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ABSTRACT

Since their discovery, Suppressors of Cytokine Signaling, or SOCS proteins, have been 

found in numerous cell types, but their role in asthma is not completely clear. Although 

the exact mechanisms are unclear and interpretations are conflicting, SOCS proteins play 

important role in airway homeostasis by inhibiting cytokine signaling contributing to 

asthma pathology. In this study, it was confirmed that expression of SOCS proteins, 

specifically SOCS-1, SOCS-2, SOCS-3, and SOCS-5 are upregulated in the lungs in 

response to the development of AHR. SOCS expression was localized via positive IHC 

staining to the airway epithelial cells in sections of lungs and showed they have the 

ability to express SOCS proteins in response to AHR. Also contributing to airway 

homeostasis is the newly discovered class of regulatory T lymphocytes. Therefore, after 

establishing that an adoptive transfer of T regulatory cells effectively reverses AHR. IHC 

was again used to study the expression of SOCS. Lung sections of mice receiving an 

adoptive transfer of Tregs showed a lack of localized expression of SOCS-1. SOCS-2, 

SOCS-3, and SOCS-5 in the airways epithelial cells. Using ELISA, we show levels of 

the pro-inflammatory cytokine IL-6 are significantly increased in the BALF of sensitized 

and challenged mice as compared to control mice. Subsequently, IL-6 levels in the 

BALF of mice having received an adoptive transfer of Tregs are consistent with control 

mice. To further understand of the role of epithelial cells in regulating SOCS expression, 

we employed the use of in vitro cell stimulation of human airway epithelial cells. 

Cytokines shown to play a role in asthma were used for stimulation including the pro- 

inflammatory JL-6, the Th2 cytokine IL-5, and the two cytokines essential for TH1/ TH2 

differentiation, IL-4 and IL-12. Expression of all four SOCS of interest was induced at

o n3t v/fc A .r
V



the mRNA level following IL-6 stimulation. Additionally, we show a reciprocal 

induction pattern with IL-4 inducing mRNA expression of SOCS-3 but having no effect 

on SOCS-5 and IL-12 having no effect on SOCS-3 and inducing mRNA expression of 

SOCS-5. The complete mechanisms elucidating the induction of SOCS and their 

inhibitory functions are unknown. Herein we demonstrate that AECs express SOCS at 

both the mRNA and protein levels. We propose that AECs are involved in AHR reversal 

and have a role in T regulatory cell immunomodulation. The data presented herein 

provide a link between airway epithelial cells and the expression of SOCS-1, SOCS-2, 

SOCS-3, and SOCS-5 in asthma.
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I. INTRODUCTION AND BACKGROUND

A. Asthma and Airway Epithelial cells.

1. Disease background and economical importance:

Allergic asthma is a chronic inflammatory disease characterized by reversible airway 

obstruction, airway hyperresponsiveness (AHR), airway inflammation and remodeling. 

Clinically, asthma presents as a shortness of breath, tightening of the chest, wheezing, 

and/or prolonged inhalations. The immune response in an asthmatic stems from a genetic 

predisposition, thought to be traced back to chromosome 5q, or hypersensitivity to 

common allergens which, when inhaled, initiates a cascade of events eventually 

recruiting and activating inflammatory cells [1|. Asthmatic airways have increased 

numbers of eosinophils, mast cells, and lymphocytes compared to non-asthmatic airways 

[2, 3]. This inflammatory infiltrate causes airway inflammation and mucus production 

specifically in the airway epithelial, smooth muscle, and goblet cells [4], This immune 

response is subsequently mediated by a subset of CD4+ T-helper cells, TH2 cells, which 

release TH2 cytokines including IL-4, 1L-5, IL-6, IL-9, and IL-13 that contribute to 

asthmatic pathology [5, 6], The release of these cytokines causes bronchoconstriction in 

asthmatic patients via constriction of the airway smooth muscle cells and leads to airway 

remodeling and the characteristic features of AHR [7], As prevalence of this disease is 

steadily increasing worldwide [8], it is critical to understand these physiological changes 

and the signaling pathways utilized by cytokines to develop a treatment to reverse airway

remodeling.



In the United States, asthma affects the lives of roughly 8-10% of the population and, as 

one of the leading causes of death, asthma claims the life of at least 14 people daily with 

an observed increased effect on children versus adults [9]. In addition to age disparity, 

asthma prevalence is increased in certain populations due to decreased air quality in 

urban areas, inadequate health care, and selected indoor allergens [9], Economically, the 

aggregate cost of this disease covering direct and indirect expenses, as well as 

opportunity costs such as lost productivity, is an estimated $18 billion in the US alone 

[ 10].

2. Asthma Pathogenesis:

There are numerous risk factors in the development of asthma including genetic 

predisposition and environmental exposure to allergens [5]. Irrespective of the cause, the 

observed pathology and progression is often similar. Whereas eosinophilic infiltration of 

the lung has been known for almost 100 years, airway inflammation as a cause of asthma 

has only recently been studied [5]. The disease progresses from antigen inhalation 

leading to mast cell degranulation and bronchoconstriction, known as the early or acute 

phase, to the later or chronic stage, of airway remodeling [11, 12). Airway 

hyperresponsiveness is common to both stages.

a) Allergic Response: Acute phase

The immediate response to allergen exposure, lasting from 5-30 minutes, is known as the 

early or acute phase [13, 14]. IgE antibodies are synthesized and bind to the high affinity 

IgE receptor, FceRI, on mast cells [15]. Upon reexposure to the antigen, the bound IgE
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molecules are cross-linked by the antigen leading to the activation of the mast cells. 

Activated mast cells then degranulate, and proinflammatory mediators including 

histamine, eicosanoids, and cytokines are released resulting in smooth muscle cell 

constriction and mucus hypersecretion [11, 12, 16-18],

b) Allergic Response: Late phase

Progressing from the early phase, the late phase occurs 3-9 hours post-exposure and is 

marked by the recruitment and activation of immune cells including eosinophils, 

neutrophils, and macrophages [19-23], These cells release proinflammatory mediators 

[24], The neutrophils and eosinophils are able to significantly injure tissues leading to 

airway occlusion by mucus, sloughed epithelial cells, cellular debris, edema, thickening 

of the basement membrane, and bronchial smooth muscle cell hypertrophy [25, 26], 

These pathological features make up airway remodeling and mark the late, or chronic, 

phase of an allergic response.

c) Airway hyperresponsiveness.

Used in both clinical and research labs, airway responsiveness is a measure of an 

airway’s ability to narrow following exposure to a constrictor agonist such as 

methacholine [6], It is a useful tool in diagnosing asthma since asthmatic airways have 

an increased sensitivity to allergen exposure and are thus considered “hyperresponsive”. 

Airway hyperresponsiveness is defined as an increased bronchoconstrictor response to a 

stimulus, such as methacholine. AHR is a hallmark of both the early and late phases of 

asthma and is characterized by an increased sensitivity to an inhaled constrictor agonist, a

3



steeper slope of the dose-response curve, and a greater maximal response to the agonist 

[6]. AHR has been deemed a key feature included in the definition of asthma and it has 

been shown that severity of AHR mirrors severity of the disease [6],

d) Airway remodeling.

Chronic asthma is characterized by AHR, reversible airway obstruction, chronic airway 

inflammation, and airway remodeling [19], These cardinal features are caused by the 

infiltration of inflammatory cells and the release of inflammatory cytokines [4], Airway 

remodeling encompasses the resultant structural changes in the airway including damage 

to the epithelial layer, collagen deposition, mucus hyper-secretion, bronchial smooth 

muscle cell hypertrophy caused by inflammation, and AHR [25, 26J. Bronchial biopsies 

show that the thickening of the airway walls can increase in size by 10% to 300%, 

resulting in an overall reduction in the diameter of the airway lumen [5, 27 ]. The 

subepithelial layer, normally 4-5 microns thick, increases to 7-23 microns in asthmatics 

due to collagen deposition [28]. Total smooth muscle mass increases to as much as three 

times normal due to smooth muscle cell hyperplasia [29]. Airway remodeling thus leads 

to airway narrowing, bronchial hyperresponsiveness, airway edema, and mucus 

hypersecretion, all of which exacerbate asthmatic symptoms [27]. This process also 

results in lymphocytic infiltration in which Th2 cells secrete cytokines that orchestrate 

cellular inflammation and promote airway-hyperresponsiveness [30],
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3. Airway Epithelial Cells

Epithelial cells play a structural role in the airway. In asthma, airway remodeling results 

in an abnormal airway epithelium that includes epithelial damage and shedding. While 

the exact causes of original injury are unknown, epithelial damage can be caused by 

chronic inflammation and results in the increase of mucus secreting goblet cells [31-33]. 

The Th2 cytokine, 1L-13, works directly with epithelial cells to induce mucus secretion 

which is dysregulated in asthma worsens airway obstruction, thereby increasing stress on 

the airways, and further promoting the disease [34]. At the time of diagnosis, the 

epithelium is flooded with inflammatory cells including lymphocytes, mast cells, and 

eosinophils which produce cytokines that further exacerbate epithelial injury [5, 35]. In 

response to this injury, epithelial cells are designed to protect the airways and act to 

induce the growth of new cells [5]. However, studies show that damaged epithelial cells 

in asthmatic patients may be restricted in their ability to proliferate as compared to 

damaged epithelial cells in non-asthmatic patients [35].

