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ABSTRACT

In this comprehensive project, three interrelated studies with distinct foci were
employed to understand the regulations of specific CD4+ T helper cell population in
inflammatory diseases.
Pathogenic TH17 cells play an essential role in the initiation and development of
both human multiple sclerosis (MS) and animal experimental autoimmune
encephalomyelitis (EAE). Nevertheless, the underlying mechanism by which the
pathogenicity of TH17 cells is controlled in the autoimmune neuro-inflammation remains
v

unclear. In aim 1, we revealed that lumican (Lum), an extracellular matrix (ECM) protein,
negatively regulates encephalitic TH17 cell responses. Our findings highlighted a TH17
cell-intrinsic effect of Lum in suppressing TH17-mediated EAE via promoting TH17 cell
apoptosis and diminishing cytokine production.
Obesity is well-characterized as a major risk factor for the development of asthma
and recent meta-analysis studies have implicated a positive correlation between serum
leptin, an adipokine highly elevated in obese individuals, and the risk of asthma.
However, the underlying mechanism whereby obesity-associated elevation of leptin
increases the risk of asthma has not been well established. In aim 2, a crucial pathogenic
role of leptin in developing TH2 type response-mediated allergic asthma was uncovered.
Our findings delineated a novel mechanism whereby leptin promotes pro-allergic
lymphocyte responses in activation of the mTOR/MEK-IRE1-XBP1 axis, and thus
exacerbating allergic asthma.
Regulatory T (Treg) cells are crucial in maintenance of self-tolerance and immune
homeostasis and are implicated as a promising therapy for treating multiple inflammatory
diseases. However, the instability of Treg cells presents as a major hurdle for such
implementation. Pro-inflammatory cytokine signals are principal factors driving loss of
Treg cell identity and dampening Treg cell suppressive function. In aim 3, we found the
cytokine suppressor CIS is required for stabilizing Treg cells. This study identified a
novel underlying mechanism by which CIS stabilizes Treg cells through antagonizing IL4-STAT6 signals and maintaining Foxp3 expression.
In summary, these studies provide novel and comprehensive understanding on the
regulations of CD4+ T helper lymphocytes in inflammatory diseases. Our findings might
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suggest novel options for therapeutic applications via targeting Lum, leptin and CIS
associated pathways.
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CHAPTER 1
GENERAL INTRODUCTION

1

GENERAL INTRODUCTION

Overview of CD4+ T helper lymphocytes
The adaptive immune system is constituted by a repertoire of lymphocytes which
display characteristics of specificity, heterogeneity and memory, contrasting the features
of multiple innate lymphocytes in the innate immune system. This repertoire of
lymphocytes could be classified into three major populations, B lymphocytes, CD8+ T
lymphocytes and CD4+ T lymphocytes. B lymphocytes develop in the bone marrow and
provide potent humoral immunity via secreting antigen-specific antibodies against
exogenous pathogens, toxins, and other environmental substances. CD8+ and CD4+ T
lymphocytes develop in the thymus and are critical for cellular immunity by targeting
microbes or virus infected cells, organ transplants and malignant cells. There are
numerous subsets of CD4+ T cells that are involved in immune responses. These cells are
referred to as CD4+ T helper lymphocytes because they carry out crucial helper functions
to activate or regulate other type of cells. CD4+ T helper lymphocytes are involved in
almost every corner in the whole immune network during activation and regulation of
immune responses and they are arguably the most important population in the immune
system.
CD4+ T helper lymphocytes are identified by surface cluster of differentiation
(CD) molecules CD3 and CD4 expressed on their cell membranes. They can be
functional only after they are primed by antigens presented by MHC class II molecules
on antigen-presenting cells (APCs). The central function of CD4+ T helper lymphocytes
in orchestration of adaptive immunity and innate immunity are generalized below (Fig.
2

1.1). To briefly summarize, they can help activate CD8+ T cytotoxic lymphocytes to kill
infected targeting cell in cellular immunity. In addition, a crucial subset of CD4+ T helper
lymphocytes called T follicular helper (TFH) cells, are required to provide crucial signals
in secondary lymphoid organs for germinal center formation and B lymphocytes
differentiation and proliferation in humoral immunity. Another pivotal subset of CD4+ T
helper lymphocytes named regulatory T (Treg) cells, provide potent immunosuppressive
function during immune responses, which are indispensable for building up immune
tolerance and maintaining immune homeostasis. Lastly, CD4+ T helper lymphocytes
bridge adaptive immunity with innate immunity via activating diverse innate immune
cells during immune responses, including natural killer (NK) cells, innate lymphoid cells
(ILCs), eosinophils, neutrophils, basophils, mast cells, macrophages, dendritic cells (DCs)
and so on. Thus, CD4+ T helper lymphocytes facilitate a role of central hub in the
immune system during the activation and regulation of immune responses.
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“Priming” CD4+ T helper lymphocytes
Naïve CD4+ T helper lymphocytes can only function after activation to become T
effector helper cells. The activation of CD4+ T helper lymphocytes requires 2 types of
signals. Signal 1 is a processed foreign peptide loaded with MHC-Class II molecules
presented on the surface of APCs, and the peptide-MHC complex will transduce the
signals to naïve CD4+ T helper lymphocyte through its binding with T cell receptor (TCR)
and its associated proteins on the T cell surface1,2. Signal 2 is triggered by co-stimulatory
molecules that augment TCR signaling, thereby contributing to T cell differentiation and
proliferation. The most important co-stimulatory signal is CD28 expressed on all naïve T
lymphocytes, which are recognized by B7 molecules on APCs3. Some additional costimulatory molecules have also been identified for T cell activation, like inducible T-cell
COStimulator (ICOS) and members of TNF receptor family (CD27, OX-40 and 4-1BB)4.
Signal 2 is crucial for amplifying the signal transduction through TCR in T helper
lymphocytes. The combined signals 1 and 2 work together to effectively activate naïve
CD4+ T helper lymphocytes and afterwards contribute to the differentiation and
proliferation. Signal 1 or 2 alone is not sufficient for the full priming process of naïve
CD4+ T helper lymphocytes.

5

Differentiation of effector CD4+ T helper lymphocytes
CD4+ T helper lymphocytes undergo programmed differentiation into one of
several different lineages after engagement of TCR by the peptide-MHC complex upon
activation. The effector lineages of CD4+ T helper lymphocytes mainly include TH1,
TH2, TH17 and T follicular helper (TFH) cells as well as induced regulatory T (iTreg)
cells, which are defined by their cytokine production and function. The differentiation of
CD4+ T helper lymphocytes is determined and skewed by the cytokine milieu in the
surrounding microenvironment in collaboration with a set of master transcription factors
they express.
Naïve T helper cells can be differentiated into TH1 cells in the presence of IL-12
with blockade of IL-4 signaling during the culture, indicating a central role of IL-12 in
the induction of TH1 cells5. In addition to IL-12, neutralization of IFN-, the signature
cytokine secreted by TH1 cells, can dramatically diminish the TH1 development in vitro.
Thus, IFN- is important during TH1 differentiation6. T-bet is the master transcription
factor expressed by TH1 cells. T-bet is crucial for inducing IFN- production7-9, and at
the same time suppressing GATA3 and type 2 cytokines expression10,11, thus contributing
to TH1 differentiation. To obtain TH2 lymphocytes, IL-4, the key cytokine of TH2 cells,
is a crucial inducer during TH2 differentiation12-14. GATA3, the master regulator of TH2
cells, is highly upregulated in TH2 cells versus TH1 cells15, and is important for
induction of type 2 cytokines in TH2 cells16-19. GATA3 contributes to TH2 differentiation
through 3 different mechanisms involving instructing TH2 lineage commitment,
enhancing TH2 cell growth and inhibiting TH1 effector program20. TH17 differentiation
from naïve T lymphocyte can be achieved in the presence of IL-6 and TGF-21,22. TH17

6

cells highly express the signature transcription factor RORt instead of T-bet or GATA3.
RORt is crucial for inducing IL-17 production in TH17 cells and another transcription
factor ROR is responsible for redundant production of IL-1723. The induction of iTreg
cells requires T cell activation in the presence of IL-2 and TGF-24-26. Foxp3 is identified
as the master and signature transcription factor of Treg cells and it governs the
development, self-maintenance and function of both nTreg and iTreg cells27,28. It has
been described that IL-6 and IL-21 are required for induction of TFH cells29,30. Bcl-6, a
renowned transcriptional repressor, is highly expressed in TFH cells and is critical for
TFH cell differentiation31-33. The below schematic illustration summarizes the
differentiation of effector CD4+ T helper lymphocytes from naïve CD4+ T cells. (Fig. 1.2)
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Function of effector CD4+ T helper lymphocytes
Effector CD4+ T helper lymphocytes play pivotal roles in orchestrating adaptive
immune responses. After T cell activation and differentiation under specific lineage
polarizing condition, effector CD4+ T helper lymphocytes exert their function mainly
through secreting copious amounts of cytokines and/or chemokines that activate or
recruit targeted immune cells during immune responses.
Effector TH1 lymphocytes principally secrete IFN-, TNF-, lymphotoxin 
(LT) and IL-2. Among these, IFN- is crucial for activating macrophages to kill
intracellular microbes34. TH1 cell type responses are critical for building up the defense
and mediate the immune responses against intracellular pathogens35, including
intracellular bacteria36,37, fungi38 and virus39,40.
TH2 lymphocytes play crucial roles in mediating host defense against parasites as
well as allergic immune responses when inappropriately developed. TH2 lymphocytes
produce type 2 cytokines including IL-4, IL-5, IL-9 and IL-13. Among these, IL-4 is a
key cytokine governing TH2 cell differentiation, development and function12,13,41. IL-5 is
important for activating and recruiting eosinophils42. IL-13 is critical for the expulsion of
helminths43, and it leads to induction of airway hyperreactivity via targeting airway
epithelial cells44. Besides, IL-13 and IL-9 induce mucin production in epithelial cells
during allergic immune responses44,45. Following the clearance of pathogens, TH2 cells
also produce anti-inflammatory cytokine IL-10 and epidermal growth factor
amphiregulin (AREG) for promoting host tolerance and sustaining tissue integrity and
homeostasis.
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TH17 cells play a crucial role in host defense against extracellular bacteria and
fungi. TH17 cells produce IL-17, IL-17F, IL-21 and IL-22. Both IL-17 and IL-17F are
able to recruit and activate neutrophils during immune responses against pathogens46,47.
As a positive feedback amplifier of TH17 lymphocytes, autocrine IL-21 is required for
TH17 population development and self-maintenance48,49. Moreover, IL-22 plays an
important role in mediating host defense against bacterial pathogens through promotion
of barrier function50,51.
TFH cells are special CD4+ T helper lymphocyte population that enters the
germinal center (GC) to provide helper function for antigen-specific B cell differentiation,
proliferation and high-affinity antibody production during germinal center reactions. The
help signals provided by TFH cells to GC B cells consist of two types: cytokine signaling
and cell surface receptor signaling. With a lot of signals remaining uncharacterized, IL-21,
IL-4 and CD40L are recognized as the major helper signaling provided by TFH cells to
maintain the normal GC reactions52. IL-21 and IL-4 were recognized as the major
inducers of immunoglobulin class switch for human B cells53. Whereas, CD40L-CD40
ligation is critical for rescuing GC B cells from apoptosis54.
Treg cells play a critical role in building up host-tolerance and maintaining
immune homeostasis in regulating immune responses55. Treg cells exert regulatory
functions through multiple mechanisms, involving suppression by inhibitory cytokines,
cytolysis, metabolic disruption and targeting dendritic cells. Treg cells principally
produce IL-10, TGF- and IL-35 for mediating the immune responses in the prevention
and cure of multiple diseases56-59. The function of different lineage of effector CD4+ T
helper lymphocytes is generalized below (Fig. 1.3).
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CD4+ T helper lymphocytes and Diseases
CD4+ T helper lymphocytes are vital for mediating and governing appropriate
immune responses during host defense against a variety of pathogens and for the
pathogenesis and resolution of multiple inflammatory diseases. It is significant for us to
understand how these various CD4+ T helper lymphocyte lineages contribute to the
pathogenesis and participate in the regulation of multiple inflammatory diseases.
IFN--producing TH1 lymphocytes are marked as a critical pathogenic population
in the onset and development of multiple organ-specific autoimmune diseases. It was
found that the adoptive transfer of IFN--producing TH1 cells can dramatically
exacerbate experimental autoimmune encephalomyelitis (EAE), a classical murine
multiple sclerosis (MS) model60. Pathogenic TH1 cells play important roles in the
induction of inflammatory bowel disease (IBD) and psoriasis through secretion of IFN-
and TNF61-64. In addition, many studies revealed a positive correlation between TH1
responses and the onset and severity of rheumatoid arthritis (RA)65-67. Also, multiple
studies on human and mice support a direct role of pathogenic TH1 cells in the
pathogenesis and progression of type I (insulin-dependent) diabetes (IDDM)68-71.
Besides the role of TH1 cells in EAE, recent findings show a critical pathogenic
role for IL-23 in EAE. These data suggest that another CD4+ T helper subset, TH17 cells
were involved in this central nervous system (CNS) inflammatory demyelinating
disease72,73. Recently, TH17 cells were identified as a key pathogenic population in
psoriasis besides TH1 cells based on the results of multiple human clinical trials by
treating IL-17 monoclonal antibody74,75. Moreover, many studies highlighted the
important role of TH17 cell in contributing to the pathogenesis of RA76-78. In addition,
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TH17 cells are crucial mediators that massively infiltrate the inflamed intestines where
they trigger and amplify the IBD symptoms via TH17 produced cytokines79-82. TH17
cells are also highly involved in the induction of chronic lung inflammation. For instance,
TH17 cells lead to massive neutrophil infiltrations in the airway and lung through
secreting large amounts of IL-17, and induce airway hyperresponsiveness in steroidresistant asthma83-85.
TH2 lymphocytes play an essential role in allergic asthma and type 2 immune
responses manifest as one of the hallmarks in allergic airway inflammation. The type 2
cytokines derived from TH2 cells are highly involved in multiple crucial
pathophysiological processes including eosinophilia, epithelial cell mucus metaplasia,
smooth muscle hypertrophy/hyperplasia, sub-epithelial fibrosis and increased
angiogenesis in murine and human allergic asthma86,87. Besides allergic asthma,
pathogenic TH2 cells are potent pathogenic population in chronic skin inflammation and
colitis88,89.
TFH lymphocytes act as helpers for initiating the GC responses and establishing
B cell humoral immunity. Thus, they are vital in mediating the adaptive immunity,
especially for production of high affinity antigen-specific neutralizing antibody. For
instance, TFH cells are critical for the production of neutralizing antibodies against
HIV90,91. Also, TFH cells play potent pathogenic roles in enhancing the IgE invasion in
allergic asthma and promoting IgA and IgG infiltration into kidney in systemic lupus
erythematous (SLE) patients92,93.
Treg cells are essential for maintaining self-tolerance and immune homeostasis
via suppressing overloaded immune responses in multiple inflammatory diseases. In

13

humans, mutation or deletion of the gene coding FOXP3 leads to Treg cell dysfunction or
deficiency, resulting in severe autoimmune diseases94. Manipulation of Treg cells is well
recognized as a promising immune therapy for treatment of autoimmune and
inflammatory diseases, such as type 1 diabetes, graft versus host disease and
inflammatory bowel disease95-98.
Taken together, CD4+ T helper lymphocytes play crucial and different roles in
multiple inflammatory diseases which are determined by distinct fates and function
conferred by lineage development (Outlined in Fig. 1.4).
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Fig. 1.4. The heterogeneity of effector CD4+ T helper lymphocytes in the
pathogenesis of multiple inflammatory diseases
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Central hypothesis and specific aims

The central hypothesis of this comprehensive study is that inappropriate
regulations of CD4+ T helper lymphocytes impact their pathogenic roles in inflammatory
diseases.

Specific Aims
Specific Aim 1: Determine the pathogenic function of Lumican (Lum) in TH17mediated EAE
TH17 cells play an essential role in the development of both human MS and
animal EAE. Nevertheless, how the pathogenicity of TH17 cells is controlled in the
autoimmune neuro-inflammation remains unclear. Lumican, an extracellular matrix
(ECM) protein, is well known for its critical role in collagen fibrillogenesis accounting
for the formation of transparent cornea99. Although several roles of Lum in innate
immunity have been described previously, involving promoting neutrophil
migration100,101, enhancing bacterial lipopolysaccharide presentation102 and bacterial
phagocytosis by macrophages103, it remains unclear whether Lum is involved in the
regulation of CD4+ T helper lymphocyte responses in adaptive immunity.
Aim 1 study (Chapter 2) is designed to uncover a novel and significant role of the
ECM protein Lum in regulating the development and function of TH17 cells in murine
EAE.
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Specific Aim 2: Determine the pathogenic role of leptin in TH2-mediated allergic
asthma
Both Allergic asthma and obesity are the leading public health problems in the
world. Recent Meta-analysis studies implicated a positive relationship between serum
leptin, which is elevated in obese individuals, and the risk of asthma. However, the
underlying mechanism has not been well established.
Aim 2 study (Chapter 3 and 4) is scheduled to reveal the crucial effect and
underlying mechanisms whereby leptin contributes to the increased susceptibility of
allergic asthma.

Specific Aim 3: Determine the function of CIS in Treg cell stabilization and immune
homeostasis
Treg cells are crucial in the maintenance of immune tolerance and homeostasis,
and are implicated as a promising therapy for multiple diseases involving inflammatory
diseases, autoimmune diseases, allergic diseases and cancer. However, the instability of
Treg cells under pro-inflammatory circumstance presents as a huge hurdle for such
implementation. The suppressor of cytokine signaling (SOCS) family proteins are
broadly involved in negative regulation of pro-inflammatory cytokine-induced STAT
signaling. Previous studies have shown that the SOCS1 and SOCS2 play important roles
for Treg cell stability through differential mechanisms. Cytokine induced SH-2 protein
(CIS), another SOCS family member, has been shown to be capable of disrupting STAT3,
STAT5 and STAT6 signaling induced by cytokines or hormones. However, the role of
CIS in mediating Treg cell stability and function has not been uncovered.
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Aim 3 study (Chapter 5) will determine a novel and pivotal role of CIS in
mediating Treg cell population and function and unravel the underlying mechanism
whereby CIS maintains Treg cell stability.
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ABSTRACT

TH17 cells play an essential role in the development of both human multiple
sclerosis and animal experimental autoimmune encephalomyelitis (EAE). Nevertheless, it
is not well understood how the pathogenicity of TH17 cells is controlled in the
autoimmune neuro-inflammation. In vitro, we found Lumican (Lum), an extracellular
matrix (ECM) protein, is selectively expressed by TH17 cells among tested murine TH
subsets. Lum-deficiency leads to earlier onset and enhanced severity of experimental
autoimmune encephalomyelitis. This enhanced disease in Lum-deficient mice is
associated with increased production of IL-17 and IL-21 and decreased TH17 cell
apoptosis. Dysregulation in cytokine production appears to be specific to TH17 cells as
TH1 and TH2 cell polarization and/or cytokine production were unaltered. Furthermore,
adoptive transfer of MOG-specific TH17 cells derived from Lum-deficient mice led to
earlier onset and increased severity of disease compared to controls highlighting a TH17
cell-intrinsic effect of Lum. Taken together, our results suggest that Lum negatively
regulates encephalitic TH17 cells, implicating a potential therapeutic pathway in TH17
cell-mediated autoimmune and inflammatory diseases.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic autoimmune disease that attacks the central
nervous system (CNS). The hallmarks of MS are demyelination of the fatty myelin
sheaths around the axons of neurons and chronic inflammation caused by infiltration of
cells from both the innate and adaptive immune system104,105. Among the CNS infiltrates,
autoreactive T cells play a critical role in the pathogenesis of MS as well as experimental
autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis104,105.
Recent studies have implicated TH17 cells and their downstream pathways in the
pathogenesis in EAE106, as well as MS107,108.
CD4+ T cells are the central organizer of the adaptive immune system. In MS or
EAE, the involved CD4+ T cells are mainly TH17 cells, TH1 cells and regulatory T
cells109. TH17 cells can be differentiated by various combinations of the following
cytokines TGF-, IL-1, IL-6 and IL-2321. Signature TH17 proinflammatory cytokines,
IL-17, IL-17F, IL-21, and IL-22, mediate tissue inflammation by inducing many other
inflammatory mediators or direct activation of other immune cells110,111. IL-17 is highly
expressed in MS. The frequency of TH17 cells is also significantly higher in the
cerebrospinal fluid of relapsing remitting MS (RRMS) patients during relapse compared
to RRMS patients in remission or to patients with other non-inflammatory neurological
diseases112. In a recent clinic trial, hematopoietic stem cell transplantation treatment in
patients with aggressive MS completely abrogated new clinical relapses and new focal
inflammatory brain lesions throughout a 2-years immune monitoring, which was
associated with sustained decrease and diminished TH17 responses but not TH1 or TH2
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responses, suggesting a key role of TH17 cells in the disease progress and the
maintenance of chronic autoimmune neuro-inflammation108.
A major goal of the field is to determine how the immune infiltrates initiate and
maintain the neuro-inflammation. Recently, based on EAE studies, TH17 cells have
emerged as an initiating mediator of the disease. Nevertheless, there have been varying
reports demonstrating differences in the initiating cytokines to generate pathogenic TH17
cells113-115. TH17 cells differentiated by TGF- and IL-6 are non-pathogenic unless
exposed to IL-23113. Pathogenic TH17 cells are thought to initiate disease by producing
IL-17, the signature cytokine produced by TH17 cells, which induces expression of
matrix metalloproteinases and the inflammatory cytokines IL-6 and TNF- in endothelial
cells. Together these mediators contribute to the disruption of blood-brain barrier
(BBB)110,111,116. In humans, IL-17 and IL-22 produced by TH17 cells have been shown to
disrupt BBB tight junctions107. In addition, TH17 cells highly express CCR6 and, in both
mice and humans, TH17 cells transmigrate towards choroid plexus epithelial cells that
constitutively express CCL20, the ligand of CCR6117-120. Furthermore, TH17 cells also
induce chemokines in the inflamed tissue that recruit more immune infiltrates and
amplify inflammatory reactions110,111. In summary, TH17 cells contribute to the initiation
of autoimmune neuro-inflammation. Moreover, TH17 cells are involved in the
maintenance of the chronic neuro-inflammation through induction of ectopic lymphoid
follicles in CNS121,122. Taken together, identifying immune mediators regulating TH17
cytokine production or TH17 maintenance has become a major focal point in MS and
EAE studies.
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Lumican (Lum), a small leucine-rich repeat proteoglycan, is known to be
expressed in various tissues, including skin, artery, lung, vertebral discs, kidney, bone,
aorta, and articular cartilage123. Lum is an important non-collagenous constituent of
extracellular matrix123. Lum plays an important role in collagen fibrillogenesis
accounting for the formation of transparent cornea99, and also serve as a matrikine that
regulates epithelial cell proliferation, migration, and adhesion during healing of
epithelium debridement124-129. More recently, increased levels of Lum have been found in
fibrosis of various organ systems, e.g., heart, liver and lung130. Besides, Lum plays an
important role in innate immunity. Lum is required for neutrophil migration100,101, which
is likely through regulation of the formation of chemokine gradient131. In addition, Lum
also promotes bacterial phagocytosis by macrophages103. Nevertheless, it remains
unknown whether Lum is involved in the regulation of function of helper T cells, such as
TH17 cells in adaptive immunity.
Clearly, TH17 cells are important mediators in autoimmune neuro-inflammation;
however, it is unclear if cell intrinsic or extrinsic factors control the pathogenicity of
TH17 cells. In this report, we demonstrate Lum is selectively expressed by TH17 cells
among subtypes of TH cells, regulates TH17 cell survival, and modulates EAE disease
progression.
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MATERIALS AND METHODS

