
H&E images of lung sections from OVA-primed mice adjacent to the airway lumen (top) or 
bordering the pulmonary vasculature (bottom) are shown.  
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21±6.6%) (Figure 4.7A). OVA-sensitized and challenged STAT6-/- mice exhibited low 

perivascular/interstitial eosinophil infiltration (9±2.2%).  These results show that 

adoptive transfer of Tregs to STAT6xRAG2-/- mice suppress OVA-induced lung 

eosinophilic inflammation to levels that are almost as low as STAT6-/- mice.  

nTregs Suppress Allergen-Induced Airway Remodeling in STAT6xRAG2-/- mice 

To determine whether eosinophilic inflammation had consequences for airway 

remodeling, we analyzed collagen deposition and airway smooth muscle thickness in the 

same lung sections, using previously described methods (95, 105, 106) (Figure 4.9). 

Collagen deposition in the larger main and lobar bronchi was comparable in all three 

OVA-sensitized mouse groups, but the presence of Tregs was associated with reduced 

collagen deposition in the more distal airways (Figure 4.9A). The proportion of total 

peribronchial and peribronchiolar area containing collagen was 17.7±0.48% in OVA-

sensitized and challenged STAT6xRAG2-/- mice that received CD4+CD25- T cells but 

only 12±0.42% in STAT6xRAG2-/- mice that received CD4+CD25+  nTregs, and only 

10±0.4% in STAT6-/- mice (Figure 4.9B). The collagen deposition results were mirrored 

by airway smooth muscle thickness measurements (Figure 4.9C,D). Control 

STAT6xRAG2-/- mice that received CD4+CD25- T cells prior to OVA sensitization and 

challenge exhibited the greatest ASM thickness (30 µm). The ASM thickness was 

reduced by ~50%  in STAT6xRAG2-/- mice that received Tregs (17.9 µm) and STAT6-/- 

mice (15.1 µm) (Figure 4.9D).  

 

 



 

Figure 4.9. Airway Remodeling after the Transfer of Tregs into STAT6xRAG2
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Figure 4.5 (A) Masson’s Trichrome stain was applied to p
mouse. Collagen stains blue; keratin, muscle fibers, and erythrocytes stain red. The cytoplasm 
stains reddish pink. Collagen deposition is shown in photographs at magnifications of 10x, and 
40x as indicated, and 100x (inset). (B) NIH Image J software was used to quantify total collagen 
in the lung . The average percent area of collagen ± SEM (stains blue is represented graphically. 
*p<0.001; n.s. indicates non
The airway smooth muscle (ASM) layer is shown in photomicrographs (magnified 100x) of HxE 
stained lung sections from each mouse group. The cross
delineated by arrows. (D) The transverse distance between t
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Figure 4.9. Airway Remodeling after the Transfer of Tregs into STAT6xRAG2
and STAT6xRAG2

-/- 
mice were subjected to the allergic asthma protocol as described in 

Figure 4.5 (A) Masson’s Trichrome stain was applied to paraffin-embedded lung sections of each 
mouse. Collagen stains blue; keratin, muscle fibers, and erythrocytes stain red. The cytoplasm 
stains reddish pink. Collagen deposition is shown in photographs at magnifications of 10x, and 

(inset). (B) NIH Image J software was used to quantify total collagen 
in the lung . The average percent area of collagen ± SEM (stains blue is represented graphically. 
*p<0.001; n.s. indicates non-statistical significance (p > 0.001). n = 20-40 airways per
The airway smooth muscle (ASM) layer is shown in photomicrographs (magnified 100x) of HxE 
stained lung sections from each mouse group. The cross-sectional thickness of the ASM layer is 
delineated by arrows. (D) The transverse distance between the inner- and outermost border of the 
ASM layer was measured at 3 points adjacent to each airway using NIH Image J software 
analysis of 40x H&E photomicrographs. The average diameter of airway smooth muscle layer 
thickness (µm ± SEM) is represented graphically. *p<0.001; n.s. indicates non-statistical 
significance (p > 0.001). n = 30-50 airways per group.   
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To determine if the transferred Tregs could suppress T cell migration into the 

lung, we quantified the number of T-cells in the same lung sections by immunostaining 

for CD3 and manually counting the number of CD3+ cells per HPF (Figure 4.10). 

STAT6xRAG2-/- mice infused with Th2 effectors and CD25- cells had the greatest 

number of CD3+ T-cells in their lungs. This number of T-cells in the lungs of 

STAT6xRAG2-/- mice co-transferred with Th2 effectors and CD4+CD25+ nTregs and in 

STAT6-/- mice was profoundly reduced. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Figure 4.10. Adoptive transfer of nTregs into STAT6xRAG2

migration into the lung during Allergic Lung Inflam mation.
mice were subjected to the allergic asthma protocol as described in Figure 5.  Lung sections were 
stained with antibodies to CD3. (A) CD3+ cells appear brown in 10x, 40x, and 100x magnified 
representative images of lung sections adjacent to the airway lume
Graphical representation of immunohistochemistry data. The number of CD3+ cells in each lung 
section was quantified and graphed. Data represented as cell counts ± SEM. *p<0.05; n.s. 
indicates non-statistical significance (p > 0.
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Figure 4.10. Adoptive transfer of nTregs into STAT6xRAG2
-/- 

mice suppresses CD3+ T

migration into the lung during Allergic Lung Inflam mation. STAT6
-/- 

and STAT6xRAG2
mice were subjected to the allergic asthma protocol as described in Figure 5.  Lung sections were 
stained with antibodies to CD3. (A) CD3+ cells appear brown in 10x, 40x, and 100x magnified 
representative images of lung sections adjacent to the airway lumen from OVA-
Graphical representation of immunohistochemistry data. The number of CD3+ cells in each lung 
section was quantified and graphed. Data represented as cell counts ± SEM. *p<0.05; n.s. 

statistical significance (p > 0.05). HPF: high power field, 100x. 
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4.3 Discussion 

In this study, we used adoptive transfer of nTregs in a previously established 

model of Th2-driven allergic lung inflammation (90). The adoptive transfer of 

CD4+CD25+Foxp3+ nTregs but not CD4+CD25-Foxp3-  naïve T-cells, at a 1:5 or 1:2 ratio 

with Th2 cells caused a substantial reduction in eosinophilic inflammation and 

suppressed airway remodeling in STAT6xRAG2-/- mice to levels comparable to those in 

STAT6-/- mice. Additionally, STAT6xRAG2-/- mice that received identical numbers of 

Tregs or CD25- T-cells i.p. and the same number and type of Th2 effectors i.p. exhibited 

differential influx of T-cells into the lung. Therefore, our results are in agreement with 

previous studies that demonstrate the ability of Tregs to block T-cell migration into lung 

tissue (73, 115).  

STAT6 is important for the propagation of IL-4-mediated allergic inflammation 

(50, 69, 92, 127). Indeed, Shimoda and colleagues have shown that STAT6 plays a 

pivotal role in Th2 cell differentiation (69). Therefore, initial observations that STAT6-/- 

mice were highly resistant to allergic lung inflammation were not unexpected (50, 90). 

However, when STAT6-/- mice repeatedly failed to elicit allergic inflammation after 

receiving WT Th2 cells or WT bone marrow, it became evident that the role of STAT6 in 

propagating allergic lung inflammation extends beyond its participation in Th2 effector 

cell differentiation and migration (90). Interestingly, the resistance to allergic 

inflammation in STAT6-/- mice was lost when STAT6-/- mice were bred into a 

lymphopenic genetic background (RAG2-/- mice)  to make STAT6xRAG2-/- mice (90).  
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Several hematopoietic cells, including B cells, Th1 cells, NKT-cells, and Tregs 

were considered to be the candidate RAG2-dependent cells that could be suppressing 

allergic lung inflammation in STAT6-/- mice. We have previously shown that STAT6-/- 

mice have approximately 2-fold more Tregs in their lungs and spleen, when compared to 

WT mice (90). Additionally, it has been shown previously that allergic airway 

inflammation can be suppressed by Tregs (27, 70, 84, 85, 99, 128).  Strickland et al. 

demonstrated that the transfer of CD4+CD25+ Tregs (>73% were Foxp3+) from tolerized 

rats into recipient rats abrogated OVA-induced airway hyperreactivity (85).  Moreover, 

adoptively transferred iTregs generated in vitro reduced allergic lung inflammation and 

DC localization to lymphoid tissue in mice (102). 

