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Abstract

Abstract

Allergic diseases are prevalent and thetr maidences have been increasing worldwide.
Fosimophils are the pnncipal effector cells for the late phase response in allerzic inflammauon.
The mnfiliraton of cosinophils together with other inflammatory cells at the local
inflammatory sites 1s the major charactenistic in allergic inflammation. However, the detailed
immunopathological responscs and mechamsms of the activation of cosimophils in allergic
inflammation are not well defined. In the present study, we investigated and attempted to
clucidate the mechamsms of eosinophl activation induced by varous stmull, including
thyimic stromal lymphopoietin (TSLP). the novel interleukin (IL)-12 family cytekine 1L.-27,
and ligands of nucleotide-binding oligomenzation domain (NOD) lke receptor (NLR)
protein NOD1 and NOD?2 vpon interaction with bronchial cpithelial cells.

| TSLP is a novel IL-7-like cytokine highly expressed by bronchial cpithelial cells and
skin keratinocytes in allergic discases. TSLP acts as a master switch for allergic inflammation
through the activation of dendntic cells and mast cells for mitiating inflammatory Th2
responses. To elucidate the immunological cascades of cpithelium/keratinocyte-cosinophil
mediated allergic inflammation, we examined the modulating effects of TSLP on human
eosinophils. We obscrved that human eosinophils constitutively expressed TSLP receptor
complex compnsing TSLP-binding cham TSLPR and IL-7Ra chan. TSLP could
significantly delay eosinophil apoptosis, up-regulate the cell surface expression of adhesion
molecule CDI8® and intercellular adhesion molecule-1 (ICAM-1} but down-regulatc
[-selectin, enhance eosinophil adhesion to fibronectin, and induce the release of inflammatory
cytokine IL-6 and chemokines CXCL8, CXCL1 and CCL2. All thesc effects were

concentration-dependent and TSLP-specific. TSLP regulated the above effects through the

Vil
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activation of extracellular signal-regulated protemn kmase (ERK), p38 mutogen activated
protein kinase (MAPK) and nuclear factor (NF)-«xB signaling pathway. but not signal
transducer and activator of transcniption (STAT)-5 and STAT-3 which were usually activated
mn other effector cells upon TSLP stimulation. Collectively, the above findings elucidated the
pro-allergic mecharusms of TSLP wvia the activation of distinct intracellular signaling
pathways in eosinophuls.

Recently, the novel IL-12 family member [L-27 was found to regulate immunc responses.
exerting either simulation or suppression effects. We found that eosinophils constitutively
expressed 1L-27 receptor heterodimer, gpl30 and WSX-1. 11.-27 could prolong cosinopinl
survival by reducing apoptosis, modulate the expresston of adhesion molecules o facilitale
cosimophul adhesion and accumulation, and induce the release of promflammatory cytokines
I1.-6, tumor necrosis factor (TNF)a. 11.-1[3 and chemokines CCL2, CXCLE and CXCLL The
stimulatory effects of 1L-27 on eosinophils could not be abrogated by [1.-25, hematopoietic
cytokine granulocyte-macrophage colony stimulating factor (GM-CSF) and toll-like receptor
(TLR).4 ligand lipopolysaccharide (1.PS). These findings were different from the effects of
IL-27 and LPS on monocytes. Intracellular signaling mechanisic studies showed that
IL-27-mediated cosinophil activation was differentially regulated by MAPKs and NF-xB.
Based on the above results, 1L-27 could play cnictal roles in allergic discases by the activation
of eosinophils via differential intracellular signaling cascades. However, 11.-27 has been shown
to suppress allergic diseases in mouse models. According to our findings of its activating
effects on human eosinophils, IL-27 may play pletotropic roles in human allcrgic responscs.

Accumulating evidence has indicated that microbal infection could mntensify allergic
responses. Previous findings demonstrated that cosmophil activation could be elictted by
bactenal and viral conserved molecular paitem through TLR. Recently, two cytoplasmic
pattemn recognition receptors, NLR protein NOD1 and NOD2, have been discovered and the
important roles in innate immunity have been clucidated. Eosinophils alone have liitle

VI
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responses upon the stimutation with hgands of NOD1 and NOD2. Since airway cosmophils
mcrease in more numbers of asthmatic patients compared to control subjects, we investigated
the co-culture system of cosinophils and human bronchial epithelial cells to llustrate the
potential immunopathological roles of NOD1 and NOD2 in asthma processes. In the
co-culture system. NODI hgand y-D-Glu-mDAP (1E-DAP) and NOD2 hgand muramyl
dipeptide (MDP} could upregulate cell surface expression of CD18 and ICAM-1 on
cosinophils and ICAM-1 and vascular cell adheston molecule-1 (VCAM-1) on bronchial
epithehal cells, as well as induce chemokines CCL2 and CXCLSE release. These findings
therefore imply the divect interaction and activation between the two cells upon NODIT and
NOD?2 ligand stunulation.

n conclusion, the above findings demonstrated that cosinophils could be potently
activated by diverse stimuli and regulated by multiple mtracellular regulatory mechamsims.
The elucidation of eosinophil activation may offer new therapeutic strategies and clucs for the

reatment of allergic diseascs.
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Chapter 1

General Introduction

1.1 Allergic diseases and allergic inflammation
i.1.1  Prevalence of allergic diseases

The word “"Allergy” was denved from the ancient Greck aflos meaning "other” and
ergon meaning “reaction” and ongnally introduced in 1906 by Austnan physictan (‘lemens
von Pirquet to descrnibe the hypersensitivity reaction of patients who had quicker, imore severe
reactions to a second injections of horse serum or smalipox vaccine if these pauents had
previously received these mjections before (Kay, 2000). An allergy 1s a disorder of the
mmune system often also referred to as atopy. Allergens are antigens that tmgger specific
mmunologic mechanisms to causc allergic reactions, resulting in the development of allergic
diseases, which include allergic asthma, atopic dermatitis (AD), allergic rhinitis, eczema,
allergic conjunctivitis, urticaria, food hypersensitivity, drug hypersensitivity, insect sting or
bite hypersensitivity, and/or anaphylaxis (Johansson ef al., 2004).

According to published results until now, the prevalence of atopic diseases has increased
abruptly 1n past decades. By 1998, a worldwide survey (ISAAC Phase [) found amongst
children of 13 - 14 years of age that one in three suffered from asthma, one in four suffered
from hay fever and one in five suffered from atopic eczema (Asher and Weiland, 1998,
Pcarce er ul, 2000). In addition, the prevalence atopic rate with symptoms of current wheeze,
speech limiting wheeze, rhinoconjunctivitis and flexural dermatitis was high in Chinese
school children though there are differences among Hong Kong (41.2%), Beyjing (23.9%) and

Guangzhou (30.8%) (Wong et al.. 2001). Dramatic increases in the prevalence of atopy and
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asthima have occurred over the past tew decades in Westernized countnies, including United
Kingdom, Amenca, Austraha, Canada and Hong Kong. and more recently n less-developed
nations, such as China (Eder ¢ «f.. 2000). 1t 1s esimated that as many as 300 mullion people
worldwide currently suffer from allergic asthma, a total that 1s cxpected to nse by an
additional 100 mullion, mainly in children, over the next 15 - 20 years (Braman, 2000; Fanta,
2009, Wamer ¢r al., 2006). Anticipated increase in the prevalence of allergic discases may

become a severe challenge of chimcal pracuice and public health planning.

1.1.2  Causes of allergic dise:;lsa

Muluple risk factors are responsible for allergic discases. Generally, these factors could
be placed in two categories, host factors and environmental factors (Grammatikos, 2008).

Host factors, including heredity, sex, race and age, to some extent, predispose humans (o
develop allergies n the first place. The most sigruficant and essential pre-condition 1s the
genetic background, which is coded in our genes and inhented from our parents with a
tendency for allergy. It has been well-established that genetic factors strongly aftect
susceptibility to allergy and its associated traits. Allergic discases strongly tend to occur in
families: parents with allergy are more hkely to have atopic children; identical twins are more
likely to have the same allergic discases than non-identical twins (Dc Swent, 1999; Galli,
20000). The nsk of allergic sensitization and the development of allergies are different among
ages. The young children are most at nsk for allergy and show the highest IgE levels, which
fall rapidly between the ages of 10 and 30 years (Croner, 1992; De Swert, 1999). Besides,
boys show a higher nisk for atopy and developing allergy than girls, although for some
diseases, such as asthma in adulthood, women are more likely to be affected (Anderson et «f..
1992: De Swert, 1999). Recent studies have also suggested that different genetic loci are
associated with asthma for people from European, Hispanic, Asian, and Afncan (Bamnes ef «f..

2007).
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Though genetic and other hosl reasons are most important factors accounting for allergy,
however, genetic changes in populations would be 00 slow to account for the rapid change my
the increasing prevalence of allergy in recent years. Most information on the cffects of
cnvironmental exposures on the risk of allergic diseases has been reported. Environmental
factors, mcluding tobacco, air pollution, allergens, infection, microbial substances, dictary
changes and ctc., arc also important for allergic disorders. A number of studies have shown
that active smoking 1s associated with the onset of asthma i adolescents and adults (Eder or
el 2000). The level of exposure to allergens such as house-dust mites and cat dander aftects a
person’s nsk for the development of IgE antibodies aganst thesc allergens. However,
exposure to environments rich in these substances, such as stables and barns of traditional
dary fanns, has consistently been shown to significantly reduce the nisk of astlima and atopy
(Eder e af, 2000). Changing environmental exposures may not affect disease prevaience
immediately. However, robust data have revealed the linking changes in the environment to
changes in the prevalence and incidence of allergy over tuime. In addition, respiratory
infections, especially respiratory virus infections, are also associated with attacks of bronchial
asthma and they also have been associated with the onset of allergic sensitization (Busse and
Gemn, 1997).

Besides the conmbution of host factors in the mix of environmental factors, other
elements including social, cultural, or economuc factors are also important and involved n
allergy. The true causes of the increase n allergy are probably a combination of seveial

factors.

1.1.3 Immunopathology of allergic inflammation
The immune system nomally responds to a vanety of microbial invaders with little or
no damage to host tissues. However, in some situations, immune responses can lead to more

severe tissue damaging reactions {immunopathology). This “overreactivity”” by the immune
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system to antigens is often referred to as hypersensitivity to antigens of both microbial origin
and sclf antigens (autormmunity). Hyperscensitivity reactions are antigen specific and occur
after the immune system has already responded to an antigen, which means the immune
system has been pnmed.  Hypersensitivity reactions have long been classitied into four types
by Gell and Coombs {Gell and Coombs, 1963).  Allerzy 15 one of four forms of
hypersensitivity and 1s called type | {or unmediate) hypersensitivity. The pathophysiology of
allergic responses can be divided into two phases (larché ¢f «f, 2000). The first 1s an
carly/immediate phase of the allergic reaction that occurs unmediately, usually within one
hour, after exposure to an allergen. The carly phase reaction can then dnve and progress into
the late phase reaction which can prolong the symptoms of allergic responses, and even lead
to tissue damage (Figure 1. 1).