Mice
Lum-deficient mice (Lum/) on the C57BL/6 background were described
previously128. Because of male Lum/ has limited fertility due to age-related skin
lesion128, we had to breed female Lum/ with male Lum+/, which produced a half of
Lum+/ mice. To reduce the use of animals, we used littermate Lum+/ mice as controls in
most of experiments (in fact, in a pilot EAE experiment, Lum+/ mice developed similar
severity of disease as Lum+/+ mice; data not shown). All mice were housed in the specific
pathogen-free animal facility at the University of New Mexico Health Sciences Center.
All experiments were performed with mice 6-8 weeks old at the initial of experiments
with protocols approved by the Institutional Animal Care and Use Committee of the
University of New Mexico.
In vitro T cell differentiation and flow cytometric analysis
Naïve CD4+ CD25 CD62Lhi CD44lo cells were sorted and activated with platebound anti-CD3 and anti-CD28 in serum-free media under the following conditions for
polarization of TH cells: IL-12, IL-2 and anti-IL-4 for TH1 cells; IL-4 and anti-IFN- for
TH2 cells; IL-6, IL-23 and anti-IFN- and anti-IL-4 with or without TGF- as indicated
for TH17 cells; TGF- and IL-2 for inducible regulatory T cells. For intracellular
cytokine stain, the differentiated cells were stimulated with phorbol 12-myristate 13acetate (PMA) and ionomycin in the presence of Golgi-stop for 4 hr. For proliferation
analysis, the naïve cells were stained with carboxyfluorescein succinimidyl ester (CFSE)
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(Invitrogen) prior to differentiation. Following 3-day differentiation, CFSE dilution was
assessed by flow cytometry. For Treg cell suppression assay, CFSE labelled naïve cells
were co-cultured with or without CD4+CD25+ Treg cells isolated from splenocytes of
indicated mice for 3 days in the presence of plate-bound anti-CD3 and paraformaldehydefixed splenic antigen presenting cells.
EAE induction and isolation of CNS-infiltrating cells
EAE was induced using a protocol described previously with minor
modifications23,132. In brief, the mice were immunized with 0.5-1.5 mg/ml of myelin
oligodendrocyte glycoprotein (MOG) peptide (aa. 35-55,
MEVGWYRSPFSROVHLYRNGK) emulsified in complete Freund's adjuvant (CFA)
(day 0) or incomplete Freund's adjuvant (IFA) (day 7) subcutaneously at flanks, 0.05 ml
per site, total 2 sites. The mice peritoneally received 2 doses of pertussis toxin (0.5 µg in
100 µl PBS per mouse) on day 1 and day 8. The mice were evaluated daily. Clinical
symptoms were scored: 0, No clinical signs; 1, Loss of tail tone; 2, Wobbly gait; 3, Hind
limb paralysis; 4, Hind and fore limb paralysis; 5, Death. The animal was sacrificed when
it reached a score 4. The experiment was terminated if 2 out of 5-6 animals in a group
were sacrificed or died. To isolate the CNS infiltrates, both brain and spinal cord were
collected from the EAE mice following intracardiac perfusion immediately after
euthanasia. Mononuclear cells were prepared into single cell suspensions by percoll
gradient and subjected to FACS analysis for cell profile.
Adoptive transfer of TH17 cells induced EAE
Sex and age matched Lum/ and Lum+/ donor mice were immunized with MOGCFA, and 7 d later, the splenocytes and draining lymph node cells were collected and
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cultured with 100 g/ml MOG in the presence of 20 ng/ml IL-23 and 20 ng/ml IL-6 for
5-7 days. Expanded TH17 cells were then enriched by selection of CD4+ cells with
magnetic beads and i.v. injected into congenic Rag1/ mice (2.5 x 106 cells/mouse)
followed one dose of pertussis toxin as previously described133.
ELISA
Supernatants were harvested from in vitro differentiation after recall with platebound anti-CD3 and anti-CD28 for 20 h or from ex vivo cultures of splenocytes derived
from the EAE mice with MOG re-stimulation for 3 d. Expression of indicated cytokines
was assessed by ELISA.
Western blot and co-immunoprecipitation analysis
Whole-cell lysates were subjected to immunoblot analysis using a standard
protocol. The antibodies were as follows: anti-Lum (AF2745; RnD systems) and anti-Actin (BA3R; MA5-15739; Thermo Fisher Scientific). For co-immunoprecipitations of
Lum to FasL or FasL to Lum, we incubated protein A/G magnetic beads with 2 μg of
anti-Lum or anti-FasL (MFL3, eBioscience) antibody or isotype control for 4 hours at
4°C. The bead-antibody complexes were washed with cold PBS and then incubated with
whole-cell lysates for overnight at 4°C. Following washes with lysis buffer and cold PBS,
the bead-immune complexes were then resuspended in Laemmli’s sample buffer and
boiled for 5 minutes. Samples were then prepared for immunoblot analysis.
RT-PCR and Quantitative real-time RT-PCR
Gene expression level was determined by Quantitative real-time RT-PCR as
described previously23,132. Data were normalized to an Actb reference gene. The primers
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were as follows: Lum forward, 5’-tggctgatagtggggtacct, and reverse, 5’aggattgccatccaagcgca; Actb forward, 5’-gacggccaggtcatcactattg, and reverse, 5’aggaaggctggaaaagagcc.
Statistical analysis
The statistical significance of differences between groups was calculated with the
unpaired Student's t test. P values of 0.05 or less were considered significant.
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RESULTS

Lum alters cytokine expression but not the differentiation of TH17 cells in vitro
Lum, one of the extracellular matrix proteins has emerged as modulators of the
inflammatory responses. We asked whether Lum plays a role in CD4+ TH cell
differentiation and function. We polarized naïve CD4+ T cells isolated from Lum/ or
Lum+/ mice using plate-bound anti-CD3 and anti-CD28. Under the TH1 and TH2
conditions, Lum did not affect TH1 (Fig. 2.1A-B) and TH2 (Fig. 2.1C-D) cell
differentiation and cytokine production. There were no visibly detectable IL-17+ cells in
either Lum/ or Lum+/ cells under these conditions (data not shown). Additionally, our
results demonstrated that Lum only marginally affected TH17 cell development in the
presence (Fig. 2.1E) or absence (Fig. 2.1G) of TGF- (did not reach statistical
significance, data not shown). Despite no major differences in TH17 differentiation, we
found that when skewed in the presence of TGF-, Lum-deficiency significantly
increased TH17 cell cytokines IL-17, IL-21 and GM-CSF outputs as measured by ELISA
after re-stimulation with plate-bound anti-CD3 and anti-CD28 (Fig. 2.1F); similarly,
when skewed in the absence of TGF-, Lum-deficiency increased IL-17 and IL-21 (but
not GM-CSF) expression (Fig. 2.1H). Furthermore, Lum-deficiency did not alter the
development of CD4+ and CD8+ T cells and Foxp3+ regulator T (Treg) cells in thymus
(Fig. 2.1I) and the suppressive function of Treg cells (Fig. 2.1J). Taken together, Lum
selectively regulates cytokine production of TH17 but not TH1, TH2 and Treg cells.
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Fig. 2.1. Lum-deficiency increases IL-17 expression in vitro.
(A-J) Differentiation of naïve CD4+ T cell (A-G), thymic development of CD4+, CD8+
and CD4+Foxp3+ Treg cell compartments (I), and suppressive function of Treg cells (J)
of Lum/ and Lum+/ mice. (A, B, D) Flow cytometry of intracellular cytokine stain in
cells skewed under TH1 (A), TH2 (C) or TH17 in the presence (E) or absence of TGF-
(G) conditions. (B, D, F, H) ELISA of cytokine expression in TH1 (B), TH2 (D), or
TH17 (F, with TGF-; H, without TGF-) cells. (B, D, F, H) Data are shown as mean +
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SD (n = 3 in each group). Student’s t-test, *, p ≤ 0.05; **, p ≤ 0.005. (I) Profile of CD4+
and CD8+ cells in thymus and Foxp3+ Treg cells in CD4+ thymocytes. (J) Suppression
assay of Treg cells. (A-J) Data shown are representative of 3 independent experiments.
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Lum negatively regulates experimental autoimmune encephalomyelitis
In Fig. 2.1, we observed Lum-deficiency increased cytokine output in TH17 but
not TH1 and TH2 cells. Thus, it is plausible to speculate that Lum may play a role in
Th17 cell-mediated immunity, specifically an impact on the pathogenicity of TH17 cells
in autoimmune encephalomyelitis. To investigate the role of Lum in TH17 pathogenicity,
we examined the susceptibility to T cell-mediated EAE in Lum/and Lum+/ mice.
Interestingly, Lum/ mice had earlier onset of the disease and exhibited more severe EAE
symptoms (as determined by disease score) and incidence (Fig. 2.2A). Furthermore, we
determined the number of inflammatory cells accumulated in the CNS of the EAE mice.
When compared with Lum+/ littermate controls, Lum/ mice had significant increase in
the number of inflammatory cells in the CNS (Fig. 2.2B-C). Specifically, we observed
more CD11b+ and CD4+ cells in Lum/ EAE mice (Fig. 2.2C).
To further determine how Lum-deficiency contributes to the severity of EAE
disease, we assessed cytokine production of the CNS infiltrating CD4+ T cells by
intracellular stain. Lum-deficient mice displayed increased frequencies of single-positive
IL-17+, IFN-γ+ and double-positive IL-17+ IFN-+ CD4+ T cells (Fig. 2.2D). These results
suggest that Lum/ mice are more susceptible to autoimmune neuro-inflammation
compared to their heterozygote littermates, implicating that Lum may have a suppressive
role on the pathogenesis mediated likely via modulating the function of TH17 (and
possibly TH1) cells.
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Fig. 2.2. Lum-deficiency enhances EAE disease in mice.
(A-D) Lum/ and Lum+/ mice were examined for their susceptibility to T cell-mediated
EAE. (A) (Left) Clinical scores and (right) disease incidence of EAE disease in Lum/
and Lum+/ mice. (B) Flow cytometry of CNS infiltrates. IL-17 and IFN- expressing
CD4+ cells were assessed after intracellular stain. (C) Cellular profile of the CNS
infiltrates. (D) Quantification of IL-17, IFN-, and IL-17 and IFN- expressing CD4+ T
cells in the CNS infiltrates. (A, C and D) Data are shown as means + SD and (B, C and D)
are representative of 2 independent experiments (n = 4-5 per group). (A) Data shown are
pooled from 2 independent experiments (n=9 mice/group). Student’s t-test, *, p ≤ 0.05,
**, p ≤ 0.005.
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Lum impacts cytokine expression ex vivo by autoreactive TH17 but not TH1 cells
To assess MOG-specific TH17 and TH1 cell frequency in the periphery,
splenocytes from the EAE mice were stimulated overnight with MOG peptide as
previously described132. Surprisingly, Lum-deficient splenocytes expressed significantly
more IL-17 but not IFN- after ex vivo recall compared to littermate controls, although
Lum did not alter the frequencies of TH17 nor TH1 cells after ex vivo recall with MOG
peptide (Fig. 2.3A-B), in agreement with our in vitro observations (Fig. 2.1). Taken
together, our data demonstrates that Lum attenuates EAE disease by inhibiting expression
of IL-17, a TH17 cell cytokine; but not IFN-, a TH1 cell cytokine. Our data thus support
the hypothesis that Lum controls the pathogenicity of TH17 cells in EAE.
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Fig. 2.3. Lum-deficiency promotes effector cytokine expression in peripheral
autoreactive TH17 cells.
(A-B) Frequencies and cytokine production of autoreactive TH1 and TH17 cells in
splenocytes from Lum/ and Lum+/ EAE mice. (A) Intracellular stain of IL-17 and IFN-
(recalled by MOG peptide) from splenocytes collected from Lum/ and Lum+/ EAE
mice on a CD4+ gate. (B) ELISA of IL-17 and IFN- produced from splenocytes from the
Lum/ and Lum+/ EAE mice after ex vivo re-stimulation with MOG peptide. (A and B)
Data are shown as mean + SD (n = 4-5/group) and are representative of 2 independent
experiments. Plots in (A, right) are pooled from 2 independent experiments. Student’s ttest; *, p ≤ 0.05, **, p ≤ 0.005
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Lum is highly expressed in TH17 cells
The results above indicate Lum preferentially effects TH17 cytokine production
both in vitro and in vivo. The observations in vitro using an antigen presentation cell-free
system suggest that Lum modulates TH17 cell cytokine production in a TH17 cellintrinsic manner. We thus hypothesized this specific effect on TH17 cells is due to
differences in Lum expression. To determine the expression of Lum in various subtypes
of CD4+ helper T cells, effector helper T cells were differentiated from
CD4+CD25CD44loCD62Lhi naïve cells using specific polarization conditions (as
described in materials and methods). The relative expression of Lum mRNA was
examined in naïve CD4+ T cells, TH1, TH2, TH17, and inducible (i) and natural (n) Treg
cells by RT-quantitative (q) PCR. Lum mRNA was highly expressed by TH17 cells,
weakly expressed by TH1 cells with minimal to no detectable levels in all other CD4+
subsets (Fig. 2.4A). Furthermore, both TH1 and TH17 cells expressed increased amounts
of Lum mRNA overtime, and TH17 cells expressed consistently higher amounts Lum
mRNA compared to TH1 cells in a time course experiment (Fig. 2.4B). Additionally,
Lum protein expression was assessed by western blot. Lum has been detected in almost
all tissue types as well as serum130, therefore, serum-free media was used for effector T
cell differentiation. Aligning with the qPCR data, TH17 cells displayed increased protein
levels of Lum compared to other CD4+ T cell subsets (Fig. 2.4C). Given this increase of
Lum at both mRNA and protein level, we asked which TH17 cell skewing cytokine was
involved in regulating Lum expression. When naïve CD4+ T cells were differentiated in
the presence of IL-6 only a slight enhancement of Lum mRNA expression was observed
compared to only anti-CD3/CD28 stimulation (Fig. 2.4D). Addition of IL-6 with TGF-β
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or TGF-β and IL-23 further enhanced Lum mRNA expression (Fig. 2.4D). These data
suggest Lum expression is induced by the collective stimulation of TH17-inducing
cytokines.
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Fig. 2.4. Lum is preferentially expressed in TH17 cells.
(A) RT-qPCR of Lum mRNA expression in indicated cell populations. Actb served as an
internal control. (B) Time course of Lum mRNA expression in TH1 and TH17 cells as
determined by RT-qPCR. (C) Immunoblot analysis of Lum protein expression in
indicated T cell populations. -Actin was used as a loading control. Blots are
representative of 2 independent experiments. (D) RT-qPCR of Lum mRNA expression in
CD4+ T cells differentiated in the presence of indicated cytokines. (A, B and D) Results
were normalized to Actb. Data are shown as mean + SD (n= 3/group) and are
representative of 3 (A) or 2 (B-D) independent experiments. Student’s t-test; *, p ≤ 0.05;
**, p ≤ 0.005.
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Lum regulates EAE disease in a TH17 cell-intrinsic manner
Although in the T cell compartment, TH17 cells highly express Lum, many other
tissues/cells also express this molecule. Therefore, we tested the TH17 cell-intrinsic role
of Lum in EAE disease by using an adoptive transfer model. We immunized Lum/and
Lum+/ mice with MOG emulsified in CFA and then expanded MOG-specific TH17 cells
from splenocytes and draining lymph node (LN) cells from the immunized mice with
MOG in the presence of IL-23 and IL-6 as previously described133. The expanded TH17
cells were then enriched and i.v. injected into congenic Rag1/ mice as previously
described133. Similar with our observation in Lum/ mice, the recipients receiving Lum/
cells had earlier onset of the disease and exhibited much severer clinical symptoms than
those receiving Lum+/ cells (Fig. 2.5A). When compared with Lum+/ controls, mice
receiving Lum/ cells had significant increase in the number of inflammatory cells
including CD4+ cells (CD11b+ cells were also increased but did not reach statistical
significance) in the CNS (Fig. 2.5B). In the CNS infiltrating CD4+ T cells, mice receiving
Lum/ cells contained increased frequencies of single-positive IL-17+ and IFN-γ+ cells
(Fig. 2.5C-D). These results suggest that Lum regulates the pathogenicity of TH17 cells
in a TH17 cell-intrinsic way.
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Fig. 2.5. Lum regulates EAE disease in a TH17 cell-specific manner.
(A) Clinical scores of EAE disease in Lum/ and Lum+/ mice. (B) Cellular profile of the
CNS infiltrates. (C) Intracellular stain of IL-17+ and IFN-+ cells in the CNS infiltrates on
a CD4+ gate. (D) Quantification of IL-17, IFN-, and IL-17 and IFN- expressing CD4+ T
cells in the CNS infiltrates. (A, B and D) Data are shown as mean + SD (n = 4/group) and
are representative of 2 independent experiments. Student’s t-test,*, p ≤ 0.05.
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Lum promotes the apoptosis of TH17 cells
The elevated expression of IL-17 by Lum-deficient cells may result from the
following possibilities: First, Lum-deficiency may promote TH17 cell cycling, and lead to
more TH17 cells that express higher amounts of TH17 cell cytokine. Second, Lumdeficiency may inhibit apoptosis of TH17 cells and, therefore, result in survival of more
TH17 cells that express more cytokines. Although we expected that Lum-deficiency
would enhance TH17 cell proliferation, we did not observe differences between Lum+/
and Lum/ TH17 cells (Fig. 2.6A). These results rule out the possibility that Lumdeficiency affects TH17 cell cytokine expression via enhanced proliferation.
Because we observed Lum-deficiency did not alter TH17 cell differentiation or
proliferation but increased IL-17 expression in TH17 cells, we expected to observe Lumdeficiency protects TH17 cells from apoptosis. Indeed, after differentiation, Lum/ TH17
cell culture had increased numbers of cells than that of Lum+/ TH17 culture (Fig. 2.6B).
Previous studies have shown Lum aids in Fas-Fas ligand (FasL) mediated apoptosis in
murine embryonic fibroblasts and various cancer cell lines134,135. Although Lum is
implicated in induction of Fas through binding to FasL134, we observed that Lum did not
alter Fas expression by TH17 cells (Fig. 2.6C), which was similar to an earlier report135.
Nevertheless, after re-stimulation with anti-CD3, fewer Annexin V positive Lum/ TH17
cells (skewed with TGF-) were detected compared to Lum+/ cells (Fig. 2.6D),
suggesting a pro-apoptotic role for Lum. We also observed similar results when the TH17
cells were skewed in the absence of TGF- (data now shown). Interestingly, Lumdeficiency did not affect TH1 cell apoptosis (Fig. 2.6D). Because Lum did not affect Fas
expression by TH17 cells, we asked whether the pro-apoptotic effect of Lum requires
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FasL. Therefore, we re-stimulated Lum/ and Lum+/ TH17 cells with anti-CD3 in the
presence of anti-FasL. In the presence of anti-FasL, the difference in Annexin V stain
diminished between Lum/ and Lum+/ TH17 cells (Fig. 2.6E), suggesting that Lum
regulates TH17 cell apoptosis in a FasL-dependent manner. To verify Lum/FasL
interaction on TH17 cells, naïve CD4 T cells were differentiated into TH17 cells in serum
free media. Cell lysates were immunoprecipitated with anti-Lum, anti-FasL or isotype
control antibodies and subjected to Western blot with anti-FasL and anti-Lum antibodies,
respectively. FasL was co-precipitated with anti-Lum antibodies (Fig. 2.6F), in agreement
with a previous report136. Reciprocally, Lum co-precipitated with anti-FasL antibodies
(Fig. 2.6G). These data suggest Lum binds FasL and regulates the survival of TH17 cells
via modulation of the Fas-FasL mediated apoptotic pathway. Taken together, Lum,
selectively expressed by TH17 cells, promotes TH17 cell apoptosis in vitro and inhibits
TH17 cell cytokine expression, therefore contributing to the repression of TH17 cell
mediated CNS pathology.
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Fig. 2.6. Lum-deficiency promotes survival of TH17 but not TH1 cells.
(A) CFSE dilution from Lum+/ and Lum/ naïve CD4+ T cells polarized under TH17
conditions for 3 days. (B) Lum+/ and Lum/ naïve CD4+ T cells (0.5 x 106 each) were
polarized under TH17 cell conditions. The numbers of resulting cells are shown as mean
+ SD (n=3/group). Student’s t-test, *, p ≤ 0.05. (C) Flow cytometric expression of Fas on
Lum+/ and Lum/ TH17 cells. Filled, isotype control; solid, Lum+/; dotted, Lum/. (D)
Annexin V stain of Lum+/ and Lum/ TH17 or TH1 cells after restimulation with antiCD3. (E) Annexin V stain of Lum+/ and Lum/ TH17 cells following re-stimulation with
anti-CD3 in the presence or absence of anti-FasL. (F) Anti-Lum antibody co-
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immunoprecipitated FasL and Lum. (G) Anti-FasL antibody co-immunoprecipitated Lum
and FasL. Iso, Isotype antibody. -actin was used as a loading control (F, G). (A-G) Data
shown represent 2 independent experiments.
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DISCUSSION