4. CL)4+ T Helper Cells in Allergic Asthma

CD4+ T helper cells, separated into TrI and Tn2 cells, play specific roles in allergic 

asthma and are increased in the airways of asthmatics. It is not known if Tr cells are the 

root cause of asthma, but it is known that they play a role in amplifying inflammation and 

causing the progression of existing asthma. Studies have shown that CD4+ T cells are 

necessary for allergic airway inflammation and AHR with Tr2 cells promoting allergic 

airway disease and TH1 cells thought to play a role in the late phase of an allergic 

response [5].
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a) CD4+ Th2 Cells

Naive T cells differentiate into Th2 cells via the IL-4/STAT-6 pathway and animal 

studies lacking this pathway, (i.e. lL-4Ra-/- or STAT-6-/- mice) do not develop allergic 

airway inflammation [36-39J. Activated Th2 cells, when presented with antigen, can 

stimulate allergic inflammation, AHR, and mucus hypersecretion [40, 41], TH2 cells 

have been shown to be important in early disease pathogenesis as well as in models of 

chronic asthma [5], TH2 cytokines, specifically the interleukins, IL-4, IL-5, IL-9, and IL- 

13, are present at both the mRNA and protein levels in BAL fluid and airway tissue 

biopsies of chronic asthmatics [42], IL-4 is crucial to the TH2 differentiation pathway, 

IL-4 and IL-13 can induce B cells to produce IgE, and IL-5 regulates the growth, 

differentiation, and activation of eosinophils [2, 41, 43], In addition, studies show that 

IL-4 and IL-5 can directly induce AHR and eosinophilia in asthmatic patients while IL- 

13 has been shown as essential for mucus induction [5, 43]. Overexpression studies 

focusing on these cytokines, either endogenously or exogenously, has been shown to be 

sufficient to induce classic allergic inflammatory features such as collagen deposition, 

AHR, and airway remodeling [5].

b) CD4+ ThI Cells

Th1 cells differentiate from naive T cells via the IL-12 / STAT-4 pathway and secrete 

Th1 cytokines such as IL-2 and IFN-y [37, 39], CD4+ TH1 cells have been observed in 

asthmatic respiratory tracts along with increased levels of IFN-y in the BALF and serum 

of chronic asthmatics [44], The role of ThI cells in allergic airway inflammation and 

asthma is unclear. Some researchers postulate that ThI cells contribute to asthma
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pathology, especially in the late phase, and enhance pulmonary inflammatory responses 

and AHR while others claim that TH1 cells lack the ability to induce any of the 

characteristic features of the disease [45], [46]. Some studies suggest that Th2 cells 

orchestrate an asthmatic response and a shift in the TH1/ TH2 balance towards a TH1 

response would reduce allergic airway inflammation [47, 48]. In support of this 

hypothesis, studies with IFN-y or IFN-y producing cells can inhibit Tn2-induced 

eosinophilia, mucus secretion, and AHR [49],

c) Regulatoiy T Lymphocytes

A regulatory T lymphocyte, or Treg, is one that has the ability to suppress the activity of 

other effector T cells. There are two dominant forms of Tregs. There is a distinct 

population of CD4+ T cells that has been identified in mice and humans by the 

constitutive expression of the lL-2Ra chain, CD25, and is thought to play a role in the 

control of allergic diseases [50-52], This naturally occurring CD4+CD25+ T regulatory 

cell (N-Treg), plays an immunomodulatory role following antigen inhalation and 

suppresses Th2 maturation [53, 54], Trl cells (CD4+CD25 ) also have T regulatory 

functions and can mature into CD4+CD25+ T cells [52, 55], Both of these Treg 

populations are Foxp3+, a transcription factor required for Treg development [52]. The 

specific characteristics and mechanisms by which these CD4+CD25+ cells act are still 

being investigated. However, it has been shown that Tregs act via cell to cell contact or 

by producing immunosuppressive cytokines such as the anti-inflammatory 1L-10 and 

TGF-p [56-58],
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B. The JAK/STAT Signaling Pathway

1. Introduction

Differentiation of TH1 cells and TH2 cells from naive TH0 cells is directed by IL-12 and 

IL-4, respectively. This has been confirmed in vivo via genetic studies showing that mice 

deficient in IL-12 or the IL-12 receptor lack the ability to mount a Tul response and mice 

lacking IL-4 or the IL-4 receptor (IL-4Ra) fail to mount a proper Th2 response 136, 38], 

In addition to driving differentiation of a specific subset of Th cells, IL-4 and IL-12 also 

work to block differentiation of the opposing subset [59]. The stark difference in TH 

differentiation induced by IL-4 vs. IL-12 has brought researchers to place effort in 

discerning the unique mechanisms by which these cytokines transmit their messages. It 

is now known that IL-12 and IL-4, as with other cytokines, employ a specific pathway, 

known as the Janus Activated Kinase / Signal Transducers and Activators of 

Transcription, or JAK/STAT, signal transduction pathway to exert their actions within a 

cell [59].

2. Cytokine Receptor Activation and Janus Activated Kinases

The first Janus Kinase was discovered in the early 1990’s and to date, a total of four JAK 

proteins have been included in the family (JAKI, JAK2, JAK3, and TYK2). Since 

cytokine receptors lack intrinsic kinase activity, the utilization of JAK proteins is 

essential to the transduction of a cytokine’s signal. JAKs are constitutively linked with 

receptors via conserved box-1 motifs and as ligands bind, cytokine receptors dimerize 

bringing two JAKs within close proximity [60]. Within minutes, JAKs are then able to 

cross-phosphorylate and thus cross-activate each other [60]. An activated JAK then has



the ability to phosphorylate specific tyrosine residues on the cytoplasmic tail of the 

receptor (Figure 1) [61]. This creates a docking site for SH2 domain containing proteins, 

such as STATs, in order to continue the sending of the cytokines message.

3. Signal Transducers and Activators of Transcription

The STAT proteins, discovered over 15 years ago, are latent cytoplasmic proteins 

comprised of seven members including STAT1, STAT2, STAT3, STAT4, STAT5a, 

STAT5b, and STAT6 [62], Members of the STAT family contain five conserved 

features including a tyrosine residue for phosphorylation (STAT activation and 

subsequent dimerization), an SH2 binding domain, a DNA binding domain (sequence 

specific), a C-terminal transcriptional activation domain, and numerous regions for 

protein-protein interactions [62, 63]. Once activated JAKs phosphorylate the cytokine 

receptor, STAT proteins, via their SH2 binding domain, interact with the phosphorylated 

tyrosine residues (SH2 docking sites). At this time, the STAT protein itself becomes 

phosphorylated by the activated JAKs. Activated/phosphorylated STATs then dissociate 

from the ligand/JAK/receptor complex and dimerize with other STATs (either homo- or 

hetero-) via their SH2 domains [62], Upon dimerization, the STAT-STAT complex will 

then translocate into the nucleus where it binds to specific DNA elements and initiates 

cytokine specific gene transcription (Figure 1) [61, 64],

4. JAK/STAT Regulation

The JAK/STAT pathway is critical in numerous fundamental biologic processes with 

dysregulation of the JAK/STAT pathway associated with diseases including asthma [59,
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60, 65]. For that reason it is tightly regulated by three different classes of negative 

regulators which have been described to control both the duration and magnitude of 

cytokine signaling via the JAK/STAT pathway [65-68], The first works to 

dephosphorylate, and thus deactivate, both JAKs and receptors and includes phosphatases 

such as SH2 containing phosphatase-1 (SHP-1) and CD45 [65, 68]. The second class 

includes protein inhibitors of activated STATs (PIAS) [66J. The third class plays a role 

in the negative feedback regulation of the JAK/STAT pathway and includes the eight 

members of the suppressor of cytokine signaling (SOCS) proteins [67].

C. Suppressors of Cytokine Signaling (SOCS)

1. The SOCS Family of Proteins

The first member of the SOCS family was discovered in the late 1990’s and was termed a 

Cytokine Inducible SH2 domain containing protein (CIS) [69]. Soon after, seven other 

members were discovered and added to the family under various names with the current 

terminology favoring the “Suppressors of Cytokine Signaling”, or SOCS (1-7) [70-72]. 

Common to a total of 20 proteins is a 40 residue C-terminal SOCS box motif and unique 

to these eight is the presence of an SH2 domain located N-terminal of the SOCS-box 

[73]. Additionally, these proteins have N-terminus regions of varying length [73]. 

Unique to SOCS-1 and SOCS-3 is a Kinase Inhibitory Region (KIR) located immediately 

upstream of the SH2 domain is thought to act as a pseudosubstrate aiding in the binding 

and inhibition of JAK activity [74], Studies comparing the amino acid sequences of these 

proteins have created the perception of a natural pairing of SOCS proteins. Indeed, 

amino acid sequence homology is seen between the pairs of CIS and SOCS-2, SOCS-1
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Figure 1: The JAK/STAT Pathway. A general schematic of the signaling cascade via 
the JAK/STAT pathway. Cytokine-receptor binding initiates JAK phosphorylation, 
leading to receptor phosphorylation and the binding and activation of ST AT. Activated 
STATs dimerize and translocate to the nucleus resulting specific increases SOCS.
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Figure 2: The SOCS Family o f Proteins. Eight members make up the SOCS family and 
all contain a SOCS box, SH2 binding domain, and regions of varying lengths.
SOCS-1 and SOCS-3 contain a Kinase Inhibitory Region. Amino acid sequence 
homology places these eight members into four pairs including CIS and SOCS-2, SOCS-1 
and SOCS-3, SOCS-4 and SOCS-5, and SOCS-6 and SOCS-7.
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and SOCS-3, SOCS-4 and SOCS-5, and the last two, SOCS-6 and SOCS-7 [73]. Not 

surprising, the pairing similarities have been shown to extend beyond their amino acid 

sequences and into their functional levels as well [73]. To date, CIS and SOCS1-3 have 

been the most well studied and until recently, very little was known regarding SOCS 4-7.

Current data show that these proteins require both their SOCS-box as well as their SH2 

domain for proper functionality. Studies employing SOCS-box deletions show minimal 

impact on cytokine signaling inhibition than do studies with deletions of both the SOCS- 

box and the SH2 domain. Despite their groupings and similarities, there are differences 

in how the different SOCS proteins function. For example, CIS blocks STAT 

recruitment to the receptor, SOCS-1 works by binding directly to JAK, and SOCS-3 

binds to receptors only in which JAK is already bound [75].

SOCS mRNA levels are low or undetectable in most tissues in normal conditions and is 

rapidly synthesized de novo in response to a wide range of cytokines [72, 76, 77]. 

Previously, SOCS were thought to be directly induced in response to specific cytokines 

and/or hormones [731. Newer studies however have showed that SOCS are much more 

complex than originally perceived and are often involved simultaneously in many 

interactions including both direct and cross-talk inhibition. Thus, the cause and effect 

relationship is multifactorial and dependent on cell type, cytokine, and the SOCS proteins 

associated.