High-attinity receptor tor IgE (FeeRI) is highly expressed on the surface of mast cells
and basophils. Upon allergen challenge, the crosslinking of the IgE-FceR] complexes leads to
mast cells and basophils degranulation, releasing vasoactive amines (such as histamine), hpid
mediators {such as prostaglandin D, piatelet-activating factor (PAF), and cysteinyl leukotrienc
4 (LTC4), LTD4 LTEA4], chemokines [such as CXC-chemokine hgand 8 (CXCLS8),
CXCL10, CCchemokane ligand 2 (CCL2), CCLA4A and CCL5] and other cytokines (such as
Interlenkin (1L)-4, 1L-5 and IL-13), all of which charactenze the early phase of the allergic
reaction. Under the influence of chemokines and cytokines, other lcukocytes such as
lymiphocytes and eosinophils migrate to the initial site of allergen sumulation.
Allergen-specific CD4+ T cells are activated and clonally expanded, and eosinophis are also
infiltrated in the allergen exposure site, leading to the development of late phase of the allergic
reaction (Kay, 2001; Larché er ai, 2000; Pearlman, 1999). Activated CD4+ T cells are
induced towards Th2 immune responses, leading to Th2 cytokines re.lease, including [L-4,
IL-5 and [L.-13, which could promote IgE production, mast cell differentiation, and eosinophil
growth, migration and activation which then lead to the pathologic abnormalities n allergic
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discases. Eosinophils could release cytotoxic proteins and inflammatory  mediators,
contnbuting to the late phasc responses ot allergie discases.  Moreover, the impaired function

of regulatory T cells has also been mvolved in allergic diseases (Larche er af., 2000).
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Figure 1.1 Pathophysiology of immediate phase and late phase allergic reaction
(modified from Larché et al, 2006).
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1.2 Biology of eosinophils

Eosinophils are specialized multifunctional white blood cells involved in initiation and
propagation of diverse inflanumatory responscs, as well as modulators of innate and adaptive
mmunity. Eosinophtls are granulocytes that develop and mature dunng hacmatopotesis in the
bone marrow before nugrating into blood and restding in tssues. Human cosmophils were
first 1dentified as a distinct type of penpheral biood leukocyte over a century ago by Paul
Ehrlich (Wenzel, 2009). Losmoplils now have been implicated in the pathogenesis of
numerous nflammatory processes cluding allergic diseases, parasitic helminth, bactenal

and viral infection, tissue injury and tumor immunity.

1.2.1 Development and distribution of eosinophils

Eosinophils are produced m the bone marrow from plunpotential hematopoetic stem
cells (HSC), which have the capacity for long-lerm self-renewal and differenttation along
mutltiple lineage pathways (Bedi and Sharkis, 1995). The development of eosinophils from
HSC 15 a complicated progress regulated through lineage commitment, temmnal
differentiation and growth amest (Maronc, 2000). Hematopoietic progentors for vanous
tineages were onginally identified and defined using colony-forming assays, that the cell
populations comtainng lineage-specific hematopoietic progenitors were cultured m seirusolid
hematopoietic support media, which allows commutment to a given differentiabon pathways
(Bradley and Metcalf, 1960; Pluznik and Sachs, 1965). The hneage-specific colonies for a
given number of cultured cells are colony-forming units (CFU), and each CFU represents the
vanous progeny of a single progenitor cell under standard plating conditions. The identified
CFU uclude erythroid (burst-forming unit-erythroid, BFU-E), megakaryocytic (Meg-CFL)),
granulocyte/macrophage (GM-CFUJ), eostnophi/basophil (Eo/B-CFU) and lymphocyte-CFU
(pre-B and Pre-T) (Figure 1.2).

Granulocytes are derived from a common myeloild progenitor known as the
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colony-formung unit-granuloc vic/ervilroid/macrophagermegakarvoevte . (CFU-GEMM),
winch can further differentiate to GM-CFU and Eo/B-CFUL Eo/B-CFU 1s a common late
stage progenitor and could further differentiate to cosinophils and basophils. Hematopoietic
cytokines 1L-3, IL-5, and granulocyte-macrophage colony-stimulatory factor (GM-C'SF) arc
cnitical cytokines responsible for regulating eosinophil and basophi! hnesge development.
These cytokines are encoded by closely linked genes on chromosome 531 and bind to their
specific receptors that share a common {3 chan and have unique a chains (De Swent, 1999,
()bc;‘ and Hoffjan, 2006, Walley ¢ af., 2001). Of these three cytokines, {L-5, also known as
cosimophil differentiation factor, 1s the most spectfic to the cosinophil lineage and s
responsible for selective differentiation of cosinophuls. 1L-5 also stimulates the release ol
cosinophils from the bone marrow into the penpheral circutation. The crueal role of I1.-5 n
the production and development of costnophuls 15 finther demonstrated by genetic
manipulation of mice. Transgenic mice overexpressing IL-5 developed profound eosinophilia
{Dent ex al., 1990; Mishra er al, 2002, Tomunaga et al.. 1991), while [L-5 gene deficient mice
could causc a significant reduction of eosinophiis in the blood and lungs afler allergen
challenge (Foster ¢r al. 1996, Koptf et al. 1990). The overproduction of IL-5 or a
combination of 1L-5, GM-CSF and IL-3 also occurs in humans with eosinophilia diseases
{(Owen et al.. 1989, Rothenberg and Hogan, 2000).

Under homeostati@conditions, terminally differentiated mature cosinophils migrate nto
thymus, mammary gland, ovary, uterus, gastromtestinal tract, spleen and lymph nodes, though
circulating-mrpénpherzl blood at low concentrations, but not in the lung, skin, csophagus, or
some other internal organs. The presence of cosmophils in the latter organs 1s associated with
diseases. Eosinophils persist in the circulation for only a short time, usually within one day,
and can survive in tissues for an additional several days in the absence of stimulation
(Rothenberg and Hogan, 2000). Eosinophils cventually undergo apoptosis and arc

subsequently recognized and ingested by macrophages (Rothenberg and Hogan, 20006).
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Figure 1.2 Commitment and differentiation of hematopoietic cell lineage. Pluripotential
hematopoietic stem cells (HSC) in the bone marrow give rise to blood cells of all lineages

under the influence of different local cytokines (modified from Robb, 2007).
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1.2.2  Morphology of eosinophils

LEosinophils are approximately 8 um in diameter and each of them has a bilobed nucleus
{Figure 1.3). The distinguishing feature of cosinophils was its affinity for staining with the
acid aniline dye eosm. The eosin binds to catiomc protemns, such as major basic protein {(MBP)
and cosmophi] peroxidase (EPO). In contrast, the other two granulocytes, ncutrophals and
basophils, do not bind eosin because of their different unique granule populations. Until now,
there still has been no specific cell surface markers recognized for cosinophils, and the
tinctonal property visible by hight microscopy gives a charactenstic appearance and has

remained the mam identifying feature of cosinophils (Gleich er al., 1993).

1o
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Figure 1.3 Schematic diagram of human eosinophil morphology, surface markers and

mediators (Modified from Hogan et al, 2008).
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1.2.3  Eosinophil apoptosis

Eosinophils are terminally differentiated cetls with short life span and die quickly when
they finished their functions. Uinder physiolowmical conditions, cosinophils arc constantly
produced m the bone marrow. To keep cellular homeostasss, the same numbers of aged
cosmnophils undergo apoptosis, a programmed cell death, and then engulfed by phagocyics.
Apoptosis 1s the major torm of physiological cell death and a necessary process 10 maintamn
cell numbers in multicellvlar organisms, and 1s charactenzed by a senes of typical
morphological and biochemical features, such as shrinkage of cell, chromatin condensation,
genomic DNA  fragmentation into membrane-bound apoptotic  bodies caused bv
caspase-activated DNase, changes m mitochondnal membrane permeabiity, and
translocation of phosphatdyisenne (PS) from the inner leaflet to outer leaflet of the plasita
membrane (Krysko er af., 2008; Saraste and Pulkki, 2000, Vignola et al., 1999).

The disregulation of apoptosis can lead to pathophysiological changes. In many
costnophilic inflammatory diseases, reduced and delaycd eosinophil apoptosis has been
proposed as the central mechamsm contnbuting to increased eosinophil numbers, a
phenomenon called eosimophilia. Overexpression of activators, such as [L-5, GM-CSF and
IL-3, has been shown to be crucial for delaying eosinophi! apoptosis m many allergic
disorders. However, eosmophils undergo apoptosis when removed from physiological
cnvironment or survival factor withdrawal, and the apoptosis can be further enhanced by
certain mediators or chemicals (e.g. glucocorticoid). Besides, eosinophil apoptosis 1s also
regulated by death factors, the tumor necrosis factor (TNF)nerve growth factor receptor
superfamily (e.g. Fas receptor, CD95) (Matsumoto et of, 1995, Simon, 2006). Drugs,
which could specifically induce eosinophil apoptosis, might be useful for tmggenng the

resolution of eosinophilic inflammatory responses.

1.24 Eosinophil granule proteins
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Human eosinophils are charactenzed by four different populations of secretory
organelles: crystailod (secondary) granules, pnmary granules, small granules, and sccretory
vesicles (Gleich and Adolphson, 1986, Hogan ot (1!.‘-2()()8), The crystallord granules are the
largest secretory organelles in cosinophils, which mamnly contain four types of basic granule
protemns, inciudmg MBP, EPO, eosinophil cauonte protemn (ECP), and eosmoplhul-derived
ncwrotoxin (EDN). MBP s localized to the crystalhzed core of the crystalloid granule, where
1t accounts for the largest percentage of all the basic protemn (Gleich er el 1973; Hogan er af |
2008; lewis er al. 1978), while EPO, ECP, and EDN are present in the granule matrix
compartment (Egesten er «f, 1980; Peters ¢f «f. 1986). The primary granules appear during
the promyelocytic stage of cosmophil development and are umque umicompartmental
organelies ennched in Charcot-Leyden crystal (CLC) protein by ummunogold analysis
(Dvorak er ol 1988). Small secretory vesicles have also been wdentfied that overlap in their
contents with those of small granuties, which are packed densely in the cytoplasm but do not
contain MBP or CLC protein in eosinophils (Gleich and Adolphson, 1986; Walsh, 2001).

