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ABSTRACT

Title: Role of the Type I IL-4 Receptor (Type | IL-4R) and Insulin Receptor

Substrate (IRS)-2 in Allergic Lung Inflammation
Preeta Dasgupta, Doctor of Philosophy candidate, 2011.

Dissertation directed by: Achsah D. Keegan, PhD., Professor, Department of
Microbiology and Immunology and Center for Vascular and InflammatoryaBéese

University of Maryland, Baltimore.

Tn2 cytokines, IL-4 and IL-13, play critical roles in allergic lunfammation and drive
alternative activation of macrophages (AAM). They signal throbghType | and Type I
receptor (R) complexedlthough both cytokines share receptor subunits, they have
differential roles in asthma pathogenesis: IL-4 regulatgs dell differentiation, while
IL-13 regulates airway hyperreactivity and mucus production. ligdasing through the
Type | IL-4R predominantly activates Insulin Receptor Substi&8)(2 and induces
AAM gene expressionin vitro; AAM can enhance allergic inflammation. The
contributions of the Type | and Type Il receptors in modulating featwf airway
inflammationin vivo, however, are unclear. We hypothesized that absence of signaling
through the Type | IL-4R and IRS-2 would lead to reduced airwdgnmmhation. Since
Ty2 differentiation plays a pivotal role in asthma, we first develagpenouse model of
this disease usingn vivo-primed T cells. To test our hypothesis, we adoptively

transferred wild-type OVAprimed CD4+ T cells into Rad2 or gamma ¢ ¢ mice,



which lack the Type | IL-4R. Surprisingly, we found that mice developed increased
lung inflammation and eosinophilia upon OVA challenge when compared t8’Rag
mice. Lung epithelial cells in both mouse strains expressed A#dieins FIZZ1 and
YM1, while macrophages expressed only YM1. However, the number of FIZZ1+ or
YM1+ airways was significantly higher in;” mice. In the . deficient environment,
CD4+ T cells produced greater quantities @f2Tcytokines and IFN These results
suggest that in absence of the Type | R, the Type Il R canateedliergic responses
when WT T2 effectors are provided. IFNcan enhance established2Tresponses,
explaining the exaggerated asthma phenotype seefi imice. Studies in IRS-2 mice
demonstrated a negative regulatory role for this protein ingadl@irway disease. These
mice developed enhanced pulmonary inflammation with significamigreased
recruitment of eosinophils and macrophages in comparison to WT nuichtiohally,
increased AAM gene/protein expression was detected in macrophakieg IRRS-2in
vitro andin vivo. In conclusion, this study delineated the relative contribution of ype T

| R versus the Type Il R in asthma pathogenesis.
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CHAPTER 1: General Introduction



1. Introduction

Asthma is a complex disease that involves chronic inflammatitwe oéspiratory
tract leading to obstruction of airways. Asthma can be cladséds atopic (allergic) or
non-atopic (non-allergic). The prevalence of atopy and asthma has increasaticatbym
in both adults and children, over the past few decades [1, 2]. The WexdtthH
Organization (WHO) estimates that as many as 300 million peoplaffected by this
disease worldwide [1]. There is a disparity in the prevalencetlofasacross the world,
however, with developed countries having higher rates of asthmahggeTdifferences
may be attributed to differences in genetic make-up, lifestgtesironmental and
medical-care factors.

Exposure to allergens, tobacco smoke or other molecules can triggeingaof
airways and excessive production of mucus in asthma patients, who thelopde
intermittent episodes of wheezing, shortness of breath and coudivaded allergens
activate epithelial cells, dendritic cells (DC), macrophagesophils, mast cells and
eosinophils. This causes priming of allergen-specific CD4+ T halpkts (T42 cells),
which then produce cytokines such as Interleukin-4 (IL-4), IL-13 an8. IThese
cytokines act on multiple cell types to initiate and propadeecharacteristic symptoms
of asthma mentioned above.

Mild to moderate forms of asthma can be controlled with niemisathat are
currently available. Qucik-relief medications such as the swutimg bronchodilators
cause rapid reversal of airway obstruction and relieve asthmptems promptly [4].
For long-term control of recurrent asthma sysmptoms, anti-inflaorgndrugs (inhaled

corticosteroids, leukotriene inhibitors, anti-Igg therapy etc.) aletg-acting



bronchodilators are recommended [4]. Not all patients respond avétlese therapies,
however [5]. Severe asthmatics are often refractory tonesdt[6, 7]. Moreover, these
therapies suppress but do not cure asthma: asthma symptoms netukoraen, when
treatment is stopped [8, 9]. Genetic differences in patients sancalise variability in
drug responsiveness.

Therefore, better therapeutic interventions are required to tdheaylobal
epidemic of asthma. The IL-4 and IL-13 pathways are targets ¥@iajeng therapeutic
strategies due to their role in allergic disease. Thus,imperative to study the precise
mechanisms that lead to development of disease symptoms arel daasthe

contributions of each of these pathways in asthma.

1.1 TH2 cell differentiation
In the presence of its cognate peptide-MHC complex and IL-4, naive CDHs T ce

differentiate into T2 cells. Upon activation, these cells secrete the hallmaX T
cytokines IL-4, IL-5, IL-9, IL-13 and IL-25. It has been well esistied that T2 cells
are required for providing host defense against extracellular pargespecially
helminthic) infections, but at the same time aberra/@ flesponses can lead to allergic
inflammation and asthma. The initial source of IL-4 that is reglufor T42 primingin
vivo is still being debated. Basophils, mast cells and natural HillMKT) cells have
been reported to secrete large quantities of IL-4 and indy2erdsponses in various
models of allergy and helminth infection [10-13].

Signal Transducer and Activator of Transcription (STAT)-6 is drkagcription

factor that is involved in J2 differentiation. STAT6-deficient T cells cannot differentiate



into Ty2 cellsin vitro [14]. In addition, loss of STAT6 function blocks T cell proliferation
and IL-4 induced gene expression [14, 15]. Recent studies have shown tia& &Siaxx
not be required fom vivo differentiation, although it is required for stabilization 2T
cells and generating memory responses (reviewed in [16]). iggpdlsng through the IL-
4R/STAT6 axis upregulates GATAS, the;Z master transcription factor (reviewed in
[17]). STAT6 activation is necessary and sufficient to induce GATp&gulation. The
T2 locus has many important GATA3 binding sites, including conserved noncoding
sequence 1, in between tHé and 1113 genes, and conserved noncoding sequence 2,
downstream of thdl4 coding region. Another transcription factor, STAT5- which is
induced by IL-2 signaling- plays a critical role inyZl' differentiation in vitro.
Neutralization of IL-2 prevented IL-4 production by 2l cells; conversely the need for
IL-2 can be bypassed by providing constitutively active STATH. fact, T2
differentiation is abolished in mice deficient in STATA&. vivo, IL-2, IL-7 or thymic
stromal lymphopoietin (TSLP) can induce STAT5 activation [7].

In addition to the cytokine milieu and presence of IL-4, TCRIsteagth at
the time of activation of naive CD4+ T cells determines hdrethey will differentiate
into Ty2 cells. It is known that low signal strength favoig2 Tdevelopment, whereas
strong TCR engagement suppresses GATA3 expression and IL-ZrgignaVitro [16].
Moreover, robust Erk activation due to TCR signaling causes atiaaun GATA3
MRNA induction. Preliminary studies suggest that TCR signal strengtimdeesn vivo
T cell activationas well. It has been demonstrated that mutations that reduce TCR

signaling strongly bias T cell differentiation to thgZTphenotype [18, 19]. Interestingly,



certain helminths have been shown to produce proteins that act oro @sken their
antigen presentation capacity to T cells (leading to weaker T@®lation) [20].

Current literature suggests timavivo T2 differentiation is more complex and
that certain signals may be missing when cells are difiatedin vitro (reviewed in [16,
21]). TSLP, IL-25 and IL-1 family cytokines (IL-33) can be involvednduction and/or
maintenance of theyR phenotype. Allergens and helminth products can induce lung
epithelial cells to produce these cytokines, which can act on basal@mttic cells and
non-B non-T cells to initiate ;2 responses. Epithelial cells, mast cells and basophils can
produce TSLP. This cytokine acts directly on CD4+ T cells, induSingT5 activation
[22]. TSLPR deficient mice fail to develop allergic respongsemhaled antigen due to
defective T2 differentiation; instead, they have morglTcells [23]. TSLP also acts on
dendritic cells. It has been reported that TSLP induces DCsne praive CD4+ T cells
to become 12 cells [24]. It does so by upregulating OX40L expression DCsaelaces
to prevent IL-12 production by these cells [25]. IL-25 is a membéhne IL-17 family of
cytokines and is secreted byZcells. IL-25 can act directly on CD4+ T cells and in the
presence of IL-4 it induces4Z cell development [26]. Administration of rIL-25 in naive
mice induces IL-4, IL-5 and IL-13 production and activates oth@rrésponses such as
IgE induction, eosinophilia, epithelial cell hyperplasia, and mucus ptiodu¢27].
Administration of IL-33 to naive mice induces responses simildr-51[28]. Moreover,
IL-33 induces IL-4 production in basophils, promotes differentiation ofralteely
activated macrophages, and activates mast cells (reviewed in [21]). Théaincpaof IL-

1 family cytokines in T2 differentiation is also evident from the observation that



activation of the inflammasome and caspase-1 is required for alum’s adjuthaty and
induction of pro-T,2 responses.

Both DCs and basophils play a role in T cell activation by anfiggsentation to
naive T cells and secretion of cytokines [11, 20] [29]. Induction &f fesponses by
allergens such as papain occurs mainly due to the action of basaphie absence of
DCs [11]. DCs have been shown, however, to be critical in inducinpwovan-alum
(OVA/alum)-mediated 2 responsem vivo. Studies have demonstrated that eosinophilic
airway inflammation upon OVA challenge was suppressed whemawiDCs were
conditionally depleted, implying that DCs are essential for thelolewvent of asthma

[30].

1.2. Sources of IL-4 and IL-13

As mentioned abovepd cells are the major producers of IL-4 and IL-13. In
addition to these cells, NKT cells and T cells can also produce these cytokines. Akbari
and colleagues have shown that NKT cells are capable of prodliethgnd IL-13 and
are required for inducing airway hyperreactivity (AHR) inalergen-induced model of
asthma [13]. Whether these cells play a role in human astheoati®versial;, one group
showed that large numbers of invariant NKT cells were pregethiei BAL in moderate
to severe asthma patients [31], while another group claimedhtss tells were present
in very few numbers in asthma patients [32]. T cells in mice infected with
Nippostrongylus brasiliensidhiave been reported to producgg2Tcytokines. In addition,

CD8+ T cells can produce IL-4 under certain conditions [33].



Other cells such as macrophages, basophils, mast cells and elssialsphi
secrete IL-4 and IL-13 in response to various stimuli. Allergenusation is known to
induce secretion of these cytokines in alveolar macrophages. IL&l&3 causes
alternative activation of macrophages in an autocrine or paeadashion. Upon
crosslinking of IgE and F&l, basophils produce large quantities of IL-4 in both mice
and humans (reviewed in [34]). Activation of Rt independent pathways, by IL-3, LPS
etc. can also induce IL-4 and IL-13 secretion. Basophils play a peotnrole in allergy
and asthma by inducingyZ differentiation, enhancing IgE production and recruiting
inflammatory cells such as eosinophils and neutrophils [11, 35]. Aoant basophils,
stimulation of FcRI or Fc Rs on mast cells also led to IL-4 and IL-13 production in both
mice and humans [36-38]. However, mast cells have been reponpedduce more IL-
13 than IL-4.

Eosinophils contribute toyd immunity in many different ways (reviewed in
[39]). Within tissues and lymph nodes, these cells secrete IL-#3 lvery early on and
activate 2 cells through their antigen presentation capacity [30]. Eosinophilshiesve
reported to be the dominant source of IL-4 in helminth-infection modedsima the
airways of mice challenged with OVA. These cells also prodoaey chemokines that
recruit Ty2 cells and other cells to the site of inflammation, thus enhangipgyitokine

production.

1.3. Receptor structure and signal transduction
There are two different types of IL-4 and IL-13 receptorsType | and Type Il

receptorsigure 1). When IL-4 binds to the IL-4Rchain, it recruits either the IL-2R
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Figure 1: Schematic representation of the Type | &Il IL-4/IL-13receptors. The Type
I and Il receptors share the IL4Rhain. Upon ligand binding,. and IL13R dimerize
with IL4AR to form a functional Type | or Type Il receptor, respedyivie-4 can bind to

both receptors, whereas IL-13 binds to the Type Il receptor only.



(common gamma {)) chain) to form the Type | receptor or IL-13Rto form the Type Il
receptor. Both IL-4 and IL-13 bind to the Type Il receptor. IL-13 bindg tmthe Type II
receptor. Once the cytokines bind to their respective recepéyr,induce a cascade of

signaling events.

1.3.1 Expression pattern and structure of the IL-4 and IL-13 receptors

IL-4 receptor complexes are expressed on many cell typdssues including
hematopoietic cells, endothelial and epithelial cells, fibroblastscle, liver and brain
tissues. High affinity cell surface receptors for IL-4 wérst described in cells of the
hematopoietic lineage [40, 41]. These receptors were expressedyiaigvi@vels in
primary cells as well as cell lines of B and T cells, neadls, myeloid and monocytic
lineages. It was observed that even though in resting primaryndB Tacells and
thymocytes very few IL-4 receptors were present (20-300 pgy ikelt was able to exert
its effect with only a few molecules bound to the cell surfaceptors. There was a 5-10
fold increase in receptor expression, however, when these celisaatevated with LPS
or Concanavalin A (Con A) [40, 41]. Further, cell lines derived from
monocyte/macrophage and mast cell lineages expressed between 100M0é&nd
receptors per cell [40, 41]. Subsequently, Lowenthal and colleagoesdithat IL-4
receptors were also expressed by several non-hematopoietiarnmdliding epithelial,
endothelial and fibroblast cells [42]They further demonstrated that the surface bound
IL-4 was rapidly internalized via its high affinity receptor, similatltd and IL-2.

Most cells have either the Type | or Type Il receptor complbke some
express both. Two subunits of the IL-4 receptor complex were igehiitially, the IL-

4R chain and the.chain [43, 44]. Although IL-4R was widely expressed in different



cells, it was found that. had a more restricted expression pattern. Cells of the
hematopoietic lineage mainly express thechain [45, 46], while very low levels of
MRNA were found in the heart, skeletal muscle and kidney [46]. Jbleain recognizes
IL-4 complexed to the IL-4R chain and forms a heterodimeric receptor complex [47].
Association of . with IL-4R leads to a modest increase (2.5 - 3 fold) in the binding
affinity for IL-4, but is important for activation of downstreargrsaling [43]. Due to the
limited tissue distribution of the; subunit, the Type | receptor is mainly present on
hematopoietic cells (T and B cells, macrophages, NK cells, eosiapplagophils and
mast cells) and can bind only IL-4. However, it is now known thiatlae stress as well
as proinflammatory cytokines such as IFEnd TNF can induce expression of
MRNA and protein expression [48]. In addition, some human bronchial epitbellia
lines also produce this protein [49, 50]. Since the human and murine forngsacd
highly conserved (70%), humag can functionally associate with murine IL-4Rnd
human IL-4R with murine . [43, 46]. However, there is less amino acid sequence
identity (51%) between human and mouse IL-4R-4 binding to the IL-4R subunit is
species specific [51].

The ability of IL-4 to act on cells lacking suggested that other receptors can
bind this cytokine. Puri and colleagues demonstrated that IL-4 and ¢btd8 bind to a
second receptor complex, which did not utilizg¢52]. They found that T cells contained
negligible levels of the IL-13R and monocytes and human B celleesga low levels of
this receptor (100-300 receptors/cell) [52]. However, renal carcinethbnes expressed
large amounts of this receptor (5000-15,000 receptors/cell)[52]. It isknown that in

addition to T cells, NK cells, basophils, mast cells and most mdusdls have little or
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no IL-13R 1. Hilton et. al. then showed that IL-13 was able to bind to the IL-1BR
chain with low affinity; IL-13R 1 could associate with IL-4Rto form a second receptor
complex [53]. Thus the Type Il receptor is expressed mainly inheomatopoietic cells
(such as epithelial and smooth muscle cells), with the exceptionelts of the
monocyte/macrophage lineage and human B cells, which can expreskebotheptors.
The Type Il receptor, unlike the Type | receptor, is resportsiveoth IL-4 and IL-13.
Cloning and characterization of the human form of IL-1BBhowed that this protein
was 74% identical to mouse IL-13R[54]. IL-13 binding to the IL-13R1 is not species
specific.

IL-13 has also been reported to interact with a high affinigpteccomponent-
the IL-13R 2 chain- that contains a very short intracellular domain [55, 56].3R-2
MRNA expression was initially found in murine brain and spleeudssas well as
human brain, liver, lung and thymus [55]. A secreted form of thigptecealso exists,
which can be detected in the serum [57]. The functional significahdhis chain is
controversial; some data suggest that it may act as a deweptor for IL-13 and reduce
IL-13 induced STAT6 activation [56, 58]. Another group demonstrated that IL-13
signaling though the IL-13R induced TGF production in macrophages, in the
presence of TNF [59]. Blockade of IL-13R2 in vivo led to reduced TGFproduction

and collagen deposition in bleomycin-induced lung fibrosis [50].

1.3.2 Signal transduction
IL-4 or IL-13 binding to the Type | or Type Il receptor actiwatertain receptor-

activated tyrosine kinases called Janus kinases (JAK). Four meeoflifis family have
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been identified in mammals (JAK1-3 and TYK2). JAK1 is known to aas®aevith IL-
4R , while JAK3 binds to . [60, 61]. In certain cases, JAK2 has been found to dock to
IL-4R [62]. On the other hand, IL-13 binding to IL-13R predominantly activates
JAK2 and TYK2 [63], but not JAK3 [64]. Upon activation, the JAKs phosphorylate
various tyrosine residues on the cytoplasmic tail of the IL-dRain [65-69] Figure 2).
These phospho-tyrosine (pY) motifs are docking sites for various psoéeid adaptor
molecules that contain protein tyrosine binding (PTB) domains or Srolbgyn2 (SH2)
domains. Studies using truncation and deletion mutants of the ILcA&n have helped
identify five conserved tyrosine residues- Y497, Y575, Y603, Y631 and Y713. The
region between amino acid residues 437 and 557 is the docking siteulan Receptor
Substrate (IRS) family of proteins and is important for IL-ddrated proliferative
responses [70]. Analyses of the C-terminal residues between aafsh7aab57
(particularly Y575, Y603, and Y631; gene-regulation domain) have demodstrete
they are critical for binding and activating Signal Transduaed Activator of
Transcription (STAT)-6 and result in activation of many IL-4 responsive déte3?2].
The IRS2 Signaling pathway

IRS-2 is one of six large adaptor proteins that are involved inimd@F-1 and
certain cytokine receptor signaling (such as signaling throtlge IL-4 Type |
receptor)[73-75]. Most hematopoietic cells express IRS-2 buR®tll while other cell
types can express either or both proteins. Transfection of IRS-2 irc@®D) which do
not express IRS proteins, revealed a role for IRS-2 in IL-4-irdlae# growth [76]. This
suggested that IRS-2 molecules link the IL-4R to signalingweags involved in cellular

proliferation.
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Figure 2: IL-4 signaling through the Type | receptor. Signaling through the Type |
receptor has two arms: the STAT6 and IRS-2 signaling pathwaysingiof IL-4 to the
receptor activates STAT6, which then forms dimers, translodateshe nucleus and
initiates transcription of various genes involved in AHR, eosinophiliusproduction

etc. The IRS-2 pathway on the other hand recruits PI3K. Subsequeatiactof AKT

leads to cell survival and proliferation.
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IRS-2 (and other IRS proteins) has an N-terminal pleckstrin homology (PH) domain
that binds to phospholipids on the cell membrane and a phosphotyrosine binding (PTB
domain that interacts with phosphotyrosine motifgygre 3). In addition, the carboxy
terminus of IRS-2 contains numerous sites for tyrosine phosphorylationel as
serine/threonine phosphorylation

When the IL-4R is activated, IRS-2 binds to the conserved sequence
LxxxXNPxYxSxP within the Insulin and IL-4 receptor (14R) motif the IL-4R chain
[74] and is in turn phosphorylated (at tyrosine residues) by JAK1/AK8 (feviewed in
[65]). These pY residues bind the SH2 domains of p85, the regulatory swdfunit
Phosphtidylinositol 3-kinase (PI13-K) and cause a conformational ehianipe catalytic
subunit, p110. The SH2 and SH3 domains of p85 then interact with pl110.
Phosphorylation of Akt (also known as PKB) by p110 leads to activaticsewdral
proteins involved in cell growth, survival and cell cycle progmssApart from binding
to p85, IRS-2 can also bind SH2 domains on Grb-2 [77], a small adaptemp®tb-2
then associates with a guanine nucleotide exchange factor, SfD§tthits SH3 domains.
Grb-2/SOS signaling activates pZlwhich in turn activates the MAP kinase signaling
cascade [65, 68, 78, 79]. Grb-2/SOS can also bind another protein, oty diound to
the first pY residue on IL4R without binding IRS-2 [65, 66, 68, 69]. However, IL-4
mediated activation of the Ras/MAPK pathway depends on the cell type andidengig
proteins that are expressed in these cells. We and others have datednbkat IL-4 fails
to activate this pathway in many hematopoietic cells includingrophages and
eosinophils, in spite of association of IRS-2 with Grb-2 (reviewd@5h,[80]. IL-4 can

activate this pathway under certain conditions [81, 82].
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Figure 3: Linear depiction of murine IRS-2 structure. IRS-2 consists of 2 N-terminal
IRS homology domains- Pleckstrin Homology (PH) domain and Protein ifgros
Binding (PTB) domain, shown here as white boxes. Various sites oSirgr

phosphorylation, with binding sites for PI3K (p85), Grb-2 and SHP-2 are also indicated.
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The STAT6 pathway

STATG6 is the main STAT protein that is activated upon IL-4 or IL-13 stimulation.
IL-4R engagement with either IL-4 or IL-13 causes activatiorespective JAK proteins
and phosphorylation of tyrosine residues on the cytoplasmic tail of IL{friewed in
[65]). STAT6 is then recruited to the gene regulation domain and binds to pY575, 603 and
631 through a conserved SH2 domain; STATG itself is phosphorylated -Gteantinal
tyrosine residue by the JAKs. Subsequently, the pSTAT6 moleculehdstérom the
receptor and forms a dimer with another pSTAT6 molecule. TheAp&Tdimers
translocate into the nucleus and bind to specific DNA sequences pmaimeter regions
of responsive genes. A conserved DNA sequence- TFGAA (N4 dyad) - is
recognized by STAT6. Once STAT6 is activated it increzsgsession of many IL-4
responsive genes, including CD23, IL-4Rand MHC Class Il [14, 71, 72]. Other
transcription factors and co-activators (NB; C/EBP etc.) cooperate with STAT6 to
induce transcription of genes.
Negative regulation of IL-4/IL-13 signaling

Phosphorylation of tyrosine residues on receptor complexes and gignalin

proteins forms the basis of the JAK-STAT and IRS-2 signalitigvesys activated by IL-
4 or IL-13. Protein tyrosine phosphatases (PTP) remove the phosphate fgpous’
molecules and inhibit activation of these pathways. SHP-1 and SHR-2wa
phosphatases that have tandem SH2 domains in the N-terminal regioegatively
regulate IL-4 and IL-13 signaling [83, 84]. The SH2-domains of BHE to the ITIM
motif [I/V/L]XY (p)xx[I/V/L] present in cytoplasmic end of IL-4R (surrounding the fifth

tyrosine, Y713) and dephosphorylates proteins [85, 86]. SHP-1 expressionnlg ma
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restricted to hematopoietic cells, with low levels found in epéheells. SHP-2, on the
other hand, is ubiquitously expressed. Another phosphatase, the SH2-dontainiag

inositol 5'-phosphatase (SHIP) downregulates responses mediate@ biR3H2-PI3K

pathway (reviewed in [65, 87]). SHIP can dock to multiple sites albmtR . SHIP

phosphorylation was intact when the ITIM motif on the IL-4Rvas mutated [65].
Moreover, IL-4 can mediate association of SHIP with Shc [88, 89].