2. SOCS: Current Knowledge
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To date, numerous studies involving SOCS proteins demonstrate that various cytokines, 

hormones, and other signaling factors induce their expression (Table 1). The SOCS 

proteins inhibit not only the JAK/STAT pathway in various inflammatory diseases, but 

also the JAK/STAT pathway activated during TH0 differentiation 178]. The SOCS 

proteins have also been found to be preferentially expressed in ThI or Th2 cells [79). 

Upon Th cell differentiation, SOCS proteins are detectable and inhibit the opposing 

differentiation pathway. Most notably, SOCS-3 and SOCS-5 are preferentially expressed 

in Th2 and ThI cells, respectively, and feedback to inhibit IL-12 induced ThI and 1L-4 

induced TH2 differentiation [80J.

a) CIS

The first member of the family, or CIS, is commonly associated with growth hormone 

(GH) activation and is induced in response to STAT5 activation by GH, IL-2, 1L-3, and 

Epo 169]. Although expression can be induced in response to stimulation by IL-6, 1L-9 

and TNF-a, CIS has not been shown to inhibit their signaling and thus the role of CIS in 

asthma is unclear. Despite data showing CIS to be similarly expressed in ThI and Th2 

cells, mice overexpressing CIS mimic STAT-5 KO mice resulting in T cell differentiation 

favoring a Th2 response [80, 81]. CIS KO mice are phenotypically normal thus the role 

of CIS in allergic diseases is not clearly defined [821.

b) SOCS-2

SOCS-2 most closely resembles CIS in both structure and function, with approximately 

35% in amino acid sequence. SOCS-2 inhibits the ability of STAT to bind to cytokine 

receptors [70, 72]. Like CIS, SOCS-2 is considered a potent negative regulator of GH 

with SOCS-2 KO mice developing gigantism due to a lack of STAT-5 inhibition [83].
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Cytokines in allergic inflammation and asthma which:
Induce expression of SOCS Are inhibited by SOCS

CIS IL-2, IL-6, IL-9, TNF-a IL-2

SOCS-1 IL-2, IL-4, IL-6, IL-9, IL- 
10, IL-13, IFN-y, TNF-a

IL-2, IL-4, IL-6, IFN-y, 
TNF-a

SOCS-2 IL-6, IFN-y IL-6

SOCS-3 IL-2, IL-6, IL-9, IL-10, IL- 
13, IFN-y

IL-2, IL-4, IL-6, IL-9, IFN-
y

SOCS-4 LInknown Unknown
SOCS-5 IL-6 IL-4,IL-6
SOCS-6 Unknown Unknown
SOCS-7 Unknown Unknown

Table 1: Cytokines common to asthmatic airways and tlieir related SOCS. This table 
outlines the specific cytokines which have been found to induce expression of SOCS and 
the specific cytokines which are then inhibited.
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Originally thought to target only SOCS-1 and SOCS-3, recent data show that SOCS-2 

can interact with all eight members of the SOCS family, targeting them for proteasomal 

degradation [84-86], SOCS-2 expression is more slowly induced following cytokine 

stimulation and tends to results in a more sustained duration [85], SOCS-2 may be 

involved in reverting the cell to basal conditions However, there is no data available at 

this time either supporting or contradicting this idea. The role of SOCS-2 in allergic 

inflammation and asthma is unclear and further research is required to elucidate whether 

SOCS-2 can be used to downregulate allergic mediators.

b) SOCS-1

SOCS-1 is an extremely potent inhibitor of cytokine signaling and deficiencies in the 

SOCS-1 gene have been associated with a large number of acute and chronic 

inflammatory diseases [87], Of the eight SOCS proteins, SOCS-1 knockout mice show 

the most severe phenotype and die within three weeks due to uncontrolled IFN-y 

signaling [88], Double-knockout mice lacking both SOCS-1 and IFN-y, however, lack 

most of those organ pathologies and indicate that SOCS-1 is a crucial inhibitor of IFN-y, 

in vivo [88],

SOCS-1 expression is also induced by a number of other cytokines, notably IL-2, 1L-4, 

IL-6, 1L-9, and IL-13 [89], SOCS-1 can directly inhibit the signaling of IL-2, 1L-4, IL-6, 

IL-9, and IL-12. In regards to TH1 and TH2 cells, differential results have been shown 

regarding the preferential expression of SOCS-1. Seki et al. found that SOCS-1 

expression was equal between the two cell types whereas other studies have shown
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SOCS-1 to be preferentially expressed in ThI cells [79, 80]. The preferential expression 

of SOCS-1 in ThI cells thus implies an immunoregulatory role in regards to IL-12, a 

cytokine known for its involvement in skewing differentiation towards TH1. Therefore, 

SOCS-1, which has been shown by a number of groups to inhibit IL-4 induced STAT-6 

signaling and the associated TH2 signaling pathway, can also mediate IL-12 induced TH1 

differentiation [90-92], This dual role of SOCS-1 as both a direct feedback inhibitor of 

Th2 differentiation as well as a crosstalk inhibitor of ThI differentiation contrasts 

specificity of Th differentiation of SOCS-3 and SOCS-5, as discussed below.

In a more recent study, a correlation between SOCS-1 expression and asthma severity has 

been interpreted to suggest an important role for SOCS-1 in inhibiting TH1 activity and 

contributing to the asthmatic pathology [93], In a pro-inflammatory state such as athma, 

IL-6 is increased leading to induction of SOCS-1 and inhibition of IFN-y. This would 

lead to inhibition of ThI development and increased TH2 differentiation [94], These data 

suggest a role for SOCS-1 in regulating the TH1/TH2 balance in allergic disease, although 

further research is required to elucidate whether SOCS-1 works to exacerbate or alleviate 

pathology.

c) SOCS-3

The amino acid sequence of SOCS-3 most closely resembles SOCS-1 and homology is 

visible in the conserved SOCS box and in the SH2 domain (40%) [73], In addition, 

SOCS-3, like SOCS-1 contains a Kinase Inhibitory Region (KIR) N-terminal to the 

SOCS hox thought to act as a pseudosubstrate for JAK inhibition [73], Although
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structurally similarity to SOCS-1 is clearly visible, the mechanism of action of SOCS-3 

differs greatly. Whereas SOCS-1 has the ability to bind directly to JAK, SOCS-3 only 

inhibits JAK when bound to activated receptors [95J.

Like SOCS-1, SOCS-3 knockout mice present with placental defects due to uncontrolled 

Leukemia Inhibitory Factor (LIF) signaling which leads to embryonic fatality [96], 

Induction of SOCS-3 is not limited to LIF however, and can also be triggered by other 

pro- and anti-inflammatory cytokines involved in asthma including JL-2, IL-6, IL-9, IL- 

10, IL-13, and IFN-y [67]. SOCS-3 inhibits IL-2, IL-4, IL-6, IL-9, and IFN-y [67], The 

amino acid sequence of SOCS-1 is similar to SOCS-3 and expression of both proteins is 

induced by IFN-y in human airway epithelial cells. However, SOCS-3 is less critical than 

SOCS-1 for regulating IFN-y signaling and is important for regulation of IL-6 [97, 98],

To date, numerous studies, described below, have reported conflicting results regarding 

SOCS-3 and TH2 mediated diseases such as asthma. SOCS-3 was initially reported as an 

inhibitor of IL-4 induced STAT-6 activation and the resultant TH2 differentiation 

pathway [ 99]. Other researchers, however, have shown that SOCS-3 overexpression 

leads not to inhibition of IL-4, but rather to the inhibition of IL-12 induced STAT-4 

activation and the ThI differentiation pathway [92, 100]. In either case, it has been 

established that SOCS-3 has a role in regulating TH1/ Th2 differentiation. Recently, it 

was shown that SOCS-3 was preferentially expressed in TH2 cells [80]. This later data 

would give credit to the view that SOCS-3, now seen to be expressed in TH2 cells, works 

to inhibit the ThI differentiation pathway by inhibiting IL-12 induced STAT-4 activation.
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Although a number of mouse studies have shown that SOCS-3 expression mirrors disease 

severity, the interpretations vary regarding why f 100], SOCS-3 expression correlates 

with the pathology of TH2 mediated allergic immune diseases such as asthma [92, 100]. 

SOCS-3 serves not only as a marker for allergic diseases, but also exacerbates pathology 

in studies of ocular allergy [101]. SOCS-3 also increases as an immunoregulatory, self 

defense mechanism to suppress pro-inflammatory activity. Absence of SOCS-3 in vivo is 

used as a model of acute arthritis [102], In another study, patients with intestinal 

inflammation showed increased levels SOCS-3 to inhibit STAT-3 activation [103], 

Another study showed that SOCS-3 (and SOCS-5) overexpression in models of allergic 

conjunctivitis downregulated Th2 mediated responses [104]. In response to 1L-6 and IL- 

10, both which activate the STAT-3 pathway and induce expression of SOCS-3, gpl30 is 

inhibited, but not IL-10R [105, 106], Thus, the pro-inflammatory activity of IL-6 is 

inhibited whereas the anti-inflammatory activity of IL-10 is not. These findings support 

SOCS-3 as having an important role in suppressing inflammation in allergic diseases and 

holds promise for further research as a possible therapeutic target.

More recently, mice were generated lacking SOCS-3 in T cells and it was observed that 

the Th2 immune response, based on decreased Ag induced AHR and IgE production, was 

reduced compared to control mice [107], In that same study, it was seen that SOCS-3 

deficient CD4+ T cells produced more TGF-[3 and IL-10, and less 1L-4 than controls. The 

resultant cytokine profile mimics the characteristics of Tregs.

d) SOCS-4 and SOCS-5
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Of the eight members of the SOCS family, SOCS-4 is the least well-studied, and current 

data are lacking in regards to its role in allergic inflammation and asthma. To date, it has 

been shown that SOCS-4 shares sequence homology with SOCS-5 and is known to 

inhibit EGFR 1108].