The basic protemns were first recogmzed for their cytotoxicity and now are known to
play plelotropic functions. The cationic nature of these molecules allows them to interact with
the amionic barner found on endothehal cells and basement membranes and to nfluence
microvascular permeability. MBP and ECP have been shown to be toxic toward helminthic
parasites and mammalian various epitheliums (Ackerman er al, 1985; Furuta et «l. 2005).
MBP could stimulate the release of a vanety of preformed and newly synthesized mediators
by inflammatory cells and potentiate jonomycin-induced LTC4 production (Kita et af., 1995).
ECP possesses bactericidal and antiviral activity, and promotes degranulation from mast cells
(Lehrer er al,, 1989; Zheuthn et af, 1984). EDN and ECP share high sequence homology of
70% at the amuno acid level for the pre-formed proteins but EDN 1s less cationic than ECP
{Rosenberg e al, 1989). EDN also only shows very limited cytotoxicity (Ackerman ef «l.
1985). In contrast, EDN displays antiviral activity, similar to that of ECP. EPO is cytotoxic for

13
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bactena and vanous mammalian cells and degradative toward connective ussue via the ability
to form hypohalous acids (Brottman er of. 1996; Slungaard and Mahoney, 1991, Wang and

Slungaard. 2000).

1.2.5 Cytokines and chemokines from eosinophils

Experimental investigahons have shown that eosinophuls could produce and secret a
vanety of inflammatory and regulatory cytokines, chemokines, and growth factors upon a
nuwmber of physiological or pathophysiological agonists sumulation (Figure 1.3). ('ytokines
are smal! proteins that are secreted by specific cells and carry signals within different cells. In
contrast to other effector cell-derived cytokines, many of eosinophil-denved cytokines are
charactenzed to be stored as preformed mediators within crystalloid granules and small
secretory vesicles, which allow eosinophiuls to release these immunoregulatory factors
immediately following their recruitment and activation. Acting in an autocrnine, paracnne or
Juxtacrine manner, many of these cytokines are potent inducers of unmune responses In
ailcrgic diseases, including asthma, atopic dermatus, eczema, allergic rhimtis, and other
mflammatory diseases. Chemokines are a family of chemotactic cytokines serving as potent
chemoattractants that guide the mugration and accumulation of leukocytes into the inflamed
tissues in response 10 the chemokine gradient, contmbuting to the pathogenesis of allergic
inflammation (Rothenberg er af., 1999; Rothenberg and Hogan, 2000). Chemokines could be
categonized mto four different subtypes according to the number and spacimng of conserved
N-terminal cysteine residues, namely CXC, CC, CX3C and C (Ross1 and Zlotk, 2000;. In
addition, similar to cytokines, some chemokines are potent cellular activating factors that
could control cells of the immune system during proccssels of immune surveillance, activate
leukocytes, endothelial cells and epithelial cells, modulate leukocyte adhesion molecule
interaction affinity, and induce activation of specific intracellular signal transduction cascades
in allergic inflammation {Rothenbery et i, 1999; Wong et al., 2004).

14
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1.2.5.1 IL-1p

[L-1, one of the first cytokines cver descnbed, was imitiatly discovered as a factor that
could induce fever, control lymphocytes, increase the number of bone marrow cells and cause
degeneration of bone jomts (Dinarello, 1994). 11.-1 was composed of two distinct proteins,
[L-1a and IL-1P. which play central roles in acute and chronic inflammation locally and
systemically. Both [L-la and IL-1f are produced by various cell types, mcluding
macrophages, monocytes, fibroblasts, dendnuc cells (DCs), keratinocytes, and eosinophils.
1L-1{3 15 an important mediators 1n the inflammatory responses, and 15 involved 1n a varicty of
cellular acuvities, including cell prohferation, differentiation, and apoptosis. IL-13 was tound
1o wduce differenhation and development of Thl7 cells, which is one of novel T helper
subsets and have been linked o the pathogenesis of inflammatory and autormmune diseases
{Acosta-Rodriguer ef al. 2007). IL-1P could also promote IgG and IgE synthesis, Th2 cell
activation and Th2 cytokine production, as well as development of airway hypersensitivity
responses n ovalbumin (OVA)-induced airway hypersensitivity mouse model (Nakae er o,
2003; Nambu ¢ al, 2000). In addition, it was reported that 1L-1 concentration in nasal
secretions of allergic rhinitis patients was significant elevated, which also implied that IL-1f3

could be involved in allergic inflammation (Bachert ef al,, 1999).

1.2.5.2 1L-6

IL-6 could be synthesized by a vanety of cells, including macrophages, T cells, B cells,
monocytes, fibroblasts, keratinocytes, eosinophils and endothelial cells. IL-6 is a pleiotropic
cytokine that involves in the regulation of immune responses, controls the resolution of acute
innate immunity, and steers transition to an acquired immune response (Jones, 2005;
Kishimoto, 2006). IL-6 is also one of the most important mediators of fever and of the acute
phase response (Naka et «f., 2002, Nishimoto and Kishimoto, 2006). [L-6 protects against
septic shock and directs resolution of acute inflammation and conversely, elicits detnmental

15
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consequences in more progressive chronic discases {(Rose-lohn ¢r af. 20006).  1L-6 could
induce growth of T lymphocytes, differentiation of cytotoxic T cells and macrophages,
polanzation of Th2 cells, formation of multilineage blast cell colonies in hematopoiesis, and
promote growth of eprdenmal keratinocytes (Chomarat ¢r af . 2000, Doganct er «f . 2005;
Kishimoto, 2000, Miam ¢r «f. 2000). Sumular to 1L-1[3. [L.-0 was also reported to mediate
differentiation of Thl7 cells, which is the pathogenesis of several inflammatory and
autoummune diseases (Acosta-Rodnguez e af, 2007). It has been shown the therapeutic
potential of targeting [L-0 as a strategy for the treatment of chronic inflammatory diseases.
Previous studies demonstrated that allergic asthmatic patients showed higher plasma IL-0
concentration and increased levels of sIL-OR 1 the airways than normal controls, implying its

importance 0 allergic inflammation (Wong ef af.. 2001; Doganci et al.. 2005),

1.2.5.3 CClL.2

("C1.2, also known as monocyte chemotactic protein-1 (MCP-1) and belonging to the
CC chemokine family, is synthesized by multiple types of cells, including macrophages, DCs,
lymphocytes, basophils, epithehal cells, endothelial cells, and fibroblasts, upon induction by
diverse proinflammatory stimuli like IL-1B, 1[.-6, TNF-¢ and lipopolysaccharide (LPS).
CCL2 s a low molecular weight monomenc polypeptide whose pnmary function was
identified as promoting monocyte, macrophage, and basophil migration to sites of
inflammation mediated by the high affinity CCL2 receptor, CCR2 (Craig and Loberg, 2000:
Sarafi et al.. 1997). CCL2 can tngger chemotaxis of eosinophils via the receptor (.‘Clil
(Dunzendorfer e al., 2001). Besides, CCL2 also binds to the receptor CCR4, which mamly
expressed on Th2 lymphocytes and binds to CCLS and CCL20 (Graves ef al, 1999). In
addition to the recruitment of regulatory and effector leukocytes, CCL2 could provoke
aggregation and induce histamine and leukotniene release from both mast cells and basophils
for IgE-mediated hypersensitivity, as well as production of transforming growth factor

16
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(TGF}3 from fibroblasts (Conti ez wl., 1995; Rose ef «f, 2003). Climcal observation also
found that CCL2 in bronchoalveolar lavage (BAL) fluid of asthma patients was significantly
higher than that of control subjects. Taken together, CCL2 might act as a enitical cytokine for

the pathogenesis of allergic inflammation (Alam er af.. 1996).

1.2.54 CXCI.1

CXCLI, belonging to the CX( chemokme family, was previousty called growth related
oncogene | (GRO1), GROa., K, Neutrophil-activating protein 3 (NAP-3) and melanoma
growth stimulating activity, alpha (MSGA-a). CXCI.1 1s synthesized by a vanety of cells,
mcluding macrophages, DCs, neutrophils, epithelial cells, eosinophils, and human melanoma
cells. CXCLI could bind to the chemokine receptor CXCR2 to eclicit s effects
(Haghnegahdar er af, 2000; Tsar et af, 2002). CXCL1 could potently chemoattract human
neutrophils and also play an important role in spinal cord development by inhibiting the
migration of oligodendrocyte precursors (Ross1 and Zlotmk, 2000; Tsa et af.. 2002). Besides,
CXCL]1 1s always ivolved in the processes of anglogenesis, inflammation, wound healing,

and tumongenesis (Haghnegahdar et «f.. 2000; Rossi and Zlotmk, 2000).

1.2.5.5 CXCLS

CXCLS, also named IL-8, is a proinflammatory CXC chemokine mainly produced by
macrophages, monocytes, epithelial cells, keratinocytes, lymphocytes, eosinophils, and
endothelial cells. CXCR1 and CXCR2 are the receptors that are capable to bind CXCLS, and
the expression and affinity of CXCR1 is much higher than the receptor of CXCR2 for
CXCLS8 (Li et «l.. 2002; Rothenberg er al., 1999). The primary function of CXCLS8 1s the
induction of chemotaxis, migration and recruitment of neutrophil to the site of inflammation.
Recent studies found that CXCLS could also potentiate neutrophu! oxidative burst and thus
result in tissue destruction at the site of inflammation, as well as modulate the expression of

17
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adhesion molecules for promoting transmigration of leukocytes into the inflamed tissues
(Rothenbery et ai.. 1999; Kobayashi, 2008). It has been reported that 1L.-8 played an important
role mn viral infection-induced bronchiolitis, one of comimon respiratory tract disease, and the
serum concentration of CXCL8 was sigmficantly higher in scvere asthmatics than that in
controls, implying its potential role m mediating allergic responses (Hogg, 2001: Silvestnn ¢

al. 2006).

1.2.6  The surface phenotype of eosinophils

Like other cells, eosmophils have specific characterization of the surface molecuics.
which involved in immune regulation and diseases. Eosimophils express a large number of
cell-surface markers including adhesion molecules, apoptotic signaling molecules, chemokine,
complement and chemotactic factor receptors, cytokine receptors, and immunogiobulin (Jg}
receptors (Hogan er al. 2008). In addition, eosmophils express several types of toll-like
receptors (TLR), including TLR1, -2, -4, -5, -7, and -9, on their cell surface for intating
microbe-induced nnate immune responses via activation of ingacellular signaling
mechanisms (Wong et al., 2007).  Eosinophils also express intubitory receptors, which could
suppress eosinophils activation {Hogan et «f., 2008). Common surface markers found on

cosinophils are 1llustrated in Figure 1.3.