In addition to the PTPs, the suppressor of cytokine signaling (§@&hs and
the protein inhibitor of activated STAT (PIAS) family of proteinsgatively regulate the
JAK-STAT pathway. IL-4 activates SOCS-1, SOCS-3 and CIS. These proteibis ibhi
4 responses by preventing downstream signaling proteins to bindriw|@¢ules on the
IL-4R and also by targeting proteins to proteasomal degradatveved in [87]). PIAS
proteins inhibit STAT-mediated gene activation by either preventidgTIINA binding
or blocking their signaling functions. PIAS3 blocks STAT3 and STATS5,nauPIAS

protein has been found for STAT6 [90].

1.4 Differentiation of alternatively activated macrophages

Alternatively activated macrophages (AAM) are generated upcHILH13
stimulation, which causes them to obtain a phenotype different frassically activated
macrophages (CAM), which produce IEM\AM are unable to undergo respiratory burst
and show reduced production of cytokines such as IL-8 and [keYiewed in [91]). IL-
4 treatment also enhances MHC Class Il expression and inducesphege fusion to
form multinucleated giant cells. IL-4 and IL-13 also upregulttesexpression of a set of

genes and proteins distinctive from the ones induced by [PH]. AAM express
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proteins such as Arginase 1 (Arg 1), found in inflammatory zone {(FLZZ and some
members of the chitinase family such as acidic mammaliamase (AMCase) and
YM1/2. IL-4 and IL-13 can also induce expression of the same group dinsadn

airway epithelial cells. In addition to being phenotypically difféyehe AAM were

functionally distinct from the CAM. Several reports have shown A#d¥l protect the

host against many parasitic pathogens and also decrease inflamm@athe site of
injury, reducing pathology (reviewed in [93]). They also play an importae in wound
healing and tissue-repair processes. Moreover, both AAM and their podactbe
detected during asthmatic responses in mice and humans [94-96].

Studies have shown that AAM differentiation and gene/protein expression i
dependent on the IL-4Rchain and STAT6. Loss of STAT6 signaling caused a significant
reduction in FIZZ1 and YM1 mRNA levels in bleomycin-induced lung filsrcand
allergic peritonitis models respectively [97, 98]. It has alsenbdemonstrated that
promoter regions of the Argl, FIZZ1 and YM1 genes have STAT6 binding dof@&ns
100]. Binding of both STAT6 and C/EBP to the promoter was required topgiehal
FIZZ1 and Argl expression [99, 100].

There is cross talk between the IL-4/IL-13 pathways and offmadiag pathways
in macrophages. Apart from STAT6 and C/EBP, other transcription $asiech as
peroxisome proliferator-activated receptor (PPARNd are required for maturation of
AAM and maximal gene expression [101, 102]. IL-33, a member of tHefmily of
cytokines, can also enhance IL-13 induced alternative activatiomaofophages in an
allergen-induced asthma model in mice [103]. The authors also shihaedL-33

amplified Argl, Ym1 and chemokine production by AAMsvitro [103].
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1.4.1 AAM products
Arginase family of proteins

Arginase is an enzyme that competes with inducible nitric oxidbase (iINOS)
for L-arginine and converts it into ornithine and polyamines, in canina®dNOS, which
induces nitric oxide (NO) production [104]. There are two main isofarfm&rginase-
Argl and Arg2. However, only Argl has STAT6 response elements jmaisoter and
can respond to {2 cytokines [105]. However, both Argl and Arg2 mRNA have been
reported to be upregulated during asthma; Argl was STAT6 dependentgBuids not
[106]. Argl is mainly induced in murine macrophages. Although homologs éxis
protein is not expressed upon IL-4/IL-13 stimulation in AAM in humans [107].

Argl expression has been detected in several mouse models iottheifections
as well as asthma ([104, 106, 108], reviewed in [109]). Several repgges that Argl-
induced production of proline and polyamines leads to collagen synthedis a
development of fibrosis [110]. These processes may be harmful imniext of asthma
and allergic inflammation, but is required for wound healing [104]. Arngb aelps
protect against helminth infections by facilitating parakilieng and reducing pathology
associated with J2 inflammation [111, 112]. Argl expression in macrophages
suppressesyP type inflammation and fibrosis iBchistosomanfected Argl conditional

knockout mice [112].

FIZZ/RELM family of proteins

Found in inflammatory zone (FIZZ) proteins are a family of preteiecreted by

AAM (reviewed in [109]). They are also named as Resistin- ti@ecule (RELM)
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because of the sequence similarity with resistin, a protetridisecreted by adipocytes.
Four different sub-types of FIZZ proteins have been reported ilitéh&ture- FIZZ1-4.
All these proteins have highly conserved C-terminal cysteindues, which determine
their tertiary structure. Murine FIZZ1, which is secretgdboth AAM and epithelial
cells, does not have a homolog in humans. Human resistin, however, dsclosely
related to mouse FIZZ1 when compared to mouse resistin. k&Z@2sent in both mice
and humans and is mainly expressed in the gut and lung [100, 113]. MuchKkassvn
about FIZZ3 and FIZZ4. FIZZ1 and FIZZ3 are also hypothesized togptale in insulin
resistance and Type 2 diabetes.

Of the four isoforms, FIZZ1 is most widely expressed. FIZZ% wrginally
discovered in the bronchoalveolar lavage (BAL) fluid in a mouse modadtbma [94].
Elevated levels of FIZZ1 mRNA have since been detected inifgamafection models
[109, 114], allergic lung inflammation [94, 98, 100], etc. FIZZ1 has been espout
induce smooth muscle proliferation and actin and collagen depositiosingéfibrosis
[115]. Similar to Argl, FIZZ1 also has a protective role in hetmpathogenesis [114].
F1Zz1" mice infected with eithe®. mansonbr Nippostrongylus brasiliensidisplayed
significantly increased granulomatous inflammation together watbdis in the liver and

severe lung pathology, respectively [114].

Chitinase-like mammalian proteins
In addition to the Arginase and FIZZ family members, AAN g@ioduce chitinase-
like proteins. Chitin, a polymer of N-acetlyglucosamine, is gmesn helminths, fungi,

crustaceans and other lower organisms, and is the substrdte @rzyme chitinase. One
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such protein is acidic mammalian chitinase (AMCase), whielxpsessed in the stomach
and to a lesser extent in the lung [116]. Other members of thiky/ faamodents include
YM1, YM2 and breast regression protein (BRP)-39. These proteins kitkase
activity. YM1/2 lack human homologs [107]; however AMCase [117] and YKI(t48
human equivalent of BRP-39) are expressed [118].

Induction of chitinase-like mammalian proteins is a charatiteieature of helminth
infection as well as asthma and other inflammatory diseases [118, 1&%iypiothesized
that chitinases bind and degrade chitin present in the cuticles ointtedmAlthough
YML1 lacks chitinase function, it can bind to saccharides witheadmsine group (such as
heparin or N-glucoseamine). Therefore, it has been postulated thaiméylbe involved
in worm egg degradation and tissue repair [120]. However, thesengrotely have
detrimental effects in asthma. AMCase has been reported to irallergic lung
inflammation [117]. YM1 can recruit eosinophils to the site of inflation [121] and
has also been implicated in tissue remodeling and fibrosis [122].

Chemokines

IL-4 stimulation in mouse macrophages induces CCL2 (Monocyte Clatimota
Protein- MCP-1) secretion. CCL2 binds to CCR2, a chemokine recéjatorst mainly
expressed on monocytes and T cells. In humans, IL-4 stimulates poodatiCCL13,
CCL14, CCL17, CCL18, CCL22 and CCL24 (reviewed in [91]). These chemokines
attract cells that express chemokine receptors CCR1-4 taehaf snflammation. CCR1
has an expression pattern similar to CCR2; whereas CCR3tiessed on J2 cells,

eosinophils and basophils. CCR4 is present onlyghcells.
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CCL13 is the human ortholog of CCL2. Both these chemoattractagtsampla
important role in ;2 responses such as asthma and parasitic diseases. Theywag acti
eosinophils, block accumulation of IL-12 mRNA and induce chemotaxis in m@sdyt

cells, eosinophils and basophils.

1.5 Contribution of IL-4/IL-13 signaling to asthma pathogenesis

T2 cytokines such as IL-4, IL-5 and IL-13 are central mediatoeslefgy and
asthma. These cytokines act on multiple cells types to ingiatepropagate hallmark
features of asthma such as pulmonary inflammation, eosinophilia, mygesécretion
and periodic narrowing of airways leading to airway hyperiagct[123-129].
Experiments with mice deficient in these cytokines and studiasthma patients have
confirmed these findings [130-132]. Also, the fact thaR Tells are required in this
disease setting has been demonstrated by using thide and adoptive transfer studies
[125, 128, 130, 133].

In addition to being important fogZ differentiation, I1L-4 induces expression of
MHC Class Il in resting B cells and also causes antibody class switicbim IgM to IgE
and IgG1 in mice (reviewed in [65]). Treatment with anti-IL-4 ardjodolocks both
primary and secondary IgE responsesivo, whenadministered at the time of antigenic
challenge [134]. IL-4 also activates mast cells. This cyto&meances surface expression
of Fc RI, the high affinity receptor for IgE [135]. Binding of IgE to Rd¢ causes
crosslinking of the cytoplasmic Fc domain of this receptor andetrsgdegranulation
(release of mast cell granules). This process causes g@ase of many inflammatory

mediators such as histamine, leukotrienes and prostaglandins (réviawgl36]).
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Histamine increases blood circulation and permeability of blood #essalising
increased recruitment of inflammatory cells, including eosionophilsells, dendritic
cells and monocytes. Leukotrienes and prostaglandins promote bronchocgonsamct
stimulate epithelial cell induced mucus production. The importance &I kn allergic
responses has been demonstrated in studies using a soluble formRbfakRd mice
lacking the chain of this receptor [137, 138]. In both cases IgE mediated allergi
responses were abrogated.

Both IL-4 and IL-13 act on other hematopoietic cells such as macro@mages
eosinophils. Action of these cytokines on immature macrophages causestdhe
differentiate into AAM, which then secrete many factors tbeat aggravate asthma
responses, inducing eosinophilic inflammation, airway remodeling anasigbrit has
been reported that, transgenic overexpression of IL-4 or IL-13 ire noguses
eosinophilic inflammation in the lung [139, 140]. Both these cytokines bese shown
to induce secretion of many mediators that recruit eosinophilsrdeiveolecules such as
lipid mediators (leukotrienes), bacterial products and chemokineSTES&, MIP-1,
MCP and Eotaxins) can act as eosinophil chemoattractants. i@ecafetarious eotaxins
(eosinophil specific chemokines) by airway epithelial celimésliated by IL-13 and to a
lesser degree, by IL-4 [141, 142]. The role of AAM and eosinophils thmes is
discussed in more detail below.

IL-13 plays a critical role in eliciting epithelial mucus préidacand AHR. Both
mucus production and AHR were completely blocked when IL-13 was neetrdlising
antibodies against IL-13) in mouse models of allergic asthma [126, VRfEover,

administration of recombinant IL-13 into the airways was suffici® induce AHR,
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mucus production, recruitment of eosinophils into the BAL and increaddgBt#evels

in the serum [127]. Subsequently, Kuperneanal. demonstrated that IL-13 acts directly
on airway epithelial cells and elicits these symptoms [140]L3 also drives fibrotic
responses in the lung, activating fibroblasts, TGQoduction and collagen synthesis.
Both IL-4 and IL-13, however, have been reported to stimulate brorssh@mbth muscle
cell proliferation [143].

It has been well established that IL-4 and IL-13 mediatejialleesponses by
signaling through IL-4R and STATG6. Polymorphisms in tHilra and Stat6 genes in
humans have been linked to increased risk of asthma [144, 145]. Miceswkein IL-
4R or STATG6 are protected against many forms of allergic deseacluding allergic
lung inflammation, food allergy, eosinophilic esophagitis and atopicatéis123, 128,
129, 146]. Conversely, expression of a constitutively active form of STldTmice
predisposes them to an allergic phenotype [147, 148]. IL-4 signalioggihiL-4R and
STATG6 is important for 2 differentiation and for IgE class-switching in B cells [14,
146]. Furthermore, mucus hypersecretion, goblet cell hyperplasia aanvday
hyperresponsiveness (AHR) were completely abolished in IL*4Br STAT6" mice
[123, 126, 149]. Restoration of STAT6 expression only in epithelial eals sufficient
for IL-13 to mediate AHR and mucus production, but not inflammation codib{140].
IL-4R and STAT6 expression on both hematopoietic cells and lung resident cells
cooperate together to induce inflammation and eosinophilia [129, 150].

The contribution of IRS-2 to allergy and asthma is not well undertRs#!
mice demonstrated reduced T-cell proliferation and a defect-4hdhd IL-5 production

by Tu2 cellsin vitro as compared to T-cells from IR%S2mice [151]. Moreover,
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transgenic overexpression of IRS-2 in mice enhanced IgE producti@ dells upon
OVA/alum immunization in vivo [152]. Blaeser and colleagues developed and
characterized mice expressing a mutation (Y500F) in the I4imeof the IL-4R,
which serves as a docking site for IRS-2 and other signaling uleteltke Shc, FRIP etc
[153]. The authors reported that the Y500F mutation abrogated IRS-2 phostpdioryla
but phosphorylation of Shc, FRIP and STAT6 remained intact. SurprisithglyF-500
mutationin vivo was associated with enhanced IgE production, AHR, eosinophilia and

mucus secretion, suggesting a negative regulatory role for this regionlbf4Re.

1.5.1 Role of eosinophils
As mentioned above, eosinophils are closely associated with asthma peaisogen

Increased numbers of eosinophils in the lung and other tissues ina@istipatients
usually correlate with disease severity and it is thought tchéeceéntral effector cell
involved in airway inflammation (reviewed in [154]). IL-5 plays an intaot role in
eosinophil development, proliferation and survival in the bone marrowal$asrequired
for release of eosinophils and their progenitors from the bone marrowpénipheral
circulation [155]. Recruitment of eosinophils to the peribronchial regidribe lung is
mediated by secretion of various eotaxins (eotaxin 1, 2 and 3)egyaapithelial cells
upon IL-4/IL-13 stimulation. Moreover, IL-5 and the eotaxins cooperatediace tissue
eosinophilia. Priming of eosinophils by IL-5 caused enhanced responsitersssaxin
[156]. Eotaxins mediate their activity by binding to the chemokineptec CCR3, which
is expressed mainly on eosinophils and basophils. Studies utiliziegdgdicient mice or

neutralization of eotaxins and other chemokines (RANTES, MCPs)dawenstrated a
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role for these molecules in eosinophil infiltration into the lung ARMR upon allergen
challenge [157].

Release of granule-associated basic proteins, lipid mediatorsamider
oxygen species (ROS) by eosinophils can damage the airway anandsassociated
nerves and may cause bronchoconstriction and mucus hypersecretion. Various
eosinophilic granule components such as major basic protein (MBP)oambghilic
cationic protein (ECP) have been implicated in this process. Eosiraggidtion studies
in mouse models of allergic lung inflammation, however, have yeitradictory
results. One group showed that eosinophils are required for inducing bd@haAH
mucus production [158], while another group found that these featuresneemai
unaffected when eosinophils were depleted [159]. These discrepanceeattmibuted to
differences in mouse strains and experimental procedures. There &vidence to
suggest that eosinophils or their products directly cause AHRinitat asthma. In
contrast, the role of eosinophils in airway remodeling is unambigudwereTwas a
significant reduction in peribronchial collagen deposition and airway $maoiscle
thickening in eosinophil depleted dbl-GATA1) mice [159]. Moreover, IL-5-deficient
mice developed reduced airway eosinophilia, TGfoduction and lung remodeling
upon repeated allergen inhalation, whereas airway fibrosis wasassd in IL-5
transgenic mice [160]. The contribution of eosinophils in airway remuagldélas been
demonstrated in humans as well. Treatment of asthma patientantiti.-5 antibodies
led to a 50% decrease in bronchial eosinophils and significantly eédaallagen

deposition and TGFsecretion [161].

26



1.5.2 Role of AAM and their products in asthma pathogenesis

The contribution of AAM and their products in @2Tinflammatory setting is
controversial. In helminth infections, Argl and FIZZ1 are known to m@ayanti-
inflammatory role, by suppressingyd mediated inflammation and fibrosis [112, 114,
162]. The functions of AAM in asthma have not been studied extensivelyrausdilhin
guestion. Recent advances in this field, however, suggest that Aai glrole in
exacerbating 42 responses by inducing eosinophilic inflammation, tissue remodeling
and fibrosis.

Several groups have investigated the role of arginase rngialieng inflammation.

It is known that Argl is expressed in the lungs of asthnpieents as well as mice
[163]. Argl blockade using specific inhibitors led to reduced AHR [163] alsd
decreased airway eosinophilia, goblet cell hyperplasia, AktRI@ng fibrosis [164] in a
mouse and guinea pig model of chronic asthma, respectively. Sinceptages as well

as epithelial cells can express Argl, however, it is not ghbarh of these cell types are
contributing to the asthma phenotype [163]. Using a bone marrow (BMjechi
approach, Nieset. al. reported that in spite of being the predominant source of Argl,
BM cells were not required to induce airway inflammation, AHRaltagen deposition
[165].

Other AAM proteins such as chitinases have also been implicatdg;2in
inflammation. Zhuet. al. demonstrated that AMCase expression was greatly enhanced
upon ovalbumin sensitization and challenge in mice and also in asthier@ft17]. In
both species, epithelial cells as well as macrophages exprasé€ase mRNA and

protein. The authors further showed that administration of anti-AM@atbodies to
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antigen-challenged or IL-13-transgenic mice led to a signifidactease in pulmonary
inflammation, eosinophilia and AHR. Moreover, AMCase blockade also edduc
secretion of IL-13-induced chemokines CCL2 (MCP-1), CCL8 (MCP-2) a@Gdl4C
(macrophage inflammatory protein- MIPJlin the lung [117]. Another chitinase-like
protein BRP-39 was highly expressed in alveolar macrophages and apitle# in a
murine model of allergic lung inflammation [118]. Mice deficient BRP-39 elicited
reduced antigen-specificyZ responses including IL-13-induced tissue inflammation and
fibrosis. In addition, recombinant BRP-39 was found to directly regudttgnative
activation of macrophages [118]. Stimulation of peritoneal and alveotarophages
with rBRP-39in vitro led to enhanced Argl activity and mannose receptor expression

[118]. The contribution of FIZZ1 and YM1 in asthma, however, is still unclear.