The relative roles of natural vs. inducible Tregs during allergic lung inflammation 

are not well understood. The affinity of nTregs and iTreg TCRs for allergen peptides may 

influence their immunosuppressive function during allergic lung inflammation. When 

ranking T cells based on their TCR affinity for self-peptide-MHC, most naïve T-cell 

receptors cells have the lowest affinity. There is an intermediate range for self-Ag 

affinities that is thought to be shared by Tregs and some naïve T cells (129). 

Additionally, some Tregs have the highest possible affinity for self-Ags (130). One could 

predict that [1] iTregs share some TCR repertoire with naïve T cells and that [2] nTregs 

have the highest affinity for self-Ags. Despite a high affinity for self-peptides, nTregs 

maintain affinity values that are lower than that of self-reactive T-cells and therefore 

avoid thymic negative selection. Recent studies suggest that self-reactive TCRs are the 

main determinant that drives thymocytes to differentiate into nTregs in the thymus. After 

release from the thymus, peripheral nTreg maintenance requires a second encounter with 



69 
 

the cognate self-Ag in the periphery (131). The general consensus of current literature is 

that nTreg TCRs recognize self-antigens and the primary function of nTregs is prevention 

of autoimmune disease (129-131). 

Some studies suggest that iTregs have TCRs that are distinct from that of nTregs 

and can recognize both self and foreign Ags to prevent immune-mediated disease (132, 

133). A recent study by Lathrop et al. identified colonic iTregs with TCRs that 

recognized intestinal commensal bacteria and established tolerance to gut microbiota to 

prevent immune-mediated colitis (133). Hence, iTregs may more readily recognize 

allergen peptides and play a more dominant role than nTregs in suppressing allergic lung 

inflammation. However, Lewkowich et al., showed that nTreg depletion/ inactivation in 

mice during the immunization phase of the allergic asthma response leads to elevated 

house dust mite-induced allergic airway inflammation. This study indicates that nTregs 

play an important role in suppressing IL-4-driven allergic lung inflammation (83).  

In line with the study by Lewkowich and colleagues, our study establishes that, in 

vivo, STAT6 suppresses nTregs and allows for the propagation of Th2-driven lung 

inflammation.  Our adoptive transfer of control OVA-specific CD25- cells did not show a 

high level of conversion of iTregs in vivo in the presence of Th2 cells. Thus, in our 

adoptive transfer model, the suppression of allergic inflammation and remodeling was 

likely mediated by the donor nTregs. Based on our in vitro studies showing an equipotent 

suppression of T-cell proliferation by nTregs prepared from STAT6+/+ and STAT6-/- mice 

(90), we transferred STAT6+/+ nTregs in this experiment. In future studies, we will 

analyze whether STAT6 deletion in Tregs also alters in vivo Treg immunosuppressive 

function.  
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5.1 Introduction 

In the previous experiments, I demonstrated an antagonistic relationship between 

nTregs and STAT6 during allergic airway inflammation. However, the role of STAT6 in 

modulating was still unclear. Previous studies suggested that iTregs have a TCR 

repertoire with more similarity to effector T-cells than to the TCR repertoire described  

for nTregs, suggesting that iTregs may function to recognize non-self Ags rather than the 

self-Ags predominantly recognized by nTregs (134). Therefore, iTregs may play a more 

dominant role than nTregs in controlling responses to allergens. A number of important 

reports support this concept. It was shown that non-allergic individuals possess a larger 

proportion of allergen-specific TR1 cells (a subset of IL-10 secreting T-cells with 

regulatory function) than allergic patients (128). Other in vitro studies have shown that 

IL-4 inhibits TGF-β-induced Foxp3+ T-cells in a STAT6-dependent manner (87). In 

addition, in vitro experiments using ChIP assays by Takaki and colleagues revealed a 

repressor domain in the Foxp3 promoter region that contains a STAT6-binding site. 

These results suggests that STAT6 may reduce iTreg generation by acting as a 

transcriptional repressor of Foxp3 and blocking transition of CD4+CD25+Foxp3(-) naïve 

T-cells into CD4+CD25+FoxP+ iTregs in the periphery (89). Therefore, we predicted that 

compared to STAT6-sufficent mice, there will be a higher frequency of both nTregs and 

iTregs in STAT6-/- mice. 

5.2 Results 

Our original plan to evaluate the regulation of iTregs by STAT6 relied on the 

generation of a novel mouse strain to be achieved by crossing STAT6xRAG2-/- mice to 
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D011.10xRAG2-/-Foxp3GFP(KI) mice (Figure 5.1). Foxp3GFP(KI) knock-in mice had 

previously been generated by an in-frame insertion of eGFP  into the first coding exon of 

the Foxp3 gene allele (located on the X chromosome) to encode a chimeric GFP-Foxp3 

fusion protein with eGFP inserted between the 5th and 6th N-terminal amino acids of 

Foxp3 (96).  D011.10xRAG2-/-Foxp3GFP(KI) mice  were generated by Jonathan Skupsky 

via sibling crossing of D011.10xRAG2-/- mice and Foxp3GFP(KI) mice (96, 97). Skupsky et 

al. demonstrated that D011.10xRAG2-/-Foxp3GFP(KI) reporter mice lack nTregs; Foxp3 

expression was not detected prior to immunization and allergen challenge (97). However, 

Foxp3 expression detected via the GFP marker was induced after immunization with 

OVA, demonstrating the generation of Ova-specific iTregs (97). Our original plan was to 

cross these mice with STAT6-/- mice to generate STAT6-sufficient and STAT6-deficient 

variants of the D011.10xRAG2-/-Foxp3GFP(KI) mouse strain that we would use to examine 

the interaction between STAT6 and iTregs, in the context of allergic asthma. 

Unfortunately, after 12 months of attempted breeding, all D011.10xRAG2-/-Foxp3GFP(KI) 

mice died and the generation of D011.10x STAT6-/-x RAG2-/-Foxp3GFP(KI) mice was 

unsuccessful.  

As an alternative approach, D011.10x STAT6-/-x RAG2-/-Foxp3GFP(KI),  

homozygous female D011.10xFoxp3GFP(KI) mice were crossed to male STAT6-/- mice 

(Figure 5.2). This strain would still contain the intrinsic Treg marker, GFP, but not the 

RAG2 deletion. 

As expected, all F1 mice were heterozygous, for D011.10 and STAT6. Male F1 

mice were hemizygous and female mice were heterozygous for the Foxp3 GFP insertion 

(on the X chromosome). F1 males and females were crossed to produce the F2 generation.  
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Figure 5.1 Breeding Schematic for Generation of D011.10x STAT6
-/-

x RAG2
-/-

Foxp3
GFP(KI)

 

mice. In order to generate Balb/c D011.10x STAT6
-/-

x RAG2
-/-

Foxp3
GFP(KI)

 mice, D011.10x 

RAG2
-/-

Foxp3
GFP(KI)

 mice were initially crossed to STAT6x RAG2
-/-

 mice. F1 pups were 
genotyped twice to ensure they were heterozygous for all genetic manipulations. Brother and 
sister mating was used to attempt to generate the F2 generation, but after 12 months of repeated 
breeding of F1, there were no successful pregancies. Furthernore, all mice of the parental 

D011.10x RAG2
-/-

Foxp3
GFP(KI)

 strain died.  
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Figure 5.2 Breeding Schematic for Generation of D011.10x STAT6
-/-

xFoxp3
GFP(KI)

 mice. To 

generate Balb/cD011.10x STAT6
-/-

xFoxp3
GFP(KI)

 mice, homozygous female D011.10xFoxp3
GFP(KI)

 

mice were initially crossed to male STAT6
-/-

 mice. F1 pups were genotyped twice to ensure they 
were heterozygous for all genetic manipulations. Brother and sister mating was used to generate 
the F2 generation. Males hemizygous for GFP were crossed with GFP heterozygous females  to 
generate the desired genotype (F3). 
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Subsequent sibling mating was performed until 3 mice (2 females and 1 male) were 

generated with the desired genetic makeup: Balb/c D011.10x STAT6-/-x Foxp3GFP(KI) 

(Figure 5.3).  These mice were used to breed and produced 8 total mice for the second 

generation of the novel strain. 