SOCS-5 was discovered on the basis of sequence homology to other SOCS family 

proteins and has most recently been studied in connection with Tn-mediated diseases 

[73]. Currently, little is known about the function of SOCS-5 and in fact, the only 

cytokine that has been definitively shown to induce its expression is 1L-6 [80]. SOCS-5 

can act as a classical negative feedback inhibitor of IL-6 and, although 1L-4 does not 

induce SOCS-5 expression, SOCS-5 can inhibit IL-4 signaling. Although SOCS-5 is not 

expressed in naive T cells, preferential expression of SOCS-5 is clearly visible in ThI 

cells with preferential induction seen during Tul differentiation, however the underlying 

mechanism of induction is unknown [80]. The induction of SOCS-5 during TtI 1 

differentiation suppresses TH2 differentiation via the inhibition of IL-4 and the STAT-6 

pathway. As described above, SOCS-5 overexpression in allergic conjunctivitis resulted 

in negative regulation of the Tn2-mediated response [ 104],

Unique to SOCS-5 is the ability to bind directly to the cytoplasmic region of cytokine 

receptors without tyrosine phosphorylation, specifically the IL-4Ra and the common 

gamma chain (yc) [80, 109]. This differs from the actions of other SOCS proteins, which 

bind receptors only after tyrosine phosphorylation [80]. SOCS-5 facilitates the TH1 

differentiation pathway by binding to the IL-4 receptor, even in the absence of activation,

20



to inhibit IL-4 induced TH2 differentiation [80]. Administration of exogenous IL-4 can 

induce AHR and inhibition of IL-4 signaling has therapeutic potential [109-111], 

Exogenous administration of SOCS-5 may decrease Th2 differentiation and increase the 

number of ThI cells. Therefore, SOCS-5 is seen as an important member of the SOCS 

family for its potential in inhibiting allergic diseases.

e) SOCS-6 and SOCS-7

SOCS-6 and SOCS-7 share over 50% homology in both their SOCS box and SH2 

domains. SOCS-6 and -7 participate in insulin regulation by inhibiting phosphorylation of 

the insulin receptor substrate (IRS) [94]. SOCS-7 knockout mice are hypersensitive to 

insulin but SOCS-6 knockout mice show no altered insulin sensitivity [112], Recently, 

SOCS-6 and SOCS-7 were shown to interact and inhibit with the other members of the 

SOCS family, a characteristic previously thought to be unique to SOCS-2 [85].

Although expression of SOCS-6 and SOCS-7 can be induced by IL-2, IL-4, IL-9, IL-13 

and IFN-y, a connection with Th mediated allergic diseases has not yet been made [67, 

112, 113]. Regarding expression of these SOCS in ThI and Tn2 cells, only SOCS-6 was 

tested and was found to be equally expressed between the two cell types [80].

I). Experimental Hypothesis

Our hypothesis was that expression of SOCS is altered in the lungs of antigen sensitized 

and challenged mice receiving an adoptive transfer of T regulatory cells from naive mice.
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Using the previously established mouse model of asthma (McGee et al, data in press), 

this was tested with the following Specific Aims:

1. Specific Aim 1: The aim of this study was to investigate the expression of SOCS 

proteins in asthmatic lungs, specifically in the airway epithelial cells. Both epithelial 

cells and SOCS proteins are important in asthma, however, their connection is currently 

unknown. It has been shown that certain SOCS proteins mirror the severity of asthma 

and that in patients with chronic asthma, periods of remission correlate to decreased 

SOCS expression. Therefore, the first specific aim sought to determine if SOCS 

expression in the airways would decrease following an adoptive transfer of T regulatory 

cells, which effectively reversed AHR. Using a mouse model of asthma we thus 

observed the differential expression of SOCS proteins in CRA mice as compared to 

healthy mice (PBS) as well as mice from adoptive-transfer groups as compared to PBS. 

To examine the expression of SOCS proteins in vivo in lung sections from treated mice 

immunohistochemistry was performed for the following SOCS proteins:

1) Expression of SOCS-1 in lung sections of mice receiving PBS, CRA, or an 

adoptive transfer of Tregs.

2) Expression of SOCS-2 in lung sections of mice receiving PBS, CRA, or an 

adoptive transfer of Tregs.

3) Expression of SOCS-3 in lung sections of mice receiving PBS, CRA, or an 

adoptive transfer of Tregs.

4) Expression of SOCS-5 in lung sections of mice receiving PBS, CRA, or an 

adoptive transfer of Tregs.
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2. Specific Aim 2: The second specific aim was to use the BALF collected from PBS,

CRA, and ADOPT mice and examine the levels of the pro-inflammatory IL-6. IL-6 is 

known to play a major role in asthmatic airway inflammation and recent research has 

uncovered an interesting relationship between IL-6 and SOCS. Therefore, it was 

important to verify levels of IL-6 collected BALF of PBS, CRA, and four groups of 

ADOPT mice by ELISA.

3. Specific Aim 3: It is difficult to determine cause and effect relationships in vivo. It is 

currently unknown whether the proteins which inhibit the JAK/STAT pathway, 

specifically the SOCS proteins, are expressed in airway epithelial cells and whether their 

expression is regulated by cytokine stimulation. For that reason, the third specific aim 

was to examine the mRNA transcripts of SOCS-1, SOCS-2, SOCS-3, and SOCS-5, in 

vitro, using cultured human airway epithelial cells (BEAS-2B) following stimulation by 

cytokines known to have a role in asthma (IL-6, IL-5, IL-4, and 1L-12). This was 

accomplished by:

1) Dose dependent response of SOCS to:

a. IL-6 stimulation after 90 minutes

b. IL-5 stimulation after 90 minutes

c. IL-4 stimulation after 90 minutes

d. 1L-12 stimulation after 90 minutes

2) Time dependent response of SOCS to:

a. IL-6 stimulation at 50ng/ml
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b. IL-5 stimulation at 30ng/ml

c. IL-4 stimulation at 30ng/ml

d. 1L-12 stimulation at 50ng/ml

24



II. METHODS

/>. Methods

1. Animals

Four to five week old Balb/c female mice were purchased from Harlan Laboratories 

(Indianapolis, IN) and were sensitized and challenged via the previously described 

protocol (McGee et al, data in press, summarized in Figure 3). Briefly, mice were given 

an i.p. injection of cockroach (CRA) antigen (10 pg) on day 0 and 14 and received 

aerosol challenge with CRA antigen on days 28-30 and 32. AHR was examined on day 

33 via a single-chamber, whole-body plethysmograph (Buxco Electronics, Troy, NY) and 

aerosolized acetyl (3-methylcholine (Sigma-Aldrich, St. Louis, MO) dissolved in PBS in a 

dose-dependent manner (0-100 mg/ml). Randomly selected mice were used to confirm 

AHR via invasive tracheostomy (McGee et al, data in press). The research protocol in 

this study, according to National Institutes of Health guidelines, was approved by the 

Institutional Animal Care and Use Committee of Creighton University.

2. Treu Isolation and Adoptive Transfer

CD4+CD25+ N-Tregs and CD4+CD25 TrI cells were isolated from lungs and spleens 

harvested from healthy Balb/c mice having received no previous treatment by the 

previously referenced protocol (McGee et al, data in press). Regulatory T cells were 

isolated in two phases. First. CD4+ T cells were pre-enriched by the depletion of 

unwanted cells. CD25+ cells were then positively selected using CD4+CD25+ Regulatory 

T cell Isolation Kit (Miltenyi Biotec, Auburn, CA) and the cell suspension was processed 

in the AutoMACS to obtain CD4+CD25+ cells. Lung cell purity was 48-52% with a
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spleen cell purity of 90-95%. Randomly selected sensitized recipients were given an 

intravenous injection of one of the four groups of cells into the tail vein of mice at 

400,000 cells (isolated from either the spleen or lung)/50 pi of sterile PBS on day 34. 

These mice received i.p. injection of CRA antigen to prime the adoptively-transferred 

cells. Three days post adoptive transfer, mice were given an aerosol challenge of 1/5% 

CRA in PBS. AHR was thereafter evaluated in response to methacholine every seven 

days for four weeks. Non-sensitized control mice were treated with sterile PBS.

3. Collection of Bronchoalveolar lavage Fluid (HALF) and Lung Preparation

Pentobarbital (lOOpl) was used to euthanize the mice. A tracheal cannula was used with 

1 ml of warm saline (37°C) to gently lavage the lungs of mice post euthanization. A 

Coulter counter was used for total cell counts. Samples were stored in -80°C freezer 

after being centrifuged at 400 rpm for 10 minutes. Lungs were removed, placed in tissue 

freezing medium, put on dry ice for snap freezing, and stored at -80 ° C.
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Figure 3: Animal Sensitization Protocol. The protocol by which mice were sensitized to 
the cockroach antigen, or given PBS, and additionally randomized into four groups to 
receive an adoptive transfer ofTregs. AMR was established on day 33 and then mice 
randomly received an adoptive transfer o fT  regulatory cells. Every week for four weeks, 
mice were challenged to evaluate AHR reversal. HALF, blood, and lung tissues were 
collected on day 68.
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Experimental
Groups

Brief Description of Treatment

PBS
Mice receiving Phosphatase buffered 
saline and challenged with Methacholine

CRA Mice sensitized to cockroach antigen and 
challenged with Methacholine

ADOPT I Sensitized mice receiving adoptive 
transfer of lung derived, CD4+CD25+ T 
regulatory cells

ADOPT 11 Sensitized mice receiving adoptive 
transfer of lung derived, CD4+CD25- T 
regulatory cells

ADOPT III Sensitized mice receiving adoptive 
transfer of spleen derived, CD4+CD25+ T 
regulatory cells

ADOPT IV Sensitized mice receiving adoptive 
transfer of spleen derived, CD4+CD25- T 
regulatory cells

Table 2: Summary o f experimental animal groups. This table briefly summarizes the 
groups of experimental mice used in this study. Mice received PBS, CRA, and/or an 
adoptive transfer o fT  regulatory cells derived from the lung or the spleen.
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4. tnimunohistochcmical Analysis

Lung samples were stored in tissue freezing media and the frozen blocks were cut in a 

cryostat at -20° C at 4-6pm onto charged slides. From each group of treated animals, 

frozen lung samples from three to five mice were cut into 10-15 slides (3 sections per 

slide) and stained using the following 1HC protocol for SOCS-1, -2, -3, and -5. 