1.2.6.1 Adhesion Molecuies
Eosinophil migration from vascular circulation into specific tissues mvolves a vanety of
adhesion molecules, mainly including selectin family and integrin family (Hogan of af.,

2008),

1.2.6.1.1 Selectin
Selectins, a family of cell adhesion molecules, are composed of three members,

18
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E-selectin (CDO2E), P-selectin (CDO2P), and L-selectin (CD62L). These sclectins are
simgle-chain transmembrane glycoproteins and share a umique structural charactenstic in their
extracellular region, ncluding an N-termunal calcium-dependent fectin domain which s
directly responsible for hgand binding, an epidermal growth factor-like domain, and two 1o
mne short consensus repeat wmits (Tedder or «f., 1995).  Selectins mainly bind to sugar
moicties and so are considered to be a type of lecun, one of cell adhesion proteins that could
bind sugar polymers (Tedder er «f., 1995).  E-selectin 1s expressed only on endothehial cells
activated by IL-1 and TNF-a and recogmzes and binds to sialylated carbohydrates present
on the surface proteins of certain leukocytes, including monocytes, granulocytes. and T cells
(Laferniere er of, 2002). E-selectin plays a crucial role in recruiting leukocytes to the site of
mury during inflammation. P-sclectin 1s nitially stored in granules Weibel-Palade bodies of
endothelial cells and a-granules in unactivated platelets, and mobilized rapidly after cell
activation, such as histamine stimulation of endothehal cell and thrombin stimulation of
platelets (Tedder er af., 1995). P-selectin involves in the initial recruitment of leukocytes to the
site of injury dunng inflammation. Eosinophils could bind to P-selectin on immobilized
surfaces and nasal polyp tissuc sections, and the ligands for P-sclectin on eosinophils and
neutrophils are similarly sialylated, protease-sensitive, endo-beta-galactosidase-resistant
structures (Symon ¢t al, 1994, Wein et al., 1995). L-selectin is constitutively expressed on
most circulating leukocytes and acts as a "homung receptor” for leukocytes to enter secondary
lymphoi;j tissues via high endothelial venules. Ligands for L-selectin include CD34 and
mucosal addressin cell adhesion molecule-1 (MAACAM-1) (Tedder et ai., 1995). The swiace
expression of L-selectin is regulated by metalloprotease (also named sheddase)-dependent
shedding of the extracellular domain upon cell activation (Peschon et al., 1998; Preece of ul.,
1996). L-selectin is also constitutively expressed on eosinophils, and in sites of inflammation,
circulating eosinophils roll on activated endothelial cells through binding of L-selectin to its
ligands (Knol et al, 1994, Sriramarao ef al, 1994). L-sclectin is shed within minutes of
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cosinphi activation in vitre or dunng thenr recuitment w vive.

1.2.6.1.2  Integrins

Integrins are composed of a and [ subwuts, and form non-covalently linked uf$
heterodimers that are wadely expressed on leukocytes and tissue cells. Each integnn subunit
has a large extracellular domamn, a single transmembrane domain, and a short cytoplasmic
domain (Wardlaw, 2001). Human cosinophils express seven integrin heterodimers: adfil
[{CD49d/29; Very late activated antigen (VLA)4], a6l (CD491729), uMB2 [CDI11b/18;
macrophage-antigen (Mac)-1], al 2 [CD1ia/18; eukocyte function-association antigen
(LFA)1], aXB2 (CDc/18), aDP2 (CD11d/18), and adf37 (CD49d/37) (Barthel er «f., 2(08).
Each type of integnns couid interact with the corresponding hgands, either in the extracellular
matrix {(ECM) or a counter-receptor on other cells for regulating leukocyte transmigration
(Rosenberg et ul., 2007),

Among the 31 integnns, the od4fl heterodimer binds to vascular cell adhesion
molecule-1 (VACM-1; CD106) and plays an important role in selective eosinophil recuitment
from the blood stream into tissue sites {Bochner, 1998). The other 31 integrin, a6f31, functions
as a laminin receptor (Georas ez ¢/, 1993). Among the 82 integrins, hgands for «l 32 include
intercellular adhesion molecule (ICAM)-1 (CD54), ICAM-2 (CD102), ICAM-3 (CD50),
ICAM-5; while ligands for aMf32 include albumin, fibnnogen, ICAM-1, VCAM-1, and
vitronectin, which contribute to finm adhesion of leukocytes onto endothelium, promoting
their accumulation at the site of inflammation (Wardlaw, 2001; Barthel ¢f af., 2008). aDf32 on
eosinophils binds to VCAM-1, an interaction seen most clearly following cellular activation
(Rothenberg, 1998), while a4f7 is a ligand for MAACAM-1 as wel as fibronectin and
VCAM-1 (Berlin et al, 1993; Walsh et af, 1996). The expression levels of aM2, al 52,
aXp2 and oDB2 are rapidly upregulated on the eosinophil surface upon activation,
presumably the result of mobilization from the preformed intracellular stores (Grayson et al.,
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1998. Kroegel ef «f, 1994). In addition, interactions via {32 integrins and their ligands are
unportant for degranulation, leukocyte-endothelial adhesion, and transendothehial migration

{(Kato er al . 1998).

1.2.6.2 immunogiobulin receptors and members of immunoglobulin superfamily

Eosinophils could express Fc receptors for IgA, IgD, lg( and 1gM (Giembycz and
Linwdsay, 1999). Among the three types of 1gG receptors (CDl16, CD32, (CD64), CD32
(FeyRID) 1s consututively expressed on resting human eosinophils and upregulated by
interferon (IFN)-y stimulation (Hartnell ¢f «f, 19%); Hartnell er ¢l 1992}, CD32 does nol
hind monomenc lg(, but instead binds aggregated Ig(, with a preference for 1gG3 and IgGl
over [g(32 and 1gG4 (Ravetch and Kinet, 1991). Not only function as 1g(G receptors, these
receptors could also modulale eosinophil functions, mcluding stimulauxérrbf eosinophil
survival, degranulation, and genération of leukotrienes (Cromwell er afl., 1988; Kim ef uf.
1999; Kita er af.. 1991). However, eosinophils do not constitutively express high-affinity [g(
receptor CD64 (FeyRI) or low-athnity CD16 (FeyRIHD. CD16 expression could be mduced
and upregulated by cytokine IFN-y and chemoattractants complement (C5a), formyl peptide
(FMLP) and PAF (Hartmell et af.. 1992; Zhu et «f.. 1998). Eosinophils appear to express IgA
receptors (CD89) and a receptor for secretary component (Lamkhioued e al., 1995, Monteiro
et al., 1993). The expression of CD89 could be upregulated by ionomycin stimulation and
cosmophil degranulation could be induced by IgA-coated particles (Abu-Ghazaleh er al.,
1989; Monteiro ¢f «f, 1993). Until now, there remains to be controversial about the
expression of either the low-affinity IgE receptor (CD23) or the high-affinity [gE receptor on
eosinophils (Kita and Gleich, 1997). Though previous studies suggest that eosinophils could
bind to IgE (Capron er ul. 1995), however, more recent investigations suggest that
eosinophils express fittle, if any, o or §§ chains for the high-afhimty receptor or the low-affinity
[gE receptor (Semmarnio et al., 1999; Ying et af., 2000).
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Eosinophils also express a number of immunoglobulin superfamuly (IgSF) members,
which possess a structural domain known as an immunoglobulin domain. One of most
unportant IgSF for eosmophils i1s ICAM fanuly, which consists of five members, namely
ICAM-1, ICAM-2, ICAM-3, ICAM-4, and ICAM-5, belongmg to type | trinsmembrane

glycoprotemns. Eosinophils express ICAM-1 and ICAM-3, but only httle, 1f any, [CAM-2.

ICAM-1 has been implicated 1n cell adhesion and complement binding (Hansel and Walker,
1992). Inflammatory cytokines, such as TNF-a, IL.-5, GM-CSF, IL-25 and ctc,,fuuid induce
ICAM-1 expression on normal circulating eosinophils by a mechamsm that involves de novo
protein synthesis (Wong ¢ afl, 2005). ICAM-1 also mediates adhesion of ecosinophils to
human bronchial epithehal cells which would facilitate their accumulation and retention in the
airways 1n diseases such as asthma (Giembycz and Lindsay, 1999)

Like other leukocytes, eosinophils have been shown to express MHC class 11 protein,
one of members of immunoglobulin superfamily. The expression of human leukocyte antigen
(HLA)-DR on OOS;llophiIS has been sho;;vn to be regulated by IL-3, 1L4, GM-CSF, and

[FN=y (Lucey er al., 1989, Weller et al.. 1993).

1.2.6.3 Chemokine, complement and otller chemotactic factor receptors

Chemokine receptors are G pr()lcm-coupléd receptors containing seven transmembrane
domains that are found pI:C(iOIl]illuJ1lly on the surface of leukocytes to mediate thewr migration
tn l'csp(mse'lo the chemokine gradient towards the site of inflammation (Rothenberg er «l.
1999). Following ||1tcr‘acuon with their specific chemokine ligands, chemokine receptors
tngger a flux i intracellular calcium tons (calclum signaling). This causes cell responses,
including the onset of a process known as chemotaxis that traffics the cell to a desired location
within the orgamsm. Chemokine receptors have been divided into four subfamulies, including
CXC chemokine receptors, CC chemokime receptors, CX3C chemokine receptors and XC
chemokine receptors that correspond to the distinct subfamlies of chemokines they bind.
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Eosmophils constitutively express the chemokine receptor CCR3 and CCR1 (Phullips ¢ «of
2003, Ponath ef al. 1996) and could bind and nugrate i response to CCR1 and CCR3
ligands, mmcluding macrophage nflammatory proten (MIP)-10/CCL3. regulated upon
activatton nomial T cell expressed and  secreted (RANTESYCCLS, MCP-2/CCTS,
MCP-3/CCL7, MCP-4/CCL-13, eotaxin-1/CCLL L, eotaxin-2/CCL24 and eotaxin-3/CCL20,
and mucosa-associated epithelial chemokine (MEC)/CCL2E. Expenmental investigations
have also shown that cosmophils could express a vanety of other cllcxﬁ)i—iné receptors
mcluding CXCR3I, CXCR4, CCRS, CCRO, and CCRS following activation by {L-5 (Nagasc
o w2000, Oliverra er of 2002; Sutlivan e af.. 1999). Through their receptors, chemokines
not only regulate the nigration of eosinophils, but also could modulate eosinophial function
(Zimmeimann ¢ «f., 2003). It has been found that RANTES/CCLS and eotaxmn-1/CCLT
could promote cellular activation and releasc of reactive oxygen species (ROS) in cosinophuls
(Bdsner er af . 1997 Elsner ¢f af.. 1999).