Our previous studies indicate that Balb/c STAT6-/- mice have a ~2-fold larger 

Treg population in their lungs and spleen under naïve and inflammatory conditions, when 

compared to Balb/c WT mice. To confirm that our new mice showed a similar 

association between STAT6 deletion and an expanded Treg population, we analyzed the 

LN and spleens from untreated D011.10 Foxp3GFP(KI) mice and D011.10xSTAT6-/-

Foxp3GFP(KI) mice for GFP expression as a marker for Foxp3+ Tregs (Figure 5.4). We 

found that compared to D011.10 Foxp3GFP(KI) mice , D011.10xSTAT6-/-Foxp3GFP(KI) mice 

had 5-fold more CD4+Foxp3+ Tregs in their LN’s and twice as many Tregs in their 

spleen. Therefore, there is a higher frequency of nTregs in STAT6-/- mice and we 

confirmed that STAT6 deletion had the same effect on nTregs in our new transgenic mice 

as in STAT6-/- Balb/c mice.  

To determine the effect of STAT6 expression on iTreg generation in our 

transgenic model, we incubated splenocytes isolated from naïve D011.10 Foxp3GFP(KI) 

and D011.10xSTAT6-/-Foxp3GFP(KI)  mice with anti-CD3 for 120 hours under various in 

vitro conditions and analyzed generation of inducible Tregs  by flow cytometry 

measurement of Foxp3 (GFP) (Figure 5.5A) (107). Although there was a slightly higher 

frequency of CD4+Foxp3+ STAT6-/- T-cells compared to cultures from D011.10 

Foxp3GFP(KI) mice in the absence of TGFβ, IL-2 mediated peripheral survival of 

CD4+Foxp3+ T-cells was similar for both stains (5.42% vs. 4.6%), respectively (Figure  
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Figure 5.3 PCR Genotyping of Novel Strain D011.10x STAT6
-/-

xFoxp3
GFP(KI)

. Tail snips 
obtained from individual pups (1-7) were genotyped as described in Materials and Methods for 
expression of (A) the D011.10 transgene, (B) deletion of STAT6, and (C) GFP insertion in Foxp3 
exon. To ensure genetic integrity, PCR was repeated on separate tail tips before future crosses 
were set-up. 1.5% Agarose Gels are shown. The genotype of each pup is noted and pup #5 had all 
the desired genetic manipulations of the novel strain.  
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Figure 5.4 Elevated nTreg Frequency in STAT6

LN and spleen were compared in BALB/c D011.10xFoxp3

Foxp3
GFP(KI) 

mice. Single cell suspensions prepared from their spleens and lymph nodes were 

immunostained with anti-CD4 antibody to allow gating on T cells. Foxp3 (GFP) levels of CD4
cells was measured by flow cytometry.
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Figure 5.4 Elevated nTreg Frequency in STAT6-deficient Mice. The percentage of nTregs in 

LN and spleen were compared in BALB/c D011.10xFoxp3
GFP(KI) 

and BALB/c D011.10xSTAT6

mice. Single cell suspensions prepared from their spleens and lymph nodes were 

CD4 antibody to allow gating on T cells. Foxp3 (GFP) levels of CD4
cells was measured by flow cytometry. 

 

The percentage of nTregs in 

and BALB/c D011.10xSTAT6
-/- 

mice. Single cell suspensions prepared from their spleens and lymph nodes were 

CD4 antibody to allow gating on T cells. Foxp3 (GFP) levels of CD4
+
 



 

Figure 5.5 Elevated TGFβ

cell suspensions were prepared from D011.10x

Foxp3
GFP(KI) 

mouse spleens and 1x10
anti-CD3 in the presence of IL
antibody to CD4 and CD25 prior to flow cytometry. Foxp3 (GFP) expression is shown in CD4+ 
gated splenocytes. 
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β-mediated Foxp3+ iTreg Generation in absence of STAT6

cell suspensions were prepared from D011.10x
 
Foxp3

GFP(KI) 
and BALB/c D011.10xSTAT6

mouse spleens and 1x10
5
 cells were cultured in nutrient rich media for 5 days with 

nce of IL-2 and TGFβ as indicated.  Cells were stained with conjugated 
antibody to CD4 and CD25 prior to flow cytometry. Foxp3 (GFP) expression is shown in CD4+ 

 

Foxp3+ iTreg Generation in absence of STAT6. Single 

and BALB/c D011.10xSTAT6
-/- 

cells were cultured in nutrient rich media for 5 days with 
as indicated.  Cells were stained with conjugated 

antibody to CD4 and CD25 prior to flow cytometry. Foxp3 (GFP) expression is shown in CD4+ 
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5.5B far left panel). Under typical in vitro iTreg generating conditions, in which 

exogenous IL-2 and a low concentration of TGFβ (3 ng/mL) was provided, a 1.4-fold 

higher frequency of CD4+Foxp3+ T-cells was observed in cultures using splenocytes from 

D011.10xSTAT6-/-Foxp3GFP(KI)  mice (11.4%) compared to that of D011.10 Foxp3GFP(KI) 

mice (8.14%). As a control for the effects of IL-2 on iTreg conversion, splenocytes were 

also incubated with a high concentration of TGFβ (10 ng/mL), without exogenous IL-2. 

There was a 1.4-fold increase in CD4+Foxp3+ T-cells in the STAT6-deficient mice 

(8.56%) compared to the STAT6-sufficient ones (5.88%). Therefore, splenocytes 

deficient in STAT6 have a modestly increased capacity for in vitro iTregs generation than 

STAT6-sufficient splenocytes. These results suggest that STAT6 negatively modulates 

the generation of iTregs in vitro.  

 

 5.3 Discussion 

These results confirmed our previous findings that STAT6 suppresses nTregs in 

vivo and begin to identify the mechanisms responsible for the 2-fold greater number of 

nTregs in STAT6-/- mice vs. STAT6-sufficient mice. Additionally, our results 

demonstrate that STAT6 antagonizes the generation of iTregs in vitro. Of the various 

treatment studies, the combination of IL-2 and a moderately low concentration of TGFβ 

activated generation of the greatest number of CD4+ T cells expressing Treg marker 

Foxp3 (GFP), as previously described (107).  TGFβ-mediated iTreg generation was 

augmented by IL-2. Previous studies have illustrated that STAT6 is necessary for IL-4 

blockade of TGFβ-induced Foxp3 expression (88, 135). Additionally, Hadjur et al. used a 

retroviral vector to express a constitutively active STAT6 variant (STAT6VT) and 
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showed that STAT6 is sufficient to suppress TGFβ-mediated Foxp3 induction. Therefore, 

it was concluded that STAT6 activation is one pathway that mediates IL-4 antagonism of 

TGFβ-induced iTreg generation (135). 

The relative roles of natural vs. inducible Tregs during allergic lung inflammation 

are still not well understood. A study by Josefowicz et al. revealed that compared to their 

WT counterparts, mice devoid of iTregs that are dependent on a highly conserved non-

coding sequence in the Foxp3 promoter region (CNS1) exhibited spontaneous Th2-type 

airway inflammation.  These mice have intact nTregs. Therefore this study suggested a 

non-redundant role for iTregs to block mucosal allergic inflammation in the lung (136). 

Furthermore, Xu and colleagues demonstrated that the adoptive transfer of in vitro 

generated iTregs to sensitized mice, before or during OVA challenge reduced allergic 

lung inflammation and improved lung function (94).  Natural Tregs have also been 

implicated in the control of allergic airway inflammation in our Treg adoptive transfer 

experiments (Chapter 4) and in a study by Lekowich et al. (83). Thus, Ag-specific iTregs 

and nTregs may act synergistically to suppress allergic lung inflammation. 