Collectively, our study has demonstrated that Lum, an extracellular matrix protein,
is selectively expressed by TH17 cells and Lum-deficiency leads to earlier onset and
increased severity of EAE, which is associated with increased accumulation of immune
infiltrates. IL-23 has been shown to play a critical role in the migration of TH17 cells
from draining lymph nodes into the peripheral and the CNS137. However, we observed
that IL-23 did not inhibit Lum expression (Fig. 2.4D), suggest that IL-23 regulates TH17
cell migration independent of Lum. Integrins, α41 (VLA-4) and αL2 (LFA-1), play a
pivotal role in antigen presentation and migration through the brain blood barrier (BBB)
of CD4+ T cells138-140. Lum has been found to bind 1 or 2 integrins101,127,141, suggesting
a role of Lum in the function of pathogenic TH17 cells in EAE. However, murine Lum is
unable to bind 1 integrin due to lacking an Arg-Gly-Asp (RGD) motif100. Whether Lum
regulates TH17 cell migration via binding 2 integrin is not clear at this time. Our study
demonstrates that Lum inhibits IL-17 production which is likely through promoting
TH17 cell apoptosis through its interaction with FasL, and in turn, impacts the
pathogenicity of TH17 cells.
TH17 cells mediate inflammatory response through secretion of proinflammatory
cytokines, IL-17, IL-17F, IL-21, IL-22 and GM-CSF110,111,142,143. We observed that Lumdeficiency led to increased expression of IL-17, IL-21 (maybe also GM-CSF) by TH17
cells. IL-21 is an autocrine cytokine that sustains TH17 cell differentiation and cytokine
production48,144; therefore increased IL-21 expression in Lum-deficient TH17 cells may
feedforward enhance TH17 cell function. IL-17, the signature cytokine of TH17 cells,
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induces the expression of matrix metalloproteinases and the inflammatory cytokines,
TNF-α and IL-6, in endothelial cells that together disrupt the BBB110,111,116. The BBB
disruption is an early and central event in MS pathogenesis142, which promotes early
attack by autoreactive T cells. IL-17 also induces expression of chemokines in the
inflamed tissue that promotes recruitment of infiltration of immune cells, including both
TH17 and TH1 cells and macrophages111; accumulation of immune infiltrates causes
tissue damage. Furthermore, increased TH17 cells in the CNS of Lum-deficient mice may
also enhance macrophage function through expression of GM-CSF143. Consistently,
TH17 cell-intrinsic defect in Lum is sufficient to promote EAE disease in an adoptive
transfer experiment. Taken together, our model supports the notion that autocrine Lum
attenuates the pathogenicity of TH17 cells.
Given the importance of TH17 cells in inflammatory disease, targeting TH17 cells
emerges a potential therapeutic approach for such diseases. Current disease-modifying
therapies for MS mainly use immunosuppressant’s that broadly repress immune
responses and so occasionally display severe adverse effects, including viral reactivation,
susceptibility to viral infection and malignancies145-147. Therapies that specifically target
TH17 cells but leaving intact other arms of TH cells in the immune system may reduce
the inflammatory environment that drives disease with less side effects of broad
immunosuppressive therapy. Lum is an endogenous inhibitor of TH17 cells that is
selective expressed by TH17 cells; therefore enhancement of the Lum pathway may
benefit Th17 cell-mediated inflammatory diseases, such as MS.
Footnote:
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ABSTRACT

Allergic asthma and obesity are the leading health problems in the world. Many
studies have shown that obesity is a risk factor of development of asthma. However, the
underlying mechanism has not been well established. In this study, we demonstrate that
leptin, an adipokine elevated in obese individuals, promoted proliferation and survival of
pro-allergic type 2 helper T cells and group 2 innate lymphoid cells and production of
type 2 cytokines, which together contribute to allergic responses. Leptin activates
mTORC1, MAPK and STAT3 pathways in TH2 cells. The effects of leptin on TH2 cell
proliferation, survival and cytokine production are dependent on the mTORC1 and
MAPK pathways as revealed by specific inhibitors. In vivo, leptin-deficiency led to
attenuated experimental allergic airway inflammation. Our results thus support that
obesity associated elevation of leptin contributes to the increased susceptibility of asthma
via modulation of pro-allergic lymphocyte responses.
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INTRODUCTION

Allergic asthma, one of the leading health problems, affects 300 million people
worldwide and leads to approximately 250,000 deaths per year (as of 2009)148. Allergic
asthma is characterized by increased numbers of airway inflammatory cells, including
CD4+ T helper (TH) lymphocytes, eosinophils, and activated mast cells, leading to
airway remodeling, which involves epithelial cell mucus metaplasia, smooth muscle
hypertrophy/hyperplasia, sub-epithelial fibrosis, and increased angiogenesis149,150. TH
cells, especially TH2 cells, have been shown to play an essential role in allergic airway
inflammation. TH2 cells release IL-4, IL-5, and IL-13. Among these cytokines, IL-5
recruits and activates eosinophils that (together with IgE-triggered mast cells) produce
IL-13 and TGF- 150. IL-4 from TH2 cells stimulates TH2 cells themselves and also
promotes TH9 differentiation. TH9 cells secrete IL-9151-153, a cytokine that is involved in
allergic disease likely through induction of IL-13 expression in epithelial cells and
activation of mast cells and eosinophils150,154,155. Besides, regulatory T cells produce
TGF- and IL-10 and inhibit conventional lymphocyte proliferation and differentiation,
therefore attenuating allergic responses156. In addition to TH cells, group 2 innate
lymphocytes (ILC2s), a recently defined subset of innate lymphocytes, were shown to
play a key role in airway inflammation through secretion of the type 2 cytokines, IL-5,
IL-13, and IL-9157-161. IL-13, produced by ILC2s, enhances dendritic cell migration and
promotes TH2 cell differentiation162. IL-9 secreted by TH9 cells and ILC2s is critical for
ILC2 survival and proliferation163-165. Finally, IL-13 and TGF-, released by
inflammatory cells, directly act on pulmonary epithelial and muscle cells and promote
49

their proliferation, therefore resulting in airway tissue remodeling and dysfunction150.
Thus, the induction of airway inflammation is a complex process that involves multiple
cell types and cytokines. How deregulation of pro-allergic mediators causes allergic
airway disease is not well understood.
Recently, obesity was identified as a major risk factor for the development of
asthma by meta-analysis166-168. Adipose tissue is an active endocrine organ secreting
adipokines (such as leptin and adiponectin) and cytokines (such as IL-6, IL-8, TNF-).
These mediators regulate systemic metabolism and is implicated in the regulation of
immune responses. In obese individuals, hypertrophic adipose tissue recruits more
proinflammatory infiltrates including macrophages, eosinophils, and NK, T and B cells169.
After activation, the fat-resident macrophages and adipocytes produce elevated
proinflammatory cytokines and adipokines (including leptin), and decreased
adiponectin168. A number of human studies have examined the relationship between
leptin and/or adiponectin and asthma. Most of studies show a positive relationship
between serum leptin but a negative association between serum adiponectin and the risk
of asthma (reviewed in ref.168). However, how these two adipokines impact allergic
responses remains unclear.
Leptin (encoded by ob gene) is mainly secreted by the adipose tissue and is also
present in lymphoid organs (reviewed in ref.170,171). Leptin receptor (ObR), a member of
the class I cytokine receptor superfamily, has at least six isoforms resulting from
alternative splicing. The functional leptin receptor (ObRb) is expressed in the
hypothalamus, where it regulates energy homeostasis and neuroendocrine function, and is
expressed broadly on immune cells. Binding of leptin to its functional receptor activates
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JAK2-STAT3, MAPK and PI3K-AKT pathways170,171. Besides its well-known function
in energy homeostasis, leptin also plays an important role in regulating immunity. In
humans, leptin deficiency leads to higher incidence of infection-related death during
childhood172. Leptin is involved in the activation, differentiation, proliferation and
function of immune cells, such as macrophages and NK cells (reviewed in ref.170,171). In
adaptive immunity, leptin is shown to promote TH1 response in both humans and mice,
but its role in pro-allergic TH2 response remains controversial (see more details in
“Discussion”)173-175. In this study, we examined the effect of leptin in pro-allergic TH2
and ILC2 responses in a murine allergic asthma model. We found that leptin (ob)deficient mice had attenuated asthma symptoms with decreased eosinophilia, TH2 and
ILC2 proliferation and type 2 cytokine production. Consistent with this, leptin treatment
promotes TH2 cell proliferation and survival in vitro in an mTOC1 and MAPK pathwaydependent manner. Our results thus demonstrate a pathogenic role of leptin in asthmatic
reactions.
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MATERIALS AND METHODS

Animals
Ob/ (leptin deficient) mice on C57BL/6 background were generated by crossing
female and male heterozygotes; homozygotes and wild-type (WT) littermates at age of 58 weeks were used at the initial of experiments. All mice were housed in the specific
pathogen-free animal facility at the University of New Mexico Health Sciences Center.
All experiments were performed with protocols approved by the Institutional Animal
Care and Use Committee of the University of New Mexico.
Induction of Allergic asthma
For induction of allergic asthma, age and sex-matched Ob/ and WT littermates
were immunized intranasally with 25 g papain and 50 g chicken Ovalbumin (Ova) for
three times on d 0, d 1 and d 14. On d 15, BALFs were collected for analysis of airway
infiltrates as described176. Lung draining mediastinal lymph nodes (LLNs) were collected
for cytokine expression and proliferation assays. To reveal lung inflammation, the left
upper lobes of the asthmatic lungs were collected for hematoxylin and eosin stain.
In vitro TH2 cells differentiation
CD4+CD25-CD62L+ naïve T cells were sorted from C57BL/6 WT mice and
differentiated in a TH2-polarizing condition (5 g ml-1 anti-IFN- and 10 ng ml-1 IL-4)
using plate-bound α-CD3/α-CD28 and low serum (3%-5% FBS)-containing RPMI
medium with or without addition of leptin as indicated. Afterwards, the resulting cells
were re-stimulated in serum free medium (OpTmizerTM CTSTM T-Cell Expansion SFM,
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Life Technologies) for intracellular cytokine expression, apoptosis and proliferation assay
in the presence or absence of leptin.
Proliferation assay
In vitro TH2 cell proliferation was assessed by carboxyfluorescein succinimidyl
ester (CFSE) dilution. During polarization, CFSE-labeled naïve cells were cultured under
the TH2 condition in low serum RPMI medium (3%-5% FBS) for 3 d; during reactivation, rested TH2 cells were labeled with CFSE and re-stimulated with plate-bound
anti-CD3 in serum free medium with or without addition of leptin for 20 h. For in -vivo
proliferation, single-cell suspensions of LLNs from the asthmatic mice were prepared and
Ki67 expression in TH2 and ILC2 cells was measured by intracellular stain on a
CD4+LIN+IL-13+ or LINCD4IL-13+ gate, respectively. LIN (Lineage marker) includes
CD3, CD5, B220, CD11b, CD11c, Gr-1, Ter119 and IgE.
Cell death assay
Following restimulation with plate-bound anti-CD3 with or without addition of
leptin as indicated for 24 h, activation induced cell death of TH2 cells were assessed by
7-AAD marking DNA contents in damaged cells or LIVE/DEAD Green (LIVE/DEAD®
Fixable Dead Cell Stain Kits, Invitrogen) reactive to free amines both in the interior and
on the cell surface.
ELISA
LLN cells (4 x 106 cells ml-1) from the asthmatic mice were recalled with various
concentrations of Ova for 3 days and the supernatants were collected for measurement of
cytokine expression by ELISA using a standard protocol. For in vitro differentiated TH2

53

cells, the cells were polarized for 4 d and restimulated for overnight in the presence of
various concentrations of leptin as indicated, and the supernatants were used to measure
cytokines expression. To measure Ova-specific IgE, plate-bound Ova (100 g ml-1) was
used as capture and anti-mouse IgE (23G3, eBioscience) as detection antibody.
Immunoblot
In vitro differentiated TH2 cells were starved for 24 h in serum free medium and
then treated with leptin (200 ng ml-1) for different time spans. Afterwards, whole-cell
lysates were prepared and subjected to immunoblot analysis for multiple leptin-associated
signaling proteins expression. To evaluate Bcl-2 expression, in vitro differentiated TH2
cells were further cultured in serum free medium with or without leptin (200 ng ml-1) for
24 h, and whole-cell lysates were used for immunoblot. Antibodies were anti-p70 S6
Kinase (S6K) (CG1396, Cell Applications), anti-phospho (p)-S6K (Thr 389) (#9205, Cell
signaling), anti-p-p38 MAPK (Thr180/Tyr182) (#9211, Cell Signaling), anti-p38 MAPK
(#8690, Cell Signaling), anti-Bcl-2 (BCL/10C4, Biolegend).
Flow cytometry antibodies
CD3e (145-2C11), CD4 (GK1.5), CD5 (53-7.3), B220 (RA3-6B2), CD11b
(M1/70), CD11c (N418), Gr-1 (RB6-8C5), Ter119 (TER-119), IgE (23G3), IL-13
(eBio13A), and Ki67 (SolA15) were purchased from eBioscience, p-STAT3 (Tyr-705)
(4/P-STAT3) from BD Biosciences, ObR (AF497) and anti-goat IgG (NL002) from RnD
Systems, and goat IgG isotype control (sc-3887) from Santa Cluz.
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Phospho-STAT stain
Phospho-STAT3 stain was performed using a previously described protocol with
minor modifications177. In brief, in vitro differentiated TH2 cells were starved for 24 h in
serum free medium and then treated with or without leptin (200 ng ml-1) for 20 m. The
cells were then fixed by 1.6% paraformaldehyde for 20 m, re-suspended in 50% ethanol
for 1 m, and permeabilized with methanol for 20 m. The resulting cells were stained with
anti-p-STAT3 in cold 0.1% BSA-PBS for 30 min.
Statistical analysis
The statistical significance of differences between groups was calculated with the
unpaired Student's t test. P values of 0.05 or less were considered significant.
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RESULTS

Leptin-deficiency impairs type 2 immune responses and attenuates allergic airway
inflammation
In order to define the role of leptin in allergic responses, we utilized an
experimental allergic asthma model induced by papain, a well-characterized proteasebased allergen involved in human occupational allergic airway disease178,179, which is
through induction of cytokines IL-33 (an alarmin), TSLP and IL-25 by the airway
epithelium180,181. Ob/ mice and their WT littermates were subjected to induction of
allergic asthma by papain and Ova as described162 (Fig. 3.1A). After induction of asthma,
both Ob/ and WT mice developed allergic airway inflammation displaying increased
immune infiltrates and eosinophilia in the airway compared with unchallenged controls.
Ob/ mice had significantly decreased infiltrates of eosinophils and lymphocytes in the
bronchoalveolar lavage fluids (BALFs) compared with WT mice (Fig. 3.1B), whereas
unchallenged Ob/ mice had only a few eosinophils and lymphocytes in the BALFs that
are comparable with unchallenged WT mice (data not shown). To evaluate lung
inflammation, we prepared lung sections from the WT and Ob/ mice and stained the
sections with hematoxylin and eosin. We observed that Ob/ lungs exhibited decreased
mononuclear cell infiltration in the peribronchovascular spaces that contained decreased
numbers of eosinophils (Fig. 3.1C). In addition, papain and Ova challenge elicited IgE
responses in both WT and Ob/ mice; sera and BLAFs of Ob/ mice contained
decreased amounts of Ova-specific IgE (Fig. 3.1D). IgE expression in unchallenged WT
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and Ob/ mice was only at the basal levels (data not shown). Together, these data
revealed a critical role of leptin in allergic airway disease.
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Fig. 3.1. Leptin-deficiency attenuates allergic airway inflammation.
(A) Induction of allergic asthma. (B) Cellular profile of BALFs. (C) Hematoxylin-andeosin stain of lung sections from WT and Ob/ mice after induction of experimental
asthma. Arrow heads indicate immune infiltrates. Scale bar, 100 m. Eosinophil counts
were average numbers per field per section (100 x). (D) ELISA of Ova-specific IgE in
sera and BALFs. (B, C right panel, D) Values are means and SD. Student’s t-test, * p ≤
0.05 and ** p ≤ 0.005. Data shown are a representative of two experiments (n = 5-6 per
group).
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Type 2 immune responses manifest one of the hallmarks of allergic asthma. To
understand the impact of leptin in type 2 immune responses, we assessed the frequencies
of TH2 cells and ILC2s in the LLNs collected from asthmatic WT and Ob/ mice. TH2
cells were defined as LIN+CD4+IL-13+ cells and ILC2s were defined as LINCD4IL-13+
cells by flow cytometry [LIN refers to lineage surface markers for T and B cells,
macrophages, eosinophils, neutrophils, basophils, mast cells, and erythrocytes, including
CD3, CD5, B220, CD11b, CD11c, Gr-1, Ter119 and IgE (IgE stains FcRI+ basophils
and mast cells)]. We found that there were no differences in the frequencies of TH2 cells,
ILC2s and TH1 cells between Ob/ and WT mice (Fig. 3.2A, TH1 data not shown).
However, the LLNs of Ob/ mice contained decreased numbers of TH2 cells and ILC2s
but comparable numbers of TH1 cells compared with WT mice (Fig. 3.2B, TH1 data not
shown). Compared with challenged animals, unchallenged Ob/ and WT mice had many
fewer TH2 cells, ILC2s and TH1 cells in LLNs (data not shown). Upon ex vivo recall
with Ova, Ob/ LLN cells expressed less amounts of TH2 cytokines, IL-4, IL-5 and IL13 and slightly decreased amounts of TH1 cytokine IFN- (which did not reach
significance) compared with WT cells (Fig. 3.2C, IFN- data not shown), whereas LLN
cells from unchallenged Ob/ and WT mice only expressed basal amounts of these
cytokines (data not shown). These results suggest that leptin-deficiency render TH2 cells
but not TH1 cells less responsive to antigen stimulation after a type 2 challenge.
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Fig. 3.2. Leptin-deficiency impairs type 2 immune responses in vivo.
(A) Intracellular stain of TH2 cells (LIN+CD4+IL-13+) and ILC2s (LINCD4IL-13+) in
LLN cells from WT and Ob/ mice after induction of experimental asthma. (B)
Quantification of TH2 cells and ILC2s in LLNs. (C) ELISA of type 2 cytokine
expression by LLN cells after ex vivo recall with Ova at indicated concentrations. (B, C)
Values are means and SD. Student’s t-test, * p ≤ 0.05 and ** p ≤ 0.005 . Data represent
two experiments (n = 5-6 per group).
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Leptin promotes TH2 responses in vitro
Since leptin-deficiency did not alter TH2 cell frequencies in vivo (Fig. 3.2A), we
asked whether leptin affects TH2 cell differentiation. We skewed naïve CD4+ T cells
under the TH2 condition in the presence or absence of leptin. We found that leptin
treatment had little effect on the percentages of IL-13+ cells (Fig. 3.3A). We next
examined the impacts of leptin treatment on TH2 cytokine expression. Interestingly,
addition of leptin enhanced the expression levels of IL-4, IL-5 and IL-13 (Fig. 3.3B), in
agreement with our in vivo observations (Fig. 3.2). These results further suggest that
leptin promotes type 2 immune responses by regulating activity of TH2 cells rather than
the development of TH2 cells. Although under type 2 immunization, leptin did not
impact TH1 cell responses (data not shown), it had the same effects on TH1 cells as on
TH2 cells in vitro (data not shown). In summary, our results demonstrate that leptin
promotes type 2 immune responses both in vivo and in vitro that in turn, exacerbate
allergic reactions.