Besides, receptors for complement and some lipid mediators are also expressed on
cosmophils. Eosinophils express receptors for complement €3a and Cha, as well as CR1
(€CD35) for complement fragments C3b, C4b, iC3b, and Clq (Daffern ¢r af. 1995, DiScipio
of al.. 1999; Fischer ef al. 1986). The activation of the complement system can induce
cosinophil chernotaxis. Expenmental investigation have also shown eosmophils express
receptors tor leukotriencs (LTB4, LTD4, LTE4) and 5-0x0-6,8.11.14-eicosatetraenoic acid,
which are potent chomoattactants for cosinophtl recrurtment (Ohshima ¢t al.. 2002; Powell ¢

el 1998 )

1.2.6.4 Cytokine receptors

With the-advent of finding novel cytokines, their corresponding receptors are idenufied
and (heir functions areé charactenzed. For cosinophils, the three cytokines, 11.-3, IL-5, and
GM-CSFE, are particularly important in regulating eosinophul development, survival and
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activation. Eosinophtl constitutively expresses the common §§ chain (CD131) shared by the
threc cytokines. In additton, eosinophil expresses the specific cvtokine receptor subunit for
-3 (IL-3Ra, CDI23), 1L-5 (IL-5Ra. C1125) and GM-CSF (GM-CSEFRa, CD6)Y (Lopes
cral 1980 Loperz eral, 1988 Takatsu of «f., 1994}, Fosinophils also express a number of
receptors for other cytokines, including tumor necrosis factor {TNF)~ (via I'NF-a receptor |
and 1. CD120a and CDI120b), IFN-y (CDw119), stem cell factor (via the c-kit receptor,
CD117), IL-4 [via the 1L-4 receptor, a heterodimer conststing of [L-4Ra chan (C1D124) and
the common ye¢ chain (CDI32)L 119 [via the IL-9 receptor, a heterodimer consisting of
[1.-9Ra chamn (C'1129) and the common yc chain (CD132)]. [L.-13 [via the [L-13 receptor, a
heterodnmer consisting of the 1L-4Ra chain (CD124) and the 1L-13Ra chan | (Dubots of af .
1998: Hogan of «f, 2008, Yuan ¢f af, 1997). Recently, the receptors of novel finding
‘Th2-related cytokines, including 11.-25, 1L-31 and IL-33, were also demonstrated to express
on cosmophuls (Cheung e af. 2010; Chow ef af.. 2010, Wong er ol 2005). Activation of

these receptors could modulate eosinophil functions.

1.2.6.5 Toll-like receptors

Toll-like receptors have boeen identified in mammals as functionally imporant receptors
for the recognition of conserved motifs 1n pathogens termed pathogen-associated molecular
pattems (PAMPs). TLRs share the TolV/IL-1R {TIR) homology domain, and are essential for
the recogmition of microbial products and result in the activation of innate immunc response
against microbial nfections and the development of antigen-specific acquired mmmuty
(Akira and Takeda, 2004). Eosinophils express mRNA for a number of TLRs, including
TLRI, TLR2, TLR4, TLRS, TLRG, TLR7, TLRS, TLR9Y, and TLR10 (Nagase cr af., 2003,
Pl ef af. 2001, Sabroe ¢t ¢l 20¥)2), and protein for TLRS, TLR7 and TLRY. Functional
analysis using TLR-specific ligands revealed that TLRS5 hgand (flagellin), TLR7/8 hygand
(Imiquimod R¥37 and R848) and TLRY hgand (Cp() could prolong eosinophil survival,
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modulate eosinophul surface expression of adhesion molecules and induce the release of
cytokines and chemokines. R-848 could also induce the relcase of superoxides from
eosinophils, while Cp(G induced release of EDN degranulation (Mansson and Cardell, 2009;
Nagase ¢ wf, 2003). The expression of TLR7/TLRE on cosinophils has been shown to be
regulated by cytokines including 1FN-y (Mansson and Cardell, 2000 Nagase or af . 2003,
Wong ot «f, 2007). However, there are stll controversial and contradictory results about
T1.R2 and TLR4 expression on cosmophils (Bonum ¢r af . 20005, Komiya et af., 2000, Plitz ¢

al 2001 Sabwoe ¢t al., 2002 Wong ¢t af | 2007).

1.2.7 Eosinophil trafficking

Eosinophils develop in the bone marrow, circulate in the penpheral blood, and nugrate
into specific tissues, including thymus, mammary gland, ovary, uterus, gastrointestinal tract,

v

spleen, and lymph nodes. In response to diverse stimul, eosmophil accumulation could be
recruited from the circulation into inflammatory loci where they modulate immune responses
through an array of mechamsms. Transmigration of cosinophils through the vascular
endothelium is the result of a multi-step process involving rolling, tethenng, finm adhesion,
and transendothelial mugration, which involves sequential interactions of numerous adhesion
molecules expressed on both eosinophils and endothelium (Kitayama et af.. 1997, Rosenbery
et al., 2007, Wardlaw, 2001) (Figure 1.4). The imtiat step of circulating eosinophil rolling and
tethening 1s regulated hy sclectins and their counter glycosylated mucin-lke higands expressed
on the endothelium {(Roscnbery ot al., 2007; Tedder ef ¢l 1995; Wardlaw, 1999), though the
mitial interaction 1s weak. Subsequent firm adhesion of eosinophils onto and transmigration
across endothelium s mediated by integnns and coordinated integnn receptors such as
VCAM-1, MAACAM-1 and ICAM-1 expressed on vascular endothelial cells (Rosenberg ¢r
al. 2007; Tedder er al, 1995, Wardlaw, 1999). The interactions facilitate diapedesis of
cosinophils and then transendothelial migration and accumulation at the inflamed tissues
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(Rosenberg er ¢f, 2007, Wardlaw, 2001).

in addimion to the regulation by adhesion molecules, chemokines could also attract
cosinophils for their accumulation through chemokine receptors expressed on the eosinpohuls.
For example, chemoattractants hke CCLS and CCL11, which arc specific binding the
receptors of CCRI1 and CCR3 expressed on eosinophils, arc also cntical for mediating
cosinophi| transmugration mto local vascular endothehium (Phillips ef af, 2003; Rosenbery, ot
al, 2007). Besides, Th2 cytokies also play 2 role m trafficking of cosinophils mito
inflammatory sites (Hogan or «f . 2008). [L-5 not only regulates growth, differentiation,
activation, and survival of eosinophils but has also been shown to provide an essential signal
for the expanston and mobihzation of costnophils from the bone marmrow nlo the lung
following allergm stimulation (Collins ¢z «f., 1995). IL-5 also cooperates with CCL11 in the
induction of tissue eosinophilia. 1L.-5 could pnme eosinophils to respond to C'CR3 lignads and

increase the pool of CCL11-responsive cells (Colling ef cf., 1995, Zummermann o7 il 2003).
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Figure 1.4 Schematic diagram of human eosinophil trafficking (Modified from Hogan et

al., 2008).
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1.3 lmmunopathological roles of eosinophil in allergic inflammation

Eosinophils have long been regarded as one of the immune system components
responsible for host defense against multicellular parasites and certain infections in vertebrates
(Rothenberg and Hogan, 2000; Rosenberg or af, 2007). Previous studies also revealed the
significance of eostnophils in later immune responses of allergic mtflammation (Howan er «f |
2008). Although evsinophils normally account tor only 1 - 3% of circulating leukocytes, therr
numbers markedly imcrease m the penpheral blood and tssues i parasite mnfections and

allergic diseases.

1.3.1 Eosinophil in allergic asthma

Asthma 15 a chromc, inflammatory condition of the lower airways characienzed by
largely reversible airflow obstruction, increased lung and wrway hyperresponsiveness (AHR),
and episodic respiratory symptoms, including wheezing, productive cough, and the sensations
of breathlessness and chest tightness (Buc ¢t af., 2009). The inflammatory miheu promotes
the survival of eosinophtls by delaying apoptosis. Increases of cosinophuls in the arway, blood.
and bone marrow are a hallmark and pathogenesis of atopic asthma and, n gencral, clevaled
numbers correlate with disease severity. This has led to the hypothesis that eostnophils are the
central effector cells responsible for ongoing airway inflammation. Fosinophils traffic and
transmigration from the bone marrow into the lung and respiratory tract in responsc to
allergen challenge. Eosinophils exert a pnmary effector function in allergic inflammation
through the release of a vanety of mediators, including cytokines, such as IL-6, [L-13, [NF-«.
IL-5, and GM-CSF; chemokines like CC1.2, CCL11, CCLS, CXCLS, and CXCL.1; as well as
ROS. These mediators have pro-inflammatory effects including upregulation of adhesion
systems, modulation of cellular trafficking, activation and regulation of vascular permeability,
stmulation of mucus secretton and smooth muscle constriction and fibrosis, mediating
hronchospasn_i and airway hyperresponstveness, leading to the progression of allergic asthima
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(Trnivedi and Lloyd, 2007). Furthenmore, eosinophils can serve as maor effector cells inducing
arrway c;;ithelial celis damage and dysfunction by releasing toxic granule proteins, such as
ECP and MBP, and hipid mediators (PAF and [TC4). Elevated numbers of eosinophils in the
sputum and airway epithelium was comrclated with the severity of asthma symptoms (Tnved
and Lloyd, 2007} An merease i blood or sputum eosmophils often predicts detenoration
symptoms and lung function of asthma (Hogan ez «f, 2008). Not only the number differences.
there exits other alterations of cosinophils between asthma and healthy controls, such as
phenotype, adhesive properties, and mediator release. Eosinophils from patients with asthma
showed ligher expression of collagen receptors «if$l and a2l and contaned significantly
more inracetlular eosiophil-denved newrotoxin when compared with eosmophuls from
healthy control subjects (Bazan-Socha er af., 20006, Sedgwick ¢f af., 2004). Besides, airway
cosmophils from allergic asthmatic paticnts recovered afier antigen challenge have enhanced
adhesion to VCAM-1 and other ligands including albumin, ICAM-1. fibnnogen, and
vitronectn through upregulated and activated aMB2 (Barthel ¢ o, 2000).  In addition,
eosmophils also have the ability to release a vanety of fibrogemic and growth factors,
mcluding TGF-u. TGEF-f3, fibroblast growth factor (FGI)-2, vascular endothehal growth
factor (VEGF), and matrix metalloproteinase (MMP)-9, all of which are associated with and
mvolved in airway remodeling processes of asthma (Buc of ¢f, 2009). The above findings
suggest that eosmnophil 1s a central effector cell responsible for asthmatic airway

mflanmation.