Unfortunately, after 2 years of mouse breeding, the 2nd generation pups of the 

D011.10xSTAT6-/-Foxp3GFP(KI)  mouse stain failed to reproduce and the strain was 

subsequently lost. There were some anatomical abnormalities observed in the 

reproductive organs of the mice. Male mice had testicular atrophy and female mice were 

devoid of a mature, complete vaginal opening. These abnormalities were not observed in 

earlier generations of the novel strain or individual strains with only one or two of the 

genetic manipulations. Interestingly, the GFP insertion into the Foxp3 exon that was 

originally designed by Fontenot et al. has been suggested by some studies to interfere 
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with Foxp3 function in the context of specific inflammatory disorders, such as diabetes 

(96, 137). A study by Bettini et al. illustrated a loss in the ability of Foxp3 to mediate 

epigenetic modification of itself, which was correlated with accelerated autoimmune 

diabetes when Foxp3GFP(KI) reporter mice were bred onto a NOD genetic background 

(137). It is possible that the GFP insertion interferes with Foxp3 interactions with other 

unknown proteins that impact development and maintenance of reproductive organs. 

We do not believe, however, that the GFP insertion in the Foxp3 exon prevented 

Treg function in the context of allergic inflammation because of the ability of nTregs 

isolated from D011.10xFoxp3GFP(KI)  mice to suppress allergic inflammation (Chapter 4). 

Additionally, a study by Darce and colleagues showed that although the GFP insertion in 

the Foxp3 exon increases susceptibility to diabetes mellitus, it unexpectedly provides 

protection from the development of antibody-mediated arthritis (138). The study also 

demonstrates that Tregs from Foxp3GFP(KI)  mice are unable to interact with HIF-1α, a 

transcription factor that induces proteasomal degradation of Foxp3 (138). Therefore, the 

insertion of the GFP marker into the Foxp3 N-terminal domain appears to differentially 

augment or weaken Treg immune regulation in the context of different inflammatory 

disorders. 

Nevertheless, these mice demonstrated that STAT6 had a stronger suppressive 

effect on nTregs than compared to iTregs. The absence of STAT6 expression allowed for 

a 2-fold increase in nTregs, but only a 1.4-fold increase in iTreg generation. These results 

were unexpected due to a previous study that established that STAT6 can directly block 

Foxp3 expression and iTreg generation in vitro (89).  
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6.1 Introduction 

The paucity of studies that distinguish between nTregs and iTregs is due in part to 

the technical challenges to separating the two cell populations, which have very similar 

gene-expression patterns. Some studies indicate that nTregs have complete demethylation 

of their Foxp3Treg-specific demethylated region (TSDR), whereas in vitro generated 

iTregs only have partial demethylation (139). Until recently, only a few phenotypic 

differences observed between nTregs and activated iTregs were known. Microarray 

studies first identified a transcription factor known as Helios, expression of which is 

upregulated in Tregs (96, 140). Helios is a highly conserved transcription factor in the 

IKAROS family that may play a role regulating early hematopoiesis (141). Helios is 

expressed at high levels during early thymic T-cell development, but its expression levels 

decrease in most mature T-cells that leave the thymus. However, there is a small subset 

of mature T-cells in the periphery that maintain high Helios expression (141). 

Interestingly, a study by Getnet et al. showed that in vitro generated human iTregs failed 

to upregulate Helios expression and suggested that increased Helios expression may be 

used to distinguish nTregs from iTregs (142). Thornton and colleagues report similar 

results, in which all thymic Foxp3+ cells from young mice are Foxp3+ Helios+ T-cells 

(121).  Additionally, both in vitro generated iTregs and Ag-specific iTregs generated in 

vivo from Foxp3-  T-cells using oral Ag exposure, failed to express Helios (121) . 

Therefore, the subset of T-cells initially observed to maintain Helios expression after 

leaving the thymus from the study by Kelley and colleagues may be nTregs (141).   

Since Helios is an intracellular protein, its detection requires that cells be 

permeabilized to measure its expression. Therefore, Helios expression cannot be used to 
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separate nTregs from iTregs for functional studies, unless a knock-in cell surface-

expressed reporter gene or fluorescent reporter gene can be inserted into the Helios gene 

in a manner that will not interfere with its expression. Alternatively, a transgene that 

codes for a convenient surface marker could be inserted within genes whose expression is 

controlled by a Helios-responsive promoter. Hence, a surface marker is a more desirable 

tool to use to distinguish cell populations. Recently, Yadav and colleagues identified a 

surface marker that is predominantly expressed on nTregs, but not on iTregs (143). 

Neuropilin-1 (Nrp-1) is a semaphorin III receptor that plays a role in axon guidance and 

the human immunological synapse between an APC and a naïve T-cell (144, 145).  

Additionally, Nrp-1 is also a receptor for one specific VEGF isoform, known as 

VEGF165, which causes pathological angiogenesis in mice (145, 146). It is unknown 

whether the roles of Nrp-1 in angiogenesis, immune regulation, and axon motion are 

related or not.  Using in vivo iTreg generation and tolerance induction, Yadav’s study 

revealed that peripherally generated Foxp3+ iTregs do not express high levels of Nrp-1 on 

their surface (143). Additionally, Tregs isolated from tolerized WT mice had a mix of 

CD4+Foxp3+Nrp-1- and CD4+Foxp3+Nrp-1+ cells, presumably, iTregs and nTregs, 

respectively. A study by Weiss et al. supports these findings and reported that all thymic 

CD4+Foxp3+ nTregs from Foxp3-GFP reporter mice also expressed Nrp1 (147).  Based 

on these reports, we tested whether Helios and Nrp1 expression can be used to 

discriminate nTregs vs. iTregs. We expect that the use of Helios and Nrp1 to distinguish 

nTregs from iTregs will reveal a higher frequency of both nTregs and iTregs in STAT6-/-

mice compared to WT. 

6.2 Results 
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To investigate the ability of Helios and Nrp-1 to distinguish nTregs from iTregs, 

we performed a series of experiments to measure nTreg and iTreg frequencies under 

steady-state and inflammatory conditions. Tregs were harvested from the LNs and spleen 

of mice and cells were analyzed using surface and intracellular antibodies and flow 

cytometry. Using Helios, CD4, and Foxp3 expression to identify nTregs, we found that 

under both homeostatic and inflammatory conditions and on two genetic backgrounds, 

STAT6-/- mice consistently contained a higher frequency of LN CD4+Foxp3+Helios+ 

nTregs (Figure 6.1). Naïve Balb/c STAT6-/- mice had a higher frequency of 

CD4+Foxp3+Helios+ nTregs than WT (8.71% vs. 6.86%) (Figure 6.1 top panel).  This 

result was also seen in naïve C57BL/6 mice, in which STAT6-/- mice had a 3-fold higher 

frequency of CD4+Foxp3+Helios+ nTregs than WT (10.6% vs. 3.74%) (Figure 6.1 middle 

panel). In addition to higher nTreg percentages, both Balb/c WT and STAT6-/- mice 

demonstrated an expansion of CD4+Foxp3+Helios- putative iTregs after immunization, 

but immunized STAT6-/- mice generated twice as many of these cells as WT mice (7.84% 

vs. 4.64%, respectively) (Figure 6.1 lower panel).   

Since Akimova et al. have reported that Helios expression is a marker of T cell 

activation and was restricted to Tregs, we sought to clarify the relative Helios expression 

in non-Treg (Foxp3-)  and Treg cells (Foxp3+) (148). We found that CD4+CD25+Foxp3+  

Tregs has substantially greater Helios expression than CD4+CD25+Foxp3- activated T-

cells from both the spleen and LNs in OVA-immunized WT (Figure 6.2A) and STAT6-/- 

mice (Figure 6.2B).  

An analysis of the same mice using Nrp1 expression to distinguish between 

nTregs and iTregs yielded similar results as that seen for Helios flow cytometry (Figure  



 

Figure 6.1 Expansion of CD4

STAT6
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mice were not treated or 
Figure 3.2A. Single cell suspensions prepared from the LN of naïve or OVA

STAT6
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mice were stained with conjugated antibody to CD4, CD25, Nrp1, and stained 
intracellularly for Foxp3 and Helios prior to flow cytometry. Helios and Foxp3 expression is 

shown in the CD4
+
 cell population. n=2

84 

Figure 6.1 Expansion of CD4
+
Foxp3

+
Helios

-
 iTregs in immunized mice. As indicated, 

mice were not treated or immunized i.p. twice with OVA as previously described in 
Figure 3.2A. Single cell suspensions prepared from the LN of naïve or OVA-immunized 

were stained with conjugated antibody to CD4, CD25, Nrp1, and stained 
3 and Helios prior to flow cytometry. Helios and Foxp3 expression is 

cell population. n=2-3 mice/group. 