61

Fig. 3.3. Leptin promotes TH2 cell responses in vitro.
(A) Intracellular stain of TH2 cells differentiated in vitro with or without leptin treatment.
(B) ELISA of type 2 cytokines expressed by TH2 cells re-stimulated overnight with
plate-bound anti-CD3 in the presence of leptin at indicated concentrations. Values are
means and SD (n = 4 in each group). Student’s t-test, * p ≤ 0.05 and ** p ≤ 0.005. Data
represent three experiments.
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Leptin promotes TH2 and ILC2 expansion
Our above data show that leptin promotes TH2 cytokine production but not TH2
cell (and ILC2) differentiation in vivo and in vitro (Fig. 3.2 and 3.3). To investigate if
leptin regulates TH2 cell (and also ILC2) proliferation, we first examined expression of
Ki67, a cell proliferation-associated nucleic protein that marks cells at active phases (G1,
S, G2 and M) but not the resting phase (G0), in TH2 and ILC2 cells generated after
induction of allergic asthma. We observed that the frequencies and numbers of Ki67+
cells were greater in WT TH2 cells and ILC2s than the corresponding leptin-deficient
cells (Fig. 3.4A). Interestingly, leptin-deficiency did not significantly change Ki67+ cell
frequencies inTH1 cells (data not shown), which was due to the type 2 immune
environment eliciting by papain. We next assessed the effect of leptin on the proliferation
of in vitro generated TH1 and TH2 cells by CFSE dilution. Interestingly, leptin treatment
did not affect TH2 nor TH1 cell proliferation during the primary differentiation (Fig.
3.4B, TH1 data not shown). However, during 1-day restimulation of rested TH2 cells,
leptin treatment boosted both TH1 and TH2 cell proliferation in a dose-dependent manner
(Fig. 3.4C, TH1 data not shown). These data suggest that leptin affects proliferation of
effector TH2 as well as TH1 cells but not primarily differentiating TH2 and TH1 cells.
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Fig. 3.4. Leptin promotes proliferation of TH2 cells and ILC2s.
(A) Intracellular stain of Ki67 in LLN TH2 cells and ILC2s from WT and Ob/ mice
after induction of experimental asthma. Bar graphs depict means and SD in each group
mice (n = 5-6 per group); Student’s t-test, * p ≤ 0.05 and ** p ≤ 0.005. (B) Flow
cytometry of CFSE dilution in TH2 cells during in vitro differentiation with leptin at
indicated concentrations. (C) Flow cytometry of CFSE dilution in TH2 cells during 1-day
restimulation with plate-bound anti-CD3 in the presence of leptin at indicated
concentrations. Data shown are representative of two (A) or three (B, C) experiments.
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Leptin promotes TH2 cell survival
In addition to proliferation, survival of TH2 cells also affects their cytokine
secretion. We measured activation induced cell death in in vitro differentiated TH2 cells
and found that leptin treatment protected TH2 cells from cell death induced by platebound anti-CD3 restimulation in a dose-dependent manner (Fig. 3.5A). Consistently,
leptin treatment induced expression of an anti-apoptotic protein Bcl-2 that promotes cell
survival182 (Fig. 3.5B-C). In addition to TH2 cells, leptin induced expression of Bcl-2 in
TH1 cells and promoted TH1 cell survival (data not shown). Thus, leptin promotes not
only proliferation but also survival of TH2 and TH1 cells.
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Fig. 3.5. Leptin protects TH2 cells from activation induced cell death.
(A-D) Cells were cultured in the absence or presence of leptin at indicated concentrations.
(A) Flow cytometry of activation induced cell death in TH2 cells after restimulation with
plate-bound anti-CD3 for 24 h. (B) Intracellular stain of Bcl-2 in in vitro polarized TH2
cells. (C) Immunoblot of Bcl-2 expression in polarized TH2 cells. Data shown are a
representative of two (A, C) or three (B) experiments.
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Leptin treatment activates STAT3, mTORC1 and MAPK
In an antigen presenting cell-free system shown in Fig. 3.3, we observed that
leptin promoted TH2 cytokine production. To further understand how leptin directly acts
on TH2 and ILC2 cells, we examined whether leptin receptor is present on both TH2 and
ILC2 cells. Flow cytometry analysis of the LLN cells isolated from asthmatic mice
showed that both TH2 cells and ILC2s expressed ObR (Fig. 3.6A). To further determine
whether leptin itself regulates ObR expression, we treated TH2 cells with or without
leptin, and found that ObR was expressed on TH2 cells but leptin treatment did not alter
the expression levels of ObR (Fig. 3.6A). TH1 cells generated either from the asthmatic
response or in vitro differentiation also expressed ObR and the expression levels of ObR
was not affected by the concentrations of leptin (data not shown). Taken together, these
results imply that leptin directly targets and regulates the activities of TH2 cells, ILC2s
and also TH1 cells.
To gain further insights into the role of leptin in facilitating proliferation and
survival of TH2 cells, we investigated several pivotal signal cascades that were reported
to regulate proliferation and survival of T cells, including JAK2-STAT3, MAPK and
PI3K-AKT-mTOR pathways183-185. By using immunoblot, we observed that leptin
treatment strongly stimulated phosphorylation of S6K, a kinase downstream of mTOR
complex 1 (mTORC1) in in vitro polarized TH2 and TH1 cells (Fig. 3.6B, TH1 data not
shown). Similarly, leptin treatment induced p38 and ERK1/2 MAPK phosphorylation in
both TH2 and TH1 cells (Fig. 3.6B, TH1 data not shown). In addition, we observed
STAT3 activation upon treatment with leptin in both TH2 and TH1 cells (Fig. 3.6C, TH1
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data not shown). These findings indicate that leptin activates mTOR, MAPK and JAK2STAT3 pathways in TH2 and TH1 cells (maybe also ILC2s).
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Fig. 3.6. Leptin activates STAT3, MAPK and mTOR signal pathways through
targeting leptin receptor (ObR).
(A) Flow cytometry of ObR on LLN TH2 cells and ILC2s generated in the asthmatic
responses, and on in vitro differentiated TH2 cells. (B) Immunoblot of phospho- and total
S6K, p38 MAPK and ERK1/2 in TH2 cells treated with leptin for indicated times. (C)
Intracellular stain of p-STAT3 in TH2 cells treated with leptin for 20 m. Data shown
represent two (B, C) or three (A) experiments.
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MEK and mTOR inhibitors block the effects of leptin on TH2 cell proliferation,
survival and cytokine production
In order to understand the specific signal cascade induced by leptin governs TH2
cell proliferation and survival, two different types of signal inhibitors, PD98059 (an
inhibitor of MEK1/2 blocking MAPK pathways) and rapamycin (mTOR inhibitor) were
utilized in proliferation and survival assay. We found that either PD98059 or rapamycin
inhibited leptin induced proliferation of TH2 cells (Fig. 3.7A), in which the proliferation
are comparable with no leptin-treated TH2 cells. In addition, treatment with either
PD98059 or rapamycin blocked the protective effect of leptin on activation induced TH2
cell death (Fig. 3.7B). Moreover, we examined the effect of both inhibitors on TH2
cytokines expression. As expected, enhanced expression of TH2 type cytokines induced
by leptin treatment were reversed by addition of either of these inhibitors (Fig. 3.7C).
These findings suggest that both MAPK and mTOR signal cascades are indispensable for
the comprehensive function of leptin, which results in promotion of TH2 cell
proliferation, survival and effector cytokine production (outlined in Fig. 3.7D). Taken
together, our results demonstrate an essential role of leptin in allergic airway disease
through activation of JAK2-STAT3, MAPK and PI3K-AKT-mTOR signal cascades and
promotion of survival and proliferation of pro-allergic lymphocytes.
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Fig. 3.7. Effect of MEK and mTOR inhibitors on leptin-induced TH2 cell
proliferation, survival and cytokine expression.
(A-C) In vitro differentiated TH2 cells were restimulated with plate-bound anti-CD3 in
the presence or absence of leptin (A-B, 200 ng/ml; C, 50 ng/ml) with or without
PD98059 (20 M) or rapamycin (200 nM) for 24 h. (A) Flow cytometry of CFSE
dilution. (B) Flow cytometry of activation induced cell death in TH2 cells. (C) ELISA of
cytokine expression. Values are means and SD (n = 4 in each group). Student’s t-test, * p
≤ 0.05 and ** p ≤ 0.005. Data shown are a representative of two (C) or three (A, B)
experiments. (D) Outline of the effects of leptin on TH2 cells.
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DISCUSSION

Meta-analysis revealed a link between obesity and the risk of developing allergic
asthma166-168. However, the underlying mechanism remains unclear. Although several
studies demonstrated that leptin promotes TH1 responses both in vitro and in vivo, the
role of leptin in pro-allergic TH2 responses has not been thoroughly investigated and the
past studies have shown unconvincing results173-175. In a mixed lymphocyte reaction
assay, leptin treatment enhanced IFN- but inhibited IL-4 production; this effect of leptin
was only observed in memory but not naïve T cells173. IFN- is known to inhibit TH2 cell
differentiation, proliferation and cytokine production186,187, therefore in the mixed
lymphocyte reaction assay, massive production of IFN- by polyclonal memory TH1
cells might inhibit the TH2 response. Whether leptin affects an antigen-specific TH2
response need further clarification. In another study, Batra et al. revealed that leptin
enhanced TH2-mediated colitis and promoted the development of Gata3+ (TH2) cells175.
Interestingly, the same authors observed controversial results in vitro, in which treatment
with extremely high concentration of leptin (1 g ml-1) reduced IL-4+ TH2 cell frequency
in repeated polarization cultures but not the primary skewing culture175. High
concentration of leptin may be toxic and overwhelm its physiological effects, because the
serum leptin levels are 7.5±9.3 ng ml-1 in non-obese human188. In a childhood asthma and
obesity study, the obese asthma cohort had higher plasma levels of both IL-4 and IFN-,
correlated with their leptin levels, compared with the controls; although the non-obese
asthma group had even higher levels of IL-4, the IgE levels between the obese and nonobese asthma groups were comparable174, suggesting different mechanisms underlying
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the regulation of TH2 responses in these two conditions. Our current studies showed that
both in vitro and in vivo, leptin did not alter the differentiation of TH2 cells but promoted
their survival and proliferation, which resulted in elevated expression of TH2 cell
cytokines, IL-4, IL-5 and IL-13. Interestingly, we observed that leptin had the same
effects on TH1 cells as on TH2 cells, consistent with the literatures mentioned above.
Therefore, the outcome will likely be determined by the skewing condition. Under a type
2 condition, such as allergic asthma, leptin predominantly affects TH2 cells but not TH1
cells. Whether a coincidence of type 1 immune response (e.g. bacterial or fungal
infection), in which leptin also affects TH1 cells, impacts the effects of leptin onTH2
responses needs further study.
Recently, ILC2s were shown to be the early responders in experimental asthma
induced by proteinase allergens, papain and house dust mite (HDM) extract157-161. In
addition to type 2 cytokine production, ILC2s promote TH2 cell polarization and memory
responses via IL-13-dependent dendritic cell migration to the mediastinal lymph
node162,189 and major histocompatibility complex class II (MHCII)-mediated
crosstalk190,191. In agreement with this, mice deficient in ILC2s fail to mount efficient
TH2 responses162,190. On the other hand, activated TH2 cells, via secretion of IL-2, also
reciprocally promotes ILC2 development178,191. However, whether leptin regulates the
development of asthma through an ILC2-dependent mechanism remains unknown. We
observed reduced total number but comparable frequencies of ILC2s in Ob/ mice in the
asthma model compared with WT control mice. Consistently, leptin-deficiency resulted
in the decrease of proliferation of ILC2s. Therefore, leptin enhances ILC2 proliferation
and contributes to asthmatic responses.
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Leptin acts to modulate immune cell function through multiple signaling
pathways including JAK2-STAT3, MAPK and PI3K-AKT170,171. The leptin-STAT3
pathway is known to mediate cell survival in hippocampal neurons192. In line with this,
activation of STAT3 by leptin is required for IL-6-mediated anti-apoptotic function in T
cells185. However, whether the leptin-STAT3 axis also impacts T cell proliferation and
survival remains unclear. On the other hand, leptin has been shown to exert anti-apoptotic
effect and activate ERK1/2 and AKT-mTOR pathways in TH1/TH17 cells184.
Interestingly, the anti-apoptotic effects of leptin are dependent on MAPK activation,
rather than the PI3K pathway in human Jurkat T cells183. Our present studies showed that
leptin activated STAT3, MAPK and AKT-mTOR pathways in TH2 cells and upregulated
Bcl-2, therefore contributing to leptin-mediated proliferation and survival. Indeed,
treatment with either PD98059 or rapamycin blocked the effects of leptin on TH2 cell
proliferation, survival and cytokine production. In summary, our study demonstrate that
leptin enhances TH2 and ILC2 responses and promotes allergic asthma via activation of
STAT3, MAPK and PI3K pathways, supporting the meta-analysis results that obesityassociated elevation of leptin increases the risk of development of allergic asthma.
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ABSTRACT

Allergic asthma and obesity are major public health problems in the world.
Recent Meta-analysis studies implicated a positive relationship between serum leptin,
which is elevated in obese individuals, and the risk of asthma. However, it is not well
understood how obesity-associated elevation of leptin increases the risk of asthma. In the
current study, we have found that leptin induces the unfolded protein response factor
XBP1s in an mTOR- and MAPK-dependent manner in pro-allergic TH2 cells; in vivo,
mice fed with high fat diet had increased serum leptin as observed in human obese
population and exacerbated asthmatic symptoms, associated with increased XBP1s
expression in splenic CD4+ T cells. XBP1s is required for leptin-mediated pro-allergic
TH2 cell survival and cytokine production. Our results reveal a previously unappreciated
insight that obesity-associated hyperleptinemia contributes to enhanced pro-allergic
lymphocyte responses through induction of XBP1s, leading to exacerbation of allergic
asthma.
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INTRODUCTION

Asthma is a chronic lung disease that inflames and constricts the airways, leading
to breathing difficulty. Asthma nowadays affects 300 million people worldwide and more
than 25 million people (7%) including 7 million children in US (Ref.148; CDC data, 2015).
Allergic asthma is the most common type of asthma (60% of all cases), which is triggered
by inhaled allergens such as pollen, dust mite, pet dander, mold and so on. Unfortunately,
asthma currently is not curable and thus, could only be controlled by taking medicine as
well as avoiding contact with potential environmental allergens. Moreover, severe
asthmatic condition is often refractory to medical treatment and life threatening. Airway
hyperreactivity (AHR), IgE-mediated sensitization, and immune cell infiltration,
especially eosinophil infiltration are typically described as hallmarks of allergic airway
disease149,150, which are majorly induced by type 2 immune response. T helper type 2
cells (TH2), an essential subset of CD4+ T cells, have been shown to play a key role in
arousing type 2 inflammation in allergic asthma after primed and sensitized by allergens.
Allergen-reactive TH2 cells express canonical type 2 cytokines IL-4, IL-5 and IL-13.
Among these, IL-4 induces and maintains TH2 cells, and also contributes to IgEproducing B cell isotype switch and population expansion151,193. IL-5 recruits and
activates eosinophils leading to eosinophilia150. IL-13 could directly target on airway
epithelial cells for induction of AHR and mucus production193. In contrast, regulatory T
cells, the classical negative immune regulators, produce anti-inflammatory cytokines
such as TGF- and IL-10 that block lymphocyte activation, therefore restricting excess
and harmful allergic response156. Besides T helper cells, bronchial epithelial cells produce
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a wide array of cytokines under allergic pro-inflammatory condition to promote type 2
immune responses, including IL-33, IL-25 and thymic stromal lymphopoietin (TSLP)194198

. Group 2 innate lymphoid cells (ILC2s), a subset of recently defined innate lymphoid

cells, have been shown to possess a crucial role on the development of type 2 allergic
inflammation by producing type 2 cytokines, including IL-5, IL-13 and IL-9157,159,199. At
the beginning, the recruitment and activation of ILC2s rely on epithelial cell-derived
cytokines IL-33, IL-25 and TSLP199. The maintenance of ILC2s is dependent on IL-9
secreted from ILC2s and TH9 cells163-165. After activation, ILC2s secrete IL-13 to
promote DCs migration and therefore, enhance TH2 cell priming and memory
development162,189. Interestingly, ILC2s express MHC class II and costimulatory
molecules on their cell membranes, indicating a potential antigen presenting capacity of
ILC2s in mediating CD4+ T cell activation190,191. However, how dysregulation of
interplays between multiple immune cells and airway mediators result in induction and
aggravation of allergic asthma is unclear, and merits further study.
Besides asthma, obesity is another leading health problem worldwide and metaanalysis studies manifested that obesity is a major risk factor for development of
asthma166-168. However, the underlying mechanism whereby obesity increases the risk of
asthma has not been well established. Leptin, a classical pro-inflammatory adipokine
mainly derived from adipocytes, displays significantly higher amounts in serum and
visceral adipose tissue from the obese population than the non-obese population200,201,
leading to defects in modulating balance between food intake and energy expenditure
followed by multiple autonomous complications. Leptin resistance has been described to
enhance parasympathetic tone, which leads to bronchoconstriction and obesity-associated
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asthma202. Dysregulation of leptin expression by adipose tissue has been shown to
influence lung physiology and mechanics, and associates with asthma development203. In
addition, hyperleptinemia was proposed to be a crucial factor leading to respiratory
failure in leptin-resistant obese subjects204. Meta-analysis studies have further implicated
a positive relationship between serum leptin and the risk of asthma205-207. Thus, leptin
emerges as a potential mediator driving allergic asthma. However, how leptin participates
in the interconnection between adipose tissue and airway inflammation and how leptininvolved defective metabolism influences lung physiology are not well understood.
Our previous studies have shown a pathogenic role of leptin in enhancing allergic
responses208. We found leptin deficiency leads to attenuated asthma symptoms with
decreased eosinophilia, and type 2 cytokine production. Leptin targets the mTOR, MAPK
and STAT3 pathways in TH2 cells208. However, it is not fully understood how these
signals lead to enhanced type 2 cytokine production. In this study, we found that leptin
induced XBP1s [spliced form of X-box binding protein 1 (XBP1)], an endoplasmic
reticulum (ER) stress-unfolded protein response (UPR) factor important in secretion
function of both T and B cells for secretion of cytokines and antibodies, respectively209211

. We found XBP1s contributed to leptin functions not only in cytokine production but

also in cell survival in pro-allergic TH2 cells. In vivo, splenic CD4+ T cells from high fat
diet-fed mice (termed HFD mice) with plethoric leptin and exacerbated asthma symptoms,
close to obese human subjects, express increased amounts of XBP1s relative to normal
chow diet-fed group (termed ND mice). Taken together, our data suggest that the leptinXBP1s axis upregulates the responsiveness of pro-allergic TH2 cells. These findings
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provide a novel insight into the potential of obesity-associated elevation of leptin leading
to the increased risk of allergic asthma.
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MATERIALS AND METHODS

Animals
Six-week-old C57BL/6 mice were fed with either a normal chow diet (ND) or
HFD (45 kcal% fat, D12451; Research Diets Inc., New Brunswick, NJ, USA) for 15
weeks. All mice were housed in the specific pathogen-free animal facility at the
University of New Mexico Health Sciences Center. All animal experiments were
performed with protocols approved by the Institutional Animal Care and Use Committee
of the University of New Mexico Health Sciences Center. All methods were performed in
accordance with the relevant guidelines and regulations.
Induction of allergic asthma
Age and sex-matched C57BL/6 HFD and ND mice were immunized intranasally
with 25 µg papain and 50 µg chicken Ovalbumin (Ova) (or treated with PBS as no
asthma controls) for three times on D0, D1 and D14. On D15, Sera, BALFs, LLNs, and
left upper lung lobes were collected for analysis of infiltrates and immune responses as
described before176,208.
In vitro TH2 cells differentiation
CD4+CD25-CD62L+ naïve T cells were sorted from C57BL/6 WT mice and
differentiated in a TH2-polarizing condition (5 g ml-1 anti-IFN- and 10 ng ml-1 IL-4)
using plate-bound α-CD3/α-CD28 and low serum (3%-5% FBS)-containing RPMI
medium. Afterwards, the resulting cells were re-stimulated in serum free medium
(OpTmizerTM CTSTM T-Cell Expansion SFM, Life Technologies) for intracellular
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cytokine expression, apoptosis and proliferation assay, and siRNA silencing assay in the
presence or absence of leptin (200 ng ml-1) as indicated.
Gene silencing
In vitro differentiated WT TH2 cells were starved 24 h in serum free medium on
D4. On D5, the TH2 cells were transfected with Xbp1 or scramble siRNA (Santa Cruz
Biotechnology, Inc.) and incubated on an anti-CD3 coated plate for 6 h, and afterwards
the siRNA transfected TH2 cells were subjected to different treatments as indicated, and
were used for cytokine expression, proliferation, cell death and immunoblot assays.
Immunoblot
Splenic CD4+ T cells isolated from the asthmatic HFD and ND mice were lysed
immediately and subjected for immunoblot of XBP1s. In vitro differentiated TH2 cells
were starved for 24 h in serum free medium and then be subjected to different treatments
as indicated and cell lysates were prepared for immunoblot analysis of XBP1s.
Immunoblot antibodies were anti-XBP1 (M186, sc-7160, Santa Cruz Biotechnology),
anti-α-Tubulin (eBioP4D1, eBioscience), anti--Actin (BA3R, Thermo Fisher Scientific),
anti-IRE1 (B-12, sc-390960, Santa Cruz Biotechnology), anti-phospho-IRE1 (ab48187,
Abcam), and anti-ATF6 (F-7, sc-166659, Santa Cruz Biotechnology).
ELISA
Mouse Leptin ELISA kit (#90030, Crystal Chem) was utilized for leptin
measurement following the manufacturer’s instruction. To measure Ova-specific IgE,
plate-bound Ova (100 g ml-1) were used as capture and anti-mouse IgE (23G3,
eBioscience) as detection antibody. LLN cells (4 x 106 cells ml-1) from the asthmatic
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HFD and ND mice were recalled with various concentrations of Ova for 3 days and the
supernatants were collected for measurement of cytokine expression by ELISA using a
standard protocol. For in vitro differentiated TH2 cells, the cells were starved for 24 h
and transfected with siXbp1 or scramble siRNA. The resulting cells were washed and
treated with or without leptin (200 ng ml-1) for 6 h, and finally the supernatants were
collected and used for measuring cytokines expression by ELISA.
RT-quantitative (q) PCR
Gene mRNA expression was determined by RT-qPCR as described
previously176,212. Data were normalized to an Actb reference gene. The primers were:
Actb, forward, 5’-GACGGCCAGGTCATCACTATTG, reverse, 5’AGGAAGGCTGGAAAAGAGACC;
Gata3, forward, 5’-AGGGACATCCTGCGCGAACTGT, reverse, 5’CATCTTCCGGTTTCGGGTCTGG; Il4, forward, 5’CACCACAGAGAGTGAGCTCGTC; reverse, 5’-ACTTGGACTCATTCATGGTGCA;
Il5, forward, 5’-ACACAGCTGTCCGCTCACCGAG, reverse, 5’TCACACCAAGGAACTCTTGCAG; Il13, forward, 5’TGGGTCCTGTAGATGGCATTGC, reverse, 5’-GGGCTTCATGGCGCTCTGGGTG;
Xbp1s, forward, 5'-CTGAGTCCGCAGCAGGT, reverse, 5'TAATGGCTTCCAGCTTGGCT; Becn1, forward, 5’-CTGAGGCGGAGAGATTGGAC,
reverse, 5'-CACTCCACAGGAACACTGGG; Hspa5, forward, 5'-aagcgcctcatcggacgcac,
reverse, 5'-aacaactgcatgggtaacct; Ddit3, forward, 5'-atcttgagcctaacacgtcg, reverse, 5'tggacaccgtctccaaggtg.
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Proliferation assay
In vitro TH2 cell proliferation was assessed by carboxyfluorescein succinimidyl
ester (CFSE, C34570, ThermoFisher Scientific) dilution. 1 d after siXbp1 or scramble
siRNA transfection, TH2 cells were labeled with CFSE and re-stimulated with platebound anti-CD3 in serum free medium with or without leptin (200 ng ml-1) for 6 h or
overnight incubation. For in-vivo proliferation, single-cell suspensions of LLNs from the
asthmatic mice were prepared and restimulated with PMA, Ionomycin in the presence of
Golgi blocker, and Ki67 expression was measured by intracellular stain.
Cell death assay
One day after siXbp1 or scramble siRNA transfection, TH2 cells were restimulated with plate-bound anti-CD3 in serum free medium with or without leptin (200
ng ml-1) for 6 h. Afterwards the cells were collected and stained with LIVE/DEAE Green
(LIVE/DEAD® Fixable Dead Cell Stain Kit, Invitrogen), reactive to free amines both in
the interior and on the cell surface, for assessment of activation induced cell death.
Flow cytometry antibodies
CD3e (145-2C11), CD4 (GK1.5), CD5 (53-7.3), B220 (RA3-6B2), CD11b
(M1/70), CD11c (N418), Gr-1 (RB6-8C5), Ter119 (TER-119), IgE (23G3), IL-13
(eBio13A), IFN-γ (XMG1.2) and Ki67 (SolA15) were purchased from eBioscience; IL-4
(11B11) and IL-5 (TRFK5) were from BioLegend; ObR (AF497) and anti-goat IgG
(NL002) were from RnD Systems; and goat IgG isotype control (sc-3887) was from
Santa Cruz. Lineage (LIN) markers include CD3, CD5, B220, CD11b, CD11c, Gr-1,
Ter119 and IgE.
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Statistical analysis
The statistical significance of differences between groups was calculated with the
unpaired Student's t test. P values of 0.05 or less were considered significant.
Data Availability
All data generated or analyzed during this study are included in this published
article.
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RESULTS