1.5.3 Differential roles of IL-4 and IL-13 on features of allergic lung inflammaibn

Recent evidence suggests that even though IL-4 and IL-13 shareorrecept
components and signaling proteins, and induce overlapping responsgs, they can
elicit different functional responsas vivo. The molecular basis for this variation is not
understood clearly, since both IL-4 and IL-13 use the Type Il receptoplex. It has
been postulated that differences in the relative abundance of tree ITgp Type I
receptor subunits in different cell types may be responsiblethfer differences in
responses elicited by IL-4 versus IL-13. Certainly the presenedsence of individual
receptor subunits and appropriate JAKs in each cell determinethexhe cell can
respond to IL-4 or IL-13. However, many of the cell types involvedhm effector

activities express the Type Il receptor, which is activated by bothahel IL-13.
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Different signaling pathways utilized by IL-4 and IL-13 via the Type | and Type Il Rs

One reason proposed for differential functions of these cytokitesabserved
differences in the amounts of IL-4 and IL-13 produced in tissues ddmg Il
inflammation. Various reports have shown that IL-13 is secreted layge number of
cell types and in much greater quantities than IL-4 durig@ résponses in both asthma
patients [166] as well as mouse models of this disease [141]. Anallyshe binding
affinities of the Type | and Type Il receptors with thespective ligands, however, have
shown that the relative amounts of each cytokine may not account fdurttigonal
differences between IL-4 and IL-13. LaPorte and colleagues Hewensthat although
IL-4 binding to the IL-4R chain occurs with high affinity, complex formation of IL-4:
IL-4R  with C or IL-13R 1 is quite unstable and inefficient [167]. On the other hand,
IL-13 binds to IL-13R1 with low affinity, but the interaction of IL-13: IL-13R with
IL-4R is more favorable and stable. As a result even at very low ©watens, IL-4 is
able to mediate efficient and rapid STAT6 phosphorylation via Typad Type I
receptors, while cells have to be stimulated with much higher ntratiens of IL-13 and
for a longer time to obtain similar responses via the Typedéptor. Since the IL-4
bound complexes are less stable, LaPetteal. proposed that when expression of
receptor chains in cells become limiting, IL-4 responses wouldihied, while 1L-13
responses would be dominant.

Experiments using transgenic overexpression of large quantitleg afr IL-
13, however, still showed differences in the pathophysiology elibiedhese two
cytokines [139][168]. These results suggest that there are gradliag differences

between IL-4 and IL-13. We previously demonstrated that IL-4 siggahrough the
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Type | receptor induced robust tyrosine phosphorylation of IRS-2 [80]. wass in
contrast to IL-4/IL-13 signaling through the Type Il receptor,clhriesulted in weaker
tyrosine phosphorylation of IRS-2.
Differential functions of IL-4 and IL-13 in allergic lung inflammation

In both humans and mice, IL-4 and IL-13 signaling through the Typd Tagpe I
Rs have differential roles in asthma pathogené&sgi(e 4). Ty2 cell differentiation and
proliferation is primarily mediated by IL-4 [14]. Since most dll€ lack the Type I
receptor, they are unresponsive to IL-13. In addition, IgE secreti@hdalis in mice is
dependent on IL-4 as well. Unlike mice, human B cells expresks3R 1 and also
respond to IL-13. Other hematopoietic cells like mast cells, hayetloalType | receptor
and respond to IL-4 alone. Eosinophils on the other hand, express both theahgpe
Type |l receptors. We have shown that IL-4, but not IL-13, can eehamemotaxis of
eosinophils to eotaxin 1n vitro through the Type | receptor (Heller and Keegan,
unpublished). IL-4 also preferentially induces robust AAM gene expressiile IL-13
does so only weakly [80, 141, 169]. IL-13, on the other hand, is considered to be the main
effector cytokine responsible for causing airway hyperresponsivéA¢tR), excessive
mucus production and lung fibrosis. IL-13 neutralization and overexpressgiashave

confirmed the above [126, 127][168].
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Figure 4: Responses initiated by IL-4 and IL-13 through the Vpe | and Type I
receptors during allergic lung inflammation. Dendritic cells in the lungs initially take
up inhaled allergens and the antigens are presented to naive Tnaklés context of
MHC Class Il. In presence of IL-4, T cells differentiatéoi T42 cells. These cells then
secrete many cytokines, the most important ones being IL-4, Ilnd3Lla5. Since T
cells and mast cells express only the Type | receptor, rifegly respond to IL-4. In
human B cells, IL-4 or IL-13 induces antibody class switching, ptorg IgE secretion.
IL-4 is also known to activate mast cells. Crosslinking of IgE boun&Fmolecules in
activated mast cells causes mast cell degranulation, rejeaistamine, leukotrienes and
prostaglandins. Cells such as eosinophils and macrophages express Qofbetheand
Type |l receptors and are responsive to IL-4 and IL-13. Howdévesr known that IL-4
signaling through the Type | receptor is more efficient in inty@lternative activation
of macrophages. AAM produce unique proteins such as Argl and YM1/2, which have
been implicated in lung fibrosis and recruitment of eosinophils respectivelgnirast to
most hematopoietic cells, lung epithelial, endothelial and smooth mcsitdeexpress
only the Type Il receptor. IL-13 action through the Type Il ptgeon lung epithelial
cells is mainly responsible for mucus hypersecretion, secretiaaradus chemokines
and also airway hyperreactivity (AHR). All these responsad te the pathophysiology
of asthma including features such as difficulty in breathing, shartoédreath and

wheezing, and in severe cases can lead to death.
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1.6 Thesis Aims

Numerous studies over the last two decades have demonstrated trencemirt
IL-4 and IL-13 signaling in initiating and propagating various fesgusf allergic lung
inflammation. In spite of sharing receptor complexes, IL-4 ant@i3lmediate different
functional responsada vivo. IL-4 regulates 2 cell differentiation and IgE production by
B cells, while IL-13 regulates AHR and excessive mucus productioncditteibutions
of the Type | and Type Il receptors in modulating specific uiest of airway
inflammation in vivo, however, are unclear. While clearly important iny2T
differentiation, the contribution of IL-4 signaling via the Typeeteptor in mediating
effector responses during asthma has not been studied. Studies iaakicg the Type
Il R have shown that {2 differentiation, IgE production and induction of pulmonary
inflammation and eosinophilia were unaltered in these mice [141]refthe, we
hypothesized that IL-4 signaling through the Type | R and actiation of IRS-2
enhances the severity of airway inflammation by recruiting eoswphils into the lung
and inducing alternative activation of macrophages.

To test this hypothesis, we induced allergic lung inflaromati . or IRS2"
mice, using ovalbumin as the model allergen. Since required for the formation of
other cytokine receptors such as IL-2, IL-7, IL-9, IL-15 and IL-21, tmese lack T, B
and NK cells. As T cells play a crucial role in asthmapneided T2 cells to ;” mice
exogenously. Most groups usevitro-generated g2 effectors for this purpose. There is
evidence to suggest, however, thaRTcell differentiationin vivo is quite complex and

their phenotype may be different fromyZ cells activatedn vitro (reviewed in [16]).

Unlike in vitro Ty2 differentiation, TSLP, IL-25 and IL-1 family cytokines (IL-33ave
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been shown to be involved in induction or maintenance of tf2ephenotypan vivo
[16]. Inhaled allergens induce lung epithelial cells to produce ths&ines, which can
act on basophils, dendritic cells and non-B non-T cells and initigzeésSponses.

In order to avoid using vitro T cell activation, we developed a transfer approach
usingin vivo-primed OVA-specific CD4+ T cells. In chapter 3, we testedpibesibility
of using either naive an vivo-primed OVA-specific CD4+ T cells isolated from mice on
BALB/c background (DOll.leRAG’Zmice) and C57BL/6 background (OT-II mice).
The ability ofin vivo-primed T cells to induce allergic lung inflammation was then
studied by adoptively transferring these cells into RAG@ntrol) mice, STAT6XRAG2
" mice and IL-4RXRAGZ"™ mice. We chose these mice for our study because earlier
work by our group and others had demonstrated that airway inflaommanucus
hypersecretion, and eosinophilia were significantly reduced in 6TAF IL-4R 7~ mice
[123, 129, 150]. This allowed us to test whetheritheivo-primed T cells would induce
similar responses.

After developing the asthma model usmgivo-primed CD4+ T cells, we went

on to test the central hypothesis of this study. The following specificva@resdesigned:

AIM 1: To determine the role of the Type I IL-4R and . in asthma pathogenesis.

Using IL-13R1” mice, two groups have shown that mucus secretion, airway
resistance, eotaxin production and lung fibrosis were completgigndent on the IL-
13R 1 chain, and thus the Type Il receptor [141, 169]. The authors foundhatell
differentiation, IgE secretion in response to T cell dependent antifmrch as
ovalbumin) and recruitment of eosinophils and other inflammatory etisthe lungs

occurred independently of IL-13R [141, 169].In vitro experiments indicated that I1L-4
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signaling through the Type | IL-4 receptor induces significagtBater phosphorylation
of IRS-2 and expression of AAM genes, when compared to IL-13 gignédrough the
Type Il receptor [80]. Since both eosinophils and AAM products enhanbenast
responsesye hypothesized that absence of Type | R would lead to reced severity

of airway inflammation. To assess the contribution of the Type | R in allergic lung
inflammation, we adoptively transferrau vivo primed OVA-specific CD4+ T cells into
B6.RAGZ" (control) mice and . mice (Chapter 4). The degree of hallmark asthma
responses (such as pulmonary inflammation, eosinophilia, AAM proteiessipn etc.)

to inhaled OVA exhibited in these mice was then analyzed.

AIM 2: Contribution of the IRS-2 pathway to macrophage function and allergic

lung inflammation.

The role of the IL-4/IL-13/STAT6 pathway in inducing asthma pathdhagy
been studied in great detail. However, very little is known abbmitcontribution of the
IRS-2 pathway to these responses. T cells isolated from’IRB2e were able to
differentiate into T2 cell in vitro [151]. However, these cells proliferated less and also
secreted reduced amounts of IL-5 as compared to T-cells from™{R@&e. Our
previous studies indicated that IL-4 activation of the Type | R tegbith enhanced IRS-2
phosphorylation and also increased AAM gene expression, suggesting tHRISH2e
pathway may be important for AAM differentiation [80]. Therefones hypothesized
that IRS-2 activation would lead to increased AAM gene express and
manifestation of allergic lung disease symptoms. In chapter 5, we analyzed the

contribution of IRS-2 in inducing AAM gene expression in macrophagetro. To test
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the role of IRS-2n vivo, various features of allergic lung inflammation induced in WT

and IRS-Z" mice were evaluated.
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CHAPTER 2: Materials and Methods
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2.1 Mice

Mice deficient in RAG2 (RAGZ) and DO11.10xRAG?2 transgenic mice (containing
TCRs specific for OVA peptide 323-339) on a BALB/c background \parehased from
Taconic (Germantown, NY). STAT6xRAG2nice were generated by crossing STAT6
" mice and RAGZ mice [150]. The IL-4RXxRAGZ2’ mice were bred at Taconic under
contract and then maintained at UMB. Both the STAT6XRAG®2d IL-4R xRAGZ"
mice were on a BALB/c backgroundxRAG2" mice on a C57BL/6 background were
obtained from Dr. Paul Antony and bred in the animal care faaitityhe University of
Maryland, Baltimore (UMB). B6.RAG2 mice were purchased from Taconig’ mice
and B6.OT-II transgenic mice (containing TCRs specific forAéptide 323-339) were
acquired from Jackson Labs and bred in house. All experimental procedemésned
here were performed in accordance to the guidelines issudte dpdtitutional Animal

Care and Use Committee at UMB.

2.1.1. IRS-2 mice: B6;129-IRS-2 mice were cryorecovered at Jackson labs under
contract. Two pairs of male and female IRG+®ice were shipped to UMB and bred in
house. The IRS-2 mice were backcrossed to the C57BL/6 backgroun@-1or
generations, before being used for experiments. Since 1R8I are infertile, this line

was maintained by breeding IRS-2nales and females.

IRS-2 genotyping
IRS-2"", IRS-Z"" and IRS-Z mice in each litter were identified by genotyping, using
primers and protocols recommended by Jackson Labs. The Neo and WoT DR3-

present in tail samples obtained from each mouse were amplifesctly by PCR using
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the Terra PCR polymerase mix sold by Clontech (Mountain View, @#dording to the
user manual provided. Following the PCR reaction, samples watedreith 20 ng/ml
Proteinase K and run on a 1.5 % agarose gel containing 6% (v/v) B#&rence of a
single band of 550 bp identifies IRS"2mice, one band of 550 bp and another of ~700
bp indicates IRS-Z mice, whereas the IRS-2nice show a single band at 700 bp.

Blood glucose measurement

In addition to genotyping IRS-2 mice, blood glucose was measured dintbeof
weaning pups (3 weeks) and monitored every few days until usexpariments. A
small incision was made in the tail of mice and a drop of bloodceteacted on a test
strip attached to a glucose meter (One Touch). The blood glumgsedisplayed on the
digital screen was noted. As reported earlier, IRSace had elevated levels of glucose
in the blood starting at 6 weeks of age [170]. As these mice ded&bptes at 10-12
weeks of age, mice older than 9 weeks were not used for experi@ahismice with

blood glucose levels less than 300 mg/dL (non-diabetic) were used.

2.2. Asthma Protocol

2.2.1 Generation and adoptive transfer of naive an vivo primed CD4 T cells
DO11.10xRAGZ" or OT-Il mice were either used directly or immunized wiil® g of
chicken egg ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO) adsorte@ltminum
hydroxide (alum; Sigma-Aldrich, St. Louis, MO) intraperitoneallp)( LN cells and
splenocytes were harvested 10 days later to isolate naiiveviwo primed T cells. These
cells were treated with CD4 T cell negative selection-anment cocktail and CD4+ T

cells were purified by column-free immunomagnetic separaBteni Cell Technologies,
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Vancouver, Canada). The CD4+ T cells were routinely >90% pure. Naiire vivo
primed CD4+ T cells were injected intravenously (i.v.) via tlilev&n in recipient mice

(5x 10 cells/mouse)Kigure 5).

2.2.2 Antigen sensitization and challenge

Mice were sensitized and challenged with chicken egg ovalbumin usmgd#ied
protocol described by Wargt. al [171] (Figure 5). Each mouse was immunized with
either 100 g of OVA/alum or alum alone on day 1 and again on day 6. Afteratte |
sensitization step, mice were challenged with aerosolizedoPB% OVA in PBS for 40

minutes each day on days 12 and 14.

2.2.3 Evaluation of airway inflammation

Mice were anaesthetized 48 hours after the last OVA challdBigpnchial lavage was
performed on each mouse by inserting a 1 mm tube into the tracle#ushing the
lungs with 1 ml of PBS. The samples were centrifuged and the stgr#rmas used for
cytokine analysis. The cellular component of the bronchoalveolar da(dgL) was

resuspended in PBS. Total cell counts were determined. Cytospin piemiaf the

cells were stained with Diff-Quick (Dade Behring, Newark, Cdad differential cell

counts were performed as described earlier [129].

2.3 Media
2.3.1 Complete RPMI
Complete RPMI medium was prepared under sterile conditions bygddi% (v/v)

heat-inactivated Fetal Bovine Serum (FBS; Atlanta Biologicals), 18cia (100
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Figure 5: Protocol for induction of Allergic Lung Inflammation in mice. T cell
receptor transgenic (D011.10x RAGdr OT-1l) mice with T cells specific for OVA
were primed with OVA in alum intraperitonially. CD4+ T ceflem these mice were
purified by negative selection after 10 days and adoptively traedfento recipient
mice. On days 1 & 6, mice were primed and boosted with OVA in Alpnor with only
alum as control. 6 days later, mice were challenged with nedudx& in PBS or only
PBS as control. This step was repeated 48 hours later. Micesa@i@ced 2 days later
and BAL fluid was collected to study the cells that were prteasound the airways and

blood vessels. Lung tissue was harvested for histological studies.
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U/ml)/Streptomycin (100 g/ml)(Lonza) and 1% of 200mM L-Glutamine (Lonza) to 500

ml of RPMI.

2.3.2 Serum- free MEM
To 500 ml of MEM medium, 2% L-Glutamine and 1% Penicillin/Streptomycin was

added to prepare serum-fredEM medium. No FBS was added.

2.3.3 Complete MEM
Complete MEM medium was prepared by adding 10% FBS (v/v) to serum-fveM

medium mentioned above.

2.3.4 FACS Buffer
Sterile PBS (1X) was supplemented with 3% heat-inactivated FBS and 0.1% (v/w)

sodium azide. All the components were mixed well, filtered and store at 4°C.

2.3.5 FACS Fix
A 10% paraformaldehyde (Pfa) in PBS stock was prepared by heating the solution unt
clear. The solution was made up to pH7, filtered and stored at 4°C. A working solution of

4% Pfa was prepared by diluting with FACS Buffer before use.

2.41n vivo proliferation assay

BALB/c.RAG2" mice were adoptively transferred with ~2%I@ive orin vivo primed
CD4+ T cells from DO11.10xRAG2mice on day 0 and immunized with OVA/alum on
day 1. Mice were treated daily with BrdU diluted in PBS (1 nay/se) i.p for 3 days.

Splenocytes were isolated from two mice each for the naiwe wwvo primed groups,
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pooled together and stained with antibodies for CD4, KJ126, CD44 and Brddell$he
were then analyzed by flow cytometry. A BrdU staining kit (B@sciences, San Jose,

CA) was used for intracellular staining for BrdU.

2.5 Splenocyte activation

Splenocytes harvested from mice were stimulated either watk pbund anti-CD3 and

anti-CD28 for 48h or with PMA (50 ng/ml) (Sigma-Aldrich, St. LouMQO) and
lonomycin (1 g/ml) (Sigma-Aldrich) for 6h in presence of Brefeldin A. Exgies of

cell surface activation markers such as CD44, CD62L and CD69 manéored using

flow cytometry.

For detection of cytokines in the spleen after OVA priming orlehgk, cells were

cultured in complete RPMI medium supplemented with 20 U/ml of IL&FSystems,
Minneapolis, MN) in the presence or absence of PMA (20 ng/ml) and ronil
g/ml) for 18 h. Cell culture supernatants were used to meastog&irey levels by

ELISA.

2.6 Lung histology and Immunohistochemistry

Lung histology sections were prepared as described [129].\Bmefluse heart and lungs
were perfused with 10-15 ml of PBS to remove red blood cells. Lumgplea were
immediately fixed with 10% formalin for 2 hours at room temperatume stored in 70%
ethanol. The tissues were then processed, embedded in paraffin amuesgedtext, the
slides were deparaffinized and stained with Hematoxylin and Ebiéif) or Periodic

acid Schiff (PAS). For immunohistochemistry, slides were washid PBS after
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deparaffinization, and immersed in a solution of methanol and 0 &% fdr 30 minutes
to deplete endogenous peroxidase activity. Slides were stairfed 410 dilution of rat
anti-CD3 (Serotec, Raleigh, NC) followed by 1:200 dilution of bioatsdl anti-rat
mouse adsorbed antibodies (Vector Laboratories Inc. Burlingamp, KA FIZZ1 and
YML1 staining, sections were incubated first with 10% goat sédoun20 minutes, then
stained with a 1:100 dilution of rabbit anti-mouse FIZZ1 (Abcam, Calpér MA) or
1:100 dilution of rabbit anti-mouse YM1 (Stem Cell Technologies, Vanco@aarada)
followed by biotinylated anti-rabbit antibodies (1:200; Vector Labor@sdnc.). Finally,
all slides were incubated with ABC Elite reagent (Vectdsdratories), developed in 3,3-

diaminobenzidine chromogen and counterstained with Mayer's Hematoxylin.

2.7 Assessment of Airway Remodeling

Paraffin embedded lung sections were stained with Massontsrdime stain to visualize
collagen deposition (blue). Keratin and muscle fibers appear redqudmtify collagen,
photomicrographs of Masson’s Trichrome stained lung sections (10X and 100X
magnification) were obtained and evaluated using NIH Image J iarsgjgsis software
[172] (National Institutes of Health, Bethesda, MD). Twenty aysilalood vessels were
analyzed from each group of mice. Airway smooth muscle thicknessneasured using
H&E stained lung sections as described previously [173]. Briefly, photographs of
100X magnification H&E stained lung sections were taken. The trsskakthe airway
smooth muscle layer (transverse section) from the innermosttaspéee outermost
aspect was measured at 3 different positions around each ainiray,NIsl Image J

software. An average of 30 airways was used for each group. n=3 mice gr@ach
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2.8 Western blot and densitometry analysis

Total protein present in BAL fluid samples isolated from mice waantified using a
micro BCA protein assay kit (Pierce, Rockford, IL). Equal amountstaf BAL protein
were run on a 10% or 18% polyacrylamide gel and transferred onto rmobiton
membrane (Millipore, Billerica, MA). The blots were blocked aindubated with
antibodies for YM1 (StemCell Technologies) or FIZZ1 (Alpha Diagjndsiternational
Inc., San Antonio, Texas). An anti-rabbit horseradish peroxidasedlirdezondary
antibody was used (GE Healthcare). Protein bands were detecied as
chemiluminescence reagent (ECL; Denville Scientific Inc., Nletn, NJ). To detect
IRS-2 and STATS6, these proteins were first immunoprecipitated &elirlysates using
antibodies against IRS-2 (Upstate/Millipore) or STAT6 (M-2Mt&aCruz) and run on a
7.5% gel. Western blots were performed as described above for2p(R%-20 ab) and
pPSTATG6, as well as total IRS-2 and STATG6. For densitometryysisalshorter exposure
films were scanned and the density of each band was analyZedheitNIH Image J

software.

2.9 Preparation of Lung Digests

Lung tissue samples were harvested from mice 48 hours aftéasthehallenge. The
tissue was minced into small pieces and incubated with plain Ridium containing
150 U/ml Collagenase Type IV (Worthington Biochemicals) and 10 U/miseNRoche)
for 1 hour at 37C. The cell suspension was strained using a IA0cell strainer and

centrifuged at 1400 rpm for 10 minutes. Cells were resuspended inyRB®uffer for 3
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minutes and washed 1X with complete RPMI. Cells were spun, reslespe complete

medium and counted before use.

2.10 Cytokine and chemokine analysis

Cytokines and chemokines in the BAL fluid or cell culture supernatantsamaigzed by
using the SearchLight Multiplex array system (Pierce TheBuientific, now sold by
Aushon Biosystems) or with individual ELISA kits for IL-4 (Pier€eermo Scientific,
Rockford, IL; BioLegend, San Diego, CA), IL-5, IL-13 and IFNall from R&D

Systems, Minneapolis, MN).