 

As indicated, WT and 

immunized i.p. twice with OVA as previously described in 
immunized WT and 

were stained with conjugated antibody to CD4, CD25, Nrp1, and stained 
3 and Helios prior to flow cytometry. Helios and Foxp3 expression is 



 

Figure 6.2 CD4
+
CD25

+
Foxp3

levels of Helios in immunized Bab/c WT and STA
immunized i.p. twice with OVA as previously described in Figure 3.2A. Single cell suspensions 
prepared from the LN were stained with conjugated antibody to CD4, CD25, and stained 
intracellularly for Foxp3 and Helios pr

the CD4
+
 CD25

+
 Foxp3

-
 or CD4

mice. n=2 mice/group. 
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prepared from the LN were stained with conjugated antibody to CD4, CD25, and stained 
intracellularly for Foxp3 and Helios prior to flow cytometry. (A) Helios expression is shown in 
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ior to flow cytometry. (A) Helios expression is shown in 

cell population for (A) WT or (B) STAT6
-/-
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6.3).  Under both naïve and OVA-immunized conditions, the percentage of  

CD4+Foxp3+Nrp1+ nTregs was always greater in STAT6-/- mice than WT mice.  Naïve 

Balb/c STAT6-/- had a 2-fold higher frequency of CD4+Foxp3+Nrp1+ nTregs as WT 

(11.6% vs. 5.54%, respectively) (Figure 6.3 top panel). Naïve C57BL/6 WT mice had a 

3.95% frequency of CD4+Foxp3+Nrp1+ nTregs, but this was increased ~3-fold in STAT6-

/- mice (10.6%) (Figure 6.3 middle panel). After immunization with OVA, there was an 

emergence of CD4+Foxp3+Nrp1- cells that we propose are peripherally generated iTregs. 

As we found using Helios expression, generation of CD4+Foxp3+Nrp1- putative iTregs 

was greater in immunized Balb/c STAT6-/- mice than in immunized WT mice (8.53% vs. 

5.33%) (Figure 6.3 lower panel). 

We also compared Helios and Nrp1 expression in LN CD4+Foxp3+ Tregs from 

naïve C57BL/6 WT and STAT6-/- mice (Figure 6.4). All mouse strains revealed three 

distinct T-cell subsets based on their Helios and Nrp1 expression within their 

CD4+Foxp3+ T cells. The first T-cell subset expressed high levels of Nrp1 and Helios and 

are putative nTregs (CD4+Foxp3+Nrp1+Helios+). There was a higher frequency of Nrp1- 

and Helios-expressing nTregs in STAT6-/- mice than in WT mice (57.9% vs. 37.2%, 

respectively). The second CD4+Foxp3+ cell subset expressed intermediate levels of 

Helios and no Nrp1. There was an equal frequency of this unidentified cell subset in WT 

(27%) and STAT6-/-(21.4%) mice. The third cell subset of CD4+Foxp3+ cells did not 

express Helios or Nrp1. STAT6-/- mice contained a 5-fold lower percentage of these 

CD4+Foxp3+Helios-Nrp1- cells than WT mice (4.77% vs. 22.9%, respectively).  
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Figure 6.3 Expansion of CD4
+
Foxp3

+
Nrp1

-
 iTregs in immunized mice. As indicated, 

mice were not treated or immunized i.p. twice with OVA as previously described in 
Figure 3.2A. Single cell suspensions prepared from the LN of naïve or OVA-immunized 

were stained with conjugated antibody to CD4, CD25, Nrp1, and stained 
3 and Helios prior to flow cytometry. Nrp1 and Foxp3 expression is 

cell population. n=2-3 mice/group. 

 

As indicated, WT and 

immunized i.p. twice with OVA as previously described in 
immunized WT and 

were stained with conjugated antibody to CD4, CD25, Nrp1, and stained 
3 and Helios prior to flow cytometry. Nrp1 and Foxp3 expression is 



 

Figure 6.4 Differential Expression of Helios and Nrp1 in CD4
C57BL/6 mice. Single cell suspensions 
were stained with conjugated antibody to CD4, CD25, Nrp1, and stained intracellularly for Foxp3 

and Helios prior to flow cytometry. Helios and Nrp1 expression is shown in the CD4
population. n=2 mice/group.
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Figure 6.4 Differential Expression of Helios and Nrp1 in CD4
+
Foxp3

+
 Tregs from naïve 

Single cell suspensions prepared from the LN of C57BL/6 WT or STAT6
were stained with conjugated antibody to CD4, CD25, Nrp1, and stained intracellularly for Foxp3 

and Helios prior to flow cytometry. Helios and Nrp1 expression is shown in the CD4
n=2 mice/group. 

 

Tregs from naïve 
prepared from the LN of C57BL/6 WT or STAT6

-/-
 mice 

were stained with conjugated antibody to CD4, CD25, Nrp1, and stained intracellularly for Foxp3 

and Helios prior to flow cytometry. Helios and Nrp1 expression is shown in the CD4
+
 Foxp3

+
 cell 
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6.3 Discussion 

Our studies support the use of Helios to identify nTregs, along with CD4, CD25, 

Foxp3 and Nrp1 expression. However, some studies have revealed conflicting findings 

and do not support the use of Helios to identify nTregs. Studies by Zabransky and 

colleagues that utilized in vitro generation of iTregs with TGF-β illustrated that iTregs 

upregulated Helios expression (149). This is in direct contrast to in vitro data from 

Thornton’s study, in which the identical in vitro conditions were used, except 

Zabransky’s study sorted Foxp3-GFP- T-cells and Thornton’s study used CD4+Foxp3-

GFP- T-cells (121, 149). The discrepancy in these findings may be due to a CD4-Helios+ 

T-cell population in Zabransky’s study or to differences in intracellular staining methods 

for Helios expression. Additionally, Akimova et al. found that TGF-β-induced in vitro 

iTreg generation resulted in Foxp3+Helios+ iTregs and suggested that Helios is actually a 

marker of T-cell activation and proliferation based on co-expression of Ki67 and Helios 

by T-cells in vivo (148). Unlike Thornton’s study, Akimova’s also used α-CD28 in 

addition to IL-2, TGF-β, and α-CD3 to generate the iTregs (121, 148). Additionally, 

~65% of generated Foxp3+ iTregs in Akimova’s study did not express Helios (148). In 

contrast to Akimova’s study, activated conventional T-cells did not upregulate Helios 

expression in our OVA/alum immunization model. Therefore, our studies suggest that 

Helios is not a marker of T-cell activation, but rather a marker for nTregs. Using an 

astrocytoma mouse model, Wainwright et al. found that the majority of Tregs infiltrating 

the brain tumor were derived from the thymus and this Treg population was dominated 

by Helios+ cells (150). Moreover, several studies have successfully used downregulation 

or the absence of Helios expression to define iTreg cell populations (151, 152).  
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In vivo, Nrp1 expression coincided with Helios expression to help identify nTregs 

in our study and may prove to be useful in sorting nTregs from iTregs. Interestingly, 

Weiss et al. found that CD4+Foxp3+Nrp1- Tregs upregulated Nrp1 expression after in 

vitro exposure to TGF-β. They suggest that TGF-β may drive Nrp-1 expression in vitro, 

but that other unknown in vivo factors may counteract this. Studies by Glink et al. imply 

that Nrp-1could have yet another function and act as a co-receptor for TGF-β (153). 

Additionally, in both an EAE model and a Th2-mediated chronic lung inflammation 

model, in vivo generated iTregs isolated from the site of inflammation expressed high 

levels of Nrp-1 on their surface (147). This is in direct contrast to Nrp1- iTregs isolated 

from the secondary lymphoid tissue of those mice undergoing inflammation; all Nrp1- 

iTregs maintained a low level of Nrp-1 expression (147). Inflammatory 

microenvironments may release specific signals that alter iTreg Nrp1 expression. 

Therefore, low Nrp1 expression can be used to identify iTregs from mice under steady-

state conditions, but not within in vitro or inflammatory environments. 