Leptin induces an endoplasmic reticulum (ER) stress-UPR factor, XBP1s
We have previously found that leptin deficiency impairs type 2 immune responses
and attenuates allergic airway inflammation through attenuation of pro-allergic TH2 cells
and ILC2s208. ER stress-UPR play pivotal role in T and B cell secretion function. To
further understand how leptin-mediated signals regulate pro-allergic cytokine expression,
we examined expression of the ER stress-UPR factor XBP1s in in vitro polarized TH2
cells in the presence or absence of leptin, and found that treatment with leptin induced
XBP1s expression compared with no treatment (Fig. 4.1A). To test the effect of leptin on
XBP1s expression in vivo, we generated HFD mice (body weight, 44.02 ± 2.18 g), which
expressed increased levels of serum leptin compared with lean mice fed with ND mice
(33.92 ± 2.77 g) (Fig. 4.1B), replicating human studies188. We asked whether HFD
affected leptin receptor (ObR) expression on various types of immune cells. By using
flow cytometry, we found that TH2 cells, ILC2s and TH1 cells from lung draining lymph
nodes (LLNs) of HFD and ND mice all expressed comparable levels of ObR (Fig. 4.1C),
indicating that the regulation of ObR is independent of diet or serum leptin levels. Next
we examined XBP1s expression in splenic CD4+ T cells isolated from the HFD versus
ND mice and found that HFD CD4+ T cells expressed elevated levels of XBP1s protein
compared with ND cells (Fig. 4.1D). These results indicate that leptin induces XBP1s
expression, which may contribute to leptin-induced hyper-responsiveness of pro-allergic
TH2 cells.
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Fig. 4.1. Leptin induces expression of the UPR factor XBP1s.
(A) Immune blot of XBP1s expression in in vitro generated TH2 cells with or without
treatment with leptin. (B) ELISA of leptin expression in sera of HFD and ND mice. (C)
Flow cytometry of ObR expression on LLN ILC2, TH2 and TH1 cells from asthmatic
ND and HFD mice. (D) Western blot of XBP1s expression in splenic CD4+ T cells from
ND and HFD mice. (A right, D right) Quantification of XBP1s abundance was relative to
-Actin. (A right, B, D right) Values are means and SD [n = 3 (A right) or 4-6 per group
(B, D right)]. Student’s t-test * p ≤ 0.05 and ** p ≤ 0.005. Data represent 2 (B, C, D) or 3
(A) experiments.
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HFD-associated elevation of leptin correlated with aggravated allergic airway
inflammation
We have observed above increases in leptin expression in HFD mice compared
with their ND controls, and during allergic asthma, HFD T cells expressed higher
amounts of XBP1s. We then tested allergic inflammation in the HFD and ND asthmatic
mice as previously described176,208. We found that during allergic responses, HFD mice
had increased levels of leptin in serum relative to ND mice (Fig. 4.2A) and elevated
expression of XBP1s in splenic CD4+ T cells (Fig. 4.2B), similar as the steady state (Fig.
4.1B, 4.1D). HFD mice displayed increased infiltrates of eosinophils, lymphocytes and
neutrophils in bronchoalveolar lavage fluids (BALFs) compared with ND mice (Fig.
4.2C). Whereas, PBS challenged HFD and ND mice displayed basal level of BALF
immune cell infiltration (Fig. 4.2D). To evaluate lung inflammation, we stained the lung
sections from HFD and ND mice with hematoxylin and eosin. In compliance with BALFs
immune cell infiltration, we observed that HFD lungs exhibited increased mononuclear
cell infiltration in the peribronchovascular spaces that contained increased numbers of
eosinophils (Fig. 4.2E). In addition, papain and Ova challenge elicited IgE responses in
both HFD and ND mice; Sera and BALFs of HFD mice contained increased levels of
Ova-specific IgE compared with ND mice (Fig. 4.2F, left). IgE expression in PBS
challenged HFD and ND mice were only at basal levels (Fig. 4.2F, right).
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Fig. 4.2. HFD exacerbates allergic airway inflammation.
(A) ELISA of leptin expression in sera of HFD and ND mice after induction of asthma.
(B) Western blot of XBP1s expression with Tubulin as a loading control in splenic CD4+
T cells from asthmatic HFD and ND mice. (C, D) BALF cellular profile in HFD and ND
mice with (C) or without induction of asthma (D). (E) Hematoxylin-and-eosin stain of
lung sections from ND and HFD mice after induction of experimental asthma. Scale bar,
100 m. Right panel, Eosinophil counts in lung sections. Numbers shown are means per
field per section (125x). (F) ELISA of Ova-specific IgE in Sera and BALFs from
asthmatic mice (left) and in non-asthmatic control groups (right). (A, B right, C, D, E
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right, F) Values are means and SD. Student’s t-test, * p ≤ 0.05 and ** p ≤ 0.005. Data
represent 2 experiments (n = 4-6 per group).
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Type 2 immune responses manifest one of the essential hallmarks of allergic
asthma. Therefore, we profiled type 2 lymphoid TH2 cells and ILC2s, as well as TH1
cells in asthmatic HFD mice relative to their ND controls, and found that lung associated
draining lymph nodes (LLNs) of HFD mice contained increased frequencies and numbers
of TH2 cells and ILC2s but the frequencies and numbers of TH1 cells are comparable
with ND mice (Fig. 4.3A-C). In contrast with asthmatic groups, PBS challenged HFD
and ND mice had only a few TH2 cells and ILC2s in LLNs (Fig. 4.3D); interestingly,
both PBS challenged HFD and ND mice contained slightly fewer TH1 cells in LLNs
compared with the asthmatic groups (Fig. 4.3D). Upon ex vivo recall with Ova, HFD
LLN cells expressed higher amounts of TH2 cytokines, IL-4, IL-5 and IL-13 and
comparable amounts of TH1 cytokine IFN- relative to the ND group (Fig. 4.3E),
whereas LLN cells from PBS-challenged HFD and ND mice only expressed basal
amounts of these cytokines (data not shown).
Above results showed that HFD mice contained increased TH2 and ILC2
frequencies and expressed more Ova-specific type 2 cytokines versus ND mice. We next
asked whether HFD promotes proliferation of these immune cell populations during
allergic responses. To address this, we measured the expression of Ki67, a cell
proliferation-associated nucleic protein that marks cell at active phases (G1, S, G2 and M)
but not the resting phase (G0), in TH2 cells, ILC2s and TH1 cells from the asthmatic
mice. We observed that the frequencies of Ki67+ cells were greater in HFD TH2 cells and
ILC2s than corresponding ND cells. In contrast, there was no apparent distinction of
Ki67+ TH1 cells between HFD and ND mice, which was due to the dominant type 2
immune environment eliciting by a protease type adjuvant papain (Fig. 4.3F). Taken
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together, these findings suggest that HFD induces elevated expression of leptin that
induces the UPR factor XBP1s and likely renders TH2 cells and ILC2s but not TH1 cells
more responsive to antigen stimulation during a type 2 challenge, which subsequently
activate and recruit more immune cells, including eosinophils, to the airway and lung,
leading to exacerbation of allergic airway inflammation, consistent with our previous
observations on leptin deficient mice208.
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Fig. 4.3. HFD leads to increased type 2 lymphocyte responses.
(A-B) Intracellular stain of TH2 (LIN+CD4+IL-13+), ILC2s (LINCD4IL-13+) (A) and
TH1 cells (B) in LLN cells from asthmatic ND and HFD mice. (C-D) Quantification of
TH2, ILC2 and TH1 cells in asthmatic LLNs (C) and non-asthmatic LLNs (D). (E)
ELISA of cytokine expression by asthmatic LLN cells after ex vivo recall with Ova at
indicated concentrations. (F) Intracellular stain of Ki67 in LLN TH2 cells, ILC2s and
TH1 cells in asthmatic LLN cells. (C, D, E, F bottom) Values are means and SD.
Student’s t-test, * p ≤ 0.05 and ** p ≤ 0.005. Data represent 2 experiments (n = 4-6 per
group).
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Leptin-XBP1 axis is required for TH2 cell cytokine expression
Since leptin induces XBP1s expression in TH2 cells, we asked whether leptin
regulates TH2 cell cytokine secretion via the XBP1s pathway. To explore this, we
performed siRNA-mediated Xbp1 gene silencing in differentiated TH2 cells. In vitro
differentiated TH2 cells were transfected with siXbp1 or scramble siRNA with or without
addition of leptin. We found that expression of XBP1s protein and mRNA was
significantly upregulated by leptin treatment and leptin-induced XBP1 expression was
downregulated by siXbp1 relative to scramble siRNA treatment (Fig. 4.4A-B), indicating
a successful Xbp1 gene silencing. In the absence of leptin, siXbp1 led to downregulation
of XBP1s protein and a strong trend of decreasing its mRNA (Fig. 4.4A-B). We next
examined whether Xbp1 gene silencing affects the induction of cytokine expression in
TH2 cells by leptin treatment and found that leptin-induced elevations of TH2 type
cytokines (IL-4, IL-5 and IL-13 at both mRNA and protein levels) were reversed by Xbp1
gene silencing (Fig. 4.4B-C), whereas neither leptin treatment nor Xbp1 knockdown
altered the expression of Gata3 mRNA (encoding GATA3, the master transcription factor
of TH2 cells). These data indicate that the leptin-XBP1s axis is required for TH2 cell
cytokine expressions.
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Fig. 4.4. XBP1s mediates leptin-induced TH2 cytokine production.
(A) Western blot of XBP1s abundances with Tubulin as a loading control in in vitro
differentiated TH2 cells following transfection of siXbp1 or scramble siRNA (Sc) for
indicated times in the presence of leptin for 40 h. (B) RT-qPCR of mRNA expression in
TH2 cells treated as (A). mRNA abundances were normalized to an internal
housekeeping gene Actb. (C) ELISA of cytokine expression in TH2 cells treated as (A).
(A right, B, C) Values are means and SD (n = 3-4 biological replicates per group).
Student’s t-test, * p ≤ 0.05, and ** p ≤ 0.005. Data represent 2 (B, C) or 3 experiments
(A).
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Leptin-XBP1s pathway protects TH2 cells from activation induced cell death
Although XBP1s is known to enhance cell secretion through regulation of ER
function210,211, it is not clear whether XBP1s also contributes to the other effects of leptin.
We assessed the effect of XBP1 on proliferation of siXbp1 or scramble siRNA
transfected TH2 cells for 6 h or overnight culture by CFSE dilution. We found that leptin
increased TH2 cell proliferation after overnight but not 6-h culture; addition of Xbp1
gene silencing did not alter the effect of leptin on proliferation (Fig. 4.5A). In addition to
proliferation, we measured activation induced cell death in in vitro differentiated TH2
cells by LIVE/DEAD Green stain and found that leptin-mediated protection on cell death
was abolished by Xbp1 gene silencing, indicating an essential role of XBP1 in controlling
cell survival (Fig. 4.5B). Therefore, XBP1s is required for leptin mediated cell survival
but not proliferation of pro-allergic TH2 cells.
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Fig. 4.5. XBP1s is required for leptin to protect TH2 cells from activation induced
cell death but not to promote their proliferation.
(A) Flow cytometry of CFSE dilution in TH2 cells after 6 h or overnight restimulation in
the presence or absence of leptin with siXbp1 or scramble siRNA treatment. (B) Flow
cytometry of activation induced cell death in TH2 cells after 6 h restimulation as in (A).
Data represent 2 experiments.
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Leptin induces XBP1s expression in a MEK- and mTOR-dependent manner
Our above results indicate leptin functions through induction of XBP1s
expression (Fig. 4.1A, 4.4 and 4.5B). Leptin is known to activate the mTOR and MAPK
pathways in TH2 cells208. We next asked whether these leptin signals are able to induce
XBP1s expression. We found that leptin-induced XBP1s expression could be blocked by
addition of either mTOR inhibitor rapamycin or MEK inhibitor PD98059 (Fig. 4.6A),
both of which can block induction of TH2 cell cytokine expression by leptin208. XBP1s is
known to transactivate genes encoding factors promoting ER function and
autophagy213,214. We therefore assessed whether leptin signaling affects the expression of
XBP1s downstream factors and found that leptin induces Hspa5 (encoding UPR factor
BiP), Ddit3 (encoding UPR factor CHOP) and Becn1 (encoding autophagy factor
Beclin1), whereas treatment with both mTOR inhibitor rapamycin and MEK inhibitor
PD98059 greatly diminished the effects of leptin on induction of these UPR and
autophagy factors (Fig. 4.6B). Thus, leptin regulates XBP1s expression through
activation of the mTOR and MEK signal cascades in TH2 cells and induces UPR and
autophagy factors which is likely through the induction of XBP1s.
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Fig. 4.6. Leptin induces XBP1s expression through the mTOR and MEK pathways.
(A) Western blot of XBP1s expression in TH2 cells following treatment with or without
PD98059 (20 M) or rapamycin (200 nM) in the presence or absence of leptin for 4 h.
XBP1s abundances were normalized to Tubulin. (B) RT-qPCR of mRNA expression of
Xbp1s and XBP1s downstream genes. mRNA abundances were normalized to Actb. (A
right, B) Values are means and SD (n = 3 biological replicates per group). Student’s t-test,
* p ≤ 0.05 and ** p ≤ 0.005. Data represent 2 (B) or 3 (A) experiments.
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Leptin induces XBP1s expression through activation of IRE1 but not ATF6
After activation, TH2 cells are known to mount massive protein synthesis leads to
ER stress-associated UPR, in which activation of IRE1 and/or ATF6 results in increased
expression of Xbp1s mRNA and XBP1s protein210. To understand how leptin signaling
induces XBP1s expression, we examined IRE1 and ATF6 activation by western blot. We
found that addition of leptin induces IRE1 phosphorylation (Fig. 4.7A), whereas it did not
alter ATF6 cleavage (Fig. 4.7B), suggesting that leptin induces XPB1s expression
through activation of IRE1 rather than ATF6. We next assessed whether the mTOR and
MEK pathways downstream of leptin activate IRE1 and found both mTOR inhibitor
rapamycin and MEK inhibitor PD98059 could block leptin induced phosphorylation of
IRE1 (Fig. 4.7C). Therefore, leptin activates the mTOR and MEK pathways that
subsequently activate IRE1, leading to increasing XBP1s expression and finally
enhancing pro-allergic TH2 cell function.
Taken together, our results demonstrate that obesity-associated elevation of leptin
may result in activation of the mTOR/MEK (upstream of MAPK)-IRE1-XBP1 axis in
pro-allergic lymphocytes that promote cell survival and cytokine production, therefore
exacerbating allergic airway disease (outlined in Fig. 4.7D).
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Fig. 4.7. Leptin induces IRE1 but not ATF6 activation through the mTOR and
MEK pathways.
(A) Western blot of p-IRE1 and total IRE1 expression in TH2 cells treated with or
without leptin. (B) Western blot of ATF6 expression in TH2 cells treated with or without
leptin. ATF6f, cleaved active form of ATF6. (C) Western blot of p-IRE1 and total IRE1
expression in TH2 cells following treatment with or without PD98059 (20 M) or
rapamycin (200 nM) in the presence or absence of leptin for 8 h. (A right, C right) pIRE1 abundances were normalized to total IRE1. Values are means and SD (n = 3
biological replicates per group). Student’s t-test, * p ≤ 0.05. Data represent 2 (C) or 3 (A,
B) experiments. (D) Outline of the effects of leptin-mTOR/MAPK-Xbp1 axis in proallergic TH2 cells.
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DISCUSSION

Obesity was identified as a major risk factor in development of allergic asthma by
meta-analysis166-168. Many studies have shown that leptin, an adipokine highly elevated in
the obese population, represents a paramount role on affecting lung physiology and
mechanics and thus, regulating respiratory function, which is correlated with obesityassociated asthma202-204. Furthermore, a positive relationship between serum leptin and
risk of asthma has been revealed by meta-analysis studies205-207. However, as a potential
mediator driving allergic asthma, leptin is still in lack of being understood on how it
participates in defective metabolism-involved lung pathology. Several studies showed
that leptin promotes TH1 responses both in vivo and in vitro173-175, whereas, whether
leptin regulates pro-allergic type 2 responses is not yet elucidated. Batra et al. showed
leptin promoted TH2 cell development and aggravated TH2-mediated colitis, however,
controversial results in vitro showing high concentration of leptin (1 g ml-1) reduced
TH2 cell frequency in repeated polarization cultures have been described in the same
study175. This might be explained by over-dose leptin raised toxicity that could
overwhelm its physiological effects. In a human childhood study, the obese asthmatic
group had increased plasma IL-4 and IFN-, correlated with higher plasma leptin
compared with control group174. ILC2s, another essential component in type 2 immune
responses and allergic asthma, produce type 2 cytokines157,159,199, promote TH2 cell
differentiation and memory responses in allergic asthma162,189-191. Furthermore, activated
TH2 cells produce IL-2 that promotes ILC2s development. This reciprocal regulation
between TH2 cells and ILC2s suggests a feed-forward loop in allergic responses. Our
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current studies showed that HFD mice with plethoric leptin had increased TH2 and ILC2
proliferation and type 2 cytokine production compared with ND group, which contributes
to the exacerbated asthma symptoms.
Leptin modulates immune cell function through activating multiple downstream
signaling pathways including JAK2-STAT3, MAPK and PI3K-AKT170,171. For instance,
leptin enhances TH1/TH17 cell survival through activating ERK1/2 and AKT-mTOR
pathways184. In consistency with these studies, we have shown that in TH2 cells, leptin
also activates STAT3, MEK-MAPK and AKT-mTOR signaling pathways, which
contribute to leptin-mediated cell proliferation, survival and cytokine production208. It has
not been well understood how these leptin signals regulate type 2 cell cytokine
production. Upon extracellular stimulation, lymphocytes produce massive amounts of
effector cytokines. Accumulation of unfolded (or misfolded) proteins leads to ER stress
that activates the UPR pathways210. During UPR, ATF6 is cleaved into an active ATF6
fragment (ATF6f) transcription factor, and induces transcription of several genes,
including Xbp1; subsequently, endoribonuclease IRE1 undergoes phosphorylation and
phosphorylated IRE1 excises a 26-nucleotide fragment from unspliced Xbp1 (Xbp1u)
mRNA and forms spliced Xbp1 (Xbp1s) mRNA. XBP1s protein transactivates
transcription of many genes that are crucial for secretory function through increasing ER
capacity and promoting autophagy214,215. These pathways together allow a cell to resolve
the endogenous stress of unfolded proteins and maintain intracellular homeostasis.
Therefore, XBP1s plays a central role in UPR and cell secretion function. For example,
in human necrotizing enterocolitis, XBP1 splicing levels correlate with the severity of
mucosal damage that is associated with increased mucosal expression of pro-
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inflammatory cytokines, IL-6 and IL-8216. In our study, we have observed that leptin
induces XBP1s expression in TH2 cells and after knock-down of Xbp1, the effect of
leptin on TH2 cell cytokine production is diminished (Fig. 4.4B-C). Previous studies
have shown that Xbp1 mRNA splicing can be induced by MAPK signaling in liver cells
or PI3K-AKT-mTOR signaling in innate immune cells217,218. We have also found that
leptin induces XBP1s expression dependent of both MEK-MAPK and mTOR signaling
pathways, which leads to activation of IRE1 but not ATF6 (Fig. 4.7), and XBP1s is
required for the anti-apoptotic effects of leptin in TH2 cells (Fig. 4.5B). In summary, our
results suggest leptin as a key risk factor in the development of allergic asthma in obese
subjects through induction of the UPR factor XBP1s that promotes survival of proallergic lymphocytes and their cytokine expression. These findings may suggest a novel
therapeutic approach for treatment of obesity associated allergic asthma.
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ABSTRACT

Regulatory T (Treg) cells are crucial in maintenance of self-tolerance and immune
homeostasis and hold promising therapeutic potential for multiple inflammatory diseases.
Pro-inflammatory cytokine signals are known to diminish Foxp3 expression and
destabilize Treg cells, presenting a major hurdle for clinical implementation; therefore,
stabilization of Treg cells emerges as a critical need. In this study, we found that the
cytokine suppressor CIS is required for maintenance of Treg cell identity. Mice with Treg
specific Cis-deficiency displayed aggravated experimental allergic asthma and with aging,
developed splenomegaly, lymphadenopathy and spontaneous airway inflammation,
accompanied by accumulation of effector/memory helper T cells. Cis-deficiency led to
loss of Foxp3 expression and decrease in suppressive function of Treg cells. Cis-deficient
Treg cells expressed TH2 cell signature genes, Gata3, Irf4 and Il4, and excessive IL4STAT6 signals resulted in repressive chromatin modification in the Foxp3 locus and
permissive modification in the Il4 loci. In vitro, blockade of IL-4 restored the expression
of Foxp3 and the suppressive function of iTreg cells. Thus, we identified a novel
feedback loop in stabilization of Treg cells. Our results may suggest novel options for
therapeutic applications.
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INTRODUCTION

CD4+CD25+Foxp3+ Treg cells play a crucial role in the maintenance of selftolerance and immune homeostasis156,219. Treg cells could be classified into two major
subsets, thymus-derived Treg [tTreg, also called natural Treg (nTreg)] cells and
peripherally developed Treg (pTreg) cells. In vitro generated inducible Treg (iTreg) cells
also possess suppressive function, but rapidly lose Foxp3 expression in vivo and do not
carry the epigenetic markers of tTreg cells220. Foxp3, the master and signature
transcription factor of Treg cells, governs the development, self-maintenance and
function of both nTreg and iTreg cells27,28. In humans, mutation or deletion of gene
encoding Foxp3 leads to Treg cell dysfunction or deficiency, resulting in severe
autoimmune diseases94. In contrast, forced overexpression of Foxp3 in conventional T
cells confers suppressive activity221,222, suggesting a pivotal role of Foxp3 in mediating
Treg cell function. Manipulation of Treg cells is well recognized as a promising immune
therapy for treatment of autoimmune and inflammatory diseases, such as type 1 diabetes,
graft versus host disease and inflammatory bowel disease95-98. However, a huge hurdle in
front of us is the instability of Treg cells under pro-inflammatory circumstances223-226.
Signal transducer and activator of transcription (STAT) proteins are
acknowledged as one of the most common cytokine signaling mediators, and cytokineinduced STAT signaling presents as a major factor affecting Treg cell stability. It has
been shown that IL-6 activates STAT3 to drive the loss of Foxp3 expression in Treg cells,
followed by reprogramming of Treg towards TH17 cells223,226,227. Additionally, IL-4
induced STAT6 signaling also destabilizes Treg cells224,225,228,229. Activated STAT3 and
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STAT6 undergo nuclear translocation, bind to the Foxp3 locus, and diminish Foxp3
expression228,230. Thus, the activation of STAT by inflammatory cytokines in milieu is
one of the most important factors affecting Treg cell stability.
STAT signals are controlled by several negative regulatory strategies231-233. The
Suppressor of cytokine signaling (SOCS) family proteins are broadly involved in
negative regulation of STAT signaling. In this study, we found that CIS (Cytokine
induced SH-2 protein, also termed CIS1, SOCS and CISH)234, a SOCS family member,
plays an essential role in the maintenance of Treg cell identity. CIS has been shown to
disrupt STAT5 signaling induced by cytokines and hormones231-233,235,236. In addition, our
previous study has showed that CIS also inhibits STAT3 and STAT6 signaling in CD4+ T
cells176. It was also determined both nTreg and iTreg cells express CIS176. In the current
study, we utilized Treg specific Cis-deficiency mice model to investigate the role of CIS
in Treg cell stability and function. We found that mice with Treg-specific Cis-deficiency
exacerbated experimental asthma and resulted in spontaneous chronic airway
inflammation in aging mice. The exacerbated inflammatory responses were due to
impaired suppressive function of Cis-deficient Treg cells, which was associated with
activation of an endogenous TH2 cell programs. Excessive IL-4-STAT6 signals drove the
loss of Foxp3 expression in Treg cells. Therefore, CIS stabilizes Treg cells through
inhibition of a Treg-intrinsic TH2 program.
Previous studies have shown that SOCS1 and SOCS2 are also essential for Treg
cell stability. SOCS1 antagonizes TH1 and TH17 programs in Treg cells through
inhibiting STAT1 and STAT3 activation237, whereas SOCS2 antagonizes TH2 programs
in pTreg but not tTreg cells through inhibition of the IL-4-STAT6 signal238. Taken
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together, CIS plays a redundant but distinct role with other SOCS family members in
maintaining Treg population. This study provides novel insights into the stabilization of
Treg cells for clinical interventions.
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MATERIALS AND METHODS