Immunohistochemistry (IHC) was done using a standard Avidin-Biotin Complex (ABC) 

protocol as recommended by Vector Labs. Slides were fixed in pre-cooled acetone for 10 

minutes. Cells were then washed in PBS (Phosphate Buffered Solution, pH 7.4) 3 times 

for 5 minutes each. Endogenous peroxidase was blocked using 0.3% H2O2 in methanol 

for 30 minutes. Blocking sera was applied to reduce non-specific binding. Primary 

antibodies were goat polyclonal anti-SOCS (Santa Cruz Biotechnology, Santa Cruz, CA). 

Primary antibodies were diluted to 1:200 with PBS and incubated for one hour in a 

humidified chamber. Slides were briefly washed in PBS and incubated with biotinylated 

secondary antibodies (diluted as per the protocol) for one hour. Slides were again 

washed in PBS 3 times for 5 minutes each and exposed to freshly prepared Avidin-Biotin 

Complex as per the protocol for 30 minutes. After another round of washing, slides were 

developed with a peroxidase substrate enzyme system (2,2-Diaminobenzene, DAB, 

Vector Labs, Burlingame, CA) for color definition. The sections were counterstained 

with Gills No. 2 hematoxylin for 15 seconds. Ommission of the primary antibody was 

used as a negative control (data not shown). For comparative analysis, slides were 

examined in a blinded fashion in a coded order. All fields were viewed and results were 

examined via light microscopy. The results presented in this thesis are representative of 

all fields viewed from the 3-5 mice per group.
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5. Histology

Hemotoxylin and Eosin (H&E) staining was performed using a H&E Section Stain Kit 

(Newcommer Supply, Middleton, WI) and the company’s recommended protocol to 

observe morphology (Figures 5-6). Briefly, slides were fixed in formalin, washed, 

exposed to Harris hematoxylin, washed, dipped in blueing reagent, and washed again 

before being dipped in eosin. Slides were then taken through a gradient of 95-100% 

alcohol and Xylene before being mounted with a coverslip. All results were examined 

via light microscopy.

6. ELISA

Due to the involvement of IL-6 in pro-inflammatory states such as AHR and asthma, 

Enzyme Linked Immunosorbent Assay (ELISA assay) was performed to measure levels 

of IL-6 in the BALE using a IL-6 ELISA Detection, Ready-Set-Go kits (E-bioscience, 

San Diego, CA) according to manufacturer’s protocol. Briefly, in a 96 well plate, the 

necessary wells were first coated with 100 pi of capture antibody in coating buffer and 

incubated overnight at 4°. Wells were aspirated and then blocked with 200 pi of Assay 

Diluent for one hour at room temperature. Wells were then aspirated and 200 pi of the 

BALF samples were added and incubated for two hours at RT. As per the protocol, a 

standard curve was generated allowing a range of sensitivity from 7-500 pg/ml (readings 

helow this range of sensitivity were reported as 0). After aspiration, 100 pi of detection 

antibody was added and incubated at RT for one hour. 100 pi of Aviden-HRP was added 

after aspirating and incubated at RT for 30 minutes. Finally, 100 pi of substrate solution 

was added for 10-15 minutes followed by 50 pi of stop solution. The plate was read at 

450nm on a Microplate Reader (Bio-Rad, Hercules, CA).
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7. Cell Culture and Stimulation

Human Airway Epithelial Cells, BEAS-2B (ATCC, Manassas, VA) were cultured in 6- 

well plates using Bronchial Epithelial Cell Culture Media and 10% serum. Cells were 

passaged every 4-5 days to attain 80-90% confluence. The cells were then serum starved 

for 24 hours using DMEM (0% serum).

The cytokines IL-6, IL-5, IL-4, and IL-12 were ordered from Peprotech (Rocky Hill, NJ), 

were added to stimulate cells to observe the change in SOCS expression. Initially, a dose 

was chosen as per current literature and the company’s recommended EDS0. That dose 

was applied to the cells in a time-course study and the time at which maximal expression 

was observed based on densitometry was 90 minutes. Based on the results from the time 

dependent study, cells were stimulated for 90 minutes at 0, 1, 30, 50, and lOOng/ml to 

establish the optimal dose. The dose with the greatest densitometric value was chosen 

and time-course studies were re-run at the optimal dose for each cytokine. That dose was 

determined to be either 30 ng/ml (IL-5 and IL-4) or 50 ng/ml (IL-6 and IL-12) and was 

then applied for the duration of 0, 30, 60, 90, 120. and 240 minutes.

8. RNA Isolation and Quantification

Cells were lysed with 1 ml Tri-reagent for 5 minutes and cell lysate was transferred to 

eppendorf tubes for RNA isolation. In 1.5 ml Eppendorf tubes, 100 pi of l-Bromo-3- 

chloropropane was added to each 1 ml sample, mixed vigorously, and incubated at room 

temperature for 10-15 minutes. The mixture was then centrifuged in an ultra centrifuge 

(refrigerated, 4°C) at 12,000 g for 15 minutes. The aqueous phase was recovered, mixed

31



with 500 pi of cold isopropanol, incubated at room temperature for 15 minutes, and 

centrifuged at 12,000g at 4°C. The aqueous phase was discarded and the RNA pellet was 

washed with 75% ethanol and re-centrifuged at 12,000g at 4°C. The new pellet was air 

dried and suspended in nuclease free water. The RNA was then quantified using UV 

spectrophotometer.

9. Primer Design

The PrimerQuest tool (Integrated DNA Technologies, Coralville, IA, www.idtdna.com), 

along with the gene sequence for specific SOCS, was used to Design Primers. Three sets 

of recommended forward and reverse primers were selected and the BLAST algorithm 

was used to verify the sequence. Upon receipt of the primers, the effectiveness of each 

was tested using a single PCR product and the molecular sizes (base pairs, bp) of the 

PCR products were determined by comparing their electrophoretic migration to the 

standard ladder. Primers were chosen for this thesis based on their ability to produce a 

single band and their consistency with expected product sizes. Primers were then tested 

for optimal cycle number using a single PCR product.

10. Semi Quantitative RT-PCR

Initially, 28, 30, 32, 34, 36, 38, and 40 cycles were tested and compared via densitometric 

analysis. The intensity of the SOCS PCR products increased linearly with increasing 

cycle number and, for all four primers, reached a cycle number that created a plateau. 

PCR cycle number was chosen outside of the plateau range and it was concluded that the 

optimum cycle number was 32. All RNA concentrations were adjusted to 1 pg/ml based
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on the recorded RNA quantification data and reverse transcribed with reverse 

transcriptase, dNTP, RNase inhibitor, MgCE, oligo(dT) primers, and nuclease-free water. 

Primer size and sequences are summarized in Table 2. The cDNA product was then 

loaded into the thermal-cycler for amplification with Taq polymerase via the ImProm 11 

RT-PCR kit from Promega Corporation (Madison, WI) in the recommended amounts. 

Amplification of cDNA occurred by an initial denaturation for 15 minutes at 95°C, 

annealing for 30 seconds at 55°C, extension for 45 seconds at 72°C, for 32 cycles, and 

finally completed with a 10 minute extension at 72°C. PCR reaction products were 

analyzed via electrophoresis on 1.5% agarose gels. PCR products were visualized by 

ethidium bromide staining of the gel. Densitometry was performed in UVP Bio Imaging 

Systems using software from Applied Biosystems-Lab Works (Foster City, CA). Values 

were divided by the endogenous control of baseline expression. B-actin was used to 

ensure proper controlsx.

11. Statistical analysis

All data are expressed as mean + SEM of n=3. Statistical analysis was performed using 

software from Graph Pad Prism (San Diego, CA) with one-way Analysis of Variance 

(ANOVA) followed by a Bonferroni post test for comparison between groups. A P value 

of <0.05 was considered statistically significant.
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Gene 5’ - 3 ’ 3’ - 5 ’ Size
(bp)

SOCS-1 ATTACTTGCCTGGAACCATGTGGG AACATGAAGAGGTAGGAGGTGCGA 234

SOCS-2 GGGATTCGCACTGACTTCAAGGA ACGTGT AGAGCGGTTTGGTCAG AT 454

SOCS-3 TTCCAAAGTCTACCTGGTGCCTGA TGGCCAATACTTACTGGGCTGACA 567

SOCS-5 TTCTCGAAGGGAAACCTGAAGGCA TTCTCGTTCCAACCAGCGAACTCT 413

P-actin GGACCTACCTTCAGCTTAGAG ATTCAATGCCAGGTT ACCG 610

Table 3: PCR primer sequences and their sizse. This table lists the primers of SOCS 
and the house-keeping gene tested. The forward and reverse primer sequences are 
listed along with the product size utilized for analysis of the SOCS gene expression by 
semi-quantitative RT-PCR..
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III. Results

A. Establishment of AHR and AHR reversal

Following the sensitization and challenge of mice with ovalbumin, elevated Penh 

values in CRA mice were observed as compared to mice administered with PBS (Figure 

4). Compared to the PBS control group, mice receiving CRA had significantly increased 

Penh values at day 33 as well as day 68. Treatment of the mice with an adoptive transfer 

of Tregs resulted in significantly decreased Penh values as compared to CRA mice 

showing a reversal of AHR on day 68. Pulmonary functions in ADOPT mice 

demonstrated decreased Penh values for three to four weeks following adoptive transfer 

of Tregs. Histological analysis of H&E stained lung sections from CRA sensitized and 

challenged mice exhibited epithelial cell hypertrophy, smooth muscle cells hyperplasia, 

mucus hyper-secretion, and collagen deposition confirming AHR (Figure 5). Cell counts 

revealed profuse infiltration of eosinophils (Table 4). Histological analysis of lung 

sections from mice receiving an adoptive transfer showed morphology consistent with 

healthy control PBS mice with the exception of mild inflammation in ADOPT I 

confirming AHR reversal (Figure 6). Relative cell counts are consistent with AHR and 

AHR reversal in CRA and ADOPT groups, respectively (Table 4).
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Day 33 -  Establishment of AHR

4  

3  

2 

1

O -1----- ------------- 1------------ 1------------ 1------------ 1------------ 1------------ 1------------ 1------

Methacholine (mg/ml)

Day 68 -  AHR Reversal

• ♦ ‘ PBS
CRA

♦  ADOPT I 
♦  ADOPT II

—♦—ADOPT III
♦  ADOPT IV

Figure 4: Penh values on Day 33 and Day 68. On Day 33 (above), pulmonary values 
(Penh) from CRA groups are significantly higher than from those only receiving PBS. 
This confirms the establishment of AHR. On Day 68 (below), pulmonary values (Penh) 
from CRA groups are still significantly higher than from those only receiving PBS. Penh 
values from all four groups receiving an adoptive transfer of spleen or lung-derived 
Tregs are consistent with mice given PBS. This confirms that treatment with Tregs is an 
effective way to reverse AHR. Values are mean ± SEM ); *P<0.05 as compared to 
the baseline.