2.11 FACS analysis

2.11.1 Antibodies

The following antibodies were used for flow cytometry:

From BD Biosciences: anti-CD4-PE (clone GK1.5), anti-CD4-Alekai=647 (clone
RM4-5), anti-CD4-FITC, anti-CD3-PE, anti-CD11b-PE, anti-OX40L-RiBtfi-CD49b-
FITC, anti-CD11c-FITC, anti-F4/80- Alexa Fluor 647,anti-CD69-Pef3B.5, anti-IL-
4-PE (clone BVD4), anti-IL-5-PE.

From eBioscience: anti-DO11.10 TCR-FITC (clone KJ126), anti-CD44MP&rg5.5

(clone IM7), anti-CD62L-PerCP-Cy5.5, anti-IL-13-PE, anti-IFAPC.

2.11.2 Surface staining
Single cell suspensions of splenocytes or BAL cells were inadibatdh Fc Block

(2.4G2, BD Biosciences) followed by staining with fluorochrome-conggyantibodies
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to surface markers. Cells left unstained or treated with isatgpé&ol antibodies were
used as controls. Cells were washed twice with FACS bufferaaatized directly or
after fixing with 4% paraformaldehyde by flow cytometry using a FAL28bur machine
(Becton Dickinson, Franklin Lakes, NJ). Data was analyzed by WHmwJo software

(Treestar, CostaMesa, CA).

2.11.3 Intra-cellular cytokine staining

For measurement of intracellular cytokine stairemgvivq splenocytes or lung cells were
incubated with 1 g/ml Brefeldin A (golgi stop; BD Biosciences) in completeMRP
medium for 4h at 3TC. After following the surface staining protocol mentioned above,
cells were fixed and permeabilized using a BD Cytofix/Cytopkit (BD Biosciences),
followed by staining with antibodies for intracellular proteins. Afiecubation with
antibodies, cells were washed twice with Perm Wash Bufferesuspended in FACS

buffer before acquisition.

2.12 BMM Prep

Mice were sacrificed and arm and leg bones were collectethedeand placed in serum-
free -MEM medium on ice. Bone marrow was harvested by flushing theshaitle the
same media with a 25G needle and cells were centrifuged at g806r 10 mins at
4°C. The cells were then resuspended in complé=M medium and cultured at 37°C
for 3 hours in a tissue culture grade 150 mm petri dish. After thiation period, the
plate was washed three times, the medium was collected amifugeat at 1300 rpm for
10 mins. Following this, the cell pellet was resuspended in compietdium and

cultured overnight at 37°C to remove adherent cells. The next day, dtes plere
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washed with serum-free medium, the non-adherent cells weretedllaed subjected to
RBC lysis treatment. Cells were then cultured in completdiom supplemented with

MCSF (20 ng/ml) at 37°C for 10 days.

2.13 Quantitative real-time PCR

Real-Time PCR was performed as described in [80]. Brigfhal RNA was isolated
from BMM cultures using the RNeasy kit (Qiagen, Valencia, C#&jd DNA
contamination was removed by DNase treatment. Complementa®y OBNA) was
generated using the SuperScript™ Il First Strand Syntheste8y(Invitrogen; now
Life Technologies). Real-Time PCR was performed with i§ipeg@rimer sets
(Invitrogen) by methods previously described [174] on an Applied Biosgsteim
7900HT machine. Relative mRNA levels for specific genes arertexp as fold
induction over background levels detected in control samples, with hypam&guanine

phosphoribosyl transferase (HPRT) as the internal reference gertérethod [175]).

2.13.1 Primers used:

Primers were designed as described earlier [174].

arginase-1: sense (5-CAGAAGAATGGAAGAGTCAG-3') and antis¢bSeAGATAT
GCAGGCAGGGAGTCACC-3"); FIZZ1 sense (5-GGTCCCAGTGCATATSBEAG
ACCATAGA-3') antisense (5-CACCTCTTCACTCGAGGGACAGTT@&BGC-3);
Ym1, sense (5'CATGAGCAAGACTTGCGTGA C-3') and antisense (5-GGAAA
CTTCCATCCTCCA-3'); mannose receptor, sense (5'GATATGAA GCCATGTACTC

CTTACTGG-3') and antisense (5'-GGCAGAGGTGCAGTCTGCAT-8y &lPRT sense
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(5'-GCTGACCTGCTGGATTACATTAA-3'); HPRT antisense (5-TGATTAACAGT

AGCTCT TCAGTCTGA-3").

2.14 Statistical Analysis
Student two-tailed test was used to compare the differences between two groups and t
calculate the significance values. P values 00.05 were considered statistically

significant.
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CHAPTER 3: Transfer of in vivo primed transgenic T cells supports allergic lung

inflammation
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3.1 Introduction

Adoptive transfer of wild typesZ cells into mice is an effective tool to bypass
the role of IL-4R, . and STAT6 in T2 cell differentiation, while allowing the study of
these signaling molecules in the effector phase of asthma. gl@sps usdn vitro-
generated J2 effectors for this purpose. However, this protocol involves sevauads
of in vitro priming and expansion using large quantities of IL-4. Unlikevitro Ty2
differentiation, in vivo T2 priming appears to be regulated by many more factors
GATA3 and STATS are still requireid vivo but, T2 differentiation in certain helminth
infections occurred independently of the IL-4/IL-4Ra/STAT6 pathway.[E&cent
research shows that TSLP, IL-25 and IL-1 family cytokines camaghvied in induction
or maintenance of they2 phenotype [16]. Moreover, low signal strength of TCR
signaling is associated with a strong?Tbias.

In order to develop an alternative approach to usivigro T cell activation, we
isolated OVA-specific CD4+ T cells from either unimmunized OWansgenic
(DOll.leRAGZ' or OT-Il) mice for naive CD4+ T cells or mice immunized hwit
OVA/Alum to generatein vivo-primed CD4+ T cells. Previous dogma led to the
assumption that it would be difficult to immunize TCR transgenicenjl 76, 177] as T
cells in these mice undergo reduced proliferation. Recent reports indoatydr, that it
is possible to immunize TCR transgenic mice and that T celifgnation and cytokine
production are independent of each other [178, 179].

Apart from their role in T cell differentiation, IL-4Rnd STAT6 contribute to
asthma pathogenesis as well. We showed previously that ILeMpression on a

population of CD11b+ cells contributed to the severity of lung inflaiemaand
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eosinophil recruitment [129]. STAT6 is required for inducing allergescisic AHR and

IgE production by B cells in the ovalbumin- induced asthma model. Althougte the
signaling molecules have been studied extensively, there arkctogfreports in the
literature regarding the roles of IL-4Rand STAT6 in modulating specific features of
airway inflammation. Some studies have shown that there was no eoknmecphitment

in STAT6 mice [128], while other groups, including us, contend that lung eosinophilia
and inflammation are only partially dependent on STAT6 [123, 150].

IL-4 and IL-13 can also promote differentiation of alterngtiastivated
macrophages (AAM) (reviewed in [109, 180]). During Type Il inflamomatiAAMs as
well as epithelial cells produce Argl, chitinase- like mamamagiroteins (like YM1) and
FIZZ proteins. Elevated levels of FIZZ1 and YM1 mRNA or proteimenbeen detected
in parasite infection models [109, 114], allergic lung inflammali8ah 98, 100], allergic
peritonitis [98], bleomycin-induced lung fibrosis [97] and hypoxia-indupalmonary
hypertension [181]. Loss of STAT6 signaling results in a significagitiction in FIZZ1
and YM1 mRNA levels in different model systems [97, 98]. The eftédL-4R or
STAT6 on FIZZ1/YM1 protein induction in an asthma model, however, has hbege
studied.

The goal of this section of this dissertation was to deterfiransfer ofin
vivoprimed OVA-specific CD4+ T cells into mice could support allerdgung
inflammation using ovalbumin as the model allergen. We also examineither transfer
of in vivoprimed T cells into mice deficient in IL-4Rand STAT6 would lead to

attenuated allergic responses, using this experimental approaally,Rive investigated
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if FIZZ1 and YML1 protein expression was dependent on IL-4Rd STAT6 in our

asthma model.

3.2 Results
Activation and proliferation status of naive versus in vivo primed T cells

It has been suggested thg2 @ifferentiationin vivo is quite complex [16]. These
cells may not be functionally identical tgd cells primedn vitro. Thus, we tested the
possibility of using either naive or vivo-primed CD4+ DO11.10+ T cells for our asthma
model. First, we determined if thie vivo-primed T cells were capable of secreting more
Th2 cytokines as a result of OVA/Alum immunization of D011.10xRAGRice.
Splenocytes isolated from either unimmunized (naive) or immunized DORAGX
mice were stimulated with PMA and lonomycin and secretion of IL-4 intoalhewture
supernatant was measured by ELISA. We found that just one roundnohgprwith
OVA/Alum was sufficient to induce robust secretion gf2Tcytokines, IL-4 and IL-5
(Figure 6). The amount of IL-4 and IL-5 produced by cells isolated fromuimzad mice
(14.2 ng/ml and 4.67 ng/ml respectively) was significantly higher tinainof naive cells
(0.17 ng/ml and 0.07 ng/ml). Thus, timevivo-primed T cells were skewed towards,@2T
phenotype.

Next, we compared the ability of the naiveiandvo-primed CD4+ T cells to be
activated upon OVA/Alum priming. Since differentiation of CD4+ Tsces often
accompanied by cell proliferation, we also monitored T cell pralilen using 5-bromo-
2-deoxyuridine (BrdU) incorporation. In order to test this, we transferred ogiiverivo-

primed T cells into STAT6XRAG2 mice by tail vein injection, followed by
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Figure 6. Cytokine production by unimmunized and OVA/Alum immunized
DO11.10xRAG2" mice. Splenocytes isolated from either naive (unimmunized) or
OVA/Alum-immunized D011.10xRAG2 mice were cultured in media containing 20
U/ml IL-2 and were either stimulated with PMA/lonomycin (RNbn) or left untreated
for 18h. IL-4 and IL-5 secretion into the cell culture supernatast queantitated using
ELISA. Data represented as concentration of cytokine + SEM inlngAB for each

group. * p<0.05.
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immunization with OVA/Alum using the protocol shown in Figure 7A. Oneug of
mice was injected with BrdU. Splenocytes were harvested pb dad analyzed by flow
cytometry. We found that although the total number of splenocydtstad from these
two groups was similar (22.75x3and 23x18 cells respectively; Table 1), the number of
D0O11.10+ CD4+ T cells in thia vivo-primed transfer group was double that of the naive
transfer group- 4.5% vs. 2.29% (Figure 7B); 587 cells vs. 267 cellse(Tigbl The
percentage of naive DO11.10+ CD4+ T cells that were prolifefatisgneasured by
BrdU incorporation, however, was higher when compared to itheivo primed
DO11.10+ CD4+ T cells- 22% vs. 10% (Table 1). We also evaluated thessipr of
cell surface activation markers such as CD44 (hyaluronic aceptar), by these cells.
The majority of cells in both groups on day 5 were CD44hi, although expnesf this
protein was slightly higher in the group receivingvivo-primed T cells (Figure 7B and
Table 1). Interestingly, although only 10% of the CD4+ T cells inphed T cell
transfer group and 22% of these cells in the naive T cell tragsfep were BrdU+,
CD44hi expression by these cells in the two groups of mice 986 and 82%
respectively. This suggests that even cells that did not diritéeth groups expressed
high levels of CD44 and were activated.

Another set of STAT6XRAG2nice that received either naiveioivo-primed
DO11.10 T cells were immunized twice with OVA/Alum within a span of 1 week (Eigu
7A; similar to the antigen sensitization protocol used in the aléugg inflammation
experiments). The activation status of the adoptively transféneasls and the amount
of IL-4 produced by these cells was monitored. The number of spédsirecovered at

this stage (day 12) from the naive T cell transfer group was twice the nummiezres
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Figure 7: Comparison of proliferation and activation status of nae vs.in vivo
primed T cells. (A) Schematic representation of the protocol used in this erpati
Briefly, 1.5x1C naive orin vivo-primed CD4+ T cells were adoptively transferred into
STAT6XRAG2" mice and primed with OVA/alum i.p. on day 1. One group of mice was
treated daily with BrdU (1 mg/mouse) i.p for 3 days beforedstiing spleens on day 5.
Splenocytes were pooled together and total cell counts wereleec&ells were stained
with anitbodies to CD4, KJ126, CD44 and BrdU and flow cytometry peaformed.
Another group of mice, that didn’t receive BrdU were immunized v@VA/alum a
second time on day 8. Four days later, splenocytes were harvesteded: and
stimulated with PMA (50 ng/ml) and lonomycin (f/ml) for 6h. (B) BrdU and CD44
expression in the CD4+ KJ126+ population in the naive T cefl @ivo-primed T cell
transfer groups are shown. (C) CD44 expression in the CD4+ KJ126+ population in naive
vs.in vivo primed T cell transfer groups on day 12 is shown. IL-4 production fwe na
andin vivo primed DO11.10 CD4 T cells was measured by intracellular ayaktaining

(ICS).
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Day 5 Day 12
Total # CD4+ % % Total # %CD44+
Splenocytes DO11.10+ BrdU+ | CD44+ | Splenocytes CD4+D0O11.10+
lymphocytes lymphocytes

STAT6XRAG2 23x10° cells 587 cells 10% 96.9% 157x10° 328 cells 99.3%
+ primed CD4 cells
T cells
STAT6XRAG2 22.75x10° 267 cells 22% 82% 350x10° 629 cells 99.5%
+ Naive CD4 cells cells
T cells

Table 1: Comparison of cells present in mice receiving naive an vivo primed CD4+
DO11.10+ T cells.Naive orin vivo-primed CD4+ T cells were adoptively transferred
into STAT6XxRAGZ™ mice. Cell proliferation and activation studies were conducted
using the protocol described in Figure 7 and materials and methods.splaabcyte
numbers were counted at the time when single cell suspensionprepaged from each
mouse spleen. Other numbers/percentages were determined byAxnaGSis. 20,000
events (splenocytes) were collected for each tube/analyte. Lyntphaugre gated based
on forward and side scatter parameters. The CD4+ D0O11.10+ populatiogabess
based on double expression of CD4 and KJ126 by eachRefiresentative data from

one of two experiments is shown.
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from spleens of mice that had receivadvivo-primed T cells (Table 1). Moreover, the
percentages of naive DO11.10+ CD4+ T cells (12.7%) in the spleenaigerdigher
when compared to that of the vivoprimed DO11.10+ CD4+ T cells (5.11%; Fig. 7B).
This result correlates well with the BrdU incorporation data indicates that naive
DO11.10+ CD4+ T cells proliferate more in a lymphopenic environmemthaeads to
greater accumulation of these cells in spleens of miceaeratime. This accumulation
of T cells may be due to homeostatic proliferation. However, theeptge of cells
expressing CD44 (>99%) and IL-4 (18.8% and 19.8%) was similar in botratize and
in vivo-primed groups on day 12 (Table 1 and Figure 7C).

To ensure that vivopriming of CD4+ T cells did not vary with mouse genetic
makeup, we looked at the activation status of cells isolated frérf®BIl transgenic
mice. Splenocytes isolated from either unimmunized or OVA/alumtimzed OT-II
mice were cultureeh vitro for 48 hours in the presence or absence of anti-CD3 and anti-
CD28. Expression of cell surface activation markers (CD44, CD6fL @GD69) on
OVA- specific CD4+ was monitored by flow cytometry. When celeye isolated from
unimmunized mice and cultured in media only, the majority of the cells were CD44lo and
CD62Lhi (Figure 8A). Upon OVA/alum immunization in mice, the patage of
CD44hi cells increased. Cells that were isolated from OVA/atamunized mice and
stimulatedin vitro showed the maximum upregulation of CD44 expression. In addition,
CD62L expression was reduced and nearly 80% of the cells weB8+CDrhis shows
that OVA/alum priming in OT-1l mice was also inducing T cell activation.

Next, we determined if these activated T cells ha@2abias. As with the

D011.10 cells, immunization of OT-II mice with OVA/alum induced greatet Hrd
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Figure 8: Activation status of in vivo primed T cells from OT-Il mice. (A)
Splenocytes were isolated from unimmunized or OVA/alum-immunizedl @ansgenic
mice and culturedh vitro in media alone or with anti-CD3 and anti-CD28 for 48 hours.
Cells were stained with fluorochrome-conjugated antibodies and didametry was
performed. The OVA-specific T cells (CD4+¥+V 5+) were gated and expression of
CD44, CD62L and CD69 was monitored. (B) Splenocytes isolated frommumimed or
immunized OT-Il mice were cultured in presence or absence @/BRbmycin for 18

hours. ELISA was performed on cell culture supernatants.
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IL-5 production by primed cells in comparison to naive cells (Fi@Bg In contrast,
IFN levels between the two groups were similar. These data supgeshée OVA-
specific T cells had agR bias. It is generally accepted that T helper cytokine production
is not an all or nothing phenomenon. Although IL-4 suppresses, R cells produce
small quantities of this cytokine. The concentration of IKN ng/ml) found in Figure

8B, is much lower than that reported fqudTcells (200-1000 ng/ml) [182, 183].

Effect of STAT6 and IL-4Fon lung inflammation, eosinophilia and mucus production
Considering that naive DO11.10+ CD4+ T cells were proliferatioge in a
lymphopenic environment and since we wanted to focus on the effectaofset IL-4
and IL-13 rather than their role in priming naive T cells, Wese thein vivo-primed
DO11.10+ CD4+ T cells for all further experiments. Several graugading ours have
shown that IL-4 and IL-13 signaling through IL-4Rnd STAT6 plays an important role
in inducing and exacerbating eosinophilic inflammation and mucus productitmei
lungs [123, 127-129, 145, 150]. Since some of these studies were conducteadh using
vitro generated J2 effectors, we examined whether similar responses would beveltiser
usingin vivo-primed T cells. Furthermore, although similar studies haea lbenducted
with STAT6” mice or IL-4R ™ mice alone [123, 128, 129], no direct comparisons
between mice deficient in STAT6 or IL-4Rhave been made. To tease out the precise
roles played by these signaling molecules, we conducted allefigimmation studies on
RAG2", STAT6XRAGZ" and IL-4R xRAG2" mice using our model of transferriiiy
vivo-primed T cells (Figure 9A). The degree of airway inflartiorg eosinophil

recruitment and mucus production in the lungs was analyzed inrdedghoups of mice.
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As reported earlier [123, 129], priming with alum alone did not induceneisilia and
airway inflammation (Figure 9B) and served as a negative confpol Enumerating the
cellular composition in the BAL, we found that the total number dé cetovered from
OVA-treated RAGZ mice was significantly higher (2.1x16ells) than the number of
cells recovered from OVA-treated STAT6XRAG2nd IL-4R xRAGZ" mice (1.26x10
and 0.9x18 cells respectively). (Figure 9B). Among the different cellpety
(macrophages, eosinophils, lymphocytes and neutrophils) found in the B&®B, fald
reduction in the numbers and percentages of eosinophils was seen TGRHG2"
and IL-4R xRAG2" mice when compared to RAG2nice challenged with OVA (Fig.
9B). In each case, the numbers of eosinophils, macrophages and lymplpoeytag in
the OVA treated mice were greater than in the alum-treated maga¢FB).

H&E stained lung sections of OVA treated RAGHice demonstrated severe
lung inflammation (Fig. 9C, panel a) and most of the cellular iafdtwas composed of
eosinophils (Fig. 9C, panel b). Multinucleated giant cells (MNGs)evalso present in
large numbers. In contrast, in absence of STAT6 and IL-dfty minor cuffing of the
airways and blood vessels was observed (Figure 9C, panels d & g ikedpect
Eosinophil recruitment into the lung, although reduced, was not abolisheuetely in
STAT6XRAG2" and IL-4R xRAG2" mice (Figure 9C, panels e & h respectively). PAS
staining on the above lung sections indicated that mucus productiopitbglial cells
was fully dependent on STAT6 and IL-4RFig. 9C, panels c, f and i). This is not
surprising as it known that mucus production is driven mainly bi3imediated STAT6

activation [126, 127, 141].

63



Figure 9: Degree of eosinophilia and inflammation in RAGZ, STAT6XRAG2" or
IL-4R xRAG2" mice. The asthma protocol used in this study is depicted in (A). (B)
The total number of cells (T), macrophages (M), eosinophils yE)ptocytes (L) and
polymorphoneutrophils (P) present in the BAL in RAGSTAT6xXRAGZ™ and IL-

4R xRAG2"™ mice are shown here. * (p < 0.05), represents statisticajiyifisant
differences between the OVA- and Alum-treated mice in eawhpgfC) H&E (panels a,

d & g- 10X; panels b, e & h- 100X) and PAS (panels c, f & i- 104insd lung sections

of mice mentioned above. Arrows point areas of inflammation. . n=®ver treated

mice, n=3 for alum treated. Representative data from one of two experimédraw/is s
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Taken together, these results suggesirthavo primed CD4+ T cells induced
robust allergic lung inflammation in mice. In this model, STAT6 dndR expression

were only partially required for inducing pulmonary inflammation and eosinophilia

Chemokine and cytokine profile in the BAL in presence or absence of STAT6 and IL-4R
IL-4 and IL-13 signaling can induce production of many chemokines by

different cell types. Eotaxin-1 (CCL11) and Eotaxin-2 (CCLZe eosinophil-
chemoattractive proteins that are predominantly produced by editbelia in mice
(reviewed in [184]), upon IL-4 or IL-13 stimulation [142, 185]. Previousligts have
shown that induction of eotaxin, eotaxin 2 and TARC (CCL17) mRNA inuhgs of
OVA-challenged mice was STAT6 dependent [128, 142]. Using our model Vo
primed T cell transfer and OVA-induced allergic lung inflamorgtwe determined the
guantities of eotaxin, TARC and mouse JE/CCL2 secreted into the(Big. 10). We
show that significantly elevated levels of eotaxin and TARC proteere found in
RAG2" mice when compared to STAT6xRAG2Nd IL-4R xRAG2" mice. A similar
trend is seen in the case of JE/CCL2 production. Since eotaxingmlaggportant role in
eosinophil trafficking, the reduced amount of eotaxin found in the BAL of
STAT6XRAG2" and IL-4R xRAG2" mice may explain the lower numbers of
eosinophils present around the airways in mice (Figure 8B).