1.3.2  Eosinophil in atopic dermatitis

AD is an inflammatory, chronically relapsing, non-contagious and pruntic skin disease
and the incidence rates are nsing during the last decades (De Benedetto e of, 2009).
Histological features of AD leisonal skin are charactenzed by penvascular lymphocytes,
spongiosis of keratinocytes m acute lesions, mfiltrated DCs and eosmophils. DCs and

My
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keratinocytes are cntical elements i the regulation ol skin pathology in AD. Keratnocytes
produce anhimicrobial peptides, and inflammatory mediators n response to invading microbes
and allergen (De Benedetto cr «f. 2009 McGurt and Beck, 2006).  Eosinophils also play
nportant roles in AD and aggravate the inflammatory reaction (Kapp, 1993, Sunon ¢ ol
2004). Eosinophul numbers as well as cosinophil granule protein levels, especially ECP, i
penpheral blood are elevated in most AD patients and appear to correlate with clinical seventy
of the disease (Czech e of. 19920 Simon er of.. 2004). Inhibition of cosmophtl apoptoss in
AD, probably mediated by Th2 cytokines [L-5 and GM-CSE, appears to be one ol
mechanisims for the cosinophil accumulation observed in AD. Eosinophils are recruited 1o
tussue sies mainly by chemokines such as CCLS and CCL1I through the receptor CCR3, the
expression level of which is elevated in eosinophuls from AD patients (Yawalkar ¢z af.. 1999).
Besides, the interactions of eosinophil sur-facc adhesion molecules such as  sclecting
(L~selectin) and integrins (¢4f1 and a437) with VCAM-1 and ICAM-1 on endothehal cell
are particularly important for eosinophil extravasation and activation (Simon ¢f al., 2004). In
summary, cosinophils miiltrate the skin of AD patients and aggravate the inflammatory

I'ESPONSCS.

1.3.3  Eosinophil in other allergic diseases

In addition to allergic asthma and atopic denmatitis, ecosmophils a_lso prominently
mvolves in other allergic diseases, including allengic dunutis, allergic conjunctivitis and eic.
Allergic rhunitis, also often associated with conjunctival symptoms, is a disorder of the upper
airways resulting from IgE-mediated inflammation of the nose upon contact of the nasal
mucosa with allergens (Jeffery and Haahtela, 2000). The symptoms include rhinorrhea, nasal
itching, sneezing, and nasal obstruction. Nasa! biopsies demonstrate that allergic rhinitis 1s
charactenized by the accumulations of mast cells, cosinophils, and basophils in the epithelium
and accumulations of eosinophuls in the deeper subepithehbum (Braunstahi er «f. 2003).
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Besides, eosinophil granule proteins. such as MBP, ECP and EPO. could also be found in
nasal biopsies and lavage fhud of allergic rhimtis patents and cause direct damage o
cemthelium from the lummal side (brjefdlt or «f - 1999 Pomkau or of . 2005) Allergre
conunctivitis 1s a bilateral, seif-hirmiting comunctival mflammatory process and involves carly
phase and late phase reactions {Biclory, 2004)). The early phase reaction 1s mediated by Igk
antibody that are bound 10 FeeRI receptors on conjunctival mast cells, while the late phase
reaction 1s lpE-independent and mediated by mflammatory cells, especially cosinophils
{(Niederkom, 2008). Eosinophils mfiltrated m the conjunctiva are mediated by adhesion
molecules mntegnn adf3i, and the coordmate receptor VCAM-1 expressed on the activated
vascular endothelial cells (Fukushima er @/ 2000). In addion, significant amounts of LTC'4,
EPQ, ECP and hustarune could be detected n the later phase reaction of allergic conjunctivins

(Bonn: er af, 1989),

1.4 Intracelluiar signaling transduction pathways of eosinophils

Etlkaryolic cells respond to extracellular samult and transmut biochemical mtonmation
from one part of the cell to another through transimitting intracellular signals to coordmate
appropnate responses. The reactions of eosinophils upon a vancty of stimulations and in
allergic responses arc also induced, in part, by a diverse array of mtraceliular signahng
pathways (Figure 1.5). Intensive studics demonstrated that various mtracellular signal
transduction pathways, including Ras-Raf-mitogen-activated protein kinase (MAPK), Janus
kinase (JAK)-signal transducer and activator of transcnption (STAT), phosphatidylinositol
3-kinase (PI3K)}, and nuclear factor-kappa B (NF-xB) pathways, are activated and mvolved in
mflammatory response, apoptosis, degranulation, chemotaxis, expression of adhesion

molecules, and the pathogenesis of allergic inflammation (Wong of af., 2002).
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Figure 1.5 Schematic diagram of intracellular signal transduction pathways in human

eosinophils.
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1.4.1 Ras-Raf-MAPK pathway

The MAPKSs are evolutionanly conserved senne and threonine kinases that could be
activated by a vanety of stimuli, mncluding pattem-recogmtion receptors, pronflammatory
cytokines, ROS, UV radiation and etc. MAPK pathways are composed of a three-tier kinase
module m which MAPKSs are activated upon phosphorylation by MAPK kinases (MAPKK ).
which m tum are activated when phosphorylated by upstream MAPK kinase kinases
(MAPKKK )} {(Kumar ¢z «f . 2003, Wong et ul., 2002). There are three major MAPK members
m mammahan cells, including, extracetlular signal regulated kinase (ERK) (p42/p44), ¢-Jun
amino terminal kinase [JNK, also referred to as stress-activated protein kinases (SAPKs)], and
P38 MAPK. Activated MAPKs phosphorylate numerous substrates in all cellular
compartments, mcluding vanous membrane protems (('D120a, Syk, and calnexin), nuclear
substrates (ATF1 and -2, Elk-1, NF-xB. Ets-1, Pax6, NF-A'T, MEF2, c-Fos, c-Mye, and
STAT3), cvtoskeletal protemns (neurofilaments, paxitlinn and Tau), and several MKs (MSK
and -2, MNKI and -2, and MK2 and -3), and result 11 gene regulation {Roux and Blenis,
2004). The MAPKs are inactivated by phosphatases, especially the dual speaificity
phosphatases, also called MAPK phosphatases (Saklatvala, 2004). All the three members Iink
extracellular signals to the machinery that control fundamental celtular processes such as
growth, proliferation, differentiation, mgration, transformation, apoptosis, and regulate
pro-inflammatory cytokine expression. It has been reported that MAPKs play an important
role in eosinophil apoptosis, chemotaxis, degranulation and cytokine production. Eotaxin
could activate p38 MAPK and ERK2 to mediatc the ECP release and chemataxis of human
vosinophils (Kampen et al. 2000). Leptin-induced eosinophil apoptosis, cytokine and
chemokine release, and chemokinetic mgration are differentially regulated by the three

MAPKSs (Wong er al., 2007),

1.4.2 JAK-STAT pathway
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JAKs are a family of cytoplasmic tvrosine kmases that arc associated  with
membrane-proximal regions (termed box | and box 2) of cytokine receptors and play a major
role 1n the iniial steps of cytokine signaling (Kisseleva et ., 2002). There are four members
of mammalian JAKs, mcluding JAK 1. JAK2, JAK3. and tyrosine kinase (Tyk) 2. and all
TAKs have similar structures and molecular weight approximately at 120 - 135 kD. These
kinascs are widely expressed n a vanety of different cell types, with the exception of JAK3,
which 1s selectively expressed n cells of hematoporetic ongin. The binding of cytokine
ligands results in dimenzation of receptor subunits and tyrosine auto-phosphorylation of JAKs.
Activated JAKSs then mibate the signal transduction cascade by phosphorylation of tyrosine
motifs present in receptor cytoplasmic domans and in receptor-associated protems. |he
phosphorylated tyrosine residues in the receptors then serve as the docking sites for recruiting
Src homology 2 (SH2) domain-containing proteins like cytoplasmic transcription factor
STATs. Therc are seven mammahan STATs: STATI, STAT2, STAT3, STAT4, STAT 54,
STATS5b, and STATOG. Once recruited to the receptor, STATs themselves are phosphorylated
on a uniqgc conserved carboxy-terminal iyrosine, dissoctate from the receptor and fonn
STAT:STAT dumers, which is mediated by reciprocal SH2-phosphotyrosine mteractions
between the dimer partners. Acttvated STAT:STAT dimers then rapidly translocate into the
nucleus, where they bind to specific sequences n the promoter regions of their target genes
and stmulate their transcription (Damnell, 1997; Leonard and O'Shea, 1998). Besides, most
vertebrate STATs contain a senne phosphorylation site within a P(M)SP motif in therr
C-termuni. The mutation of the phosphorylated residue serine to alanine could alter the
transcription factor activity (Decker and Kovank, 2000}, 11.-5, [L-3, and GM-CSF are
hematopoietic cytokines which signal through a common 3 subunit (fic) of a heterodimeric
receptor. JAK2-STATS activaton mediated by 1L-5, I1L-3., and GM-CSF 1s cntical for
anti-apoptotic signal for human cosmophils (de Groot er of, 1998). IL-5 and GM-CSF
promote survival-associated kinase Pim-1 and cell cycle regulator Cyclin D3 cxpression in
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human eosinophils through the activation of STAT3 and STATS (Stout e al.. 2004).

STATSs are activated by tyrosine phosphorviation, while STAT deactivaton 1s medhated
by phosphotyrosine phosphatases. Three fanulies of tyrosine phosphatases could negatvely
regulate JAK/STAT signaling pathways, including the SH2-containing tyrosine phosphatases
SHPY (PTPI1C, Phospho-Tyrosine Phosphatase 1C) and SHP2 (PTP1ID), ransmembrane
lyr/osme phosphatase CD45_ and PTP1B and TC-PTP (T Ce¢ll Protetn Tyrosine Phosphatase)
tyrosine phosphatases. In addition, mammalian protein infubitors of activated STAT (PIAS)
and the mducible SH2 containing proteins belonging to the SOCS (suppressor of cytokine
stgnaling) fanuly were dentified as negative rcgulators of STAT signaling (Valenuino and

Prerre, 2000).