We found that Helios and Nrp1 expression distinguishes nTregs from iTregs and 

that Helios expression in activated non-Treg cells is much lower than in Tregs. Using 

Helios and Nrp1 expression as criteria for distinguishing nTregs from iTregs, we found 

almost all CD4+Foxp3+ Tregs are nTregs under naïve conditions regardless of the STAT6 

gene status. OVA-sensitization prompted the emergence of a population of CD4+Foxp3+ 

Tregs that did not express Helios or Nrp1 and which we contend are Ag-induced iTregs. 

Immunized STAT6-/- mice contained a higher absolute number and percentage of LN 

iTregs and a higher absolute number of nTregs than WT mice. Therefore, we have 

extended our previous results by showing that STAT6 inhibits both nTregs and iTregs in 
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vivo. Our studies demonstrate that in addition to controlling Treg number, STAT6 also 

suppresses Nrp1 and Helios expression on Foxp3+ Tregs. There was a substantial 

increase in Helios and Nrp1 expression by CD4+Foxp3+Tregs from STAT6-/- mice 

compared to WT. 

Using Helios and Nrp1 to discriminate iTregs, we saw a 2-3-fold higher 

percentage of CD4+Foxp3+ nTregs in naïve STAT6-/- mice than WT, on the Balb/c and 

C57BL/6 genetic backgrounds. These results agree with the nTreg frequencies assessed 

using D011.10x Foxp3GFP(KI)  mice (Chapter 3). Following OVA-immunization, there was 

a 1.3-fold increase in nTregs in the absence of STAT6 and a 1.7-fold increase in in vivo 

generated iTregs. Therefore, under Ag-exposure conditions, there was a slightly more 

pronounced effect of STAT6 on iTregs than nTregs. Our studies suggest that STAT6 has 

a stronger suppressive effect on nTregs than in vitro generated iTregs in TCR transgenic 

D011.10 mice, but not on in vivo Ag-induced iTregs in mice with a diverse TCR 

repertoire. Further studies comparing in vivo vs. in vitro iTreg generation could determine 

if additional in vivo factors that are absent in vitro influence STAT6 suppression of 

iTregs.   
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7.1 Introduction  

While the focus of my project was on STAT6, I also evaluated the role of IRS2 in 

OVA-induced iTregs. IRS2 is the second major signal transduction pathway that is 

activated via signaling through the Type I and Type II IL-4 receptors (59). Previous 

studies from our lab showed that IRS2-/- mice exhibit increased allergic lung 

inflammation and upregulated expression of YM1, a known marker of alternatively 

activated macrophages (AAMs), compared to WT mice (154) (Dasgupta, Dorsey et al. 

2013 re-submitted). AAMs have been shown to play a pivotal role in IL-4-mediated Th2 

driven inflammation and to help induce allergic lung inflammation (46, 155). 

Furthermore, Blaeser et al. found that a germline point mutation that changed Tyrosine 

500 of the I4R motif of IL-4Rα to a phenylalanine and prevented IRS2 phosphorylation 

led to enhanced allergic airway inflammation (156). 

Therefore, previous studies suggest that IRS2 normally inhibits AAMs to prevent 

allergic airway inflammation. We wanted to explore the effect, if any, of the IRS2 

signaling pathway on Tregs. Since IRS2-deficient mice have greater allergic 

inflammation, we would expect for these mice to have fewer Tregs. 

7.2 Results  

LNs were harvested from OVA-immunized and control alum-immunized IRS+/+, 

IRS2+/- and IRS2-/- mice and analyzed for Treg marker expression by flow cytometry. 

Following alum or OVA immunization, the frequency of CD4+CD25HI cells was ~5% of 

all T lymphocytes in all three strains of mice (Data not shown). After OVA-sensitization, 

intracellular Foxp3 expression was lowest in CD4+CD25HI T cells from IRS+/+ mice 
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(57%) (Figure 7.1A). The Treg frequency increased in mice that were heterozygous for 

IR2 expression to 77%. The highest Treg frequency was seen in IRS2-/- mice, in which 

98% of their CD4+CD25HI T cells expressed Foxp3. The MFIs of the APC fluorochrome 

used to detect Foxp3 expression for gated CD4+CD25HI T cells produced results that 

paralleled the percentages of Foxp3 expressing cells (Figure 7.1B). IRS+/+, IRS2+/-, and 

IRS2-/- mice had Foxp3 MFIs of 628, 732, and 2459 respectively. In the primed and 

challenged IRS2-/- mice, CD4+Foxp3+ Treg expression levels of Foxp3 were noticeably 

higher. 

In contrast with the results in OVA-immunized mice, the percentages of Foxp3-

expressing CD4+CD25HI cells in alum-immunized control mice was similar in all three 

strains. In fact, under these conditions IRS2-/- mice exhibited the lowest frequency of 

Foxp3+ Tregs (39.6%) (Figure 7.2).  
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Figure 7.2 In vivo nTreg frequency in IRS2 mice under steady state conditions. C57BL/6 
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7.3 Discussion 

We showed that the OVA-sensitized IRS2 deficient mice have elevated levels of 

CD4+CD25HI Foxp3+ Tregs, compared to IRS+/+ and IRS2+/- mice. This result is unique to 

antigen exposure and the elevated Treg frequency is not seen in alum-treated IRS-/- mice. 

Furthermore, based on flow cytometry data, this appears to be a gene dosage-mediated 

effect; there is a gradual increase in Foxp3 expressing cells from to IRS+/+ to IRS2+/- to 

IRS-/- mice. With each additional loss of an IRS2 allele, more CD4+CD25HI cells express 

Foxp3. Based on MFI values for Foxp3 expression, OVA-treated IRS+/- mice have a 

slightly higher MFI than IRS+/+ mice, but there was an extreme elevation of the Foxp3 

MFI in IRS2-/- mice. These data suggest that expression of one allele in mice 

heterozygous for IRS2 is enough to provide partial compensation and prevent a large 

increase in Foxp3 expression. Additionally, these results suggest an apparent antagonistic 

relationship between IRS2 and Foxp3 consistent with a study by Haxhinasto et al. that 

established that AKT (Protein Kinase B) , which is activated by IRS2 signal transduction, 

negatively regulates Foxp3 induction and the Treg transcriptional program (157).  

Furthermore, IRS2 expression had no effect on nTregs in naïve mice (data not 

shown), but suppressed Foxp3 expression by iTregs in OVA-immunized mice. Based on 

our previous studies that demonstrated increased allergic lung inflammation in OVA-

immunized and challenged IRS2-/-, we did not expect OVA-sensitized and challenged 

IRS2-/- mice to have an elevated Treg frequency. While we observed an increase in 

Foxp3+ cells in the IRS2-/- mice using expression of surface markers and Foxp3, we did 

not directly measure the suppressive activity of these cells. It is possible they would have 

reduced suppressive activity.  
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As previously mentioned, the expansion of Tregs is accompanied by higher levels 

of AAMs in IRS2-/- mice during allergic lung inflammation. A potential unifying 

explanation for these findings is that IRS2 normally antagonizes AAM development. 

Therefore, AAMs expand in the absence of IRS2 expression. As a feedback regulatory 

loop, AAMs may directly or induce other cells, to secrete IL-10 or other anti-

inflammatory signals that can augment Treg expansion. A previous study by Guo et al. 

demonstrated that enhanced in vivo Treg expansion was mediated by IL-10-secreting 

AAMs, which improved recovery from acute lung injury (158). While these studies 

demonstrate antagonism between IRS2 and Foxp3 expression, the enhanced allergic lung 

injury and AAM expansion in IRS2-/- mice suggest the relationship between IRS2 and 

allergic lung inflammation is complex and will require additional studies to fully resolve.  
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8.1 Introduction 

Asthma is a chronic respiratory disorder that affects over 300 million people 

worldwide (2). A specific subset of asthmatics have respiratory symptoms that are 

triggered by an allergic response. Allergic lung inflammation is a Th2 –mediated 

adaptive immune response that involves the release of Th2 cytokines IL-4, 5, and 13. IL-

4 and IL-13 signal through receptors that activate two main downstream pathways: 

STAT6 and IRS2. STAT6 has been shown to be necessary for the propagation of IL-4-

mediated allergic lung inflammation, especially eosinophilia and Th2 cell differentiation 

and migration. As expected, STAT6-/- mice are resistant to allergic lung inflammation. 