Animals
Cisfl/fl;Foxp3-YfpCre (Cisfl/fl,Cre) mice on the B6;129 F1 background were
generated by breeding B6.Cisfl/fl,Cre with 129.Cisfl/+ mice; Cisfl/fl or Cisfl/+,Cre littermates as
indicated were used as control. B6.Cisfl/fl,Cre mice were obtained by breeding B6.Cisfl/fl
mice with B6.Foxp3-YfpCre mice (purchased from the Jackson Laboratory)58, whereas
129.Cisfl/+ mice were obtained by crossing B6.Cisfl/fl with 129 mice for 7-8 generations.
Cis/,GFP mice on the B6;129 F1 background were generated by breeding B6.Cis/,GFP
mice [obtained by crossing B6.Cis+/ mice with B6.Foxp3-Gfp227,239, with 129.Cis+/ mice;
Cis+/+,GFP littermates were used as control. Similarly, Cisfl/fl,Cre R26Y and Cisfl/+,Cre R26Y
fate mapping mice on the B6;129 F1 background were generated as described above.
R26Y (Rosa26stop-eYfp) mice were purchased from the Jackson Laboratory240. 6-7-month
old mice were utilized for characterization of chronic inflammation. 68-week-old mice
of were subjected to induction of allergic asthma. All mice were housed in the specific
pathogen-free animal facility at the University of New Mexico Health Sciences Center.
All experiments were performed with protocols approved by the Institutional Animal
Care and Use Committee of the University of New Mexico.
Induction of experimental allergic asthma
For induction of allergic asthma, 68-week-old sex-matched mice were
immunized intranasally with 25 g papain and 50 g chicken Ovalbumin (OVA) for
three times on d 0, d 1 and d 14. On d 15, BALFs were collected for analysis of airway
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infiltrates as described. Additionally, BALFs, LLNs and spleen were collected for
analysis of cytokine expression.
In vitro Treg cell differentiation
CD4+CD25CD44loC62L+ naïve T cells were isolated from indicated mice, and
differentiated in a Treg-polarizing condition (100 unit ml-1 IL-2, 2 ng ml-1 TGF, 2 g
ml-1 anti-IFN- and 5 g ml-1 anti-IL-4) using plate-bound α-CD3/α-CD28.
In vitro Treg suppression assay
Wild-type (WT) naïve CD4+ T cells were co-cultured with purified Treg cells at
indicated ratios of Treg to naïve CD4+ T cells in the presence of irradiated splenic antigen
presenting cells (APCs) and anti-CD3 for 3 d. In some experiments, 10 µg ml-1
neutralizing antibodies were added as indicated. Proliferation was assessed by 3Hthymidine incorporation for the final 8 h before cell culture.
ELISA
LLN and spleen cells (4 x 106 cells ml-1) from the asthmatic mice were recalled
with various concentrations of Ova for 3 days and the supernatants were collected for
measurement of cytokines expression by ELISA using a standard protocol.
RT-quantitative (q) PCR
Gene expression levels were determined by RT-qPCR as described
previously23,132. Data were normalized to an Actb reference gene. The primers were
described in Table 1.
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Table 1. RT-qPCR primers

Gene
Actb
Cd25
Ctla4
Foxp3
Gata3
Icos
Il4
Il5
Il10
Il13
Irf4
Junb
Nfatc1p1
Pd1
Pu.1
Rora
Rorc(t)
Tbx21
Tgfb

Primer Sequences
Forward, 5’-GACGGCCAGGTCATCACTATTG
Reverse, 5’-AGGAAGGCTGGAAAAGAGACC
Forward, 5’-CGTTGCTTAGGAAACTCCTGGA
Reverse, 5’-GCTTTCTCGATTTGTCATGGG
Forward, 5’-GGACGCAGATTTATGTCATTGATC
Reverse, 5’-CCAAGCTAACTGCGACAAGGA
Forward, 5’-GGCCCTTCTCCAGGACAGA
Reverse, 5’-GCTGATCATGGCTGGGTTGT
Forward, 5’-AGGGACATCCTGCGCGAACTGT
Reverse, 5’-CATCTTCCGGTTTCGGGTCTGG
Forward, 5’-TACTTCTGCAGCCTGTCCAT
Reverse, 5’-CAGCAGAGCTGGGATTCATA
Forward, 5’-CACCACAGAGAGTGAGCTCGTC
Reverse, 5’-ACTTGGACTCATTCATGGTGCA
Forward, 5’-ACACAGCTGTCCGCTCACCGAG
Reverse, 5’-TCACACCAAGGAACTCTTGCAG
Forward, 5’-ATAACTGCACCCACTTCCCAGTC
Reverse, 5’-CCCAAGTAACCCTTAAAGTCCTGC
Forward, 5’-TGGGTCCTGTAGATGGCATTGC
Reverse, 5’-GGGCTTCATGGCGCTCTGGGTG
Forward, 5’-TCCTCTGGATGGCTCCAGATGG
Reverse, 5’-CACCAAAGCACAGAGTCACCTG
Forward, 5’-CGATAGGGATCCGCCAGG
Reverse, 5’-CGGGATACGGTCGGAGC
Forward, 5’-GCCAAGTACCAGCTTTCCAG
Reverse, 5’-AGGGTCGAGGTGACACTAGG
Forward, 5’-CCGCCTTCTGTAATGGTTTGA
Reverse, 5’-GGGCAGCTGTATGATCTGGAA
Forward, 5’-TGAGCATCTTCTTGTGCCAAGG
Reverse, 5’-TCCATGTGGCGATAGAGCTGCT
Forward, 5’-TCTCCCTGCGCTCTCCGCAC
Reverse, 5’-TCCACAGATCTTGCATGGA
Forward, 5’-CCGCTGAGAGGGCTTCAC
Reverse, 5’-TGCAGGAGTAGGCCACATTACA
Forward, 5’-CAACAACCCCTTTGCCAAAG
Reverse, 5’-TCCCCCAAGCAGTTGACAGT
Forward, 5’-GCAACATGTGGAACTCTACCAGA
Reverse, 5’-GACGTCAAAAGACAGCCACTCA
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Reference
241

242

221

243

244

245

243

246

247

248

23

249

250

251

Chromatin Immunoprecipitation (ChIP)
Cell lysates were prepared as described176. The lysates were first pre-cleared with
Protein G magnetic beads at 4 °C for 30 m. Afterwards, supernatants were collected by
magnetic separation and incubated with antibodies to pull down the targeted proteins
overnight at 4 °C, followed by Protein G magnetic beads incubation for 2 h at 4 °C on D2
morning. The bead-antibody-chromatin complexes were washed 2 times with low salt TE
buffer and additional 2 times with high salt TE buffer. Finally, the bead-antibodychromatin complexes were collected by magnetic isolation and resuspended in TE buffer
for reverse crosslink in the presence of 0.2 M NaCl for 4 h at 65 °C. The samples were
then subjected for qPCR. The antibodies used were as follows: anti-pSTAT6 (Tyr641,
Santa Cruz), anti-pSTAT5a/b (Tyr694, Santa Cruz), anti-H3K4m3 (ab12209, Abcam),
anti-H3K27m3 (ab6002, Abcam) or an isotype matched control antibody (Santa Cruz).
The primers used were shown in Table 2.
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Table 2. ChIP primers

Gene Region
Foxp3 promoter
STAT6 site
Foxp3 promoter
STAT5 site
Foxp3 CNS2
(close to STAT
sites)
Ifng promoter
Il4 HS2
Il4 HS3
Il17 promoter

Primer Sequences
Forward, 5’-TCCATTCCCTCTGTGCATGG
Reverse, 5’-CTGGCTGGAGGACTGATGCT
Forward, 5’-CAACAGGGCCCAGATGTAGA
Reverse, 5’-GGAGGTTGTTTCTGGGACATAGA
Forward, 5’-CCCAACAGACAGTGCAGGAA
Reverse, 5’-AAAGAGGACCTGAATTGGATATGG
Forward, 5’-TTATTCAGCCGTCCCCAACC
Reverse, 5’-TTCCTTTCGACTCCTTGGGC
Forward, 5’-AGAATGAAAGGCCCCAAAGT
Reverse, 5’-CATGGCTTGGGTACAGGTCT
Forward, 5’-AAGTTTTCATGAGCCCCAAG
Reverse, 5’-AACTGGGGGTGATCTCAGTG
Forward, 5’-TACTGACTGCTCTTCCAGAGG
Reverse, 5’-TCACCCTGTTTATCAGCACAC
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Flow cytometry
For intracellular cytokine stain, the cells were collected and stimulated with
phorbol 12-myristate 13-acetate (PMA) and ionomycin in the presence of Golgi-stop for
4 hr. Phosphor-protein stain of pSTAT6 was performed using a previously described
protocol with minor modifications177. In brief, the cells were collected in vivo or in vitro
and fixed by 1.6% paraformaldehyde for 20 m, re-suspended in 50% ethanol for 1 m, and
permeabilized with methanol for 20 m. The resulting cells were stained with antipSTAT6 (pY641, J71-773.58.11, BD Biosciences) in cold 0.1% BSA-PBS for 30 min.
Other flow cytometry antibodies were listed as follows: CD4 (GK1.5), Foxp3 (FJK-16s),
CD11b (M1/70), CD11c (N418), Gr-1 (RB6-8C5), IL-13 (eBio13A), IFNγ (XMG1.2)
and Ki67 (SolA15) were purchased from eBioscience; IL-4 (11B11), IL-5 (TRFK5) and
CD44 (IM7) were from BioLegend; CD62L (MEL-14), Siglec-F (E50-2440) and IL-17
(TC11-18H10) were from BD Biosciences.
Statistical analysis
The statistical significance of differences between groups was calculated with the
unpaired Student’s t test. P values of 0.05 or less were considered significant.
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RESULTS