As T2 cytokines have been implicated in allergic lung inflammation, we
evaluated IL-4, IL-5 and IL-13 secretion into the lungs and analyeeddntribution of

STAT6 and IL-4R in this process, using oum vivo primed T cell model. Since we
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provided WT OVA-specific T cells to all three groups of mi¢ese cells should be able
to produce 2 cytokines. We found similar levels of IL-4 and IL-13 in the BAL inhtbot
RAG2" and STAT6XxRAGZ mice primed and challenged with OVA (Figure 10, bottom
left). Significantly higher levels of IL-4 were found in the BAEIL-4R XxRAG2' mice,
however, when compared to the other two groups (Figure 10). Althoughgndicsint,
IL-13 levels in these mice followed a similar trend. It wasoréed that binding of IL-4 to
the IL-4R complex induces internalization and uptake of the cytokije Thus, in mice
deficient in IL-4R, absence of the IL-4R on cell surfaces may be preventing the
internalization of IL-4 and IL-13, thereby increasing the conceatratf these cytokines
in the BAL. Other groups obtained similar results using antibodjasst the IL-4R
chain or IL-13R 1 [141, 186].

Increasing amounts of IL-5 were detected in the three nmipases,swith the
lowest quantity of IL-5 present in the BAL of RAG2mice, intermediate levels in
STAT6XRAG2" mice and the highest in IL-4RRAG2" mice (Fig. 10, bottom right).
Studies have shown that when vitro generated 2 effectors were adoptively
transferred into STAT6 mice, there was a dramatic increase in IL-5 levels irBik
[128]. The authors speculated that this difference was due to siedoemsumption of
IL-5 by eosinophils. In our model also, we find that there is a correlation between t
degree of eosinophilic inflammation in mice and the amount of IL-Sentein the BAL.
Thus the lower levels of IL-5 found in the BAL fluid in RAG2nice may be explained
by increased consumption of this cytokine by eosinophils recruitedhatlungs (seen in

Fig. 8B).
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Figure 10: Chemokine and cytokine production upon OVA primirg and challenge

in mice. Mice were subjected to the asthma protocol mentioned in Fig.4 andahatesl
methods. Chemokine and cytokine levels in BAL samples from OVA prised
challenged RAG2, STAT6XRAGZ2" and IL-4R xRAGZ mice were analyzed using a
multiplex array system. Data are presented as mean chenwolagtokine level in pg/ml

+ SEM. * p<0.05; ** p<0.01; + p<0.0001. n=4 for RAG2mice, n=3 each for
STAT6XRAG2" or IL-4R xRAG2" mice. Representative data from one of three

independent experiments is shown.
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Effect of STAT6 and IL-4Fon FIZZ1 and YmL1 protein expression

Liuet. alreported that induction of FIZZ1 transcripts was STAT6 dependent in a
bleomycin-induced lung fibrosis model [97]. YM1 mRNA was also upréedlan a
STAT6-dependent manner in a mouse model of allergic peritonitis TH&] expression
patterns of these AAM proteins by epithelial cells and macroghdmgevever, have not
been investigated in allergic lung inflammation. Moreover, we havesrodd a
disconnect between the amounts of FIZZ1 mRNA and protein produced by IL-4
stimulated macrophagé@s vitro [80]. Thus, we examined the expression profile of FIZZ1
and YM1 protein in our model and investigated the role of STAT6 anrdRIL in
upregulation of these proteins. Serial lung sections from OVAtssmtsand challenged
RAG2", STAT6xRAGZ and IL-4R xRAGZ" mice were stained with antibodies
against both YM1 and FIZZ1 by immunohistochemistry (Figure 11A). Lewithelial
cells in RAGZ" mice stained strongly for FIZZ1 (Figure 11A, panel a & b) andlYM
(panel ¢ & d). Macrophages from these mice, however, were positlyeor YM1 but
not FIZZ1 (Figure 11B, panel a & b). Multinucleated giantsellesent in the lungs of
RAG2" mice also expressed YM1 (Figure 11C). In comparison, no FIZZYMi
protein was produced by epithelial cells (Figure 11A, panel e-h-Brat imacrophages
(Figure 11B, panel c, d and e, f) in mice deficient in IL-4R STAT6.

To quantify the amount of FIZZ1 and YML1 protein that was produced lby eac
mouse strain, we analyzed the expression pattern of these praeiated into BAL
fluid by western blotting. Total protein present in the BAL fluithgées from RAGZ,

STAT6XRAG2" and IL-4R xRAG2" mice was first quantified; more total protein was
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Figure 11: FIZZ1 and YM1 expression in the lung is dependentn STAT6 and IL-
4R . Allergic lung inflammation was induced in RAG2 STAT6xRAGZ" or IL-
4R xRAGZ" mice as described in Figure 3 and Materials and Methods. FIZZYMad
expression was analyzed in serial sections of mouse lungs bynomstochemistry.
Photomicrographs of FIZZ1 and YM1 expression in epithelial cellsa(&) macrophages
(B) in representative lung sections are shown. (C) YM1 expressioultinucleate giant
cells (MNG) in RAGZ" mice. Images in (B) and (C) are of 100X magnificatior4 for
RAGZ2" mice, n=3 each for STAT6XxRAG2o0r IL-4R XxRAGZ2" mice. Representative

data from one of two experiments is shown.
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recovered from RAG2 BAL when compared to mice lacking STAT6 or IL-4Rdata
not shown). Generally, the amount of total protein present in BAtelkedes with the
degree of inflammation seen in mice. In order to compare the geantitiFIZZ1 and
YM1 present in the different mouse strains, equal amounts of tothal @étein from
RAG2", STAT6XxRAGZ" and IL-4R xRAG2™ mice were used. The BAL protein
samples were resolved by polyacrylamide gel electrophoresiesférred onto a
membrane and probed with antibodies to YM1 or FIZZ1 (Figure 12A). &irtol the
immunohistochemistry study, large amounts of FIZZ1 and YM1 weretgecmto the
BAL in RAG2" mice, but this was significantly reduced in the absenceTTs and
IL-4R (Figure 12B). These results demonstrate that STAT6 activdtrongh IL-4R
signaling is required for expression of FIZZ1 protein in lung epaheells and YM1

protein in macrophages and epithelial cells during allergic lung inflammation.

Effect of STAT6 and IL-4FRon airway remodeling

One characteristic feature of asthma is airway remodetnc); involves an
increase in airway smooth muscle mass and enhanced collageitideptishas been
reported thaboth eosinophils and AAM products such as FIZZ1 and YM1 can cause
lung fibrosis and smooth muscle thickening [122, 159, 181, 187, 188]. Thus, we dnalyze
the amount of collagen deposition and airway smooth muscle thickneBAG2",
STAT6XxRAG2" and IL-4R xRAGZ™ mice. Masson’s Trichrome staining of
representative lung sections from each mouse strain reveatedgrélader quantities of
collagen (shown in blue) was present around the airways (FigurepaBal a) and blood

vessels (panel d) in RAG2mice, when compared with mice lacking STAT6 and IL-4R
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Figure 12: Presence of FIZZ1 and YML1 protein in BAL fluid. BAL fluid samples
from RAG2", STAT6XRAGZ or IL-4R xRAG2" mice treated as described in Fig. 4
were collected. FIZZ1 and YML1 protein secreted into the BAldfin the three groups
of mice was detected by western blotting (A). Equal amourttstalf protein were loaded
into every well. Each lane represents an individual mouse. Demdipmnalysis was
performed on the autoradiograms from each blot and the values agserpd on a
graph (B). Open bars represent densitometry values for FIZddedlbars represent

YML1. * p<0.01; # p<0.001. n=3 for each group.
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(Figure 13A, panels b&c, e&f). Quantification of the collagen stgnusing image
analysis software showed that the differences were significantr@~igB). Furthermore,
the thickness of the smooth muscle layer around the airwaydréihg/erse diameter)
was also significantly reduced in absence of STAT6 and IL-#Ry. 13A and C). The
airway smooth muscle layer was identified by H&E staininguof sections (Fig. 13A,
panels g-i) and the diameter of the muscle layer was meaaitiecte different points in

each airway examined, using Image J software [172, 173] (Figure 13C).
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Figure 13: Reduced airway remodeling in mice deficient in BAT6 and IL-4R .
RAG2", STAT6xRAGZ" or IL-4R xRAGZ" mice were subjected to the asthma
protocol described in Fig.3. (A) Paraffin-embedded lung sections &ach group of
mice were stained with Masson’s Trichrome. Keratin and musieesfare stained in red,
collagen in blue, cytoplasm in light red/pink and nuclei in black. Photognaphs of
collagen deposition around the airways (panels a-c) or blood vessedds(paf) were
collected at 10X (panels a-f) and 100X (inset) magnification. Photogriaphs (100X)
of the airway smooth muscle (ASM) layer in H&E stained lung sections from eauctem
group is shown in panels g-i. Arrows depict the thickness of the Afybt (transverse
section). (B) The amount of collagen present in the lung was qudnigiag NIH Image

J software. Data is represented as area of collagen (blag St8EM. # p<0.001. n=20
airways/blood vessels per group. (C) The distance betweemileemost aspect and
outermost aspect of the smooth muscle was measured at 3 diffesérdns around each
airway, using NIH Image J software. Data is representediragy smooth muscle
thickness in m =+ SEM. * p<0.01. An average of 30 airways (10 airways/mouse) was

used for each group. Representative data from one of two experiments is shown.
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3.3 Discussion

In the past decade, research on IL-4 and IL-13 has substantedased our
understanding of their contribution to the pathophysiology of asthma.eXtent to
which the signaling pathways they activate play a role in grimammation and
alternative activation of macrophages, however, have not yet been aetrim this
study, we used STAT6 and IL-4Rleficient mice on a RAG2background to examine
the role of the IL-4/IL-13 pathway in inducing the aforementionetufea of allergic
lung disease. SinceyZ cells are indispensable in this disease setting, we providedsT ¢
exogenously. Previously, most groups usedvitro-generated g2 effectors for this
purpose [128, 129]. Here, we developed a model wharenvoprimed, OVA-specific
CD4+ T cells were adoptively transferred into various recipraite, followed by
immunization and challenge with OVA. We examined whether naive ADdetls orin
vivo-primed CD4+ T cells isolated from DO11.10x RAG®@ould be more suitable for
this asthma model. We found thatvivo-primed T cells proliferated less when compared
to naive T cells as suggested by the following results: i. rloeels of BrdU
incorporation in cells; ii. the number of CD4+DO011.10+ cells recovemean f
lymphopenic mice was half of that recovered from the naive Tireglsfer group. The
increased proliferation seen in the naive T cell transfer groypomaue to homeostatic
proliferation. It has been demonstrated that naive T cells fr@R-ffansgenic mice
undergo slow homeostatic proliferation in lymphopenic mice, which isndigoe on 1L-7
[189, 190].

It has been proposed that entry into the cell cycle (i.epratiferation) and

clonal expansion is necessary for T cell differentiation [176, 177, P34, several
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groups have shown that TCR-transgenic mice that have high frequénagtigen-
specific T cells show only weak proliferation upon TCR ligateord that the T cells
become anergic or die of apoptosis [192, 193]. A study conducted by Letoahf178]
and our studies have shown, however, that when T cells from TCR-tramsgeaiwere
activatedin vivo with specific peptide/antigen, these cells express celhairdctivation
markers such as CD44 and secrete effector cytokines, in spiteliéérating less (BrdU
cells were expressing high levels of CD44). Why these trans@esatis showed reduced
proliferation is unclear, but it is hypothesized that at high fcejuency, there may be
increased competition for growth factors, limited access to pejitie/complexes and
also limited lymphoid space for expansion. The other differenceeleetwur study and
the ones where transgenic T cells became anergic/apoptotiheismethod of
immunization: we used ovalbumin complexed with an adjuvant (alum) thsteasing
the antigen alone as was done previously. Thus, our results cleanythatin vivo
primed CD4+ T cells from DO11.10 transgenic mice can be usedluce the hallmark
features of asthma (e.g. pulmonary inflammation, eosinophilia, nprodsiction etc.) in
mice. This effect is not restricted to one transgenic mouae;ssimilar results were
obtained when OT-Il mice were used. This suggests that OT-liggartsmice can be
immunized to obtaim vivo primed T cells as well.

In mice that lack STAT6 or IL-4RTy2 cell differentiation is impaired but they
have normal 1 cell differentiation. In order to track the exogenauwivo-primed T
cells that we were transferred into these mice and to preuverference of i1 cells, we
used STAT6 or IL-4R deficient mice on a RAG2 background for the asthma

experiments. RAG2 mice were used as controls. Here, we tested the ability \éfo-
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primed CD4+ T cells, as opposeditovitro-generated g2 effectors, to support allergic
lung inflammation. We found that in the absence of STAT6 and IL-#fce developed
less pulmonary inflammation, reduced perivascular and peribronchifihg and
decreased eosinophilia than control mice. Mucus production in thesevascbrogated.
This was expected since it has been shown conclusively that muedscion is
dependent on STAT6 activation by IL-13 signaling [126, 127, 141]. Both STATGRA
" and IL-4R xRAGZ" mice that were primed and challenged with OVA, however, were
able to recruit significantly higher numbers of eosinophils when cadptr alum
primed mice. Thus, we show that STAT6 and IL-4&e only partially required for
eosinophil recruitment to the lung. Our data concur with the observatiddgpeirman
et. al.[123], but is in apparent contradiction to those of Matleéwal[128]. Differences
in the experimental set up may explain these discrepanciemdv€upermaret. al.used
two priming steps with OVA/Alum in the asthma protocol, which wastted by the
other group. Alum stimulates the innate immune system by activatiegNalp3
inflammasome, leading to secretion of pro-inflammatory cytoksuet as IL-1, IL-18
and IL-33[194]. These cytokines play important roles in initiation and iaogpion of
T2 responses includingy2 cell proliferation and eosinophilia [21, 194]. Alum also
induces production of IL-4 and IL-5 in T cells [195].

Eosinophil migration and recruitment into the lungs depend on Sextoas.
IL-5 controls differentiation, activation and survival of eosinophilshie bone marrow
and is essential for their mobilization into the lungs (revebwe[154, 184]). Eosinophil
migration into the lung is mediated by adhesion to the vascular endothelium AM-XYC

[196]. Eotaxin-1 (CCL11), Eotaxin-2 (CCL24) and other chemokines producedimyair
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epithelial cells and macrophages upon IL-4 or IL-13 stimulation, regosihophils into
the airways [184]. In our studies, we show that eotaxin secretitwe iIBAL is markedly
reduced in the absence of STAT6 or IL-4RThis might explain the lower levels of
eosinophils present in the BAL in STAT6xRAG2and IL-4R xRAGZ™ mice in
comparison to RAG2 mice. In the absence of eotaxin, however, IL-5 may play a major
role in recruitment of eosinophils in STAT6xRAGZNd IL-4R XRAG2'"™ mice. The
higher levels of IL-5 found in the BAL in these mice supports toisclusion. Other
chemokines such as RANTES, Monocyte Chemoattractant Proteins (MCP)
Macrophage Inflammatory Protein (MIP)-tould also play a role in this process.

In previous studies using WT and STAT®ice, T,2 cytokine production was
higher in WT mice in comparison to mice lacking STAT6 [123]. Thigeisause STAT6
is required for T2 cell differentiation. Since we provided WT effector T cellafiathe
groups of mice, they were capable of producing@ €ytokines. When we measured the
amounts of IL-4 and IL-13 in the BAL in allergen-challenged mice, faund that
significantly higher amounts of these cytokines were presefit-#R xRAG2 mice
than RAGZ" and STAT6XRAGZ mice. Studies have shown that binding of IL-4 to the
IL-4R complex induces internalization and uptake of this cytokine [42]pgoas to that
observed with binding of IL-2 to the IL2R complex [197, 198]. Moreover, ajhaeups
have found that IL-4 concentration in the BAL was significantly iaseel when
antibodies against the IL-4Rchain were injected into mice, compared to control mice
[186]. Similarly, more IL-13 was found in the BAL in IL-13&®" mice [141]. Therefore,

based on our findings and published literature we conclude that thecalifdL-4R on
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cell surfaces may be preventing the internalization of IL-41aI8B, thus increasing the
concentration of these cytokines in the BAL in IL-4RAG2" mice.

Our data also demonstrated that more IL-5 was secreted intdlthehgn mice
lacked STAT6 or the IL-4R chain. The higher concentration of IL-5 found in
STAT6XRAG2" mice in this model is consistent with the results reported athévet.
al.[128]. They observed that whan vitro-generated g2 effectors were adoptively
transferred into STAT6 mice, there was a dramatic increase in IL-5 secretiofen t
BAL [128]. The authors speculated that this difference was duedereased
consumption of IL-5 by eosinophils. In our model, since the STAT6xRA@Ad IL-
4R xRAGZ mice have significantly lower levels of eosinophils in both the Baid
lung tissue, it is possible that the enhanced cytokine level in therB#kese mice is due
to reduced consumption. We did not see any significant differendédi levels in the
three strains of mice. IL-17 is another cytokine that has beencaigyi in asthma in
humans and mice (reviewed in [199]). In our asthma model, IL-17A |lavdle BAL
were below detection limits in all 3 mouse groups.

As our understanding of the roles of IL-4 and IL-13 increase$éetaning clear
that in addition to their action on T cells, B cells, eosinophils, dtheells, these
cytokines can also stimulate macrophages such that they bedenmatalely activated.
Instead of expressing INOS like the classically activatedrophages, these cells
produce proteins such as Argl, FIZZ and YM1/2 among others (review&d9n180]).

It has now been established that IL-4 and IL-13 can also induce sxpred the same
group of proteins in airway and alveolar epithelial cells. Sttital. [100] demonstrated

using the BMnot cell line that the FIZZ1 promoter contains functibmading sites for
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STAT6 and C/EBP. They further showed that STAT6 and C/EBP coepei@dether to
induce optimal FIZZ1 expression. Weleh al.[98] showed similar results for the YM1
promoter region using epithelial and macrophage cell lines: YMI1séasral STAT6-
binding sites in its promoter regioAdditional studies have indicated that induction of
FIZZ1 or YML1 transcripts are STAT6 dependent in bleomycin-indlwed fibrosis and
allergic peritonitis model systems respectively [97, 98].

Our results show that FIZZ1 and YML1 protein expression is induced ligrgera
challenge in RAGZ mice. We demonstrate for the first time in an allergic lung
inflammation model that expression of these AAM proteins is coelgléiependent on
signaling through IL-4R and STAT6. Furthermore, epithelial cells in control mice
expressed both FIZZ1 and YM1, but macrophages expressed only YM1. This was
surprising to us since we have shown previously that IL-4 induces at iabtesase in
FIZZ1 transcript levels in bone marrow macrophages (BMMs) withenfirst 6 hours of
stimulation [80]. We failed to see FIZZ1 protein even when macrophages
stimulated with IL-4in vitro for 48 hours. Macrophages infected with nematodes or
Francisella tularensishowever, have been reported to express FIZZ1 protein [119]. The
absence of this protein in macrophages in our studies could be due msddaneRNA
stability or posttranslational modification of the FIZZ1 mRNA, leadingd@égradation.
More studies are required to elucidate the molecular basis of this finding.

The functions of the AAM proteins in allergic lung inflammation atiter
diseases are still under debate and may differ depending on tlasedisetting and
signaling pathways involved. FIZZ1 has been shown to have a protetfect in

parasite infection studies. Two groups have shown independently that’Flzite
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display significantly higher inflammation in the lung and liver, charasdrby increased
granuloma formation and extensive fibrosis when infected 8athistosoma mansoar
Nippostrongylus brasiliensigl09, 114]. It was demonstrated that FIZZ1 is required for
worm expulsion and also for suppressing excessiZeififlammation. On the other hand,
FIZZ1 has been implicated in exacerbating pulmonary inflammation, ukasc
remodeling, collagen and extracellular matrix deposition leadirfghtosis in hypoxia-
induced pulmonary hypertension and bleomycin-induced lung fibrosis models [181, 188]
It has been proposed that YM1 may be involved in worm egg demnadatd tissue
repair [120] and can also cause tissue remodeling [122]. More impgpriédltl can act

as an eosinophil chemoattractant [121, 200].

The reduced expression of FIZZ1 and YML1 in the absence of STAL&!Br |
may be functionally linked to the reduced inflammation and eosinophelean sn
STAT6XRAG2" and IL-4R xRAGZ™ mice. Moreover, we found that there was a
significant decrease in collagen deposition and airway smooth entlsckness in mice
lacking STAT6 and IL-4R. Enhanced inflammation and eosinophilia as well as AAM
products can contribute to airway remodeling. Depletion of the eosinaphilamans
and mice correlates with reduced deposition of collagen, extikgethatrix proteins and
decreased smooth muscle mass [159, 161, 187, 201]. Studies in BRR&8
demonstrated that this protein was mainly expressed by AAM atitekpi cells [118].
These mice also developed less IL-13 induced tissue inflammatidrfibrosis [118].
Based on these data and our earlier finding that I1L-4 dranigtioaleases AAM gene
expression in macrophages [80], we are inclined to think that eleeafméssion of

AAM proteins including FIZZ1 and YM1 increases the severity of lung pathology.
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3.4 Conclusions

In summary, our data demonstrates thativo primed CD4+ T cells are able to
support allergic lung inflammation. Moreover, STAT6 and IL-4Bay a major role in a
range of T2 responses but the extent to which these signaling proteins contoalsva
aspects of allergic lung disease is variable. Our studbles$tas that STAT6 and IL-4R
are necessary for FIZZ1 and YM1 protein induction but are only pantsponsible for
the recruitment of eosinophils and pulmonary inflammation. Furtherrodsesarequired
to tease out the other pathways that are contributing to theitgeokmllergic lung

inflammation.
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CHAPTER 4: Role of the Type | IL-4R and c in allergic lung inflammation
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4.1 Introduction

Although IL-4 and IL-13 can elicit asthma pathology independently of each
other,it is evident that they can have different effentsivo[126, 127, 139, 202]L-4 is
critical for Ty2 cell differentiation and IgE synthesis, while IL-13 is mairdgponsible
for inducing airway hyperesponsiveness and mucus secretion. AlthougR lland
STAT6 play a major role in asthma (demonstrated in ChapteacByation of these
proteins cannot account for the differences between IL-4 and IL-13lagyiokines can
activate STAT6. The reason for this separation of duties is nbuwaérstood; relative
abundance and differential usage of receptor complexes and sigpalihgays in
different cell types, together with the greater quantitiesLef3 (than IL-4) produced
during T42 responses have been proposed to explain these observations (remiewed
[203)).