Methacholine (mgJml)

*
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P B S  C R A

Figure 5: Hematoxylin and Eosin staining o f lung sections from mice receiving PBS 
(left) and CRA mice (right) on Day 33. The airway on the right exhibits normal, non 
asthmatic, histology whereas in the airway on the left, the characteristic signs 
can be seen. These include bronchoconstriction,cellular infiltration, and thickening of 
the basement layer. These airways represent samples of at least three groups of mice.

A D O P T  III A D O P T  IV

F ig u re  6: Hematoxylin and Eosin staining o f lung sections from mice receiving 
adoptive transfer o f Tregs on Day 68. The airways show morphological features 
consistent with the PBS airway from Figure 5 including nominal inflammation and 
negligible cellular infiltration. These airways are representative samples of at least three 
groups of mice.
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Absolute Number of Cells in the BALF, x 10 '

PBS CRA
Eosinophils 1.29 ± 0 .1 8 76.50 ± 7.32 #

Neutrophils 0.59 ± 0.06 1.87 ± 0 .8 9
Macrophages 32.73 ± 2 .8 0 10.99 ±: 4.03 #
Lymphocytes 5.43 ± 2 .8 7 2.72 ± 1.73

ADOPT I ADOPT II ADOPT III ADOPT IV
Eosinophils 4.00 ± 0 .5 2 * 2.15 ± 0 .4 7 * 4.35 ± 0.25 * 2.08 ± 0.29 *

Neutrophils 2.90 ±0.51 1.11 ± 0 .9 9 0.00 ± 0.00 0.00 ± 0.00
Macrophages 38.30 ± 3.38 * 46.30 ± 1.07 * 38.50 ± 10.1 * 48.30 ±16.1  *

Lymphocytes 4.56 ± 0.81 3.80 ± 1.50 4.76 ± 0 .6 3 2.23 ±0.46

Table 4: Differential cell counts in the HALF o f treated mice. Differential cell counts 
from PBS treated mice, CRA treated mice, and the four groups of mice receiving an 
adoptive transfer ofTregs are shown here. Cell counts demonstrate an increase in the 
number of eosinophils and macrophages in CRA treated mice as compared to PBS 
treated mice. Mice in the adoptive transfer groups had eosinophil and macrophage 
levels similar to those observed in the PBS-treated mice showing an adoptive transfer of 
Tregs to be an effective treatment for pulmonary eosinophilia. Values are mean ± SEM 
(n>3); #P<0.01 as compared to PBS, *P<0.0] as compared to CRA.
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B. IHC Staining for SOCS Expression in the Lung

Our first specific aim was to determine whether or not SOCS expression correlates with 

airway hyperresponsiveness (AHR) in vivo. To examine this parameter, 

immunohistochemistry (IHC) was performed on frozen lung tissues as outlined in the 

Methods section to localize expression of SOCS-1, SOCS-2 SOCS-3, and SOCS-5 in 

non-sensitized (PBS) antigen sensitized (CRA) and antigen sensitized with adoptive 

transfer (ADOPT I-IV) mice. DAB was used as the chromogen and positive staining was 

brown. Staining was not detected when lung sections were incubated in the absence of 

primary antibody (data not shown). Immunohistochemical staining of SOCS-1, -2, -3, 

and -5 was localized in the airway epithelial cells of antigen sensitized and challenged 

mice and w'as either not detected or was detected at low levels in mice given only PBS 

prior to challenge (Figures 7-10). This confirms that expression of these four SOCS 

proteins is upregulated in response to the development of AHR.

After demonstrating the presence of these four SOCS proteins in the airways of chronic 

asthmatic mice, we next studied their presence in mice receiving an adoptive transfer of T 

regulatory cells (Tregs). As previously discussed, sensitized and challenged mice with 

established AHR were randomized and received an adoptive transfer of a specific set of 

Tregs on day 34 of the Animal Sensitization Protocol. The Adoptive 1 group mice 

received lung derived CD4+CD25+ naturally occurring T regulatory cells (N-Tregs), the 

Adoptive 11 group mice received lung derived CD4+CD25 naive T cells (TR1), the 

Adoptive III group mice received spleen derived CD4+CD25+ N-Tregs, and the Adoptive 

IV group mice received spleen derived CD4+CD25"TR1 cells (ADOPT I-IV, respectively,
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Table 3). Again, immunohistochemistry was used in a blind fashion as outlined in the 

Methods section to stain lung sections from these mice for the presence of SOCS-1, 

SOCS-2, SOCS-3, and SOCS-5.

1. SOCS-1

As compared to CRA treated mice, sections from ADOPT I, ADOPT II, ADOPT 

III, and ADOPT IV group mice exhibited lower levels of SOCS-1 staining (Figure 7). 

Staining in lung sections from those mice receiving spleen derived Tregs (ADOPT III/IV) 

showed greater downregulation of SOCS-1 expression than sections from mice receiving 

lung derived Tregs (ADOPT I/II, Figure 7). In both cases, sections from mice receiving 

adoptive transfer of T« 1 cells correlated with lower levels of SOCS-1 expression than did 

sections from mice receiving N-Tregs (ADOPT IV vs. ADOPT III and ADOPT II vs. 

ADOPT I, Figure 7). Thus, between the four ADOPT groups, ADOPT-I showed the 

most positive staining and ADOPT-IV showed the least.

2. SOCS-2

SOCS-2 expression was downregulated in sections from ADOPT I, ADOPT II, 

ADOPT III, and ADOPT IV group mice as compared to CRA treated mice (Figure 8). 

Sections from mice receiving spleen-derived Tregs (ADOPT III/IV; exhibited less 

immuno-staining than do the sections from mice receiving lung-derived Tregs (ADOPT 

l/II, Figure 8). However, the degree of staining within those two groups, sections from 

mice receiving adoptive transfer of N-Tregs or TrI cells, is negligible (ADOPT I/II! vs. 

ADOPT II/IV, Figure 8).

3. SOCS-3
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Similarly, immunostaining in sections from ADOPT 1, ADOPT II, ADOPT III, 

and ADOPT IV group mice showed lower levels of SOCS-3 compared to CRA treated 

mice, with the exception of ADOPT-I group mice, in which immunostaining was 

comparable to CRA treated mice(Figure 9). Further comparison shows SOCS-3 staining 

in ADOPT-I1, III, and IV sections to be comparable with PBS sections (Figure 9).

4. SOCS-5

SOCS-5 expression was similar to SOCS-1 in that all four ADOPT groups 

exhibited lower levels of SOCS-5 than did the sections from CRA treated mice (Figure 

10). In addition, sections from mice receiving an adoptive transfer of spleen-derived 

Tregs showed a downregulation of SOCS-5 expression as compared to sections from 

mice having received lung derived Tregs (ADOPT 1II/IV vs. ADOPT l/II, Figure 10). 

Again, compared to sections from mice receiving N-Tregs (ADOPT I/I1II), sections from 

mice receiving adoptive transfer of TrI cells (ADOPT II/IV) resulted with lower levels of 

SOCS-5 expression (Figure 10). Overall, ADOPT-I showed the most immunopositivity 

and although ADOPT-IV showed the least, ADOPT-II, ADOPT-III, and ADOPT-IV all 

exhibited expression in line with PBS.
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Figure 7: IHC for SOCS-1 in Lung Sections o f CRA, and ADOPT I-IV.
Immunohistochemical staining for SOCS-1 is present CRA as compared PBS mice. 
Staining in the lung sections of adoptive-transfer mice shows decreased 
These airways are representative samples of all fields viewed from the lungs of at least 
three groups of mice.
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Figure 8: IHC forSOCS-2 in Lung Sections o f PBS, CRA, and ADOPT I-IV.
Immunohistochemical staining for SOCS-2 is present in CRA as compared PBS mice. 
Staining in the lung sections of adoptive-transfer mice shows decreased 
These airways are representative samples of al viewed from the lungs of at least 
three groups of mice.
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Figure 9: IHC for SOCS-3 in Lung Sections o f PBS, CRA, and ADOPT I-IV.
Immunohistochemical staining for SOCS-3 is present in CRA as compared to PBS mice. 
Staining in the lung sections of adoptive-transfer mice shows decreased 
These airways are representative samples of all fields viewed from the lungs of at least 
three groups of mice.
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Figure 10: IHCfor SOCS-5 in Lung Sections o f PBS, CRA, and ADOPT I-IV.
Immunohistochemical staining for SOCS-5 is present in CRA as compared to PBS mice. 
Staining in the lung sections of adoptive-transfer mice shows decreased 
These airways are representative samples of all fields viewed from the lungs of at least 
three groups of mice.
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C. IL-6 Levels in the HALF o f Sensitized Mice

The second specific aim of this thesis was to examine levels of the pro-inflammatory 

cytokine IL-6 in BALF collected from PBS control mice, CRA treated mice, and mice 

from all four groups receiving an adoptive transfer of Tregs. As compared to PBS mice, 

mice sensitized to CRA and challenged had significantly higher levels of IL-6 in the 

BALF (Figure 11). BALF from mice in all four ADOPT groups had significantly 

reduced levels of IL-6 as compared to CRA mice (Figure 11). Sensitized mice receiving 

an adoptive transfer of spleen-derived Tregs (ADOPT III/IV) had undetectable levels of 

IL-6 in the BALF. Levels of IL-6 in the BALF of sensitized mice having received an 

adoptive transfer of lung-derived Tregs (ADOPT I/II) were detectable, however, levels of 

IL-6 in the BALF of these mice were significantly decreased as compared to IL-6 levels 

in the BALF of CRA treated mice.