However, there is still an absence of allergic lung inflammation even after STAT6-/- mice 

are given STAT6-sufficient WT Th2 effectors or WT bone marrow. Therefore, in 

addition to supporting Th2 cells during allergic airway inflammation there is another 

function for STAT6 in propagating Th2-mediated allergic inflammtion. Furthermore, 

when STAT6-/- mice are crossed onto a lymphocyte-deficient background 

(STAT6xRAG2-/- mice), their resistance to allergic inflammation is lost and immunized 

mice experience moderate airway eosinophilia. Thus, a Rag2-dependent cell that is 

present in STAT6-/- mice, but is lacking in STAT6xRAG2-/- mice is influencing allergic 

disease outcome. Our previous studies have illustrated that compared to WT mice, 

STAT6-/- mice have a 2-fold higher amount of CD4+CD25HIFoxp3+ Tregs, under steady-

state and inflammatory conditions. Therefore, we proceeded to test the hypothesis that 

STAT6-/- mice are resistant to allergic lung inflammation because of their expanded Treg 

population and that in vivo, STAT6 normally modulates Tregs to promote allergic lung 

inflammation.  
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This current study has confirmed that naïve and OVA-immunized STAT6-/- mice 

of multiple genetic backgrounds have enhanced nTreg and iTreg populations and in vivo 

Treg expansion in the absence of STAT6 expression is a universal phenomenon. 

Additionally, Treg depletion/ inactivation in STAT6-/- mice allowed for the restoration of 

allergic lung inflammation and support the notion that Tregs render STAT6-/- mice 

resistant to allergic inflammation. Our nTreg adoptive transfer experiments demonstrated 

an antagonistic in vivo relationship between nTregs and STAT6 during allergic lung 

inflammation. Furthermore, we illustrated the ability of nTregs to suppress allergic lung 

inflammation and airway remodeling in STAT6xRAG2-/- mice, which normally 

experience moderate allergic airway inflammation.  

Our studies indicate that a 2 fold change in the number or percentage of Tregs can 

influence the outcome of allergic disease. STAT6-/- mice, which are resistant to allergic 

airway inflammation, have twice as many Tregs than wildtype mice (90). When we 

reduced the proportion of Tregs in STAT6-/- mice (who were all given equal number of 

Th2 effectors) by half using PC61, allergic lung inflammation was exacerbated. 

Additionally, when STAT6xRAG2-/- mice were provided twice as many Tregs than Th2 

effectors, there was a reduction in allergic airway inflammation. Our results align with a 

study by Davidson et al. that suggests the number of Tregs helps determine the extent of 

EAE disease (73) . 

Additionally, our study showed that the restoration of allergic lung inflammation 

in STAT6-/- mice was accompanied by enhanced T-cell migration into the lung, thus 

indicating a role for Treg modulation of T-cell access to the lung. It was previously 

established that Th2 migration into the lungs of STAT6-/- mice is compromised (116). 
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However, I showed that Treg depletion/ inactivation in STAT6-/- mice allowed for 

increased numbers of T-cells to migrate from the peritoneum into the lungs to cause 

inflammation. Additionally, when equal numbers of CD4+CD25+Foxp3+ or control 

CD4+CD25-Foxp3- T-cells were provided i.p. along with Th2 cells to STAT6xRAG2-/- 

mice, more T-cells were localized to the lungs of mice who received CD25- T-cells. 

Therefore, nTregs were able to suppress leukocyte recruitment and T-cell migration into 

the lungs to prevent allergic inflammation. This study suggests that in addition to 

regulating allergic inflammation by suppressing downstream effector action of 

inflammatory cells (eosinophilia, airway remodeling, IL-5 production), Tregs have 

another checkpoint where they also block T-cell recruitment and homing into the antigen-

bearing tissue. This concept aligns with findings from recent studies that demonstrated 

the ability of Tregs to modulate Teffector cell trafficking in the context of EAE disease 

and diabetes (73, 159).  Davidson’s study utilized polyclonal Tregs in a system using an 

autoimmune disorder in response to a self-Ag (73). However, we illustrated that 

adoptively transferred monoclonal nTregs can suppress T-cell trafficking into the lungs to 

help prevent allergic inflammation in STAT6xRAG2-/- mice. Therefore, our study reveals 

that regulation of T-cell migration into inflamed tissue also strongly influences disease 

outcome for an immune-mediated disorder in response to a foreign antigen. Thus, Treg 

control of pathogenic Teffector cell recruitment may be a universal mechanism utilized in 

disorders of immune dysfunction. A study by Battaglia et al. showed that Trl cells block 

Teffector cell migration into tissue by producing IL-10, which prompts Teffector cells to 

reduce their expression of intracellular adhesion molecule 1(ICAM1) (160). Additionally, 

Treg- mediated sequestration of antigen-bearing tissue from Teffector cells may provide 
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a more efficient method of regulating allergic lung inflammation. This mechanism would 

be an alternative to containing /controlling inflammation within the lung after pathogenic 

cells have already released their contents and have possibly caused more tissue damage 

and antigen exposure. Our analysis of the total T-cell numbers in the lungs (CD3 

staining) did not distinguish infiltrating effector vs. regulatory T-cells.  Future studies to 

carefully analyze Teffector and Treg localization and migration will be necessary to 

clarify the mechanism by which nTregs modulate Teffector recruitment. 

8.2 Future Directions 

This study raises several mechanism-driven questions concerning the modulation 

of Tregs. Future studies that outline the mechanism(s) utilized by STAT6 to block Treg 

expansion in vivo would offer useful insight. A series of microarray studies could provide 

candidate gene targets of STAT6 that could potentially regulate Tregs. A previous study 

by Chen et al. identified various genes whose expression was influenced by STAT6. 

Several STAT6-regulated genes were enzymes that are normally upregulated when 

STAT6 is expressed, such as Serpinf1, Pim2, and Hipk2 (161). Additionally, they 

showed that STAT6 also upregulates Gadd45b and Myo6, two proteins that play a role in 

apoptosis and cell structure integrity (161). Interestingly enough,  a study by Lu and 

colleagues found that Gadd45b expression was induced by TCR signaling in Th1 cells 

and that loss of Gadd45b led to a reduction in the number of Th1 cells in a Listeria 

monocytogenes infection model (162). There are currently no studies that address the 

influence, if any, of STAT6-mediated induction of Gadd45b on Tregs. Based on the 

findings that STAT6 upregulates Gadd45b expression, one could hypothesize that 
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Gadd45b could antagonize Tregs immunosuppression by stabilizing Th2 cells as it does 

in Th1 cells. 

Our study indicates that Helios is mainly expressed by nTregs, but not by iTregs. 

However, the function of Helios in Tregs is still unknown. A previous study by Getnet et 

al. found that Helios binds the Foxp3 promoter and further regulates Foxp3 expression 

and modulates Helios+ Treg suppressive function in human T-cells (142). Therefore, in 

addition to its involvement in T-cell hematopoiesis, Helios may play a role in Treg self-

regulation. The gene encoding Helios is highly conserved and therefore, its functions 

appear to be non-redundant and essential. Due to the role of Helios in thymic T-cell 

development, the generation of a Helios-deficient animal model may prove to be difficult 

if reduction in Helios expression causes embryonic lethality or developmental 

abnormalities. Studies that examine Helios-deficient nTregs by creating a conditional 

knockout of Helios in mature nTregs only or by designing RNAi to knock down Helios 

expression in Tregs could help determine the role of Helios in Tregs. In addition to 

CD4+Foxp3+Helios+Nrp1+ nTregs, there were two additional cell types with the 

following profile: Foxp3+Heliosint Nrp1- and Foxp3+Helios-Nrp1-. The function of these 

cells is unknown. Future studies that sort out each cell type and utilize functional assays 

and determine the degree of TSDR methylation could provide  additional knowledge on 

their suppressive potency and help explain their differential expression patterns of Helios 

and Nrp1.  