IL-4 alone, binds to the Type | R, but both IL-4 and IL-13 can digraigh
the Type Il R. Scientists have just started studying thegive contribution of these
receptor complexes to asthma pathophysiology. The unique contributitims ©ype I
receptor in allergic lung inflammation have been studied using IL-13Rnice. It has
been reported that mucus secretion, airway resistance, eotaguncpon and induction
of pro-fibrotic mediators such as TGRvere completely dependent on the IL-13R
chain, and thus the Type Il receptor [141, 169]. The authors showed, howavdi2
cell differentiation, IgE secretion in response to T cell dependatngeas (such as
ovalbumin) and recruitment of eosinophils and other inflammatory cebsthe lungs
could occur independently of IL-13R. In addition, DNA microarray analysis of cells

isolated from allergen or IL-4 treated WT or IL-13R" mice indicated that several
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AAM genes were differentially regulated. Munigt.al. showed that allergen- and IL-4-
induced Retnla expression levels were similar in both WT and IL-18R mice, but
induction of chitinase Ghia) was completely dependent on IL-13R [141].
Interestingly, allergen-induced Argl expression required the Tlypeptor, but IL-4
induced Argl expression did not. Thus, it appears that IL-4 utilizesthethype | and
Type Il receptors to stimulate AAM development in the lung. Quaies indicated that
IL-4 induces significantly greater expression of AAM genes ZBIZYM1 and Argl)in
vitro, when compared to IL-13 [80].c” bone marrow macrophages expressed
significantly lower levels of AAM transcripts when stimulatedth IL-4; the IL-13
response remained unaltered.

Mouse models of asthma and lung biopsies from human patients havedndicate
that IL-13 is present in much greater quantities when compared-4o[141, 166],
Therefore, IL-13 was considered to be the main effector cytakvmved in asthma.
Recent binding affinity studies of the Type | or Type Il reoephowever, have
demonstrated that IL-4 is able to mediate efficient and rapidT&Tphosphorylation via
Type | and Type Il receptors even at very low concentrations, while have to be
stimulated with much higher concentrations of IL-13 and for a lotigeg to obtain
similar responses via the Type Il receptor [167].

Since the above findings clearly demonstrated that IL-4 or Kidialing
through the Type Il R is not required for mediating pulmonary inflatitmaand
eosinophilia, and we showed that AAM differentiation is enhanced byype | R, we
investigated whether the this receptor is responsible for indticesg responsés vivo.

Thus, the goal of this section of my dissertation was to deterimmiee lacking . and
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the Type | R would have reduced airway inflammation and eosinophilia Uigogea
priming and challenge. We also examined whether absengeafised any alterations in

AAM differentiation and expression of FIZZ1 and YML1 protein in the lung.

4.2 Results

Effect of cdeficiency on allergic lung inflammation
The results from the IL-13R" studies showed that pulmonary inflammation,

recruitment of eosinophils and expression of certain AAM genes @€hZZ1) could
occur independently of the Type Il R [141, 169], suggesting that the TRpmight be
mediating these responses. Thus, we hypothesized that signalinghtiheuType | R
would exacerbate allergic lung inflammation. To determine theibatitn of the Type |
R in inducing various features of allergic lung disease, we ediliz” mice. As .is a
component of other cytokine receptors such as IL-2R, IL-7R, IL-9R, Rdid IL-21R,
these mice have very few T, B and NK cells [204]. Since T qally a critical role in
initiating and propagating various features of asthma, we prowdeovo-primed wild
type (WT) OVA-specific T cells exogenously. These T cells egpeel . and could
respond to IL-2 and IL-7, cytokines required fqsZ2Tdifferentiation and T cell survival
respectively. Using the protocol described in Chapter 3, we idotatevo-primed CD4+
T cells from OT-1l transgenic mice and adoptively transfethedn into RAGZ and ("
mice. We then conducted allergic inflammation studies on these usiag ovalbumin
priming and challenge (Figure 14A). After completion of the aatpbnotocol, mice were
euthanized, bronchoalveolar lavage was performed and lung tissue veasecblLung

histology analysis revealed that RAG#hice treated with alum developed little or no
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Figure 14: Degree of eosinophilia and inflammation in RAGZ or ¢’ mice. The
asthma protocol used in this study is depicted in (A). (B) H&BE€[®a-d- 10X; panels
e-h- 100X) and PAS (panels i-I- 10X) stained lung sections of B6 RA&hd B6.c”
mice. Arrows point areas of inflammation. (C) The number of maages, eosinophils,
lymphocytes and neutrophils present in the BAL are shown here. * p < 0.850on=
Ova-treated mice, n=3 for alum treated. Representative data fine of three

experiments is shown.
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inflammation (Figure 14B panels a & e). PAS staining of theg lsections showed that
the epithelial cells in these mice were also not producing amysn(Figure 14B panel i).
Immunization of RAGZ mice with OVA, on the other hand caused enhanced
peribronchial and perivascular inflammation (Figure 14B panels b) esrditment of
eosinophils into the lung (panel f). Here the epithelial cells W&+ (panel j).
Surprisingly, we found that absence of thehain in recipient mice led to increased lung
inflammation and and eosinophilia even at baseline (alum treated difeigpje 14B
panels ¢ & g). In stark contrast to the RAGHum group (panel i), the epithelial cells in
this group were PAS+ and were producing mucus (panel k). Findlgn w' mice were
treated with OVA there was massive influx of cells into thegk (Figure 14B panel d);
most of these cells were identified as eosinophils (panel h)reThes mucus
hypersecretion in these mice as well (panel I). Differemmaints of BAL cells further
demonstrated that OVA priming and challenge led to a significaréase in the number

" mice when compared to RAG2nice (Figure 14C).

of eosiniophils in ¢

The differences in eosinophil counts in the BAL (Figure 14C) in thenbuse
strains were recapitulated in the lung tissue. The number of eodsoptiuited to the
airways and blood vessels in both alum- and OVA-primed and challeggexice were
significantly increased in comparison to their RA’G@)unterpartS (Figure 15).

To rule out the possibility that small differences in the gebatikground of
these mice were causing the differences in allergic lofignnmation seen in these mice,
we repeated the above experiment with RAG#ce and XRAG2"™ mice. . deficient

mice on a RAG2 knock out background still developed significantly higher puignona

inflammation and eosinophilia (Fig. 16 A & B).
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Figure 15: Absence of ¢ causes enhanced eosinophil accumulation in the lurigung
sections of Alum- or OVA-primed and challenged mice mentionedgri kvere stained
with H&E. Eosinophils and mononuclear cells in each lung section wasted and
graphed. Number of cells around the airways (A) and blood vessalsara. Open bars
represent alum-treated mice; closed bars represent O¥ifedrenice. Data represented
as cell counts + SEM. HPF: high power field; 100X. * p<0.005. n=5 fortt»aed

mice, n=3 for alum-treated. Representative data from one of three expisrismshown.
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Figure 16: cxRAG2" mice also develop enhanced allergic lung inflammatior{A)
H&E (10X and 100X) and PAS (10X) stained lung sections of RA@ad cxRAG2"
mice are shown here. (B) The number of macrophages, eosinophils, lymghangite
neutrophils present in the BAL in these mice are represented iortn of bar graphs. *
p < 0.05. n=5 for Ova-treated mice, n=3 for alum-treated. Reprasendata from one

of two experiments is shown.
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These results suggest that in the absengandl thus the Type | R, the Type II R
can mediate allergic responses such as pulmonary inflammatiamy@uba and mucus
production. Moreover, deficiency ot in cells other than T cells led to exaggerated

asthma pathology.

Effect of cdeficiency on FIZZ1 and YML1 protein expression

Gene expression profiling of lungs from allergen challenged IL118&icient
mice had identified FIZZ1 upregulation as being completely indepemdehe Type Il
R; YM1 also was only partially dependent [141]. This suggeststtieaType | R may
contribute to AAM gene expression. Moreover, since both epitheliak catid
macrophages express these markers, it was unclear whictypelivas involved. We
have previously found that bone marrow-derived macrophages (BMM) ddtate WT
mice induced robust induction of FIZZ1 and YML1 transcripts when stintbiaité L-4

in vitro [80]. In contrast, BMM from .’

" mice failed to induce AAM gene expression.
Thus we examined if expression of FIZZ1 and YM1 protein was redubed .and the
Type | R was absent.

To determine if macrophages or epithelial cells or both were prodtlZZ1
and YM1, immunohistochemical staining was performed on serial lanogoas from
alum- or OVA-sensitized and challenged RAG&nd " mice. No YM1 or FIZZ1 was
detected in lung epithelial cells in RAG2nice at baseline (alum-treated) (Figure 17A,
panels a & e), but expression of these proteins was increased ypdrr€atment

(Figure 4A, panels b & f). However, both alum- and OVA-treatgd epithelial cells

stained strongly for YM1 and FIZZ1 (Figure 17A, panels c-d & g-h). Quaatiidic of
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Figure 17: FIZZ1 and YM1 expression in lung epithelial cells.Allergic lung
inflammation was induced in RAG2nd ¢’ mice as mentioned in Fig. 1 and materials
and methods. FIZZ1 and YM1 expression was analyzed in serimlrseof mouse lungs
by immunohistochemistry. Photomicrographs (40X magnification) MfLYpanels a-d)
and FIZZ1 (panels e-h) expression in epithelial cells in reptative lung sections are
shown. (B) The number of YM1+ or FIZZ1+ airways in each groupioémas counted.
Data represented as number of airways + SEM. * p<0.05, # (p<0.0l9seets
statistically significant differences between alum-gdaRAG2 and ¢’ mice. n=5 for
Ova-treated mice, n=3 for alum treated. Representative data tine of three

experiments is shown.
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YM1+ or FIZZ1+ airways in both mice showed a significant inseem the numbers of
airways expressing these proteinsdh mice over RAGZ mice (Figure 17B).

Unlike epithelial cells, which expressed both YM1 and FIZZ1, maagepha
expressed only YM1 (Figure 18A). Again, YM1 staining was absentAGXE mice
immunized with alum, but was induced by OVA immunization (Figure p8Aels a &
b). Both alum- and OVA-treated” macrophages produced YM1 (Figure 18A ¢ & d). In
contrast to the epithelial cells, however, YM1 expressioninmacrophages was found
to be less intense (light brown color, Figure 18A panels ¢ & ) t@crophages present
in RAG2" mice (dark brown color, Figure 18A panel b). This observation wafirmed
by monitoring YM1 expression in macrophages by flow cytomet&L Bells were
stained with antibodies against CD11b and YM1 conjugated with a fluotbstzbeled
secondary antibody. Although the percentages of CD11b+YM1+ cells swarkar in
both groups of mice, the mean fluorescence intensity (MFI) of YMdistawas reduced
by half when these cells lackegd(Figure 18B).

Taken together, these results indicate that in macrophages ¢hé R ygartially
regulates YM1 protein expression. Epithelial cells, which expelsthe Type Il R, can
still express both YM1 and FIZZ1. Moreover, deficiency gked to enhanced YM1 and

FIZZ1 production in these cells.

Cytokine production by control anddeficient mice
Secretion of iR cytokines generally positively correlates with the degree o
inflammation. Since . deficient mice developed severe lung pathology, we assessed th

amount of IL-4, IL-5 and IL-13 present in the BAL and produced by splenocytes. In the
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Figure 18: FIZZ1 and YM1 expression in macrophagesAllergic lung disease was
induced in Rag2 and ¢’ mice by priming and challenging with Alum or OVA/alum.
Serial sections of mouse lungs were stained for FIZZ1 and YM1 by
immunohistochemistry. Photomicrographs (100X magnification) of YM1 (paal)
and FIZZ1 (panels e-h) expression in macrophages in representaig/sections are
shown. YM1+ macrophages are indicated by arrows. (B) BAL frelts RagZ and ¢’
mice immunized and challenged with OVA were collected and agdlgy FACS. First,
cells were labeled with a fluorochrome-conjugated antibody to CDlidy were then
stained with an antibody to YM1, followed by a secondary antibodyigatgd to Alexa
Fluor 647 (blue histogram). Secondary antibody staining alone was usedted (red
histogram). Macrophages were gated based on forward by sidersaatl then on
CD11b expression. MFI= Mean Fluorescence Intensity of YM1 express+5 for Ova-
treated mice, n=3 for alum treated. Representative data frorofdheee experiments is

shown.

98



A.

RAG2™", Alum

Mice:
+ primed
T cells

FIZzz1

RAG2™
OVA

cx Rag2™
OVA

YM1

RAG2™". OVA

c'/'. Alum

CD11b gated

4
0 335 57.4
57.4| ™
34
10 80
%
10? 4 =%
5 58
8
40
10" 4
20
100458 35|
N T M T T T
10° 10t 102 10% 10* 10° 10 102 10° 10*
10*
254 49.7] 100
10° 80
& 60
10?4 = 363
5
40
20
411
T 0
3 " T T u
10 10 10° 10" 10% 10%

99

YM1

10*

¢, ova

MFI= 1111

m 2
H YM1

MFI= 544



Figure 19: Cytokine production upon OVA priming and challengein mice. Mice
were subjected to the asthma protocol mentioned in Fig.1 and MatedaMethods.
Cytokine levels in BAL samples (A) from alum- or OVA-prichand challenged RAG2

and ./

" mice were analyzed. n=5 for OVA-treated groups, n=3 for aluntctledB)

Splenocytes were isolated from RAG2nd xRAGZ™ mice 48h after the last OVA
challenge and stimulated with 20 ng/ml PMA andy/inl lonomycin in presence of 20
U/ml IL-2 for 18 h. Cytokine concentration in cell culture supemistavere measured by

ELISA. n=5 for Ova-treated mice, n=3 for alum treated. Repraseatdata from one of

two or three experiments is shown.
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BAL, IL-13 levels were significantly greater in both alum-@VA-treated " mice in
comparison to RAG2 mice (Figure 19A). . deficiency also caused increased secretion
IL-4 and IL-5, although these differences were not statistically sogmfi Along with the
increase in §2 cytokine levels, we observed a slight decrease in Iséd¢retion in the
absence of.. Cytokine secretion by stimulated splenocytes mirrored the BAbkme
data (Figure 19B). Lack of, in recipient mice led to a significant increase in IL-4 Isye
with IL-5 following a similar trend; IFN production was also correspondingly decreased.
Moreover, the ratio of IL-4 to IFNpresent in OVA treated.” mice were considerably
higher (36.27 in the BAL and 0.72 in splenocytes) than RAG&e (0.61 in the BAL

and 0.12 in splenocytes). These data suggest that the abseagses a dramatic shift in

the cytokine profile, leading to a heavy2lcytokine bias, even at baseline.

Transfer of NK cells into, deficient mice

As mentioned earlier, NK cells are absent in mice defiaent [204]. IL-4
signaling through the Type | R induces IFproduction by NK cells. Breart. al found
that IL-4 synergistically enhanced a STAT6-dependent increase-2 induced IFN
production in NK cellsn vitro [205]. Subsequently, Morris and colleagues demonstrated
that in vivo IL-4 treatment, but not IL-13, in WT mice could also increase MK c
mediated IFN secretion [206]. It is well known that IFNcan suppress 2 cell
differentiation and alleviate allergic responses.

Since reduced levels of IFMere found in .

" mice, we investigated whether
lack of NK cells in these mice was causing the enhancedjiallamg inflammation

phenotype. To test this, we adoptively transferred WT CD49b+ (also known as DX5) NK
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Figure 20: Transfer of NK cells does not reduce allergic lup inflammation. (A)
Schematic representation of asthma protocol used in this stuidflyB5x1F CD4+ T
cells were transferred into recipient mice in presence or absence 8fXi STAT6"
NK cells. Mice were primed and challenged twice with OVAtloa days indicated. After
the last challenge, mice were euthanized and BAL fluid and tissmeples were
collected. (B) The numbers and percentages of macrophages (Manppédsi (Eos),
lymphocytes (Lym) and neutrophils (PMN) present in the BAL indifferent groups of

mice are shown here. n=4 for each group.
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cells into XRAG2" mice and subjected them to our asthma protocol. Another group of
XRAG2" mice received STAT6-deficient NK cells, to confirm that Ilsignaling was
causing the IFN secretion. As observed previously, greater numbers of eosinophils were

present in the BAL in’

“mice upon OVA priming and challenge when compared to
RAGZ2" mice (Figure 20 A & B). Transfer of WT or STATA&K cells into . deficient
mice, however, did not change the numbers or percentages of eosinophils significantly.

Next, we assessed the amounts of §&¢reted by the transferred CD49b+CD3-
(NK) cells in the above groups of mice by intracellular cytolstening. Surprisingly,
we found that upon OVA-priming and challenge, RAGZD49b+ CD3- NK cells
isolated from the spleen produced very little IFds did the transferred T cells which
were identified as CD3+ and CD49b- (Figure 21, panel a). AsceegheCD49b staining
in splenocytes isolated fromgxRAG2’ mice showed that NK cells were present in much
lower numbers in these mice as compared to RAGRe (4.2% vs. 9.3%) (Figure 21,
panel b) However, in spite of the reduced numbers, the CD49b+ cells produced
significantly higher quantities of IFN T cells also made large amounts of this cytokine.
Transfer of WT NK cells into xRAG2' mice did not change this phenotype (Figure 21,
panel c)- IFN levels in these mice were comparable to th&®AG2" mouse group that
did not receive any NK cells (Fig. 21, panel b). Intriguingly, in mice tlegtived STAT6
deficient NK cells, both T cells and NK cells produced substinhtiare IFN (>50% as
compared to 30% in groups b & c; Figure 21, panel d).

It is clear from these results that reduced Ipfdduction by NK cells was not the

reason for the enhanced allergic lung disease phenotype seen in micatdefigidn
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Figure 21: IFN secretion by T cells and NK cells in RAGZ and . mice.
Splenocytes were isolated from mice used in Figure 20 and werkaieclex vivoin
presence of 1g/ml Brefeldin A (golgi plug) for 4 hours. Cells were stainedhwi
antibodies against CD3 and CD49b and fixed with 4% paraformaldehgiitewvifg this,
intracellular cytokine staining was performed to detect IFXoduction by NK cells
(CD49b+ CD3-) and T cells (CD3+ and CD49b-). Cells were fjated based on CD3 or

CD49b expression. Percentages of IFNells in each population are shown.
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contrast to our expectations, NK cells and T cells in these mvEe producing

significantly greater amounts of IFNhan control mice.

Analysis of i1, Tu2, Treg and DC populations in RAGand xRAGZ mice

Since T cells and NK cells in the spleens®RAG2" mice were found to produce
more IFN, we confirmed if this was happening in the lung as well. Thetfat cells
were making more IFN a Tyl cytokine that is normally antagonized by IL-4 and other
Tw2 cytokines- also suggested that there was dysregulga&gdriming in the . deficient
environment. Therefore, we undertook a careful comparative analygis2 and 1
cytokine production by CD4+ T cells present in the lung in both mouwsggr Lung
samples were collected from OVA-primed and challenged RAG® xRAG2 mice.
Lung digests were performed to isolate the cells preseheitigsue. Analysis of cells
by flow cytometry revealed that similar to what was seetnénspleen, CD3+ CD49b-
(T) cells in mice deficient inc were producing greater quantities of IFR83% vs. 9%,
Figure 22A). CD49b staining in lung cells showed that although théersof NK cells
were significantly reduced incxRAG2™ mice (as reported), there was more IFN
production at the single cell level (9.5% vs. 2.6%). Intracellaldokine staining in
CD4+ T cells in the lungs demonstrated that IL-5, IL-13 and Ifpkbduction was
significantly higher in XxRAG2" mice; IL-4 levels showed a similar trend (Figure 22B).
More importantly, there was a 2-3 fold increase in the percentageells that were
double expressors of IL-4 & IFNIL-5 & IFN or IL-13 & IFN .

As we transferred a populationimfvivo primed CD4+ T cells, there would be

some CD4+ CD25+ regulatory T (Treg) cells in the mix. Since regulatorilsTces
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Figure 22: Analysis of T cell, Treg, and DC subsets in RAG2and xRAG2" mice.
In vivo-primed CD4+ T cells were adoptively transferred into RAGR2d XRAG2"
mice and sensitized and challenged with OVA/alum using the protoeationed in
Materials and Methods. Lung samples were collected 48 h aftéaghehallenge. Lung
tissue from each mouse was digested with 150 U/ml Collaganas£0 U/ml DNase for
1 h at 37 C. Cells present in the lung were isolated and incubatetyoin presence of
Brefeldin A for 4 hours. Cell surface markers were staineti Witorescently-labeled
antibodies. Cells were fixed in 4% paraformaldehyde and intid@eltytokine staining
was performed. (A) Lung cells were stained with CD3 and CD4%b. [ffoduction by
CD3+ CD49b- cells and CD3-CD49b+ cells in RAG2nd xRAG2" mice are shown.
The numbers depict percentages of cells in each quadrant. (B) Tbdls in the lungs
were gated. Expression of IL-4 & IFNIL-5 & IFN or IL-13 & IFN in these cells is
graphed. (C) Regulatory T cells in the two groups of mice waeggtified as CD4+
CD25hi and Foxp3 expression (blue) in the gated cells is representbd form of
histograms. (D) Cells isolated from the lung digests werrestavith CD11c and F4/80.
The CD11c+ F4/80- cells were gated and expression of CD11b or Oofalthese cells

was studied.
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suppress 42 and F1 cell function, we evaluated if there was a decrease in theersm
of Tregs in mice lacking.. We found, however, that both the number of CD4+ CD25+
cells and Foxp3 expression was greaterdfRAG2™ mice when compared to RAG2
mice (Fig. 22C).