D. in vitro mRNA Expression o f SOCS in HEACs 

1. Primer Optimization

Once primers were chosen based on their ability to produce a single band and their 

consistency with expected product sizes, they were then tested for optimal cycle number 

using a single PCR product. Initially, 28, 30, 32, 34, 36, 38, and 40 cycles were tested 

and compared via densitometric analysis (Figure 12). The intensity of the SOCS PCR 

products increased linearly with increasing cycle number and, for all four primers, 

reached a cycle number that created a plateau region above the linear phase. PCR cycle 

number was chosen outside of the plateau range and it was concluded that the optimum 

cycle number was 32.
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ELISA

*

Figure 11: 1L-6 levels in the HALF o f PUS, CRA, and all four ADOPT groups. Data 
from IL-6 ELISA assay showing levels of the pro-inflammatory cytokine 1L-6 is present in 
significantly higher levels in the HALF from CRA treated mice than in the BALF of mice 
treated with PBS or mice receiving an adoptive transfer ofTregs. Values are mean ± 
SEM from the BALF of at least 3 groups of mice; *P<0.05 as compared to PBS, # 
P<0.05 as compared to CRA.
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32 Cycles

Optimization of'SOCS PCR Primers
A:

28 30
SOCS-] ”
(234 bp)

SOCS-2 
(454 bp)

SOCS-3 
(567 bp)

SOCS-5 WM 
(413 bp) m m

B:

SOCS-1 Primer SOCS-2 Primer

SOCS-3 Primer SOCS-5 Primer

Figure 12: SOCS PCR Primer and Corresponding Densitometric Values. The PCR
data above (A) show the primer optimization for SOCS-1, SOCS-2, SOCS-3 and SOCS-5. 
Densitometric analysis (B) was done to observe the fold induction and was normalized to 
the first measurable band. Optimal cycle number was chosen to be 32. Values are mean 
±SEM (n=3 individual experiments); *P<0.05 compared to the first measurable band.
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2. mRNA Expression of SOCS

Direct cause and effect relationships are difficult to determine in vivo. Specifically, it is 

unknown if SOCS are expressed in airway epithelial cells and whether or not that 

expression is regulated hy cytokines. Therefore, our third specific aim was to determine 

if there was a correlation between airway epithelial cells, SOCS expression, and 

stimulation by cytokines known to be involved in asthma, specifically IL-6, 1L-4, 1L-12, 

and IL-5 in vitro utilizing the BEAS-2B, human airway epithelial cell line [110], As 

established in Figure 13, the optimal dose for IL-6 stimulation in BEAS-2B cells was 

found to be 50ng/ml. At that dose cell stimulation with IL-6 resulted in an increase in 

mRNA levels of all four SOCS proteins (-1, -2, -3, and -5) over the measured time of 4 

hours. Maximal densitometric values were measured at 90 minutes (Figure 17). IL-5 

stimulation resulted in no effect on SOCS mRNA expression in response to changes in 

dose from 0-100 ng/ml (Figure 14). Similarly, changes in time from 0-240 minutes 

correlated to no change in SOCS mRNA expression for any of the four SOCS proteins of 

interest (Figure 18). Time course data presented in this thesis are from studies with 

30ng/ml, however, time dependent studies were run using other doses to confirm the lack 

of effect of IL-5 on SOCS mRNA expression (data not shown). 1L-4 dose dependent 

stimulation had maximal expression at 30ng/ml (Figure 15). Time dependent studies 

using that does resulted in increased expression of SOCS-1, SOCS-2, and SOCS-3 but no 

effect on SOCS-5 mRNA levels (Figure 19). IL-12 dose dependent studies had maximal 

expression at 50ng/ml (Figure 16). IL-12 stimulation at that does induced expression of 

SOCS-1 and SOCS-2 mRNA however, opposite of IL-4, IL-12 had no effect on SOCS-3 

and induced expression of SOCS-5 (Figure 20).
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A:

B:

SOCS-1 
(234 bp)

SOCS-2 
(454 bp)

SOCS-3 
(567 bp)

SOCS-5 
(413 bp)

(3-Actin

IL-6 (90 minutes)
0 1 30 50 100 ng/ml

IL-6 SOCS-1 IL.-6 SOCS-2

Dose ng/ml

IL-6 SOCS-3 IL-6 SOCS-5

Dose ng/ml

Figure 13: Dose Dependent Effect o f IL-6 on SOCS Expression in HAEC. The RT-
PCR data (A) show the dose dependent effect of IL-6 stimulation for 90 minutes on 
expression of SOCS-1, -2, -3, and -5 in HEAC. Densitometry (B) shows the mRNA band 
was best expressed at 50ng/mL. [1-Ac tin was used as the loading control and values in 
treated cells were normalized to /3-Actin and the control to observe fold induction. Values 
are mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.
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A:
IL-5 (90 minutes)

0 1 30 50 100 ng/ml

B:

SOCS-5 
(413 bp)

P-Actin I

IL-5 SOCS-1 IL-5 SOCS-2

IL-5 SOCS-3 IL-5 SOCS-5

Figure 14: Dose Dependent Effect o f IL-5 on SOCS Expression in HAEC. The RT-
PCR data (A) show the dose dependent effect of IL-5 stimulation for 90 minutes on 
expression of SOCS-1 -2, -3 and -5 in HEAC. Densitometry (B) shows the mRNA hand 
was unchanged despite dosage increases, f-Ac tin was used as the loading control and 
the values were normalized to f-Actin and the control to observe fold induction. Values 
are mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.

51



A:

B:

IL-4 (90 minutes)
0 1 30 50 100

SOCS-1 
(234 bp)

ng/m!

SOCS-2 
(454 bp)

IL-4 SOCS-1 IL-4 SOCS-2

IL-4 SOCS-3
IL-4 SOCS-5

Figure 15: Dose Dependent Effect o f IL-4 on SOCS Expression in 11AEC. The RT-
PCR data above (A) show the dose dependent effect of IL-4 stimulation for 90 minutes on 
expression of SOCS-1,-2, -2, and -5 in HEAC. Densitometry (B) shows the mRNA band 
was best expressed at 30ng/mL. fl-Actin was used as the loading control and the values 
were normalized to fl-Actin and the control to observe fold induction. Values are mean ± 
SEM (n=3 individual experiments); *P<0.05 as compared to control.
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IL-12 (90 minutes)
A: 0 1 30 50 100 ng/ml

IL-12 SOCS-1 IL-12 SOCS-2

IL-12 SOCS-3 IL-12 SOCS-5

Figure 16: Dose Dependent Effect o f IL-12 on SOCS Expression in IIAEC. The RT-
PCR data (A) show the dose dependent effect of IL-12 stimulation for 90 minutes on 
expression of SOCS-1, SOCS-2, SOCS-3 and SOCS-5 in HEAC. Densitometry’ (B) shows 
the mRNA band was best expressed at 50ng/mL. f-Ac tin was used as the loading control 
and the values in the HEAC treated cells were normalized to /3-Actin and the control to 
observe fold induction. Values are mean ±SEM (n=3 individual experiments); *P<0.05 
as compared to control.
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A:

B:

SOCS-1 
(234 bp)

SOCS-2 
(454 bp)

SOCS-3 
(567 bp)

SOCS-5 
(413 bp)

1L-6 (50nu/ml)
0 30 60 90 120 240 minutes

P -Actin

IL-6 SOCS-1 IL-6 SOCS-2
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IL-6 SOCS-3 IL-6 SOCS-5

Figure 17: Time Dependent Effect o f IL-6 on SOCS Expression in HAEC. The RT-
PCR data (A) show the time dependent effect of IL-6 stimulation at 50ng/ml on 
expression of SOCS-1, -2, -3, and -5 in FIE AC. Densitometry (B) shows the mRNA band 
was best expressed around 90 minutes, f-Actin was used as the loading control and the 
values were normalized to fl-Actin and the control to observe fold induction. Values are 
mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.
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SOCS-3 
(567 bp)

SOCS-5 
(413 bp)

(3 -Actin

IL-5 SOCS-1 IL-5 SOCS-2

IL-5 SOCS-3 IL-5 SOCS-5

Figure 18: Time Dependent Effect o f IL-5 on SOCS Expression in HAEC. The RT-
PCR data above (A) show the time dependent effect of IL-5 stimulation at 30ng/ml on 
expression of SOCS-1, SOCS-2, SOCS-3 and SOCS-5 in HEAC. Densitometry (B) shows 
the mRNA band was unchanged with time, f f  Actin was used as the loading control and 
the values were normalized to f f  Actin and the control to observe fold induction. Values 
are mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.
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IL-4 (30ng/ml)
0 30 60 90 120 240 minutes

P -Actin

IL-4 SOCS-1 IL-4 SOCS-2

IL-4 SOCS-3 IL-4 SOCS-5

Figure 19: Time Dependent Effect o f IL-4 on SOCS Expression in HAEC. The RT-
PCR data above (A) show the time dependent effect of IL-4 stimulation at 30ng/ml on 
expression of SOCS-1, SOCS-2, SOCS-3 and SOCS-5 in HEAC. Densitometry (B) shows 
the mRNA band was best expressed around 90 minutes with the exception of SOCS-5 
mRNA expression, which was unchanged, f-Ac tin was used as the loading control and 
the values were normalized to ft-Actin and the control to observe fold induction. Values 
are mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.
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Figure 20: Time Dependent Effect o f IL-12 on SOCS Expression in IIAEC. The RT-
PCR data above (A) show the time dependent effect of IL-12 stimulation at 50ng/ml on 
expression of SOCS-I, SOCS-2, SOCS-3 and SOCS-5 in HEAC. Densitometry (B) shows 
the mRNA band was best expressed around 90 minutes with the exception of SOCS-3 
mRNA expression, which was unchanged. f-Actin was used as the loading control and 
the values were normalized to f-Actin and the control to observe fold induction. Values 
are mean ±SEM (n=3 individual experiments); *P<0.05 as compared to control.
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IV. DISCUSSION

SOCS have an important role in the inhibition of cytokine signaling involved with 

allergic diseases and asthma. SOCS-1 and SOCS-3 have previously been shown to be 

important in allergic inflammation and immune responses to inhaled allergens [94]. 