Treg-specific Cis-deficiency leads to spontaneous chronic inflammation with
enhanced T effector programs
We have previously shown that Cis-deficiency on the C57BL/6 (B6) background
leads to spontaneous airway disease with aging associated with increased TH2 and TH9
cell responses176. Genetic background is known to shape gene function. On a 129;B6
mixed background (interbred from 129 and B6 F1 progenies), Cis-deficiency caused
severe splenomegaly and lymphadenopathy (data not shown), resembling Tregdeficiency caused autoimmune diseases. Thus, we conceived that CIS may be required
for maintenance of Treg cells. To validate this, we generated Treg specific Cis-deficient
mice, Cisfl/fl;Foxp3-YfpCre (Cisfl/fl,Cre) mice on the 129;B6 F1 background (hereafter, the
mice will be all on the 129;B6 F1 background) by breeding B6.Cisfl/fl,Cre with 129.Cisfl/+
(the latter was generated by crossing B6.Cisfl/fl with 129 mice for 7-8 generations). We
first examined the inflammatory phenotypes and T cell profiles in Cisfl/fl,Cre mice
compared with their Cisfl/fl or Cisfl/+,Cre littermates as indicated (Cisfl/+,Cre littermates had
similar phenotypes as Cisfl/fl mice; data not shown). At the age of 6-7 months, Cisfl/fl,Cre
mice exhibited apparent splenomegaly and lymphadenopathy (Fig. 5.1A), coupled with
aggravated lung inflammation relative to the control mice (Fig. 5.1B). The lungs of
Cisfl/fl,Cre mice displayed significantly more immune infiltrates including lymphocytes,
eosinophils and macrophages (Fig. 5.1C). We also assessed the kidney and pancreas but
did not observe appreciable immune infiltrates (Data not shown). Since Treg cells are
essential in the maintenance of immune homeostasis, we asked whether Cis-deficiency in
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Treg cells affects T effector cell programs. We measured the frequencies of naïve CD4+ T
cells versus effector/memory CD4+ T cells in 6-7-month old animals and found that
Cisfl/fl,Cre mice displayed significantly decreased CD4+CD25CD44loC62L+ naïve T cells,
but dramatically increased CD4+CD25CD44hiC62L effector/memory T cells in lung
draining mediastinal (LLNs), inguinal (InLNs) and mesenteric (MLNs) lymph nodes and
spleen compared with Cisfl/fl mice (Fig. 5.1D, E).
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Fig. 5.1. Treg-specific Cis-deficient mice spontaneously developed splenomegaly,
lymphadenopathy and chronic inflammation.
(A) Spleen, axillary lymph nodes (AxLNs) and Lung associated Mediastinal LNs (LLNs)
of 6-7-month-old Cisfl/fl and Cisfl/fl,Cre mice on the B6;129 F1 background. (B) H&E stain
of left lung lopes from mice in (A). Bar scale: 100 m. (C) Cellular profile of lung
infiltrates. (D) Cellular profiles of Naïve (CD4+CD62L+CD44lo) and effector/memory
(CD4+CD62LCD44hi) T cells in LLNs, spleen, inguinal lymph nodes (InLNs) and
mesenteric lymph nodes (MLNs) on a CD25 gate. (E) Statistical analysis of (D). (C, E)
Data Shown are a representative of 2 experiments (4-5 mice per group). Values are
means and S.D. Student t test, * p< 0.05, ** p< 0.005, *** p< 0.0005.
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Furthermore, we analyzed the CD4+ T compartment by intracellular stain of
respective signature cytokines, and found that Cisfl/fl,Cre mice had significantly higher
frequencies of TH1, TH2 and TH17 cells in the lungs, LLNs and spleens than Cisfl/+,Cre
mice (Fig. 5.2A, B). Collectively, these data indicate a pivotal role of CIS in maintaining
the regulatory function of Treg cells.
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Fig. 5.2. Treg-specific Cis-deficient mice developed enhanced T effector programs in
secondary lymphoid tissues and lungs.
(A) Cytokine expression profiles and CD4+ cell population in lung, LLNs and spleen in
6-7-month-old Cisfl/fl and Cisfl/fl,Cre mice. (B) Statistical analysis of (A). Data Shown are a
representative of 2 experiments (4-5 mice per group). Values are means and S.D. Student
t test, * p< 0.05, ** p< 0.005, *** p< 0.0005.
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Treg-specific Cis-deficiency enhances experimental asthma
Germ-line Cis-deficiency on the B6 background causes spontaneous airway
disease associated with elevation of TH2 and TH9 responses176. Our results above also
demonstrate a critical role of Treg-specific Cis-deficiency in lung inflammation and
immune homeostasis. We asked whether Treg-specific Cis-deficiency also plays a role in
allergic airway inflammation. To answer this question, we employed an experimental
allergic asthma model using a standard protocol as described before208,253. Young
Cisfl/fl,Cre mice (68 weeks old) were generally health and had no significant differences
in the TH cell profiles in spleen and LLNs compared with Cisfl/fl littermates (data not
shown). Both mice had only a few lung infiltrates (data not shown). After induction of
allergic asthma, we assessed the cellular profiles of bronchoalveolar lavage fluids
(BALFs) and found that Cisfl/fl,Cre BALFs contained more CD4+ T lymphocytes and
eosinophils compared with those from Cisfl/fl littermates (Fig. 5.3A). Type 2 immune
responses manifest one of the hallmarks of allergic asthma. Thus, intracellular stain of
type 2 cytokines was performed on single cell suspension of BALFs, LLNs and spleen.
The asthmatic Cisfl/fl,Cre mice had enhanced type 2 immune responses involving increased
frequencies of TH2 cells (Fig. 5.3B-C) relative to Cisfl/fl mice. Moreover, upon ex vivo
recall with chicken Ovalbumin (OVA), a model antigen used to elicit asthma, Cisfl/fl,Cre
LLN cells and splenocytes both expressed significantly higher amounts of TH2 cytokines,
IL-4, IL-5 and IL-13, but not TH1 cytokine IFN, than Cisfl/fl cells (Fig. 5.3D). Together,
these data suggest that Cis-deficiency in Treg cells leads to exacerbate allergic symptoms,
indicating a crucial role of CIS in maintaining Treg suppressive function during allergic
inflammation.
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Fig. 5.3. Treg-specific Cis-deficiency resulted in enhanced experimental allergic
airway inflammation.
(A) Cellular profile of bronchoalveolar lavage fluids (BALFs) between Cisfl/fl and
Cisfl/fl,Cre mice after induction of asthma. (B) Intracellular stain of TH2 cytokines in
BALFs, LLNs and Spleen in 2 groups of mice. (C) Statistical analysis of (B). (D) ELISA
of cytokine expression by LLN cells and Splenocytes following recall with Ovalbumin
(OVA) at indicated concentrations for 3 d. Data shown are a representative of 3 (A, C)
and 2 (D) independent experiments (4-5 mice in each group). Values are means and S.D.
Student t test, * p< 0.05, ** p< 0.005.
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Cis-deficiency leads to decreased Foxp3 expression and suppressive function of Treg
Since our above results showed a crucial role of CIS expression in Treg cells in
maintaining immune homeostasis in vivo, we asked whether CIS directly affects Treg
suppressive function. To explore this possibility, we isolated CD4+Foxp3-GFP+NRP1hi
tTreg cells by FACS-sorting from Cis/;Foxp3Gfp (Cis/,GFP) and Cis+/+,GFP mice to
assess their suppressive function. Additionally, we polarized naïve CD4+ T cells from
above mice towards iTreg cells and purified Foxp3 expressing cells using a CD4+Foxp3GFP+ gate. The suppressive function of tTreg and iTreg cells (both purity > 99%) were
assessed by measuring 3H-thymidine incorporation of effector CD4+ T cells during
proliferation. We found that Cis-deficiency resulted in impaired suppressive function of
tTreg cells as well as iTreg cells, whereas the impairments were more pronounced in
iTreg cells (Fig. 5.4A-B). Therefore, CIS is required for the maintenance of both iTreg
and tTreg cell function.
As we know, Foxp3, the master transcription factor, governs the development,
maintenance and function of Treg cells27,28. Thus, we assessed the expression of Foxp3 in
LLN Treg cells between 6-7-month-old Cisfl/fl and Cisfl/fl,Cre mice by flow cytometry
following intracellular stain and found comparable percentages and numbers of Foxp3+
population in CD4+ T cells (Fig. 5.4C and data not shown). Although Cis-deficiency in
Treg cells did not affect the frequencies and numbers of the Treg cells population, it led
to lower intensity of Foxp3 expression in both tTreg and iTreg cells measured by FACS
stain and Western Blot (Fig. 5.4D and 5.4E), indicating a pivotal role of CIS in sustaining
Foxp3 expression in Treg cells in vivo and in vitro. Interestingly, we observed higher
proliferation rates of Cisfl/fl,Cre over the Cisfl/fl Treg cells by intracellular stain of
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proliferation status marker Ki67 (data not shown), which might compensate the loss of
identity of a portion of Cis-deficient Treg cells (see more details below). Together, these
data suggest CIS is required for maintaining Foxp3 expression in Treg cells.
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Fig. 5.4. Cis-deficiency led to loss of Foxp3 expression and impaired suppressive
activity in Treg cells.
(A) 3H-thymidine incorporation of effector CD4+ T cells in the presence of tTreg
(CD4+Foxp3-GFP+Nrp-1hi) cells isolated from Cis+/+,GFP and Cis/,GFP mice. (B) 3Hthymidine incorporation of effector CD4+ T cells in the presence or absence of purified
Foxp3-GFP+ WT and Cis-/- iTreg cells differentiated from naïve cells of above mice. Teff,
effector T cells. (C) Intracellular stain of Foxp3 in CD4+ T cell population between 6-7month-old Cisfl/fl and Cisfl/fl,Cre mice. (D) Histogram of Foxp3 intensity (left) and Foxp3
Mean Fluorescence Intensity (MFI) (right) between 6-7-month-old Cisfl/fl and Cisfl/fl,Cre
mice. (E) Immunoblot of Foxp3 expression in purified Cisfl/fl,Cre and Cisfl/+,Cre tTreg cells
and iTreg cells . -actin was used as a loading control. Data Shown are a representative
of 3 (C-E) experiments, and a combination of two experiments (A-B). Values are means
and S.D. Student t test, * p< 0.05, ** p< 0.005, *** p< 0.0005.
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Cis-deficiency drives the loss of identity of Treg cells
Our above findings suggest that Cis-deficiency results in the loss of Foxp3
expression and suppressive function. Nevertheless, it remains unclear whether Cisdeficiency leads to adoption of effector programs in Treg cells and thus, converting Treg
cells into effector TH cells. To test this, purified Cisfl/fl,Cre and Cisfl/+,Cre iTreg cells (YFP+,
purity > 99%) were cultured with IL-2 on an anti-CD3 and anti-CD28 coated plate. As
early as 8 h, we observed significant loss of Foxp3 expression, however, only a few
Foxp3 cells expressed TH17 cytokine IL-17 but not TH1 cytokine IFN or TH2 cytokine
IL-4 as measured by intracellular cytokine stain (Fig. 5.5A). Furthermore, to determine
CIS-regulated Treg cell plasticity in vivo, we employed a Treg cell fate-mapping mice
model, in which Foxp3-YFPCre excised a floxed stop code sequence and led to
constitutive expression of enhanced YFP (eYFP) from the Rosa26stop-eYfp (R26Y) locus
that marked ex- (Foxp3) and current (Foxp3+) Treg cells. We analyzed the Treg cell fate
in 6-month old Cisfl/+,Cre R26Y and Cisfl/fl,Cre R26Y mice with a CD4+eYFP+ gate. As
expected, we observed a higher frequency of ex-Treg cells lost Foxp3 and converted to
non-Treg cells in the CD4+eYFP+ population of Cisfl/fl,Cre R26Y splenocytes compared
with that of control cells (Fig. 5.5B). Meanwhile, we detected slightly higher frequencies
of TH1, TH2 and TH17 cytokine-expressing cells in the CD4+eYFP+Foxp3 populations
from Cisfl/fl,Cre R26Y mice, whereas most CD4+eYFP+Foxp3 cells remained effector
cytokine negative (Fig. 5.5B). Collectively, CIS is required for the maintenance of Treg
cell identity in vitro and in vivo.
Our above results indicate that Cis-deficiency drives the loss of Foxp3 expression
in Treg cells. We next asked whether ex-Treg cells maintained the expression of Treg-
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associated functional molecules. We found that either Cis-deficient or -sufficient ex-Treg
cells lost the expression of CD25, but largely remained the expression of NRP1 and had
comparable levels of PD1 (Fig. 5.5C, upper). Furthermore, CIS did not affect the
expression of CD39, CTLA-4 and ICOS in either current or ex-Treg cells (Fig. 5.5C,
lower). Together, our data suggest Cis-deficiency affects the expression of Foxp3 and
CD25 but not many other functional molecules, such as CTLA-4, PD1, and CD39 by
Treg cells.
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Fig. 5.5. Cis-deficiency led to loss of Treg cell identity.
(A) Intracellular stain of Foxp3 and effector cytokines, IL-4, IL-17 and IFN in purified
Cisfl/fl,Cre and Cisfl/+,Cre iTreg cells after cultured on anti-CD3 and anti-CD28 coated plate
in the presence of IL-2 for 8 h. (B) Intracellular stain of Foxp3 and effector cytokines, IL4, IL-17 and IFN in in CD4+eYFPhigh Treg cells from 6-month-old and Cisfl/fl,Cre R26Y
and Cisfl/+,Cre R26Y mice. (C) Intracellular stain of Foxp3 and cell surface markers, CD25,
Nrp1 and PD1 (upper) and CD39, CTLA-4 and ICOS (lower) in Treg cells described in
(B). Data represent 3 (A-B) or 2 (C) independent experiments.
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CIS antagonizes IL-4 signals to maintain Treg cell function
To gain further insights into how CIS regulates the stability and function of Treg
cells, we profiled the gene expression patterns in the presence or absence of CIS.
CD4+YFP+CD25+ Treg cells were FACS-sorted from Cisfl/fl,Cre and Cisfl/+,Cre mice and
mRNA expressions of genes associated with various CD4+ T cell programs were assessed
by RT-quantitative (q) PCR. In alignment with our previous findings, mRNA expression
of transcription factor Foxp3 was down-regulated in Cis-deficient Treg cells relative to
Cis-sufficient counterparts (Fig. 5.6A). Surprisingly, mRNA expression of antiinflammatory cytokine IL-10 was increased in Cis-deficient Treg cells compared with
Cis-sufficient Treg cells, which might reflect an effector but not regulatory T cell
program since effector T cells express various amounts of IL-10. Cis-deficiency did not
alter the expression of CTLA-4, TGFβ and IL-35 (encoded by p35 and Ebi3; although
Cis-deficiency increased the expression of Ebi3). Noteworthy, Cis-deficiency resulted in
increased expression of TH2 signature genes, including those encoding cytokine IL-4,
and transcription factors, GATA3 and IRF4 (Fig. 5.6A). In addition, Cis-deficiency also
led to a trend of increases in the expression of genes, Tbx21 (encoding TH1 transcription
factor T-bet), Rorc(t) (encoding TH17 transcription factor RORt) and Il17 (Fig. 5.6A).
By using ELISA, we found that Cis-deficient Treg cells expressed heightened amounts of
TH2 cytokines, IL-4 an IL-5 but not TH17 cytokine IL-17 and TH1 cytokine IFN
compared with Cis-sufficient counterparts (Fig. 5.6B). Similarly, we have observed
increased mRNA expression of Irf4 and Il4, and decreased expression of Foxp3 in
purified Cis/ relative to Cis+/+ iTreg cells (data not shown). In summary, these findings
confirmed that Cis-deficient Treg cells generated both in vivo and in vitro possess the
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propensity to lose Treg tolerance program and to switch to T effector programs,
especially the TH2 effector program [although the cytokine expression levels may be
lower than the detection limits of intracellular stain (Fig. 5.5A)].
Because Cis-deficient T cells displayed increased TH2 cell responses and
decreased differentiation of iTreg cells which can be rescued by neutralizing IL-4 in the
culture176, we examined whether Treg cell-specific Cis-deficiency also inhibits iTreg cell
polarization through induction of a Treg-intrinsic TH2 cell program. Cisfl/fl,Cre and Cisfl/fl
naïve CD4+ T cells were skewed towards iTreg cells and expression of Foxp3 was
measured by intracellular stain. Treg cell-specific Cis-deficiency also resulted in a
decrease in the frequencies of Foxp3+ cells (Fig. 5.6C). Treatment with anti-IL-4 rescued
Foxp3+ iTreg cell induction (Fig. 5.6C), indicating a pivotal role of CIS in inhibition of
IL-4 signals during iTreg cell polarization. To further understand how CIS antagonizes
pro-inflammatory cytokine signals and stabilizes Treg cells, we cultured purified Cisdeficient and -sufficient iTreg cells on a plate coated with anti-CD3 and anti-CD28 in the
presence of IL-2 with or without blockade of cytokine signals. We found that after
treatment with a control antibody, Cis-deficiency resulted in dramatic loss of Foxp3,
whereas anti-IL-4 treatment largely restored Foxp3 expression in Cis-deficient iTreg cells
(Fig. 5.6D). Interestingly, treatment with anti-IL-6 plus IL-21R (blocking the TH17
pathway) or anti-IFN (blocking the TH1 pathway) only slightly prevents the loss of
Foxp3 expression in Cis-deficient iTreg cells. Therefore, CIS plays a critical role in
guarding Treg cell stability by inhibition of a TH2 dominant effector program. We then
asked whether Cis-deficiency impairs Treg cell function through IL-4 signals. To answer
this, we examined the suppressive function of Cis-deficient and -sufficient iTreg cells in
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the presence or absence of IL-4 neutralizing antibody. As expected, Cis/ iTreg cells had
impaired suppressive function compared with Cis+/+ iTreg, whereas the attenuation of
suppressive activity in Cis/ iTreg cells was reversed by adding anti-IL-4 but not a
control antibody into the culture (Fig. 5.6E), suggesting a central role of CIS in governing
IL-4 signals in regulating Treg suppressive function.
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Fig. 5.6. Cis-deficiency impaired Treg cell polarity and function in an IL-4 signalingdependent manner.
(A) RT-qPCR of gene expression in CD4+Foxp3-YFP+CD25+ Treg cells sorted from
Cisfl/fl,Cre and Cisfl/+,Cre mice. Ebi3 and p35 encode IL-35. Tbx21 encodes T-bet. (B)
ELISA of effector cytokine expression in Treg cells following restimulation with platebound -CD3/-CD28. (C) Intracellular stain of Foxp3 in Cisfl/fl and Cisfl/fl,Cre iTreg cells
differentiated under a Treg condition in the presence of anti-IL-4 or a control antibody
(Ctr). (D) Intracellular stain of Foxp3 in Cisfl/fl,Cre and Cisfl/+,Cre iTreg cells cultured on CD3 coated plate for 8 h in the presence of -IL-4, -IL-6 + IL-21R, -IFN or a control
antibody (Ctr). (E) 3H-thymidine incorporation of effector CD4+ T cells in the presence
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or absence of purified Foxp3-GFP+ WT and Cis/ iTreg cells differentiated from naïve
cells isolated from Cis+/+,GFP and Cis/,GFP mice. Data shown are a representative of 2
experiments (3 biological replicates per group) (A, B), 3 (C, D) independent experiments,
or a combination of 2 experiments (3 mice per group) (E). Values (A, B, E) are means
and S.D. (B, E). Student t test, * p< 0.05, ** p< 0.005.
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CIS inhibits STAT6 binding to and silencing the Foxp3 locus
As mentioned above, STAT6 phosphorylation is the major downstream signal
event in response to IL-4 in CD4+ T helper cells. Thus, we examined the effects of CIS
on STAT6 activation in Treg cells by intracellular stain. First, we measured in vivo
expression of phosphor- (p) STAT6 in Treg cells from 6-7-month old Cisfl/+,Cre and
Cisfl/fl,Cre mice and observed slightly increased levels of pSTAT6 in Cisfl/fl,Cre Treg cells
compared with Cisfl/+,Cre Treg cells (Fig. 5.7A, left). Second, we assessed pSTAT6
expression in purified iTreg cells (YFP+) polarized from Cisfl/fl,Cre and Cisfl/+,Cre naïve T
cells and found that Cisfl/fl,Cre iTreg cells expressed higher amounts of pSTAT6 than the
control cells (Fig. 5.7A, right). Concluding, Cis-deficiency led to elevated STAT6
activation in Treg cells, which was likely triggered by autocrine IL-4.
To understand how Cis-deficiency induced IL-4 signaling destabilizes iTreg cells,
we performed chromatin immunoprecipitation (ChIP) assays to uncover the accessibility
of Treg and effector T cell signature gene loci. At the conserved non-coding sequence 2
(CNS2) and the promoter of Foxp3 gene, pSTAT5 binding is required for the
maintenance of Treg cell identity, whereas pSTAT6 competes with pSTAT5 binding at
this locus and may lead to decrease expression or even silence of Foxp3 gene252,254,255.
We measured the binding levels of pSTAT6 and pSTAT5 at the Foxp3 locus in iTreg
cells in the absence of exogenous IL-4 and IL-2, and found higher pSTAT6 binding to
both Foxp3 promoter and CNS2 regions in Cisfl/fl,Cre relative to Cisfl/+,Cre iTreg cells (Fig.
5.7B, left). Whereas, there was a trend of decrease in pSTAT5 bindings on these two sites
in Cisfl/fl,Cre iTreg cells compared with that in Cisfl/+,Cre iTreg cells; however, it did not
reach significance (Fig. 5.7B, right). These data suggest CIS blocks IL-4-induced
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activation of STAT6 in iTreg cells and pSTAT6 potentially competes with pSTAT5
binding onto the Foxp3 locus to silence Foxp3 expression.
To gain further insight into the role of CIS in stabilization of iTreg cells, we
assessed epigenetic modifications of histone h3 lysine 4 trimethylation (H3K4m3),
indicating permissive epigenetic modification, and H3K27m3, associated with gene
inactivation, at the Foxp3, Il4 and Il17 loci, (Fig. 5.6A). We observed a dramatic decrease
in H3K4m3 modifications on both Foxp3 promoter and CNS2 regions in Cis-deficient
relative to Cis-sufficient iTreg cells (Fig. 5.7C, left), although no distinction has been
found on H3K27m3 modifications on these sites (Fig. 5.7D, left). In addition, the
H3K4m3 modification at the Il4 HS2 region but not the Il17 promoter was significantly
enhanced (Fig. 5.7C, right), and meanwhile, the H3K27m3 modifications were
consistently decreased at the Il4 HS2 and HS3 regions as well as the Il17 promoter in
Cisfl/fl,Cre iTreg cells compared with that in Cisfl/+,Cre cells (Fig. 5.7D, right). Together,
these results unraveled that CIS stabilizes Treg cells via antagonizing IL-4-STAT6
signals that represses the Foxp3 locus and activates the Il4 gene.
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Fig. 5.7. Cis-deficiency drove loss of the Treg program and gain of a TH2 effector
phenotype through the IL-4-STAT6 axis.
(A) Intracellular phosphor-stain of pSTAT6 in Treg cells generated in vivo (left) or in
vitro (right)(B) Chromatin immunoprecipitation (ChIP) assays of pSTAT6 and pSTAT5
binding onto the Foxp3 locus in Cisfl/fl,Cre and Cisfl/+,Cre iTreg cells. (C) ChIP assays of
H3K4m3 modifications on the Foxp3, IL-4 and IL-17 loci in indicated iTreg cells. (D)
ChIP assays of H3K27m3 markers on the Foxp3, IL-4 and IL-17 loci in indicated iTreg
cells. (B-D) Data shown are a representative of 2-3 independent experiments (3
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biological replicates per group). Values are means and S.D. Student t test, * p< 0.05, **
p< 0.005. *** p< 0.0005.
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Taken together, we have uncovered an unappreciated and pivotal role of a SOCS
protein family member, CIS, in maintaining Treg cell identity and function via
antagonizing IL-4-STAT6 signaling and stabilizing Foxp3 expression.
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DISCUSSION

Treg cells are crucial for maintaining immune tolerance and homeostasis in mice
and humans. The stability of Foxp3 expression in Treg cells is considered as a
determinant factor of immune homeostasis27,28. Many transcription factors, including
STAT5 (activated through IL-2), SMADs (activated through TGF), NFAT and CREB,
have been shown to stabilize Foxp3 expression in Treg cells through targeting CNS2 or
other regulatory elements at the Foxp3 locus220,256. However, under certain proinflammatory circumstances, Foxp3+ Treg cells become unstable and lose Foxp3
expression and might further adopt a CD4+ T effector phenotype. Several studies
concerning STATs regulation of Foxp3 locus showed that IL-4 induced pSTAT6 and IL6 induced pSTAT3 are enabled to compete for the pSTAT5-binding sites at the Foxp3
locus and interact with DNA methyltransferases Dnmt1, which is responsible for de novo
DNA methylation254, and thus, leading to diminished Foxp3 expression228,230. In concert
with aforementioned studies, our study evidenced that dysregulation of pro-inflammatory
cytokine signals in Cis-deficient Treg cells led to loss of Foxp3 expression and
impairment of suppressive function. Consistently, Treg cell-specific deletion of Cis led to
exacerbated TH2 cell responses in an asthma model.
Pro-inflammatory cytokine signaling is largely dependent on STAT protein
activation. As one of the classical negative regulatory strategies on STATs signaling,
SOCS family proteins are broadly involved in restriction of STAT activation and
stabilization of Treg cells in pro-inflammatory conditions. As shown in previous studies,
SOCS1 and SOCS2 are both essential for Treg cell stability. SOCS1 stabilizes Treg cells
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through inhibiting STAT1 and STAT3 activation237, whereas SOCS2 maintains pTreg
cells likely through inhibition of IL-4-STAT6 signal238. CIS, another member of the
SOCS protein family, has been shown to disrupt STAT5 signaling induced by cytokines
and hormones231-233,235,236. In addition, our previous studies showed that CIS also inhibits
STAT3 and STAT6 signaling in CD4+ T cells176. In this study, we found that in the
absence of CIS, Treg cells generated in vivo or in vitro both had impaired suppressive
function and lost Foxp3 expression, which was largely mediated by TH2 cytokine IL-4
but not TH1 cytokine IFN and TH17 cytokines IL-21 and IL-6. Consistent with this, we
detected increased STAT6 binding to the Foxp3 locus, accompanying decreased
epigenetic permissive marker H3K4me3 levels on the Foxp3 CNS and promoter in Cisdeficient Treg cells relative to Cis-sufficient cells, indicating a critical role of CIS in
antagonization of IL-4 mediated STAT6 activation and maintenance of chromatin
accessibility of the Foxp3 locus.
GATA3 is the major transcription factor of TH2 cells257. Treg cells residing in
barrier sites also express GATA3, and GATA3 is required for Treg cell maintenance
under inflammatory conditions but not the steady state258,259, predisposing a risk of
instability in Treg cells. In our study, we found that Cis-deficiency not only caused loss
of Foxp3 expression but also rendered an endogenous TH2 cell-like program in Treg
cells, in which Cis-deficiency led to elevation of mRNAs encoding TH2 cell signature
transcription factor, GATA3 and IRF4, and cytokine, IL-4, in Treg cells generated in vivo.
In iTreg cells, Cis-deficiency resulted in increased mRNA expression of Irf4 and Il4, but
did not alter Gata3 mRNA expression, indicating that increased expression of IL-4 in
Cis-deficient iTreg cells did not require further upregulation of GATA3. The autocrine
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IL-4 triggered activation of STAT6 that bound to and occupied the Foxp3 promoter and
CNS2. This overloaded IL-4-STAT6 signaling circuit drove the loss of Foxp3 expression
in Treg cells, and meanwhile promoted TH2 cell effector cytokine expression, therefore
enforcing a feedforward loop that impaired Treg function and led to spontaneous
inflammation. As we know, Treg cells have been shown to reprogram towards TH17
cells following the loss of Foxp3 driven by the activation of IL-6-STAT3 signaling
axis223,226,227. Thus, we expected to see the role of CIS in maintaining the Foxp3
expression via antagonizing IL-6-STAT3 signaling in Treg cells under a different context.
Interestingly, we did not observe differences between mice bearing Cis-deficient versus
sufficient Treg cells in an experimental autoimmune encephalomyelitis (EAE) model
which is dominantly driven by TH1 and TH17 type immune responses (data not shown).
Therefore, CIS plays a critical role in Treg cells in a TH2 cell-associated context but not
in the TH1 and TH17 type responses. Taken together, CIS plays a redundant but
differential role with other SOCS family members in stabilizing Treg cells through
antagonizing an autocrine (and maybe also other sourced) IL-4 mediated STAT6
signaling pathway, highlighting a cell-intrinsic circuit important for Treg cell selfmaintenance.
As we observed that CIS was required to maintain Treg cell suppressive function
via stabilizing the expression of Foxp3, we examined the relationship between CIS and
Treg-associated functional molecules. However, we did not detect significant differences
on the expression intensity of CTLA-4, CD25, CD39 and IL-10 between Cis-sufficient
versus -deficient Treg, indicating that CIS does not directly regulate Treg cell suppressive
function by mediating the expression of these effector molecules. By leverage a Treg-
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specific reporter system, we observed ex-Treg (Foxp3) cells that were highly present in
Cis-deficient animals lost expression of CD25 but remained other Treg-associated surface
markers, such as CTLA4, CD39, PD1 and ICOS, suggesting that the ex-Treg cells may
remain partial suppressive function. Interestingly, as revealed by intracellular stain, only
a few ex-Treg cells expressed effector cytokines, IFN, IL-4, or IL-17. Due to their autoreactive nature, whether the ex-Treg cells are auto-reactive and may elicit autoimmunity
requires further elucidation. In summary, our study suggests a previously unappreciated
role of CIS in the regulation of Treg cell stability under pro-inflammatory circumstances
though Treg-intrinsic feedback control of the TH2 program, and our findings might
provide novel insights into the stabilization of Treg cells for clinical interventions.
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CHAPTER 6
CONCLUSIONS
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SUMMARY OF AIM 1 FINDINGS AND SIGNIFICANCE

Lum/ and Lum+/ mice were utilized for all the required in vivo and in vitro
experiments in this study. In vitro polarization of distinct T helper lineages was
conducted between Lum/ and Lum+/ naïve CD4+ T cells and the results showed that
Lum-deficiency significantly increased TH17 cell cytokine IL-17, IL-21 and GM-CSF
expression upon re-stimulation (Fig. 2.1). However, Lum did not alter the cytokine
production of TH1, TH2 and Treg cells (Fig. 2.1). Lum/ mice developed earlier onset of
EAE disease and exhibited more severe symptoms and higher incidences compared with
Lum+/ mice (Fig. 2.2). Evidently, Lum/ mice displayed increased frequencies of singlepositive IL-17+, IFN-γ+ and double-positive IL-17+ IFN-+ CD4+ T cells (Fig. 2.2),
suggesting a potential suppressive role of Lum on EAE pathogenesis via modulating
TH17-mediated type 3 and TH1-mediated type 1 responses. To assess the effect of Lum
on MOG-specific autoreactive T helper cells, splenocytes from EAE mice were
stimulated overnight with MOG peptide and afterwards, cells and supernatants were
collected for cytokine measurement. It is notable that Lum-deficient splenocytes
expressed dramatically higher IL-17 but not IFN- after ex vivo recall compared to
littermate control (Fig. 2.3). The above results demonstrated that Lum mediates the
pathogenicity of TH17 cells both in vitro and in vivo. Detection of Lum mRNA and
protein expression in multiple CD4+ T helper lineages showed that Lum is preferentially
expressed in TH17 cells (Fig. 2.4). To examine the hypothesis that Lum regulates EAE
disease in a TH17 cell-intrinsic manner, the adoptive transfer of MOG-specific
autoreactive TH17 cells from Lum/ and Lum+/ mice into congenic Rag1/ mice was
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performed and observation showed that recipients receiving Lum/ cells had earlier onset
of the disease and exhibited much more severe clinical symptoms than those receiving
Lum+/ cells (Fig. 2.5). To delineate the underlying mechanism whereby Lum controls the
pathogenicity of TH17 cells, proliferation and apoptosis assay were conducted in Lum/
TH17 cells compared with Lum+/ TH17 cells. In contrast to no difference observed on
proliferation, fewer Annexin V positive Lum/ TH17 cells were detected compared to
Lum+/ cells (Fig. 2.6), suggesting a crucial role of Lum in inducing the apoptosis of
TH17 cells. Co-immunoprecipitation assay indicated that Lum binds FasL and regulates
the survival of TH17 cells via modulation of the Fas-FasL mediated apoptotic pathway
(Fig. 2.6). Taken our findings together, Lum, selectively expressed by TH17 cells,
contributes to the attenuation of TH17 cell-mediated CNS autoimmune demyelinating
inflammatory diseases via promoting TH17 cell apoptosis and inhibiting TH17 cell
cytokine production (outlined in Fig. 6.1).
Aim 1 study revealed a novel TH17 cell-intrinsic mechanism in attenuating the
pathogenicity of TH17 cell via autocrine Lum. More importantly, Lum is selectively
highly expressed in TH17 cells and specifically impacts TH17 cells. Therefore,
enhancement of the Lum pathway might benefit TH17 cell-mediated inflammatory
diseases, like MS. Thus, this research provides valuable clues and aids for developing
TH17-associated immune therapies that specifically target TH17 cells but leaving intact
other arms of TH cells in adaptive immune system, which may reduce the proinflammatory circumstance that drives disease with less side effects compared with the
broad immunosuppressive therapies.
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Fig. 6.1. Lum negatively regulates encephalitic TH17 cells via promoting TH17 cell
apoptosis and inhibiting TH17 cell cytokine production.
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SUMMARY OF AIM 2 FINDINGS AND SIGNIFICANCE