Dendritic cells (DC) play an important role in T cell primihbey present the
antigen in the context of MHC Class Il to T cells (signal d@jd also provide
costimulatory signals (signal 2) that lead to efficienivation of T cells. It has been
reported that OX40L expression on DCs promotg2 differentiation [25]. Thus, we
investigated whether there was any change in OX40L expressid€s in xRAG2"
mice. DCs in the lung were identified as CD11c+F4/80- (Figure) 22[d CD11b and
OX40L expression in these cells were monitored. We found that alihithhege was a
reduction in the percentages of CD11lc+ CD11b+ cellscideficient mice, OX40L
expression was increased (Figure 22D). The enhanced OX40L lavBi€s in these
mice correlate well with the increasegdZlcytokine production seen (Figure 22B).

Taken together, these results imply that enhanced allergic Hlagnmation
occurring in mice deficient in; may be caused due to dysregulated T cell activation. The
enhanced production of IL-4, IL-5, IL-13 and IFKy CD4+ T cells, and the alteration in
OX40L expression on DCs inxRAGZ mice supports this conclusion. In fact, the
enhanced {2 cytokine production together with IFNmay be exacerbating asthma

responses in these mice.
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4.3 Discussion

There is overwhelming evidence linking IL-4 and IL-13 signalingagthma
responseue to their importance in allergic diseases, these pathavayargets for developing
better therapeutic strategiesin& IL-4 and IL-13 share receptor complexes, the exact
contribution of the individual receptor complexes in inducing asthma patkiopbyy is
unclear. In this study, we used mice deficient.to elucidate the role of the Type | IL-4
receptor.

In addition to lacking the Type | IL-4 receptor, thé& mice are also deficient in IL-
2R, IL-7R, IL-9R, IL-15R and IL-21R. IL-2 and IL-7 signaling play ampiortant role in
lymphocyte development and survival. It is well established th& #icts as a growth
factor for T cellsin vitro (reviewed in [207] [208]), and IL-15 also can induce similar
responses. Of all the, dependent cytokines, however, IL-7 seems to be the most
important for T and B cell development and homeostasis [207] [208].dignals are
critical for T cell development during the double negative st&je4(CD8-) in the
thymus [207]. In B cells, lack of IL-7 signaling blocks B cell depenent beyond the
pre-pro B cell stage [209]. The’ mice lack T and B cells, therefore, we used RAG2
mice as controls for all our experiments. Since CD42 cells, and the cytokines they
produce, are essential for initiation and propagation of allergmoreses, we adoptively
transferred Win vivo-primed T cells from OT-Il (OVA specific) transgenicaai Since
these transferred T cells expres&nd thus, receptors for IL-2, IL-7 and IL-15, they can
respond to these cytokines even in deficient environment.

It was observed that mice lacking the Type Il IL-4/IL-13 moe (IL-13R 17

mice) still developed pulmonary inflammation and eosinophlia upon allelggifenge
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[141, 169]. Therefore, we hypothesized that IL-4 signals through the Tgomay be
responsible for inducing these effects. However, our results draivsénsitization and

challenge with ovalbumin in both RAG2and ("

mice led to inflammation and
eosinophilia in the lungs. Absence qfcaused no defect in these processes, suggesting
that the Type | R is not absolutely required for mediating inflatony responses and
eosinophil recruitment into the lung. Instead, we found thaleficiency significantly
enhanced lung pathology even at baseline, which was further increasegrinpiog and
challenge with OVA. It is likely that IL-5 and chemokines sucheataxins 1 and 2,
RANTES and MCPs are mediating eosinophil trafficking into theylimthis model.
Studies have shown that IL-5 mobilizes eosinophils from blood circulatdnprimes
them to respond to the eotaxins [184]. Eosinophils then enter the luegponse to a
chemotactic gradient set up due to the secretion of chemokines theliapicells.
Recently, Munitz and colleagues demonstrated that eotaxin proadmtiepithelial cells
was completely dependent on the Type II R (this is the onlyptecexpressed by these
cells) [141]. Moreover, since we provided WT T cells to all enithey were able to
produce IL-5.

Analysis of cytokine production in the BAL and spleen showed elevatds ¢
IL-4 and IL-13 in mice lacking. when compared to control mice. There was a trend for
increased IL-5 secretion as well. The increase i@ @ytokines in .~ and xRAG2"
mice was accompanied by a reduction in IH&vels. Calculation of the ratio of IL-4 to

" mice. This

IFN present in these mice shows that there is a dramag#cbigas in ¢
cytokine profile correlates well with the enhanced asthma pathopbyg observed in

these mice. Moreover, the excessive amounts of IL-4 and IL-13 priesentleficient
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mice, can set up a positive feedback loop by signaling through ype M R and
amplifying asthma responses.

Another hallmark feature of type 2 inflammation is the geaeraf AAM.
Previous studies had indicated that gene expression of AAM produtiie iung were
differentially regulated by the Type | and Type |l receptodfM1 mMRNA expression was
partially dependent on IL-13R, while FIZZ1 mRNA induction was completely
independent of this chain [141]. Here we show that epithelial celisth RAGZ and ¢
" mice were able to produce FIZZ1 and YM1, suggesting that inductitivesé proteins
can occur independently of IL-4 signaling through the Type | R. W@ @bserved that
greater numbers of airways were YM1+ or FIZZ1+ il mice. This was a little
surprising, as epithelial cells usually lackexpression. It is possible however, that the
increased levels of IL-4 and IL-13 present in these mice rdsulfiseater engagement of
these cytokines with the Type Il R on epithelial cells, thus enhgritM1 and FIZZ1
protein expression. Conversely, the decreased levels of HRBly be causing the
enhanced g2 responses seen in epithelial cells. IF\gnaling in airway epithelial cells
has been reported to suppress STAT6 activation [210].

Our group had shown earlier that, IL-4 induced robust AAM gene exprassi
BMM cells in vitro; while IL-13 was much less potent in inducing the same responses
[80]. When macrophages lacked thechain and the Type | R, however, they no longer
responded to IL-4, yet IL-13 responses were intact in these 86lIslh this study, we
investigated role of.in inducing YM1 and FIZZ1 protein production in macrophaiges
vivo. Similar to the studies with our asthma model in the BALB/c background (mentioned

in Chapter 3), we did not detect any FIZZ1 protein expression inopiaages in RAG?2
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or ¢ mice on a C57BL/6 background. Immunohistochemistry and flow cytometry

analyses, however, demonstrated that YM1 protein levels in macrgpivage reduced
by half in the absence of chain. Thus, it appears that thigpe | and Type Il R on
macrophages contribute equally to AAM protein expression upon allelgdiergein
Vivo.

The enhanced;Z responses and allergic lung inflammation occurring as a result
of . deficiency was puzzling. Since, the IL-9R, IL-15R and IL-21R absent in ¢~
mice, we evaluated the role of these pathways in allerggades. It has been reported
that IL-9 can act on many cell types and induce various feabfir@sthma in both mice
and humans (reviewed in [211]). Although transgenic overexpression®frlmice led
to pulmonary inflammation, collagen deposition and mast cell hypeaga12], studies
in IL-9 deficient mice have shown thatd differentiation, eosinophilic inflammation,
AHR, mucus and IgE production occurred normally [213]. Subsequently, ishagn
that IL-9 was required for mast cell function and airway remogdein a model of
chronic asthma [214]. Importantly, these findings and other literstuogy a positive
correlation between IL-9 and asthma pathogenesis. Thus, it is urthletlthe absence of
IL-9 signaling in our model (which is mast cell-independent) spoasible for the
enhanced allergic lung inflammation seendfimice. IL-21 is a --dependent cytokine
that is mainly produced by activated T cells and it is requwed 17 differentiation
(reviewed in [208]). 17 cells and {2 cells can cross regulate each other. Since the
mice in our model received WT T cells, however, there weretablespond to IL-21.
Thus, we do not think that absence of IL-21R or reduction df7 Tdifferentiation is

responsible for increasing the severity of allergic lung disease.
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IL-15 regulates NK cell development, and loss of IL-15 or IL-dEsRIts in a
profound reduction in NK cell numbers [207]. Singes required for the formation of
the IL-15R, . mice also show a severe reduction in NK cells [46]. In our study
however, we found that in mice lacking, the numbers of CD49b+ NK cells in the
spleen were only reduced by half. A more dramatic reduction wasedadh the lung.
Different NK markers used by us (CD49b) and others (NK1.1) maegmonsible for
this discrepancy. It has been reported that IL-4 induces pFdtuction in NK cells [205,
206] and IFN is known to suppressyZ responses. This cytokine can blogk2Tcell
differentiation, as well as activate SOCS proteins, which in iohibit IL-4 signaling
[210]. Since, ;" mice have reduced numbers of NK cells, and since we found reduced
levels of IFN in the BAL and spleen in these mice, we examined whether NKwetfe
responsible for asthma phenotype seen in our model. We found, howevegrbfartof
WT NK cells into xRAGZ" mice did not alter features of allergic lung disease such as
inflammation, eosinophilia and AAM protein expression. Surprisingly, flgteroetry
analysis of CD49b+ CD3- NK cells and CD3+ T cells in theapkhowed that both NK
cells and T cells were producing IFNh mice deficient in ¢ but not in control mice.
When WT NK cells were provided taxRAG2’ mice, similar results were obtained.
Transfer of STAT6 deficient NK cells, however, resulted in a substantigaserin IFN
secretion by both the cell types mentioned above.

Analysis of CD3+ and CD49b+ cells in the lung also revealed tisat teés were
producing more IFN in the . deficient environment. Further investigation of cytokine
production by CD4+ T cell subsets showed that apart from ,IEhese cells were

producing more IL-5 and IL-13. There was an increase in the pegesnté IL-5, IL-13
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or IFN single producers as well as IL-4 & IFNIL-5 & IFN or IL-13 & IFN double
producing cells. Thus, these data suggest that the exaggerated asfiponse seen in
mice lacking ¢ is occurring not due a deficiency in IFMecretion. Rather, excessive
production of this cytokine may be causing the phenotypic differesees between
RAG2"and xRAG2" mice. Indeed, local overexpression of IFIN the lungs has been
shown to induce airway inflammation, increase BAL eosinophil countsglandte IL-4,
IL-5 and IL-13 mRNA levels in the lung [215]. The enhanced IfXoduction by T
cells, however, in is in apparent contradiction to the reduced I&Is detected in the
BAL and spleen in these mice. The reason for this discrepamoy ksnown- it could be
that these CD4+ T cells are consuming more IRMhich is reflected in the ELISA data.

CD4+CD25+ regulatory T cells are known to suppress and T1 cells,
reducing pathology. We analyzed whether there were reduced nuwib@regs in

XRAG2Z" mice when compared to RAG2mice. Surprisingly, we found that mice
lacking . contained greater numbers of CD4+CD25hi Foxp3+ cells. It is not knbwn a
present if these Tregs are functional and can effectively suppy2s=ells.

The mechanism by which deficiency is linked to enhanced IFNnd T2
cytokine production by T cells is not known, especially since theTV¢élls express all
the c-related receptor complexes. It is possible that there istdefel;2 priming and
lineage commitment in the deficient environment. Since we are providing a population
of CD4+ OT-Il T cells that have been primed only onte&ivo, OVA/alum priming in
the host after adoptive transfer may be crucial for effiggenieration of 2 cells. Since
dendritic cells play an integral role in T cell priming, abgeont . on DCs may be

causing this effect. We found that the numbers of CD11b+CD11c+ DCsedased in
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XRAG2" mice. Conversely, increased expression of OX40L was noted in CxElls+
in these mice. Studies have shown that TSLP can enhance OX40lssapran DCs,
and induce 12 priming [25]. Thus the increased OX40L levels in DCs may expiean
increased production ofyP cytokines by CD4+ T cells in mice deficient in The basis
for the altered DC function in, deficient mice is unclear. IL-15 signaling in mature DCs
is required for their survival, upregulation of costimulatory molecaled enhanced
antigen presentation to CD4+ T cells (reviewed in [208]). ILsélitis also a survival
factor for DCs. Together with GM-CSF it induces DC differerdgrafrom mouse bone
marrow progenitor cellsn vitro [208]. Alternatively, lack of IL-21R on DCs may be
important. IL-21 produced by activated (antigen stimulated) & clppresses antigen
presentation and cytokine and chemokine secretory functions of DCs. i@uhsence

of IL-21 signaling in DCs may prevent this negative signaling loop [216].

4.4 Conclusions

In summary, these results demonstrate that expressigis obt required for the
elicitation of the effector asthma responses such as pulmonkmyimétion, recruitment
of eosinophils and mucus production. In the absence of the Type | R, pleellTR is
sufficient to mediate these features of allergic lung inflathon. In contrast, AAM
protein expression in macrophages was partially dependent on thel TRpeMice
deficient in ., however, developed a severe asthma phenotype, with enhanced
inflammation and eosinophilia when compared to control mice. Incre@sétDL

expression in DCs together with excessiy® Tytokine and IFN production by lung
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CD4+ T cells may be responsible for the exacerbated the asdspanses seen iR

deficient mice.
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CHAPTER 5: Contribution of IRS-2 to AAM differentiation and allergic lun g

inflammation
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5.1 Introduction

Insulin Receptor Substrate-2 was originally identified as apted protein
involved in insulin signaling [75](reviewed in [217]). Subsequently, it voasd that IL-

4 could activate the IRS proteins as well [70]. IL-4 induced aabivaif the IRS-2-PI3K-
Akt pathway is important for cell survival and proliferation. Duettorole in insulin
signaling, glucose metabolism and pancreatiell function, deficiency of IRS-2 causes
diabetes in mice [218]. The IRS-2 pathway also regulates repieeldmgology [170].
Very little is known, however, about the contribution of this pathwayasthma
pathophysiology.

Studies have shown that IRS-2 is partially required for IL-4 indoiceidfieration
of CD4+ T cells and secretion ofyZ cytokinesin vitro [151]. IRS-2 also regulates
antibody production by B cells. Serum IgE and IgG1 levels wkreaeed in IRS-2
transgenic mice immunized with OVA/alum [152]. The role of th&-Rpathway in
asthma was investigated indirectly by utilizing Y500F mutardemihese mice have a
mutation in the 14R region of the IL-4Rwhich prevented docking of IRS-2 to the IL-4
receptor and blocked IRS-2 phosphorylation [153]. The Y500F mutation impaicell T
proliferation but did not affect,2 cytokine secretiom vitro. Allergen sensitization and
challenge in F500 mutant mice caused enhanced IgE production, AHiRopokc
inflammation and mucus productiamvivowhen compared to WT Y700 mice.

We have observed previously that IL-4 induces greater phosphorylation ofiRS-2 i
macrophages, when compared to IL-13 [80]. Absence oftlebain and the Type | R
caused a reduction in IL-4 induced phospho-IRS-2 induction as well as Adxd g

expression, while IL-13 signaling was left intact. This suggkshat the Type | R was
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more potent in activating IRS-2 and that this pathway may be tamgofor AAM
differentiation and gene expression. Furthermore, the differemiiction of AAM
genes by IL-4 and IL-13 may result from the differentiab4R signaling induced by
these cytokines.

Thus, we investigated if IRS-2 deficiency led to impaired AAM gene exqmuassi
macrophages. Since AAMs secrete many proteins (Argl, FIZZ1, WBRE-39 and
chemokines) that have been shown to enhance allergic responsed411822, 163,
164], we also evaluated the role of IRS-2 in allergic lung inflation by using IRS-2

mice.

5.2 Results

The IRS-2 pathway links energy homeostasis to reproductive biologylRBug"
mice develop hyperglycemia at 10 weeks of age and full-blown teislz 12 weeks.
Female homozygous IRS=2mice are infertile, while males display reduced fertility
Therefore, we bred IRS-2 heterozygous male and female miwe.pfogeny were
genotyped and used for performing various experiments. As the IRBe that we
obtained were on a mixed B6;129 background, we backcrossed them to the C57BL/6

background for 10 generations.

Analysis of IRS-2 and STAT6 phosphorylation in IRS-2 mice
Preliminary studies were conducted to assess IRS-2 and STAT6 phiasioimoin
the IRS-2 mice. Bone marrow derived macrophages (BMM) and spiesotom IRS-

2" IRS-Z" or IRS-2" mice were stimulated in presence or absence of IL-4. Cells were
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IP: IRS-2 IP: STAT6
+/+ +/- -/- +/+ +/- -/-
IL-4 + + + IL-4 - + - + - +
pY-20I I pSTAT6 I I
WB:
IRS-2 I I STAT6 I I

Figure 23: Analysis of IRS-2 and STAT6 activation in IRS-Z mice. BMM cells or

splenocytes isolated from IRS:2 IRS-Z" or IRS-2" mice were treated with or without

20 ng/ml IL-4 for 30 mins. Whole cell lysates were prepared ar®t2Ror STAT6

proteins were immunoprecipitated. Phosphorylated and total IRS-2 A& 1vas

detected by western blotting. Representative data from one of ¢éxmEiments is

shown.
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lysed, IRS-2 or STAT6 was immunuoprecipitated, followed by detectiophoBpho-
tyrosine (PY-20) and IRS-2 or pSTAT6 and total STAT6 by westenttifg (Fig. 23). As
expected, the IRS?2BMM completely lacked IRS-2 protein and its phosphorylated form
upon IL-4 stimulation. Interestingly, we found a gene-dosage effétt,even the IRS-
2" cells expressing lower levels of phosphorylated IRS-2. The laanyftotal IRS-2
protein expression in the heterozygous cells, may be attributed fercctiibat the amount
of protein produced was below the detection limit. In constral$, item all the three
different groups of mice expressed STAT6 as well as its phosphestyform, when
treated with IL-4. This is consistent with what is known in ttexdture: disruption of the

IRS-2 gene does not impair STAT6 expression and activation [151].

AAM gene expression in WT and IRSr2acrophages

To determine if enhanced phosphorylation of IRS-2 by IL-4 was resporigible
differences in AAM gene expression induced by IL-4 and IL-13, weyaedlexpression
of characteristic AAM markers. Bone marrow derived macrophages iRS-2", IRS-
2" or IRS-2" mice were treated with 100 ng/ml IL-4 or IL-13 for 6 hours or 24réou
Phosphorylation of STAT6 was induced equally by IL-4 and IL-13 at thiskine
concentration [80]. Following stimulation of macrophages, cell® Wesed, total RNA
was isolated and converted into cDNA. Relative expression of FIZKIl,, YArgl and
Mannose Receptor (MR) mRNA was quantified using real-time.RERT was used as
the housekeeping gene. IL-4 or IL-13 elevated FIZZ1 and YM1 mRiNal$ (Fig. 24 A

& B) up to 24 hours. Argl and MR expression (Fig. 24 C & D) on the other hand peaked
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Figure 24: Enhanced AAM gene expression in IRS?2 mice. BMMs were isolated
from IRS-2"* (yellow line), IRS-2" (blue line) or IRS-Z (green line) mice as described
in Materials and Methods. Cells were stimulated with 100nd/Al (filled symbols) or
IL-13 (hollow symbols) for 6 or 24 houis vitro. Cells lysates were prepared, total RNA
isolated and converted into cDNA. Relative expression of FIZZ1 (A), YM1AR)1 (C)
and MR (D) mRNA was analyzed using quantitative real tiG& Rs described in [80].
Data represented as fold induction (2') relative to unstimulated and HPRT controls.

Representative data from one of two experiments is shown.
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at 6 hours and decreased at 24 hours. As seen earlier with Wopmages [80], IL-4
was able to induce robust induction of FIZZ1, YM1 and Argl transciiptiRS-2"*
macrophages in contrast to IL-13 (Figure 24). Deficiency of IRS-ﬁnm(IRS-Z") or
both alleles (IRS-2), however, did not change this differential AAM gene expression. In
fact, absence of IRS-2 in macrophages led to enhanced expresBi@Zbf YM1, Argl
and MR mRNA by both IL-4 and IL-13. A gene-dosage effect was kesnas well in
the IRS-2" cells in case of FIZZ1 and YM1, but not for Argl and MR.

These findings suggest that IRS-2 negatively regulates AAM eygmession
and that the differential phenotype induced by IL-4 vs. IL-13 is not dogudue to IRS-

2 signaling.

Role of IRS-2 in allergic lung inflammation
Next we examined the contribution of the IRS-2 pathway to lung

inflammation and eosinophilia. IRS2 IRS-2" or IRS-2" mice were sensitized and
challenged with Ovalbumin as depicted in Figure 25A. Since IRSidtisequired for T
cell development and 4R differentiation, OVA-specific T cells were not provided
exogenously to these mice unlike in experiments mentioned in Chdptarsl 4.
Immunization of mice with OVA/alum on days 1 and 6 is sufficiemt T42 priming.
After completion of the asthma protocol, BAL cells were coliécteytospin slides
prepared and total and differential cell counts were performedreTiwas a gradual

increase in the total number of cells (T) recovered from the BAL as eachdlI&S-2
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Figure 25: Effect of IRS-2 on allergic lung inflammation.The asthma protocol used in
this study is shown in (A). (B) The total number (T) and percestagfe cells,
macrophages (M), eosinophils (E), lymphocytes (L) and polymorphoneutroBdils (
present in the BAL in OVA-sensitized and challenged IRS-IRS-2" or IRS-2" mice
are represented in the form of bar graphs. * p<0.05. (C) Photomipregief H&E
(panels a-c- 10X; panels d-f- 100X) and PAS (panels g-i- 103hexd lung sections of
mice mentioned above. Arrows point areas of inflammation. n=3-4 imieach group.