Specific SOCS proteins have been shown to be preferentially expressed in either ThI or 

Th2 cells and to play a role in TH1/TH2 differentiation, indicating the role of these 

proteins in Th2 mediated diseases [791. Although SOCS are found in a number of 

different cell types throughout the body [73], few studies have focused on presence of the 

SOCS proteins in airway epithelial cells. Herein an effort was undertaken to study the 

expression of SOCS proteins in vivo, in a murine model of chronic asthma after an 

adoptive transfer of T regulatory cells, as well as their function in vitro in a human cell 

line.

Immunopositivity to SOCS-1, -2, -3, and -5 was increased in lung sections from CRA- 

sensitized mice as compared to PBS-treated control mice, and localized to the airway 

epithelial cells. It has been reported that expression levels of SOCS proteins are not only 

increased in a number of diseases but mirror disease severity with increases in SOCS 

protein expression correlating to increased disease progression [78, 81, 94, 99-103, 113], 

At this time, there is no data showing an increase in SOCS protein expression correlating 

to disease regression. Here we demonstrate that SOCS-1, SOCS-3, SOCS-2, and SOCS- 

5 levels are increased in animals with elevated Penh values and AHR. These data imply 

that SOCS-1, SOCS-2, SOCS-3, and SOCS-5 have a responsive role in asthmatic 

airways. SOCS-5 binds to the cytoplasmic domain of the IL-4Ra to inhibit signaling by
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1L-4 and thus negatively regulates Th2 differentiation [80]. It is tempting to speculate 

that in response asthma and other TH2 mediated diseases, airway epithelial cells 

upregulate SOCS-5 to restore the TH2 / TH1 balance towards a TH1 response. Further 

research is required to understand if overexpression of SOCS-5 in airway epithelial cells 

would be an effective therapeutic strategy. Although these data show SOCS-2 is also 

upregulated in the airways of chronic asthma, it is not clear whether it is in response to 

cytokine activity, either pro- or anti-inflammatory, or if it is in response to increased 

levels of other SOCS. It has been shown that SOCS-2 can employ E3 ubiquitin ligase 

activity and, via the SOCS box and the N-Terminal region, target and bind SOCS-1 and 

SOCS-3 to decrease their respective half-life and thereby enhance cytokine signaling 

[86], Further research needs to be done to determine if SOCS-2 plays a role in asthma 

directly related to cytokine activity or indirectly by downregulating other SOCS.

We then demonstrated that CRA treated mice receiving an adoptive transfer of spleen or 

lung-derived T regulatory cells from healthy mice, which effectively reversed AHR, 

showed decreased immunopositivity in the airway to SOCS-1, -2, -3, -5 proteins. This 

held true for all mice in the four ADOPT groups as compared to CRA treated mice. 

Although mice from all four ADOPT groups has decreased immunopositivity in the 

airways as compared to CRA treated mice, there was an observable dichotomy in 

immunopositivity to SOCS between ADOPT 1/11 (lung-derived Tregs) and ADOPT I1I/IV 

(spleen-derived Tregs). This is thought to source from the disparity in Treg purity 

achieved during isolation. A higher purity of Tregs was isolated from the spleen than the 

lungs and correlated to an extended duration of AHR reversal (McGee et al, data in
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press). At the time of sacrifice, Day 68, ADOPT III and IV had decreased Penh values 

consistent with AHR reversal. However, ADOPT I and II had Penh values higher than 

PBS control mice showing the duration of AHR reversal to be ending. We speculate that 

this return in AHR and increased Penh values explain the increased immunopositivity 

seen in the IHC results in the ADOPT I and II groups. We further speculate that an equal 

purity in Treg isolation would result in similar IHC staining and it is possible that an 

unknown contamination during the isolation process had an effect in regulating Treg 

activity.

The exact mechanism involved in AHR reversal by adoptive transfer of Tregs is not 

completely known. However, we show here that AHR reversal correlates to decreased 

SOCS protein expression. It is known that SOCS proteins are upregulated by the 

activation of the JAK/STAT pathway following cytokine/receptor binding [67]. It is also 

known that T regulatory cells have the ability to suppress TH2 activity [52]. A possible 

mechanism for the observed decrease in SOCS expression in ADOPT mice might relate 

to decreased cytokine activity due to the immunomodulatory role played by the 

adoptively transferred Tregs. However, further research is required to determine the 

exact role that Tregs have on cytokines.

This study of SOCS protein expression suggests a role for SOCS in AHR reversal 

following administration of T regulatory cells. It has been demonstrated previously that 

SOCS-3 is a major regulator of CD4+ T cell activation and it is known that adaptive 

immune responses are influenced by the activity of CD4+ T regulatory cells [102, 114].
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We showed in this study that BALF collected from CRA treated mice showed 

significantly higher levels of the pro-inflammatory cytokine IL-6 than did PBS control 

treated mice. Additionally, there was a significant decrease in IL-6 levels in all groups of 

mice receiving adoptive transfer of Tregs as compared to mice treated with CRA. Given 

the role of the pro-inflammatory IL-6 in T cell activation by overcoming Treg-mediated 

suppression [115], it is suggested here that SOCS-3 may modulate Treg activity by 

regulating levels of IL-6.

RT-PCR data from the in vitro studies examining the mRNA expression of SOCS 

proteins in HAECs revealed some interesting trends. IL-6, as previously discussed, 

induced expression of SOCS-1, -2, -3, and -5 in this study. Although studies have shown 

this relationship in other cell types, this is, to our knowledge, the first time showing this 

response specifically in airway epithelial cells. These studies therefore extend the current 

knowledge into the AEC and imply the SOCS proteins are induced either directly or 

indirectly in response to IL-6.

At this point, there are no studies publishing positive results regarding IL-5 and SOCS. 

Although IL-5 is heavily implicated in asthma, it is not known if IL-5 induces SOCS 

protein expression in the airways. In this study we show that, in airway epithelial cells, 

IL-5 had no effect on mRNA expression of SOCS-1, SOCS-2, SOCS-3, or SOCS-5 in 

response to changes in the times or doses utilized. Although the negative data presented 

shows no effect on SOCS-1, -2, -3, or -5 based on IL-5 stimulation, IL-5 has a critical
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role in airway remodeling and AHR as discussed previously in this thesis. Further 

research is required to determine whether or not stimulation by a cocktail of cytokines 

would induce expression of one or more of the SOCS.

Both IL-4 and 1L-12 induced SOCS-1 and SOCS-2 in HEACs. SOCS-1 has been shown 

to negatively regulate both ThI and TH2 differentiation in response to IL-4 and IL-12, 

respectively [116]. As stated previously in this thesis, further research is required to 

understand whether SOCS-2 mRNA is upregulated as a direct response to cytokine 

activity or to regulate the expression of other SOCS. Interestingly though, reciprocal data 

were seen with IL-4 inducing expression of SOCS-3 mRNA but having no effect on 

SOCS-5 mRNA, and IL-12 having no effect on SOCS-3 mRNA but inducing SOCS-5 

mRNA. SOCS-3 and SOCS-5 were recently shown to be preferentially expressed in Th2 

and ThI cells, respectively, and feedback to inhibit lL-12-induced ThI and IL-4-induced 

Th2 differentiation [80], The RT-PCR data suggest that SOCS-3, preferentially found in 

Th2 cells, is induced in airway epithelial cells by IL-4 and possibly inhibits IL-12- 

induced TH1 differentiation. Reciprocally, SOCS-5, preferentially found in Tul cells, is 

induced in airway epithelial cells by IL-12 and may inhibit IL-4-induced Th2 

differentiation. These data propose a possible mechanism in which airway epithelial cells 

play a homeostatic role in Th2 mediated diseases via SOCS expression by working to 

skew the TH balance away from TH2 cells.

SOCS proteins have also been implicated in Dendritic cell - T Cell (DC-T cell) 

interaction and activation of T-regulatory cells. Early studies showed that expression of 

SOCS-3 is induced by IL-6 and IL-10 activation of STAT-3 [100], Although, the
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mechanism is not known, SOCS-3 inhibits the gpl30 subunit on the IL-6R and not the 

TL-10R, thereby selectively inhibiting only the pro-inflammatory cytokine signaling of 

1L-6 in macrophages [1171. Researchers have extended these studies into mice lacking 

SOCS-3 specifically in T cells and showed that the TH2 immune response and AHR is 

reduced [107], This was shown to be the result not of an increased ThI response, but 

rather the result of immunosuppression by increased production of TGF-P and IL-10, 

characteristic signs of Th3 cells (Tregs) [118]. These studies suggest that downregualtion 

of SOCS-3 in T cells may lead to increased Treg differentiation. A similar relationship 

was demonstrated in human dendritic cells (DCs) in which high STAT-3 activation in the 

absence of SOCS-3 expression resulted in increased production of IL-10 and TGF-P and 

the induction of FOXP3+T regulatory cells [119]. In that same study, overexpression of 

SOCS-3 in DCs lead to inhibition of STAT-3, decreased production of IL-12 and IFN-y, 

and the induction of Th2 cells [1191. These studies suggest SOCS-3 expression in DCs 

may have a critical role in the balance between Th2 cells and T regulatory cells. 

However, further research is required to uncover the mechanism(s) of Treg development 

and the duality of STAT-3 in inflammatory and anti-inflammatory responses.
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V. Conclusion

From the experiments presented herein, we postulate that airway epithelial cells 

participate in downregulating AHR through the expression of SOCS. Expression of 

SOCS-3 and SOCS-5 in particular are induced in AECs by IL-4 and IL-12, respectively, 

and based on previous work have been shown to be involved in inhibition of TH cell 

differentiation. This study provides a link between SOCS expression and AHR reversal 

by T regulatory cells. We speculate that expression of SOCS-3 is induced in response to 

high levels of 1L-6 in the BALF of CRA mice for modulation of IL-6 levels, thus 

allowing the activity of the adoptively transferred T regulatory cells. Future studies are 

essential in addressing the mechanisms of SOCS in Treg development and their role in 

asthma.
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