1.43 PI3K pathway

PI3K. the famuly of enzymes responsible for phosphorylation at the 3-position of the
mositol nng within specific phosphoinositides {Pls) and phosphatdylinositol (Ptdlns), are
crucial components of many signaling pathways playing a pivotal role in many different
physiological events (Lindmo and Stenmark, 20006). Mammalian PI3Ks are divided into three
different classes, in which class I PI3Ks have been extensively studied. Class [ PI3Ks seem (o
use phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2, PIP2] as preferential substratc in
vivo and therefore ther mamn product 1s phosphatidylinositol 3.4,5-insphosphate
[PtdIns(3,4.5)P3, PIP3], a ubiquitous second messenger. Their activity is acutely regulated by
agomst activation through tyrosine kinase receptors (RTKs), such as growth factors and
msulin receptor, or G-protein-coupled receptors, followed by phosphorylation of upstream
Src-family tyrosine kinase, such as Lyn. PIP3 could recruit downstream pleckstrin homology
(PH) domain-containing signaling molecules to the cell membrane and interact with these
proteins, such as the protein kinase B (PKB)/ Akt of protein senne/threonine kinases, dnving
their conformational change and resulting in their phosphorylation by the constitutively active
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phosphoinositide-dependent kinase | (PDKI) at threonine 308 and by PDK2 [mammalian
target of rapamycin complex 2 (mTORC2)] at serine 473. Activated AKT translocates to the
cytoplasm and nucleus, activates and phosphorylates several downstreamn ccilular target
proteins, including glycogen synthase kinase 3a (GSK3a), GSK3B, torkhead box O
transcription factors (Fox(Q), MDM2, BCL2-interacting mediator of cell death (BIM) and
BCL2-associated agomst of cell death (BAD) to facilitate cell survival and cell cycle entry.
AKT 1s negatively rcgulated by the tumor suppressor PTEN (phosphatase and tensin
homolog deleted on chromosome 10), which dephosphorylates PIP3 (Engelman e af., 2000
Yap ¢t af., 2008). PI3K regulate IL-5-induced chemotaxis and survival of cosinophils as well
as the ability of cosinophils adhcsion to ICAM-i-dependent substrata (Hall e «f., 2001).
13K is also required for group 1V cytosolic phospholipase A{2) (glV-PLA 2) activation and
hydrolytic production of arachidonic acid in activated eosinophils (Myou er «f, 2003).
Furthermore, {L-3, IL-5, and GM-CSF, as well as chemoattractants PAF, RANTES, and C5a

could all induce PI3K activity (Coffer er al., 1998).

1.44 NF-«B pathway

NF-kB was first identified as a transcription factor that binds to the intronic enhancer of
the kappa light chain gene (the kB site) in B cells. The mammalian Rel/NF-xB family of
transcription factors cogsists of RelA (p65), ¢c-Rel, ReiB, NF-«B1 (p50 and its precursor
pl05), and NF-kB2 (p52 and its precursor pl00). These proteins share a conserved
amino-terminal 300-amino acid Rel homology domain and form homo- and heterodimers
through the Rel-homology domain. NE-kB activity is tightly controlled by a collection of 1xB
inhibitory proteins characterized by the presence of multiple ankyrin repeats, including ikBa,
1xBf, IxkBe, pt00, pl05, IkBL, IkBNS (NF-xB&), and Bcl-3. In normal cells, the NF-xB
family is normally kept inactive in the cytoplasm by interaction wath inhibitors IxBs or the
unprocessed forms of NF-xB1 and NF-kB2 (Ghosh and Hayden 2008; Vallabbapurapu and
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Karin, 2009). NF-xB activation can be induced by a plethora of extracellular signals. Upon
cell activation, [kB molecules undergo rapid ubiquitin-mediated proteasomal degradation that
results in the release of the bound, cytoplasmic NF-xB dimers. The major and most
well-studied activation pathway by extraceltular stimul 1s the canonical NF-xB sigmaling
pathway, which are mainly RelA:pS0 and c-Rel:pS0 heterodimers. p50 and Rel A heterodimer
ranslocates to the nucleus and bind to B sites in promoters or enhancers of target genes.
Unlike p50, RelA contams a transactivation domam m the C-terminal end of the protein,
which mitiates gene transcription through direct interaction with the basal transcription
apparatus and the recnitiment of transcnptional co-activators and transcniptional co-repressors
{Ghosh and Hayden 2008; Wong er al., 2002; Wong ¢t af., 2004). NF-kB plays an important
role in innate and adaptive immunity and inflammatory responses, the development and
survival of lymphocytes and lymphoid organs, as well as mahignant tansformation.
Activation of NF-xB can enhance the transcription of a vaniety of genes, including cytokines
and growth factors, adhesion molecules, immunoreceptors, and acute-phase proteins, all of
which serve to coordinate the body’s response to myury and infection through the recrintment
and activation of immune cells and the stimulation of repair processes.

NF-k13 also appears to be important in the pathogenesis of allergic response. In OVA
sensitisation and challenge model, NF-xB from total lung extracts showed cnhanced
activation in Brown-Norway rats (Lin f af.. 2000). Mice that lack NI*-kB p50 have defective
in the production of 1L-5 and CCL11 and reduced eosinophilic responses 1o aerolised allergen
(Yang ¢ al.. 1998). NF-xB has also been demonstrated to involve in eosinophil activation
mexiated by a variety of inflammatory stimuli, such as tL-25, IL-31 and IL-33 (Cheung er al..

2000; Cheaung er o, 2010; Chow et al,, 2010).

1.5 Aim of the study
The incidences of allergic discases are increasing rapidiy all over the world, mcluding
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Hong Kong as well as mainland China, and account for a significant portion of annual
healthcare expenditures worldwide. The allergic inflammation invelves the accumulation and
infiltration a vanety of allergic-related responding cells in the airway mwucosa or the skin,
ncluding eosinophils, CD4+ T cells, DCs, langerhans cells, mast cells, and basophils.
Eosinophils are the principal effector cells involved i late-phase reaction of allergic
inflammation and sensitively regulated by multiple mediators at the recaction site. Therefore,
the auns of the research are to address the activation of eosinophils by novel found diverse
stimuli and clucidate the underling intracellular immunological mechanisms. The activation
of eosinophils was examined in the aspects of survival enhancement, modulation of surface
adhesion molecule cxpression, as well as releasc of allergic-related mediators such as
milammatory cytokines, chemokines, and granule proteins. The underling immunological
mechanisims were revealed by studying the intracellular signaling transduction pathways.

Epithelial cells at mucosal surface, such as in the skin, airways, gut and intestine, are the
first linc of defense of the organism against microbes and foreign antigens. Recent work
strongly suggests that cylokmes produced by cpithehal cells play a cnitical role in shaping the
imnune response and in the pathogenesis of immune-mediated diseases (Sacnz ef «f., 2008).
Thymic stromal lymphopoietin {TSLP) is an epithelial celi-denived cytokine expressed in skin,
gut, lungs, and thymus, and is highly expressed by bronchial epithelial cells and skin
keratinnocytes in allergic diseases but not detectable in healthy control subjects (Comeau and
Zicgler, 2010). TSLP acts as a master switch for allergic inflammation through the activation
of DCs and mast cells for mtiating inflammatory Th2 responses. To clucidate the
immunological  cascades of  cpithelium/keratinocyte-eosinophit  mediated  allergic
inflammation, we have examined the modulating effects of TSLP on human eosinoptuls in
Chapter 3.

11.-27 is a novel 1L-12 family cytokine, which also includes previous found members
IL-12 and IL-23 (Kastelein o «f., 2007). 1L-27 has plelotropic effects in that although it
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induces Thi differentiation and inflammatory cytokines from monocytes and mast cells,
IL-27 also has an immunosuppressive function such as inhibiting Thl, Th2, and Thi17
responses, and suppresses production of inflammatory cytokines (Yoshida er al, 2009). In
addition, though belonging to 1L-12 family cytokines, [L-12 and IL-23 was reported to exert
opposite effects on eosinophuls. I1.-23 could potentially enhance cosinophil survival whereas
IL-12 mcreased in vitro human eosinophil apoptosis (Cheung ef ¢f , 2008; Nutku er af.. 2001).
In an attempt to further elaborate the role of IL-12 family members in allergic responses, we
have investigated the bio]ogical cffects of [L-27 on human penpheral bicod eosinophils and
the underlying mechanisms in Chapter 4.

Although cosinophils are key cffector cells in allergic diseases, however, the
complicated features of allergic responses cannot be attnbuted to a single cell type only. The
complex interaction among different cell types therefore gives a more comprehensive view on
the potential mechanisms for the pathogenesis of allergic diseases. In addition, expenimental
and epidenuological studies have suggested that bactenal and viral infections could modulate
allergic inflammation. Therefore, we investigated the /n vitro co-culture system to study the
interaction between eosinophils and bronchial epithelial cells, the first line barmer defence
agamst mucrobial organisms in airways, upon novel found panem. recognition receptor
nucleotide-binding oligomerization domain (NOD) like receptor (NLR) protein NODI1 and
NOD2 ligand stimulation in Chapter 5. The investigation could give clear mformation and
unraveling more immunological roles of NOD1 and NOD?2 in allergic asthma.

In summary, we herein investigated the immunological mechanisms of eosinophil
activation by diverse novel stimuli to improve our understanding of their expanding roles in
the pathogenesis of allergic diseases and thereby identifying better approaches of targeting
eosinophils for potential therapies. Only when these complicated mteractions and
immunological mechanisms arc clanfied can the comprehensive roles of eosiriophils in
allergic diseases be clearly defined.
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Chapter 2
Materials and Methods

2.1 Materials

2.1.1 Human ecsinophils

2.1.1.1 Human Buffy Coat

Fresh human buffy coat was obtained from healthy adult volunteers of Hong Kong Red Cross
Blood Transfusion Service. Eosinophils were purified from buffy coat within 48 h afier

donation.

2.1.1.2 Phosphate-Buffered Saline (PBS) Solution (1 X)

PBS (1 %, pH 7.4) was prepared by dissolving PBS powder {Sigma-Aldnch, St. Lous, MO,
USA) containing 0.2 g monobasic potassium phosphate, 0.2 g potassium chlonide, 8 g sodium
chloride and 1.15 g dibasic sodium phosphate 1n | Liter (L) double distilled water (ddH;0),

and was then sterilized by autoclaving at 121°C for 15 min and kept at 4°C.

2.1.1.3 Wash Buffer
Stenilized 1 x PBS solution was supplemented with 2% heat-inactivated fetal bovine serum

(Gibco, Invitrogen Corporation, Carlsbad, CA, USA) and used as wash buffer in MACS.

2.1.1.4 Sodium Chloride (NaCl) Solution (1.5 M)
NaCl solution (1.5 M) was prepared by dissolving 87.6 g NaCl (Sigma-Aldnch) in |1 L
ddH,0, sterilized and then kept at 4°C. The concentrated stock solution was further diluted to
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1.8% (w/v) and 0.9% stenle normal saline.