Ob/ mice and their WT littermates, and WT mice fed with high fat diet (HFD)
and their WT littermates fed with normal chow diet (ND) were used for conducting all
the required in vivo and in vitro experiments designed for this study.
Ob/ mice and their WT littermates were subjected to induction of experimental
allergic asthma and the results elucidated that leptin-deficiency impairs type 2 immune
responses and attenuates allergic airway inflammation (Fig. 3.1 and 3.2). To determine
the hypothesis that obesity-associated elevation of leptin promotes the severity of allergic
asthma, the same experimental allergic asthma model was employed between HFD and
ND mice and the results displayed that HFD mice with elevated expression of leptin led
to exacerbation of allergic airway inflammation, consistent with our previous observation
on leptin deficient mice (Fig. 4.2 and 4.3). Notably, leptin was shown to induce UPR
protein XBP1 expression (Fig. 4.1), and higher XBP1 expression was observed in
asthmatic HFD splenic CD4+ T cells compared to asthmatic ND mice (Fig. 4.2),
indicating a role of UPR protein XBP1 in mediating pro-allergic responses. In vitro
treatment of leptin on naïve T cells and differentiated TH2 cells showed that leptin
promotes type 2 cytokine expressions rather than alter TH2 differentiation (Fig. 3.3).
However, blockade of XBP1 expression in TH2 cells through siRNA-mediated Xbp1
gene silencing reversed leptin-induced elevation of type 2 cytokines (Fig. 4.4), indicating
that the leptin-XBP1s axis is required for TH2 cell cytokine expressions. To investigate
whether leptin is involved in mediating TH2 cell proliferation, Ki67 and CFSE were
utilized for measuring proliferation rate in vivo and in vitro respectively. The observation
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showed that leptin enhances proliferation of effector TH2 cells but not naïve T cells
during primary differentiation (Fig. 3.4). Besides, leptin plays a crucial role in protecting
TH2 cells from activation induced cell death (Fig. 3.5). In addition, Xbp1 gene silencing
did not alter the effect of leptin on proliferation. However, leptin-mediated protection on
cell death was abolished by Xbp1 gene silencing (Fig. 4.5), indicating an essential role of
XBP1 in controlling cell survival. Therefore, XBP1s is required for leptin mediated cell
survival rather than proliferation of pro-allergic TH2 cells. To explore the underlying
molecular mechanisms by which leptin facilitates proliferation and survival of TH2 cells,
several pivotal signal cascades were examined. The results suggest that leptin activates
mTOR, MAPK and JAK2-STAT3 pathways in TH2 cells (Fig. 3.6), and treatment of
either mTOR inhibitor rapamycin or MEK inhibitor PD98059 suppress leptin-induced
cell proliferation, leptin-mediated protection of cell survival and cytokine production in
TH2 cells (Fig. 3.7). Besides, leptin-induced expressions of XBP1s and several
downstream UPR and autophagy factors were blocked by either addition of rapamycin or
PD98059 (Fig. 4.6), indicating that leptin-mediated XBP1s expression and function are
dependent on mTOR and MEK signal cascades in TH2 cells. To understand how leptin
induces XBP1s expression, IRE1 and ATF6 activation were assessed by western blot and
the data suggests that leptin induces IRE1 phosphorylation but does not alter ATF6
cleavage (Fig. 4.7). Likewise, both mTOR and MEK inhibitors attenuated leptin-induced
IRE1 phosphorylation (Fig. 4.7). Taken together, our results demonstrated that obesityassociated elevation of leptin may result in activation of the mTOR/MEK-IRE1-XBP1
axis in pro-allergic lymphocytes that promote cell survival and cytokine production,
therefore exacerbating allergic airway disease (outlined in Fig. 6.2).
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Aim 2 study uncovered a key role of leptin in mediating the development of
allergic airway inflammation in obese subjects and delineates a novel and comprehensive
mechanism that leptin promotes pro-allergic lymphocyte responses in activation of the
mTOR/MEK-IRE1-XBP1 axis. These results provide pivotal evidences to support the
meta-analysis results that obesity-associated elevation of leptin increases the risk of
development of allergic asthma and the finding may suggest a novel therapeutic approach
for treatment of obesity associated allergic asthma via targeting leptin associated signal
cascades.
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SUMMARY OF AIM 3 FINDINGS AND SIGNIFICANCE

To explore the role of CIS in mediating Treg cells, Treg specific Cis-deficient
mice, Cisfl/fl;Foxp3-YfpCre mice and their WT littermates, Cisfl/fl mice were generated. To
determine CIS-regulated Treg cell plasticity in vivo, Treg cell fate-mapping mice,
Cisfl/+;Foxp3-Cre;Rosa26stop-eYfp and Cisfl/fl;Foxp3-Cre;Rosa26stop-eYfp mice were
established.
To examine the effect of CIS on Treg cell maintenance, inflammatory phenotypes
and T cell profiles in Cisfl/fl;Foxp3-YfpCre mice and their Cisfl/fl littermates were assessed.
The results illustrated that Treg-specific Cis-deficiency leads to spontaneous chronic
inflammation with significantly enhanced T effector programs (Fig. 5.1 and 5.2). To
investigate whether Treg-specific Cis-deficiency also plays a role in allergic airway
inflammation, an experimental allergic asthma model was established between
Cisfl/fl;Foxp3-YfpCre mice and their Cisfl/fl littermates. The observation displayed that
Cis-deficiency in Treg cells leads to exacerbation of allergic symptoms (Fig. 5.3). These
findings suggest a crucial role of CIS in maintaining Treg suppressive function during
chronic and allergic inflammation. Administration of in vitro Treg suppression assay
showed that CIS is required for the maintenance of both iTreg and tTreg cell suppressive
function (Fig. 5.4). In addition, FACS stain and Western Blot were subjected to measure
Foxp3 expression in Treg cells and the data indicated a pivotal role of CIS in sustaining
Foxp3 expression in Treg cells both in vivo and in vitro (Fig. 5.4). To investigate how
CIS regulates Treg cell plasticity, a potent Treg cell fate-mapping mice model was
generated and multiple T helper effector cytokines, Treg-associated functional molecules
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were evaluated together with Foxp3 expression between Cisfl/+;Foxp3-Cre;Rosa26stopeYfp and Cisfl/fl;Foxp3-Cre;Rosa26stop-eYfp mice. The results showed that Cis-deficiency
causes more Treg cell loss of Foxp3 and CD25 expression, but remaining the expression
of many other functional molecules, such as CTLA-4, PD1, and CD39 (Fig. 5.5). Notably,
most CD4+eYFP+Foxp3 cells remained effector cytokine negative and Cis-deficient
Treg cells do not display apparent higher conversion rates towards effector T helper cells
compared to WT littermates (Fig. 5.5). To better understand the effect of CIS on
regulating Treg cell stability and function, gene expression patterns were profiled
between Cis-deficient Treg and WT Treg cells both in vivo and in vitro. The findings
confirmed that Cis-deficient Treg cells possess the propensity to lose Treg tolerance
program and to switch to T effector programs, especially the TH2 effector program (Fig.
5.6). Importantly, loss of Fopx3 expression and attenuation of suppressive function in
Cis-deficient Treg cells could be rescued by neutralizing IL-4 (Fig. 5.6), suggesting a
central role of CIS-governed IL-4 signaling in regulating Treg cell stability and function.
To gain further insights into how Cis-deficiency induced IL-4 signaling destabilizes iTreg
cells, pSTAT6, the major downstream signal that responds to IL-4, was measured by
intracellular phosphor-stain and the data suggests Cis-deficiency led to elevated STAT6
activation in Treg cells (Fig. 5.7). Besides, ChIP assay was performed to uncover the
accessibility of Treg and effector T cell signature gene loci. The results suggest CIS
blocks IL-4-induced activation of STAT6 in iTreg cells, and pSTAT6 potentially
competes with pSTAT5 binding onto the Foxp3 locus to silence Foxp3 expression and at
same time activates the Il4 gene (Fig. 5.7). Taken together, the findings in this study
uncovered an unappreciated and pivotal role of a SOCS protein family member, CIS, in
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maintaining Treg cell identity and function via antagonizing IL-4-STAT6 signaling and
stabilizing Foxp3 expression (summarized in Fig. 6.3).
Aim 3 study revealed a crucial but differential role of CIS versus other SOCS
family members in stabilizing Treg cells through Treg-intrinsic feedback control of the
TH2 effector program, highlighting a cell-intrinsic circuit important for Treg cell selfmaintenance. These findings might provide novel insights into the stabilization of Treg
cells for clinical interventions.
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Fig. 6.3. How CIS works to stabilize Treg cell via mediating Foxp3 expression.
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GENERAL DISCUSSION AND FUTURE DIRECTIONS

Aim 1 discussion
Lum is a small leucine-rich repeat proteoglycan in ECM and well-characterized
for its versatile role as a matrikine in maintaining tissue structural homeostasis, mediating
endothelial and epithelial cell proliferation, migration and adhesion and wound healing.
Besides, some studies illustrated multiple important roles of Lum in regulation of innate
immunity, involving promoting neutrophil migration100,101, and enhancing bacterial
lipopolysaccharide presentation102 and bacterial phagocytosis by macrophages103.
However, connection between Lum and adaptive immunity has rarely been described and
it is unknown whether Lum is involved in the regulation of CD4+ T helper lymphocyte
responses in inflammatory diseases. This study identified TH17 cells as a novel and
major source of Lum production in the immune system and revealed a crucial role of
Lum in attenuation of the onset and progression of EAE through mediating the
pathogenicity of TH17 cells.
TH17 cells were regarded as a pivotal initiating mediator of autoimmune neuroinflammation. IL-17 produced by pathogenic TH17 cells are thought to induce expression
of matrix metalloproteinases and the inflammatory cytokines IL-6 and TNF- in
endothelial cells, together contributing to the disruption of blood-brain barrier
(BBB)110,111,116. Furthermore, TH17 cells induce expression of multiple chemokines in
the inflamed tissue for recruiting more immune infiltrates and amplifying inflammatory
reactions110,111. Thus, exposure of crucial mediators that regulate TH17 population and
function is thought to be a major focus in TH17-mediated EAE and MS studies. However,
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it is unclear if TH17 cell intrinsic or extrinsic factors govern the pathogenicity. This study
unraveled a novel TH17 cell-intrinsic mechanism in attenuating the pathogenicity of
TH17 cells via autocrine Lum, which is selectively expressed by TH17 cells among
subtypes of T helper cells.

Aim 1 future directions
Based on the findings of the aim 1 study and related latest academic progress, the
following questions deserve further concerns and are worthwhile of being addressed in
the future study.
TH17 cells adopt a distinct effector program governed by master transcription
factors RORt and ROR compared with other subtypes of T helper cells23. Besides, IL-6,
IL-21 and IL-23 are involved in TH17 differentiation, development and function, and IL6, IL-21 and IL-23 all preferentially activate STAT3260. Due to the selectively expression
of Lum in TH17 cells, it remains unclear if the transcription factors RORt and ROR or
cytokine-induced STAT3 signaling are involved in the induction of Lum expression in
TH17 cells.
Possible study:


Investigate how Lum is selectively expressed in TH17 cells rather than other
subtypes of T helper cells.

Recently, innate lymphoid cells (ILCs) are the hottest spot in immunological
studies. They are a growing family of innate immune cells that mirror the phenotypes of
function of T cells. As the observation that Lum is selectively expressed in TH17 cells,
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Lum is probably expressed by ILC3 population directed by RORt and ILC2 population
mediated by ROR261. The role of Lum in ILCs has not been described before.
Possible study:


Examine how Lum regulates ILCs population and function in inflammatory
disease.
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Aim 2 discussion
Meta-analysis suggested obesity is a major risk factor in development of allergic
asthma166-168. However, the underlying mechanism remains unknown. Leptin is an
adipokine highly elevated in the obese subjects and is linked with the risk of asthma168,205207

. However, the underlying mechanism whereby leptin regulates pro-allergic type 2

responses in allergic asthma is not yet elucidated.
Leptin is mainly secreted by the adipose tissue and is also present in lymphoid
organs170,171. Leptin adopts a versatile role in regulating appetite, energy homeostasis and
metabolism262. Besides, leptin plays important roles in the regulation of immunity. Leptin
mediates the activation, differentiation, proliferation and function of diverse innate
immune cells170,171. For example, leptin promotes TH1 immune responses in both human
and murine adaptive immunity173-175. In humans, leptin deficiency even leads to higher
incidence of infection-related death during childhood172. Whereas, the role of leptin in
type 2 immune responses has not been thoroughly investigated and some past studies
only illustrated controversial results173-175.
By dissection of leptin elicited signal cascades, we found that leptin activates
mTOR, MEK and STAT3 pathways, and leads to enhanced proliferation, survival and
cytokine production in pro-allergic TH2 cells (as well as ILC2s, a subset of pro-allergic
innate lymphoid cells). Furthermore, through the mTOR/MEK pathways, leptin induces
activation of IRE1, an unfolded protein response factor, leading to induction of XBP1s.
XBP1s plays a profound role in regulation of TH2 cell secretory function therefore
governing pro-allergic reactions. Taken together, this study uncovered a novel and crucial
underlying mechanism that obesity-associated elevation of leptin promotes pro-allergic
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responses through activation of the mTOR/MEK-IRE1-XBP1 axis in pro-allergic
lymphocytes that promote cell proliferation, survival and cytokine production, and
therefore aggravating allergic airway disease.

Aim 2 future directions
Based on the findings of the aim 2 study and related latest academic progress, the
following questions deserve further concerns and are worthwhile of being addressed in
the future study.
As shown in aim 2 study, leptin-mediated activation of XBP1s results in the
elevation of multiple downstream UPR signals and autophagy factor Beclin1 (Fig. 4.6B),
suggesting a potential effect of leptin in induction and regulation of autophagy in CD4+ T
helper lymphocytes. Although a few in vitro tests showed leptin modulates autophagy in
conventional T cells263, however, the connection and interplay between leptin-mediated
autophagy and the regulation of effector CD4+ T helper cell responses in inflammatory
diseases remain unknown.
Possible study:


Investigate how leptin regulates autophagy in CD4+ T helper lymphocytes and
define the role of leptin-mediated autophagy in the regulation of pathogenic CD4+
T helper cells in inflammatory diseases.
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Aim 3 discussion
Pro-inflammatory cytokine-induced STATs signals represent as one of the most
crucial factors impacting Treg cell stability and function. Many studies indicated that IL4 induced pSTAT6 and IL-6 induced pSTAT3 undergo nuclear translocation and
compete for pSTAT5 binding onto the Foxp3 locus, resulting in diminished Foxp3
expression228,230, and reprogramming of Treg cells223-229. Aligning with previous studies,
this study validated that due to deficiency of CIS, uncontrolled pro-inflammatory
cytokine-activated STATs signals drove loss of Foxp3 expression and impaired
suppressive function of Treg cells. Additionally, mice carrying dampened Treg cell
population lost immune homeostasis and spontaneous developed chronic inflammation
associated with exacerbated effector/memory T cell responses.
The SOCS family proteins are broadly involved in the negative regulation of
STATs activation, and thus exerting profound effects on stabilization of Treg cells under
pro-inflammatory circumstances. Previous studies revealed important roles of SOCS1
and SOCS2 in stabilizing Treg cells through antagonizing STAT1 and STAT3
activation237, and IL-4-STAT6 signal238, respectively. Besides to SOCS1 and SOCS2
proteins, CIS, another SOCS family member, was shown to block STAT5 activation by
cytokines and hormones231-233,235,236. Our previous studies showed that CIS is also capable
of disrupting STAT3, STAT6 signals in CD4+ T cells, and both nTreg and iTreg cells
express CIS176. However, the role of CIS in mediating Treg cell stability and function is
unknown and remains to be investigated. Here in this study, CIS was shown to play an
essential role in the maintenance of Treg cell identity. In the absence of CIS, in vivo and
in vitro generated Treg cells both expressed a TH2 program and lost Foxp3 expression

163

coupled with impaired suppressive function, which was majorly mediated by TH2
cytokine IL-4 rather than TH1 cytokine IFN or TH17 cytokine IL-21 and IL-6.
Autocrine IL-4 activates STAT6 that binds to the Foxp3 locus and renders this locus
genetically repressive and meanwhile activates the Il4 locus, therefore Cis-deficiency
enforces a feedforward loop that impairs Treg function and leads to spontaneous
inflammation. In conclusion, CIS plays a redundant but also distinct role with other
SOCS family members in maintaining Treg stability and function. This study might
provide aids for the manipulation of novel Treg therapy by mediating Treg cell stability.

Aim 3 future directions
Based on the findings of the aim 3 study and related latest academic progress, the
following questions deserve further concerns and are worthwhile of being addressed in
the future study.
The well-characterized roles of SOCS family members are described on their
cytosolic proteins. However, we have detected the nucleic form of CIS by western blot
with a higher molecular weight than the cytosolic form (data not shown), and the
differences on the molecular weight between these two forms of CIS indicate that the
nucleic CIS is poly-ubiquitinated. However, the role of nucleic CIS in CD4+ T helper
cells is not well understood.
Possible study:


Assess how important is the nucleic form of CIS in the execution of overall
function of CIS in the regulation of T helper cell responses.
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Previous study elucidated that with ageing, Cis-deficiency on the C57BL/6 (B6)
background leads to spontaneous airway disease associated with enhanced TH2 and TH9
cell responses176. Besides TH2 cells, ILC2 is another immune cell population that
facilitates potent type 2 immune responses. Many studies suggested that ILC2 plays a
crucial role in inducing eosinophilic airway inflammation and persisting asthma264,265.
Nevertheless, the role of CIS in the regulation of ILC2 population and function remains
unknown.
Possible study:


Determine how CIS regulates ILC2 population and function in inflammatory
diseases.

We have observed that with ageing, mice with Treg-specific Cis-deficiency
manifested significantly elevated expression of multiple auto-antibodies in the serum
(data not shown), indicating that CIS might be involved in mediating GC responses and B
cell antibody production. TFH cells are the specific CD4+ T helper cell population that
provides B cell help and facilitate GC responses. In addition, 10% of TFH cells are T
follicular regulatory (TFR) cells which express transcription factor Foxp3 as Treg cells
and exert regulatory function on TFH and B cells during GC reactions266-268. However,
how CIS regulates TFR cells and GC reactions is not understood.
Possible study:


Examine the role of CIS in regulating GC responses and B lymphocyte-mediated
humoral immunity through targeting TFR cells.
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In summary, this comprehensive project covered three interrelated studies with
distinct foci on the function and regulation of three specific CD4+ T helper cell
populations in inflammatory diseases. Each of the studies addressed a crucial regulation
of a specific CD4+ T helper cell population in mediating inflammatory responses and
dissected an underlying mechanism by which T helper cells exert their pathogenic
function and regulate the onset and progression of inflammatory diseases. This
comprehensive study sheds light on how dysregulated CD4+ T helper lymphocyte
responses lead to inflammatory diseases.
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LIST OF ABBREVIATIONS

AHR

Airway hyperreactivity

APCs

Antigen presenting cells

AREG

Amphiregulin

BALF

Bronchoalveolar lavage fluid

BBB

Blood-brain barrier

BSA

Bovine serum albumin

B6

C57BL/6 mice

CD

Cluster of differentiation

CFA

Complete Freund’s adjuvant

CFSE

Carboxyfluorescein succinimidyl ester

ChIP

Chromatin immunoprecipitation

CIS

Cytokine-inducible SH-2 protein

CNS

Central nervous system

CNS2

Conserved non-coding sequence 2

CREB

cAMP response element-binding protein

CTLA-4

Cytotoxic T-lymphocyte associated protein 4

DNA

Deoxyribonucleic acid

EAE

Experimental autoimmune encephalomyelitis

ECM

Extracellular matrix

ER

Endoplasmic reticulum

eYFP

Enhanced yellow fluorescent protein
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FACS

Fluorescence-activated cell sorting

FasL

Fas ligand

FBS

Fetal bovine serum

Foxp3

Forkhead box P3

F1

Filial 1 hybrid mice

GATA3

GATA binding protein 3

GC

Germinal Center

GFP

Green fluorescent protein

HFD

High fat diet

HS

DNasel-hypersensitive site

H3K4m3

Histone h3 lysine 4 trimethylation

H3K27m3

Histone h3 lysine 27 trimethylation

IBD

Inflammatory bowel disease

ICOS

Inducible T-cell COStimulator

IDDM

Type I insulin-dependent diabetes

IFN-

Interferon gamma

IL

Interleukin

ILCs

Innate lymphoid cells

ILC2

Group 2 innate lymphoid cell

InLN

Inguinal lymph node

IRF4

Interferon regulatory factor 4

iTreg

Inducible regulatory T cell

JAK

Janus kinase
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LLN

Lung draining mediastinal lymph node

LN

Lymph node

LT-

Lymphotoxin-alpha

Lum

Lumican

MAPK

Mitogen-activated protein kinase

MHCII

Major histocompatibility complex II

MLN

Mesenteric lymph node

MOG

Myelin oligodendrocyte glycoprotein

MS

Multiple sclerosis

mRNA

Messenger ribonucleic acid

mTORC1

Mammalian target of rapamycin complex 1

ND

Normal chow diet

NFAT

Nuclear factor of activated T cells

NRP1

Neuropilin 1

Ob/

Leptin deficient

ObR

Leptin receptor

Ova

Chicken ovalbumin

PBS

Phosphate-buffered saline

PCR

Polymerase chain reaction

PD-1

Programmed cell death protein 1

PFA

Paraformaldehyde

PMA

Phorbol 12-myristate 13-acetate

pSTAT

Phosphor-signal transducer and activator of transcription protein
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pTreg

Peripheral or peripherally developed regulatory T cell

RA

Rheumatoid arthritis

RNA

Ribonucleic acid

RORt

Retinoic acid receptor-related orphan receptor gamma t

RT-qPCR

Quantitative reverse transcription polymerase chain reaction

SLE

Systemic lupus erythematous

SOCS

Suppressor of cytokine signaling

STAT

Signal transducer and activator of transcription protein

S6K

p70 S6 kinase

TBX21

T-box 21

TFH

T follicular helper cells

TFR

T follicular regulatory cells

TGF-

Transforming growth factor beta

TH

Helper T lymphocyte

TNF-

Tumor necrosis factor alpha

Treg

Regulatory T cell

TSLP

Thymic stromal lymphopoietin

tTreg

Thymic or thymus-derived regulatory T cell

UPR

Unfolded protein response

WT

Wild-type

XBP1

X-box binding protein 1

YFP

Yellow fluorescent protein

129;B6 F1

Mice interbred from 129 and C57BL/6 F1 progenies
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d

Day

h

Hour

min

Minute

M

Molar concentration in mol/L

mg

Milligram

g

Microgram

ng

Nanogram

ml

Milliliter

l

Microliter

°C

The degree Celsius
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