Representative data from one of two independent experiments is shown.
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was deleted in mice- lowest number of cells were isolated ftB®-2™* mice,
intermediate levels from IRS“2 mice and the highest from IRS-2mice (Figure 25B,
left panel). The number of macrophages and eosinophils recoveredhieoBAL in
these mice followed a similar trend, with significantly greatembers of these cells
being present in mice lacking IRS-2 in comparison to the WT controlsp@iltentages
of macrophages (M), eosinophils (E), lymphocytes (L) and polymorphoneusrdp)il
present in each mouse strain, however, were essentially the same.

Allergen sensitization and challenge caused pulmonary inflaomiatRS-2"*
mice, characterized by the presence of pockets of celldidrates around the airways
and blood vessels (Figure 25C, panels a & d). The enhanced level ofdBslfotind in
the IRS-2" mice was reflected in the lung tissue as well. Pronouncedrgechial and
perivascular cuffing was observed in the lungs of these micel(ga As with the BAL
data, more eosinophils as well as mononuclear cells (macrophaddynaphocytes)
were present in the cellular infiltrates (panel f). The pathokesn in IRS-Z mice was
intermediate to that of the WT and IRS-thice (panels b & e). Lung epithelial cells in
all three mouse strains were producing mucus (panels g-i).

The above findings suggest that IRS-2 acts to suppressicalleng
inflammation; absence of IRS-2 signaling causes increaseditneent of inflammatory

cells into the lung, leading to greater lung pathology.

Analysis of cytokine production by WT and IRS-2 deficient mice
Since IRS-2 deficiency caused enhanced pulmonary inflammatichealeed if

the levels of T2 cytokines were elevated in these mice. The amount of IL-4, IL-5, and
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Figure 26: Cytokine production by IRS-2"*, IRS-2"" and IRS-2" mice. Mice were
sensitized and challenged with Ovalbumin using the protocol described).ir8 Rind
Materials and Methods. Levels of IL-4, IL-5 and IL-13 presenthimn BAL fluid were
measured by ELISA. Data represented as cytokine concentnatpgim!| = SEM. n=3-4

mice in each group.
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IL-13 present in the BAL fluid was quantified using ELISA. Ngnsficant differences in
cytokine production were detected in IRS:2nice versus IRSZZ and IRS-Z" mice
(Figure 26). IFN levels in all three mouse strains were below the detectiah (iata

not shown).

Effect of IRS-2 on YM1 and FIZZ1 expression in vivo

The AAM gene expression studies in BMM (Figure 84)vitro had
demonstrated that absence of IRS-2 led to increased production dbfavidl FIZZ1
MRNA. Thus, we examined if IRS-2 negatively regulates YM1 andZFlgrotein
expression in the context of allergic lung inflammationvivo. Immunohistochemical
(IHC) analysis was performed on serial lung sections from QG¥®sitized and
challenged IRS-Z", IRS-Z" and IRS-Z mice to detect YM1 and FIZZ1 protein
production by both epithelial cells and macrophages. Epithelial ceftsdll three mouse
groups were able to produce YM1 as well as FIZZ1 (Figuje Zhere was no apparent
difference in expression of these proteins in epithelial cell8Vil mice versus mice
deficient in IRS-2.

Thein vitro AAM gene expression findings mentioned above were validated
also in macrophagen vivo. Slightly greater intensity of YM1 staining in macrophages
was detected in mice lacking IRS-2 (Figure 28, panel c; daswrhr by IHC than
macrophages present in WT mice (Figure 28A, panel a; lightembrave differences
in YM1 staining intensity in macrophages was quantified using figtemetry. BAL
cells isolated from IRS*Z, IRS-Z" and IRS-Z mice were stained with antibodies to

CD11b and YML1. In the absence of IRS-2, the proportion of CD11b+ YM1+ cells
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Figure 27: YM1 and FIZZ1 protein expression in epithelial ells. Serial lung sections
from OVA-primed and challenged mice described in Figure 26 seigected to
immunohistochemical staining wusing antibodies against YM1 and IIZZ
Photomicrographs (10X and 40X magnification) of YM1 and FIZZ1 stainedhediait
cells in IRS-2" (panels a-d), IRSZ2 (panels e-h) and IRS2mice (panels i-I) are

shown here. Representative data from one of two experiments is shown.
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Figure 28: YM1 expression in macrophagesn vivo. IRS-2"*, IRS-Z" and IRS-Z

mice were subjected to the allergic lung inflammation protdeskribed in Figure 24.
(A) YM1 protein expression in lung sections from the above mice detected using
IHC. Photomicrographs (100X magnification) of YM1+ macrophages (iteticdy

arrows) from representative lung sections are shown. (B) BA& were isolated from
the three groups of mice, labeled with antibodies against CD11b and YMdnalyded
by flow cytometry. Percentages of CD11b+ YM1+ cells shown agldté and mean
fluorescence intensity (MFI) of YM1 staining (blue) represgnte the form of
histograms. Staining with secondary antibody was used as contdolhigeogram).

Representative data from one of two independent experiments is shown.
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increased from ~70% to >84% (Figure 28B, contour plots). More importand MF1 of
YML1 staining at the single cell level also increased- IRSRacrophages had the least
MFI (1147), followed by IRS-Z" macrophages (1388) and macrophages isolated from
IRS-2" mice had the highest staining intensity (1570) (Figure 28B, histograms).

Similar to thén vitro BMM results described above, IRS-2 negatively regulates
AAM protein expressiomn vivo during allergic lung inflammation. However, absence of

IRS-2 on epithelial cells has no effect on AAM protein production by these cells.

5.3 Discussion

Apart from activating the STAT6 signaling pathway, IL-4 and ®ssel extent,
IL-13, also induce phosphorylation of IRS-2. pIRS-2 acts as an adajgt&inmecruiting
other signaling proteins such as PI3K and Grb-2. The pathwaysitactiby IRS-2 are
required for IL-4 mediated cell survival and proliferation [76].haligh the role of
STATG6 in inducing AAM differentiation and allergic lung inflamnaat has been studied
extensively, much less is known about the contribution of IRS-2.

Previously, we had found that IL-4 elicited strong phosphorylation o2 IR®I
AAM gene expression in macrophagewitro, while IL-13 induced significantly weaker
responses [80]. Moreover, IL-4 mediated signaling and gene inductionbnagated in
macrophages lacking the chain and the Type | R. Thus in this study, we examined
whether absence of IRS-2 would suppress IL-4 mediated AAM activdfiontrary to
our expectations, we found that stimulation of IRSracrophages with IL-4 or IL-13
enhanced expression of all the AAM genes tested, FIZZ1, YM1, ArglVamhose

Receptor, when compared to WT macrophages. Macrophages isolatedRBe?’ mice
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also expressed elevated levels of FIZZ1 and YM1 mRNA, suggetiat there was a
gene dosage effect. These findings indicate that IRS-2 ndgategulates AAM gene
expression.

Moreover, the differential effect of IL-4 versus IL-13 in induchkf§M gene
expression was still observed even in IRS-2 deficient celisis,Tthe reduced AAM
transcript levels seen in IL-13 stimulated macrophages weracoatring due to reduced
IRS-2 activation. It is known that the cytoplasmic tail of IL-13Rcontains two binding
sites for STAT3 [219]. Activation of STAT3 occurs only through Typ&Isignaling
[220]. Therefore, it is possible that IL-13 mediated activation of B4 dampening
STATG6 responses induced by this cytokine. Alternatively, enhanced1Sid&ruitment
by the Type Il R may be responsible for the difference in Agdvie expression induced
by IL-4 and IL-13. Mutation of the ITIM motif in the IL-4Rchain resulted in increased
sensitivity of macrophages to IL-13 mediated AAM activation [221].démonstrated
earlier, the Y709 (WT) BMMs treated with IL-4 led to signafintly higher expression of
AAM genes Arginasel, Chi3Igand alsoCcl11in contrast to IL-13. Y709F mutation,
however, resulted in enhanced STAT6 phosphorylation and led to a dramatic
amplification of Arginasel, Chi3l3andCcl11genes in response to IL-13, while leaving
the IL-4 induced responses intact or slightly enhanced [221]. The autlopaspd that
differential recruitment of SHP-1 by the Type | and Typeetleptors may be the reason
for the disproportionate increase in AAM gene expression inducédd 1.

The promoter regions of FIZZ1, YM1 and Argl all have STAT6 and Z/EB
binding domains [98-100]. We and others have shown that STAT6 signaksgestial

for induction of these AAM proteins (Chapter 3) [222]. Moreover, STAT6 @EBP
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cooperate to induce maximal FIZZ1 and Argl gene expression [99, 100jeddwn for
enhanced induction of AAM genes in absence of IRS-2 is not known atnpres
especially since STAT6 signaling was found to be intact in2RSand IRS-Z mice. It
has been reported in the literature that insulin signaling througliR&é/2-PI3K-AKT
pathway leads to suppression of C/EBRediated transactivation of genes [223]. Insulin
and AKT disrupt interactions between the transactivation domain iBFEC/Bnd certain
coactivator proteins (such as p300/CBP), abgrotaing C/EBP mediateatian of genes.
Since IL-4 and to some extent IL-13 also utilize the IRS-2-PI3-Aathway, it is
possible that IL-4/IL-13 suppresses C/EBP as well. Thus, in the@absd IRS-2 more
C/EBP might be available, which may cause the increased AAM gepression that we
observed in IRS-Z and IRS-2" macrophages (Figure 29).

Recently it has been shown that SHIP-1 regulates macropHagentdtion and
function as well. Bone marrow cells and macrophages isolatedSHifa-I"~ mice were
more sensitive to IL-4-induced AAM differentiation [224]. Blockade ®HIP-1
expression in these cells resulted in increased PI3K actimdytranscription of STAT6-
dependent AAM genes, such Agyl [224]. Therefore, it is possible that the absence of
IRS-2 causes reduced recruitment of SHIP-1, leading to increatedtion of PI3K and
STATG.

Evaluation of the role of IRS-2 in allergic lung inflammationvivo, also
indicated that this signaling protein suppresses pulmonary inflaosmatsinophilia and
YM1 expression in macrophages. Allergen sensitization and challangsi2” mice
led to a significant increase in the numbers of eosinophils and magesppiesent in the

BAL compared to IRS-Z" mice, although the percentages of cells remained the same.
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Figure 29: Model for IRS-2 induced suppression of AAM gene x@ression. IL-4
binding to the Type | R or IL-4/IL-13 signaling through the TypeRll(not shown)
induces phosphorylation of STAT6 and IRS-2. pIRS-2 activates PI3K add. A
Activated STAT6 on the other hand enters the nucleus and increasssription of
various genes. The promoter regions of AAM genes, such as FIZZ1, MilArginasel
have STAT6 and C/EBP binding domains. STAT6 and C/EBP cooperate togethe
induce maximum AAM gene expression. 1. Similar to that seenufinrsgnaling, IL-4
and/or 1L-13 induced IRS-2-PI3K-AKT activation may suppress C/BBe&diated
transactivation of AAM genes. 2. In the absence of IRS-2, C/EBR4dctivation will not
be suppressed. Thus more C/EBP can bind to the promoter regionsvbigéres and

enhance gene expression.

136



Insulin IL-4

137



This suggests that deficiency of IRS-2 causes a general secieainflux of all
inflammatory cells into the lungs and not just eosinophils. Examinafitf&E stained
lung sections also showed the presence of large numbers of mononwileaand
eosinophils in the cellular infiltrates around the airways and blosskel® No significant
differences in IL-4, IL-5 and IL-13 levels, however, were dettatethe BAL between
IRS-2"*, IRS-2" and IRS-Z" mice. A slight reduction in IL-5 was seen in IRS-fice,
which may have been due to increased consumption of this cytokieesimophils. The
enhanced levels of BAL eosinophils in these mice points to thigtidinem vitro studies
in Ty2 cells by Wurster and colleagues had indicated that IRS-2 was pagdgliyed for
IL-4 and IL-5 production [151]. Our studies show, however, thativo Ty2 cytokine
production can occur independently of IRS-2.

The enhanced allergic lung inflammation phenotype seen in micerdeiic
IRS-2 is consistent with the findings reported by Blaesteral. They showed that
mutation of a critical tyrosine residue in the 14R region to pladaryine (Y500F) led to
abrogated IRS-2 phosphorylation and AKT signaling [153]. The 500F ralise
developed severe inflammation, eosinophilia and AHR in comparison toS@ rviice.
Both groups of mice produced similar amounts g2 €ytokines, though.

Similar to then vitro AAM gene expression data, we found that YM1 protein
intensity in macrophages was increased in mice lacking eithesrdsah alleles of IRS-
2 in viva. There was an increase in the number of CD11b+YM1+ cells in MeiB
IRS-2"" and IRS-Z" mice, upon allergen challenge. This could be a reflection of the
enhanced macrophage levels detected in the BAL. Levels of FIZZMar pfoteins in

epithelial cells in all mice, however, were essentiallyshmme. It is possible that there is
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a link between the elevated levels of AAM seen in mice @eficin IRS-2 and the
severity of pulmonary inflammation. Recent reports in thedlitee suggest that AAM
can exacerbate asthma responses. YM1 can act as a chertadttiaand recruit
eosinophils into the lung [121], and it may also be involved in tissue remgdeid
fibrosis [122]. Apart from YM1, AAM can secrete other factors saslPAMCase, BRP-

39 and various chemokines. IL-13 mediated induction of AMCase in macrophgdes
epithelial cells causedy? inflammation and AHR, which was abrogated when AMCase
was neutralized [117]. Alveolar macrophages have been reportegriessxigh levels

of BRP-39- a chitinase-like protein- during allergic lung inflaation [118]. Moreover,
antigen-specific §2 responses, tissue inflammation and fibrosis were significantly

reduced in mice deficient in BRP-39 [118].

5.4 Conclusions

Our results clearly show that IRS-2 negatively regulates bé&th Aene
expressionin vitro andin vivo. In addition, the elevated numbers of AAM and their
secreted products may be responsible for increasing the sewérigflergic lung

inflammation in IRS-2 deficient mice.
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CHAPTER 6: Discussion
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The incidence of asthma and other allergic diseases has rigag ekiar the last
decade, due to a shift in living habits to a more urban lifesfitee World Health
Organization estimates that 300 million people of all ages watklwsuffer from asthma
and the numbers are projected to rise to 400 million by 2025 [2]. Cutrémndydisease
poses a huge burden on the health care system. Thus, it is ingé&vdietter understand
of the cellular and molecular events involved in asthmatic respomsesoadevelop
effective treatment strategies.

Repeated allergen exposure and sensitization in atopic individualss caus
enhanced activation ofy2 cells leading to increased production of cytokines IL-4 and
IL-13. Numerous studies have established that these cytokines cathesany features
of asthma by binding to the Type | or Type Il R and activativgg STAT6 signaling
pathway. In this study, we developed a mouse model of asthma ih Whphopenic
mice receivedn vivo primed allergen specific WT CD4+ T cells vivo activation of
these T cells following allergen sensitization and challengketdaencreased production
of IL-4 and development of airway inflammation as well agrahtive activation of
macrophages in mice. This model may be more relevant for studyhe
pathophysiological changes that occur in atopic individuals, r@piibduces the manner
in which T cells are sensitized in humans.

Since IL-4 and IL-13 are key players in inducing asthma, thdisgypathways
activated by them are major therapeutic targets. Idergifilie precise mechanisms by
which IL-4 and IL-13 mediate their responses vivo, however, has been difficult
because these cytokines share receptor complexes. IL-4 and daii3function

differently during allergic responses. IL-4 is required fg2 Tell differentiation [14]. On
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the other hand, IL-13 signaling through the Type Il R is responsiblelitoting mucus
hypersecretion and AHR [126, 127]. Recent studies have shown that firerdiél
signaling pathways activated by these cytokines and their taspeeceptor complexes
may explain these functional differences. IL-4 induced robust phosphonyt# IRS-2
in macrophages, but IL-13 was less efficient in inducing this resd@0$. Activation of
the IRS-2 pathway by IL-4 was found to be dependent.phowever, the role of IL-4
signaling through the Type | R in the effector phase of asthrsil unknown. Here, we
evaluated the contribution of the Type | R in inducing allergi@amfhation and AAM
protein expression in the lung. Our results show that inflammationnogbsiia,
epithelial cell derived mucus, FIZZ1 and YML1 protein expression caldel place in the
absence of.and the Type | R. However, YM1 production by macrophages was found to
be partially dependent on this receptor. Thus, in addition to its irol@ cell
differentiation, action of IL-4 through the Type | R clearly uleges AAM protein
expressionin vivo. Since YM1 and other proteins secreted by AAM can induce lung
fibrosis and collagen deposition, targeting this pathway may bee&ul strategy to
suppress airway remodeling.

Current strategies for suppressipg fesponses in allergic diseases have focused
on developing blocking monoclonal antibodies or fusion proteins targetidg IlL-13,
their receptor components or their transcription factors, STAT6 GAd@A3. The
efficacy of a soluble form of the extracellular domain of humadR (altrakincept) has
been tested in clinical trials. Phase Il trials showed thattteatment was effective in
patients with mild to moderate asthma and allowed withdravesh ftreatment with

inhaled corticosteroids [225, 226]. A phase Il trial, however, failedetoahstrate the
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efficacy of altrakincept in asthma treatment. It was undfetinis was due to reduced
bioavailability of this drug in patients or if blocking IL-4Really did not have any
effect. Other phase Il studies using monoclonal antibodies againannur or IL-4R
are underway. Since IL-13 is the predominant cytokine that inducessmpuduction and
AHR, the effectiveness of soluble IL-13 receptors and monoclonal amshadainst IL-
13 or IL-13R 1 are also being tested (reviewed in [227]). STATG6 is activagdzbth IL-
4 and IL-13. Thus, antisense and RNA interference based strateglesieg explored to
inhibit STAT6 action in asthma. Our studies demonstrated that lack of STAT&4ét IL
significantly reduced pulmonary inflammation and eosinophil recantm Mucus
production by epithelial cells was also completely abolished. SMEen vivo primed
CD4+ T cells were provided to mice deficient in STAT6 or IL-4Bhese cells were still
capable of producing R cytokines. Even in the absence of STAT6 or IL-4R cells
other than T cells, airway inflammation and eosinophilia was olbgan/¢éhese mice.
AAM differentiation and FIZZ1 and YM1 protein expression on the rothend was
completely dependent on STAT6 and IL-4R his suggests that other pathways such as
IL-5 signaling can mediate allergic lung inflammation in #sence of STAT6/IL-4R
Indeed, studies in mice and non-human primates have establistede fr IL-5 in
modulating eosinophilia during asthma. Humanized monoclonal antibodies dgabnst
have also been developed for asthma treatment. Although these antibediesble to
reduce numbers of circulating eosinophils in clinical trials wittthraa patients,
surprisingly they did not have any effect on asthmatic responses and AHR [228, 229].
Due to the complex nature of asthmatic disorders and the redunddunogtion

of different signaling pathways, it is possible that a singeapy may not be effective in
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combating all the symptoms. A multi-pronged therapeutic approachitdppllmonary
inflammation, eosinophilia, mucus production and AHR may be required. Saksreve
obtained using mice deficient in STAT6, IL-4Ror . point in this direction.
Alternatively, since asthma pathogenesis is quite heterogendusmans, development
of targeted therapies to treat a specific subset of pat(ehtawing similar clinical
features) may be more effective. Results from a recentepHhaslinical trial for
monoclonal anti-IL-13 therapy for asthma showed that this treatrsigmificantly
improved lung function in patients who had high levels of IL-13 beforentiesat but
was less effective in patients with low IL-13 levels [230]. Ehdata illustrate the utility
of targeted asthma therapies.

IFN is a T4l cytokine that can strongly suppresg2Tcell development and
cytokine production. Subcutaneous injection of recombinant human H&Bl been tried
for treating asthma patients, without much effect [231]. In ourystwe found that WT
CD4+ T cells transferred inta,”” mice produced more IFNas well as §2 cytokines
upon allergen sensitization and challenge when compared to contel Imispite of the
elevated levels in IFN mice deficient in . developed exaggerated airway inflammation
and eosinophilia. Other groups have also shown that presence of diifvig an
established {2 response results in increased inflammation [215, 232]. Thus,
administration of IFN may not be good therapeutic strategy, especially in chronic
asthmatics.

So far, scientists have mainly focused on the role of IL-4/limEBliated
activation of STAT6 in asthma. IL-4 and to a lesser extent IL-18eker, can also

activate the IRS-2-PI3K-AKT pathway. Using IRS-nice, we show in this study that
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AAM gene expression (FIZZ1, YM1, Argl) in macrophages was neggatiegulated by
IRS-2. Allergen sensitization and challenge in IRS+Rice in vivo led to enhanced
inflammatory responses, inducing more eosinophil and macrophage reottie lungs.
Unlike the . findings, absence of IRS-2 led to increased YM1 production by
macrophages. Since there were no differences in the quanfitieg® cytokines in the
BAL in the two groups of mice, it is possible that the increasedrtsrof AAM present
in mice deficient in IRS-2 causes the enhanced allergic lutgmniation phenotype.
AAM and their products have also been implicated in exacerbaitiwgyaremodeling
and fibrosis. Thus blockade of AAM differentiation may be a novel therapeutic target.
Therefore in conclusion, this study delineated the relative commniboftithe
Type | IL-4 R versus the Type Il R in asthma pathogenesis. Funtreeidentified a
negative regulatory role for IRS-2 in airway inflammation andvAdifferentiation and
gene/protein expression. Further studies are required to idehgfybasis for the

differential responses induced by IL-4 and IL-13.
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