 We have shown that nTregs express Nrp1 under steady-state and inflammatory 

conditions and our findings are in line with other studies that illustrate Nrp1 is expressed 

by nTregs, but not by iTregs (143). Furthermore, the function of Nrp1 within immune 
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regulation is still unknown. Corbel et al. showed that compared to Nrp1-sufficient mice, 

Nrp1-/- mice have no overt disease (163). Additionally, Nrp1 has been co-localized with 

CD3 at a point of interaction between naïve T-cells and DCs in the immunological 

synapse (144). Therefore, nTregs may express Nrp1 on their surface to somehow regulate 

the presentation of Ags to T-cells and therefore, regulate T-cell activation.  

The definitive role of in vivo STAT6 modulation of iTregs during allergic lung 

inflammation has not been completely resolved. In a transgenic murine model that lacked 

natural Tregs, Lafaille et al. demonstrated that adaptive or inducible Tregs alone reduced 

chronic, but not acute, lung inflammation induced by intranasal treatment with OVA, 

thus, indicating that iTregs are sufficient to suppress allergic lung inflammation (164). 

The OVA-induced allergic airway inflammation protocol we utilized for Treg depletion/ 

inactivation would affect both nTregs and iTregs and therefore did not distinguish 

between the suppressive roles of these two cell subsets during allergic lung inflammation. 

Our in vitro experiments demonstrated that STAT6 has a small negative influence on 

iTreg generation, in which there was a ~1.4 fold increase in Foxp3+ iTregs in the absence 

of STAT6 expression. STAT6 had a much stronger suppressive effect on nTregs 

compared to iTregs in our in vivo immunization studies.  Therefore, it is possible that 

STAT6 modulates both nTregs and iTregs. In contrast, IRS2 had no effect on nTregs, but 

suppressed Foxp3 induction in iTregs and also iTreg expansion. It is unknown if the 

expanded iTregs in IRS2-/- mice have suppressive function and studies addressing this 

and IRS2-/- iTreg expression of Helios and Nrp1 would be of great value. 

One specific iTreg that regulates immune responses by producing large amounts 

of IL-10, Tr1, has been shown to significantly affect human allergic asthma. There is an 
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inverse relationship between the levels of IL-10-secreting T-cells and the severity of 

allergic asthma in patients (165-167). Furthermore, Akbari et al. found that respiratory 

tolerance from allergic inflammation in mice involved DC induction of IL-10-secreting 

Tregs (71). Therefore, studies that elucidate the interaction between IL-4 activation of 

STAT6 versus immune regulation by IL-10 would be of both scientific and clinical 

interest. Further investigation into the relative role of STAT6 in modulating nTregs, 

iTregs, and Tr1 during the allergic response has the potential to make significant 

scientific contributions to the field of allergy and immunology, but to also aid in the 

development of novel therapeutic clinical strategies to combat and/or prevent this 

immune-mediated illness in humans. 

 The clinical implications of this study suggest that STAT6 inhibition could 

alleviate allergic lung inflammation in atopic patients. However, once activated, STAT6 

translocates into the nucleus. Therefore, strengthening of the allergen-specific Treg 

population in atopic patients is a more feasible goal for novel therapeutics. Several 

studies have indicated that Tregs are impaired or have reduced Foxp3 expression in 

adults and pediatric patients with allergic asthma (168, 169). Additionally, Cosmi et al. 

demonstrated that Th2 cells have less sensitivity to immunosuppression by Tregs (170).   

Adoptive transfer of IL-10 or inhibitors  of IL-6 to promote in vivo Treg expansion at the 

site of inflammation has been suggested as potential methods to  directly or indirectly 

activate Tregs (171, 172). Sublingual immunotherapy (SLIT) has been used to induce 

tolerance to Ags by activating Ag-specific Tregs (173). Another novel therapy for 

allergic asthma could involve the combination of SLIT to enhance Tregs with a JAK3-

inhibitor or another cell permeating complex that can block STAT6 activation and 
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therefore decrease STAT6 modulation of Tregs. But it has not been determined if STAT6 

modulates Tregs in humans as it does in our murine models. Future experiments that 

address these unresolved questions will provide useful clinical knowledge that could 

impact novel strategies used to prevent and suppress human allergic asthma. 

8.3 Proposed Model 

We propose a working model summarizing the complex networks utilized by IL-4 

to modulate nTregs and iTregs via the STAT6 and IRS2 signaling pathways (Figure 8.1). 

After IL-4 prompts differentiation of CD4+ Th0 cells into CD4+ Th2 lymphocytes, the 

Th2 cells release copious amounts of IL-4, IL-5, and IL-13. IL-4 binds the Type I IL-4 

receptor on the surface of naïve T-cells (potential iTregs) and induces a signaling 

pathway to induce STAT6 phosphorylation. Takaki et al. found that STAT6 binds the 

Foxp3 promoter to prevent TGFβ-mediated induction in vitro (89).  Our results indicate 

that active STAT6 has a mild suppressive effect on TGFβ-mediated iTreg generation in 

vitro and OVA-immunization iTreg induction in vivo. IL-4 signaling also activates the 

IRS2 pathway, which strongly suppresses Foxp3 induction in iTregs in vivo. Collectively, 

STAT6 and IRS2 suppress the conversion of naive T-cells into iTregs in vivo. 

Natural Tregs are expanded in the absence of STAT6 expression. Our studies 

demonstrate that STAT6-/- mice of different genetic backgrounds contain more nTregs 

under steady-state and inflammatory conditions and that these nTregs express Helios and 

Nrp1. But the mechanism to explain these results is still unclear. One possible 

mechanism involves STAT6 promotion of an unknown factor or unknown cell that 

functions extrinsically to suppress Foxp3 induction in nTregs. Glucocorticoid-induced  



 

Figure 8.1 Proposed model summarizing complex IL
IRS2 activation.  (A)  IL-4 prompts the development of Th2 cells that produce high levels of IL
4, IL-5, and IL-13. IL-4 signaling activates phosphorylation of STAT6 which
Foxp3 expression and the conversion of naive T cells into iTregs 
promoter to prevent TGFβ-mediated induction 
pathway, which strongly suppresses Foxp3 ind
generation of iTregs from naïve T cells. (B) In the absence of STAT6 expression, nTregs are 
expanded. One possible mechanism involves a Treg extrinsic unknown cell or factor that directly 
or indirectly suppresses Foxp3 expression by inTregs. Alternatively, STAT6 intrinsic to nTregs 
could prevent Foxp3 expression.
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Figure 8.1 Proposed model summarizing complex IL-4 modulation of Tregs via STAT6 and 
4 prompts the development of Th2 cells that produce high levels of IL

4 signaling activates phosphorylation of STAT6 which slightly suppresses 
Foxp3 expression and the conversion of naive T cells into iTregs in vivo and also binds the Foxp3 

mediated induction in vitro. IL-4 signaling also activates the IRS2 
pathway, which strongly suppresses Foxp3 induction. Together, STAT6 and IRS2 suppress 
generation of iTregs from naïve T cells. (B) In the absence of STAT6 expression, nTregs are 
expanded. One possible mechanism involves a Treg extrinsic unknown cell or factor that directly 

oxp3 expression by inTregs. Alternatively, STAT6 intrinsic to nTregs 
could prevent Foxp3 expression. 
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TNF receptor (GITR) is expressed on nTreg surfaces and has been suggested to provide 

protection against apoptosis (174). STAT6 could cause downregulation of GITR ligand 

(GITRL) expression from within non-Treg cells and render nTregs vulnerable to cell 

death via inactive GITR.  Previous studies have reported GITRL expression by DCs, 

macrophages, and endothelial cells (175-177). On the other hand, STAT6 expression by 

nTregs could intrinsically suppress their Foxp3 expression. Oliver et al. found that 

STAT6 controls zinc finger protein 157 (Zfb157), which suppresses STAT5 activation 

during STAT6–dependent mammary gland development (178). STAT5 signals 

downstream of IL-2, which is needed for in vivo Treg homeostasis (179, 180). Therefore, 

STAT6 could dampen IL-2 signal transduction in nTregs.  Additionally, multiple 

mechanisms downstream of STAT6, both intrinsic and extrinsic to nTregs could inhibit 

nTreg Foxp3 induction.   

We believe that STAT6 and IRS2 differentially modulate nTregs and iTregs, but 

when immune regulation is intact, both Treg cell types can suppress allergic lung 

inflammation via inhibition of T-cell migration and Th2 cytokine release.  
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