2.1.1.5 Percoll gradient Solution (1.082 g/rnl)
Percoll gradient solution (150 ml, density 1.082 g/ml) was freshly prepared by mixing 87.9 ml
Percoll stock solution (density 1.130 g/ml, GE Healthcare Bio-Sciences Corp., Piscataway, NJ,

USA), 15 mi stenlized 1.5 M NaCl and 47.1 ml sterilized ddH,0 and then stored at 4°C.

2.1.1.6 Magnetic-activated cell sorﬁﬁg (MACS) and Anti-CD16 Magnetic MicroBeads

The MACS (Miitenyi Biotec, Bergisch Gladbach, Germany) composed of three components,
including MidiMACS Separation Unit, MACS MuluStand, and LS Separation Column
which could separate up to 2 x 10” total cells and 10° magnetically-labeled cells. The
anti-CD16 magnetic MicroBeads (Miltenyl Biotec) were conjugated with monoclonal mouse

anti-human CD 16 antibodies.

2.1.2 * Cell culture

2.1.2.1 Human Epidermal Keratinocytes (HEK)

Primary human epidermal keratinocytes (ScienCell Research Laboratones, Carlsbad, CA,
USA) were isolated from human epidermal tissue. HEK were tested negative for HIV-1, HBVY,

HCV, mycoplasma, bacteria, yeast and fung.

2.1.2.2 Primary Human Bronchial Epithelial Cells (HBEpiC)
Primary human bronchial epithelial cells (ScienCell Research Laboratories) were isolated
from human lung tissue. HBEpiC were tested negative for HIV-1, HBV, HCV, mycoplasma,

bactena, yeast and fung.
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2.1.2.3 Human Bronchial Epithelial Cell Line BEAS-2B

BEAS-2B cells (ATCC, Manassas, VA, US) were derived from normal human bronchial
epithelium transformed by an Adenovirusi2-SV40 hybrid virus (Reddel er al. 1988).
BEAS-2B cells retain electron microscopic features of epithelial cells and show positive

staimng with antibodies to cytokeratin but do not form tight junctions.

2.1.2.4 Serum Supplements
Fetal bovine serum (FBS) was purchased from Invitrogen Corporation. Heat-inactivated fetal
bovine serum (HI-FBS) was prepared by heating at 56°C for 30 min and stored at -20"C until

use.

2.1.2.5 Cuiture Medium

Rosewell Park Memorial Institute (RPMI} 1640 medium contaiming L-glutamine and 25 mM
hydroxyl-ethyl-piperazine-N’-2-ethene-sulfonic acid (HEPES), and Dulbecco's Meodified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12} medium, with L-glutamine, 15 mM
HEPES and pynidoxine HC! were purchased from Invitrogen Corporation. The LHC-9
Medium (I x) specific for human bronchial epithelial cells was purchased from Invitrogen
Corporation.  EpiLife Medium was also purchased from Invitrogen and contained 60 uM of
calcium chloride for the growth of normal human epidermal keratinocytes. Human
Keratinocyte Growth Supplement, an ionically balanced supplement containing bovine
pituitary extract, bovine insulin, hydrocortisone, bovine transferrin, and human epidermal
growth factor, was also used for maintaining complete culture environment for the growth of
normal human epidermal keratinocytes.

No antibiotic was added in all culture solutions and they were free of detectable endotoxin (<

0.1 EU/ml) as determined by the Limulus amebocyte lysate assay (sensitivity limit 12 pg/ml;
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Biowhittaker Inc., Walkersville, MD).

2.1.2.6 Trypan Blue Solution
Trypan blue solution (Sigma-Aldrich) was prepared containing 0.4% (w/v) trypan blue

dissolved in 0.81% sodium chlonide and 0.06% dibasic potassium phosphate.

2.1.2.7 Harleco Hemacolor Staining Solutions

Harleco hemacolor staining solutions (E Merck Dhagnostica, Darmstadt, Germany) were used
lo stain peripheral blood eosinophils after cytospin. Hemacolor solution 1 was methanol for
cell fixation; solution 2 was a buffered color reagent red contatning eostn; solution 3 was
phosphate buffered thiazine solution for nuclei detection. All the stamning solutions were and

stored at room temperature and protected from light.

2.1.2.8 Recombinant Human Cytokines
Rex;omb_inam human TSLP, IL-25, IL-27, IL-31 and IL-33 were purchased from R & D
Systems Inc., Minneapolis, MN, USA. Recombinant human GM-CSF, IL-4 and IL-5 were

purchased from PeproTec Inc., Rocky Hill, NJ, USA.

2.1.2.9 Toll-like receptor ligands and NOD-like receptor ligands

TLR2 ligand Peptidoglycan (PGN) from Staphylococcus aureus, TLR3 ligand
Polyinosine-polycytidylic acid [poly(I:C)], a synthetic analog of dsRNA, TLR4 ligand
Lipopolysaccharides (LPS) from Escherichia coli serotype 0111:B4, NODI1 ligand
y-D-glutamyl-meso-diaminopimelic  acid (IE-DAP) and 1E-DAP negative control
v-D-glutamyl-lysine (iE-Lys), and NOD2 ligand N-acetylmuramyl-1-alanyl-D-isoglutamine

(muramy] dipeptide/MDP) and MDP negative control (D-D isomer) were purchased from
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InvivoGen (San Diego, CA, USA).

2.1.2.10Protein Synthesis Inhibitors
RNA transcription inhibitor actinomycin D and mRNA. translation inhibitor cycloheximide

were purchased from Sitgma-Aldrich.

2.1.2.11 Signal Transduction Pathways Inhibitors

ERK inhibitor U0126, p38 MAPK inlubitor SB203580, JNK inhibitor SP600125, kBo
phosphorylation inhibitor BAY 11-7082, JAK inhibitor AG490, and PI3K inhibitor LY294002
were purchased from Calbiochem, Darmstadt, Germany. Double distilled water was used to
dissolve SB203580, while dimethyl sulfoxide (DMSO) was used to dissolve U126,
SP600125, BAY11-7082, AG490, and LY294002. The concentration of DMSO was kept at

0.1% (v/v) in all studies.

2.1.3 - RNA extraction, Reverse transcription—polymerase chain reaction (RT-PCR),
and real-time quantitative PCR (qPCR)

2.1.3.1 TRI-Reagent

Total RNA was extracted using TRI-Reagent” (Molecular Research Center Inc., Cincinnati,

OH, USA). RNA was phase-separated using bromochloropropane (BCP) (Molecular

Research Center Inc.} and precipitated by isopropanol.

2.1.3.2 Reverse Transcription (RT)
The first-stand cDNA synthesis kit was purchased from Appled Biosystems Inc., Foster City,
CA, USA. The kit consisted of the following components: MultiScribe Reverse Transcriptase

(50 U/uL), RNase Inhibitor (20 U/uL), dNTP Mixture (2.5 mM each for dATP, dCTP, dGTF,
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dTTP), Ohgo d(T), (50 uM), Random Hexamers (50 uM), 10 x RT buffer (500 mM KCl,

100 mM Tns-HCl, pH 8.3), MgCl; solution (25 mM).

2.1.33 PCR

2.1.3.3.1 PCR primers

The lyophilized PCR primers (Invitrogen) for different human genes were reconstituted in TE

buffer to obtain a stock at concentration of 100 mM and kept at -20°C. The primer sequences

and their PCR product sizes were as follows:

Primer Sequence of primers Product Size

hTSLPR Forward 5'-TGAGATTTTCGTGGCATCAG-3 238 bp
Reverse 5’-GACCAGTCGCTTGGGTATGT-3"

hilL-7R Forward 5-GAAGGTTGGAGAAAAGAGTC-3 418 bp
Reverse S“CAAAATGCTGATGGTTAGTAAG-3'

hWSX-1 Forward 5’-TGGACTTTTCCGAGGATGAC-3’ 451 bp
Reverse 5S*-GGAGCAGCAGCAGGTAATTC-3"

hgp130 Forward 5’-TGCTGATTGCAAAGCAAAAC-3’ 452 bp
Reverse 5°-CCCACTTGCTTCTTCACTCC-3

B-actin Forward 5-CTTCCTTCCTGGGCATGGAG-3' 300 bp

Reverse 5'-TGGAGGGGCCGGACTCGTCA-3

2.1.3.3.2  [Tris-ethylenediamine tetra-acetic acid (EDTA)] (TE) Buffer
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TE buffer consisted of 10 mM Trns-HCL (pH 7.5) and 0.1 mM EDTA in ddH,O. The buffer

was used for primer reconstitution and kept at room temperature.

2.1.3.3.3 Polymerase chain reaction
AmpliTaq Gold PCR Master Mix was purchased from Applied Biosystems. The kit consisted
of the following components: AmpliTaq Gold DNA polymerase 250 U (0.05 U/ui),

GeneAmp PCR Gold Buffer, MgCl; (5 mM), and dANTP (400 uM each).

2.1.3.3.4 Ethidium Bromide Solution and Tris-Acetate-EDTA (TAE) Electrophoresis
Buffer (10 x)

Ethidium Bromide (10 mg/ml) (Invitrogen) was uscd for agarose gel electrophoresis of

nucleic acids at 0.5 pg/iml. TAE Buffer (10 x Ultra Pure) was also obtained from Invitrogen

contained 400 mM Tris-acetate and 10 mM EDTA at pH 8.3 was diluted to 1 x TAE Buffer

for agarose DNA electrophoresis.

2.1.3.3.5 100 bp DNA Ladder

The 100 bp DNA ladder (Invitrogen) was dissolved in TE Buffer at concentration of 1 pg/pl
and consists of 15 blunt-ended fragments between 100 and 1500 bp in multiples of 100 bp
and an additional fragment at 2072 bp. This reagent was 10-fold diluted with loading buffer,

and 10 pl of the diluted DNA ladder (0.1 pg) was used per lane.
2.13.3.6 Agarose Gel

Agarose gels (2%) (Invitrogen) were prepared by dissolving 2 g agarose in 100 ml | x TAE

buffer (Invitrogen) and were used to analyze RNA and PCR products.
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2.1.3.4 Real-time quantitative PCR
2.1.3.4.1 Primers for q PCR

The following iyophilized gPCR pnimers (Invitrogen) for different human genes were used:

Primer Sequence of primers

NOD1 Forward 5’-TTCCCTGCTCACTCAGAGCAAAG-3’

Reverse 5’-TAGCACAGCACGAACTTGGAGTCA -3’

NOD2 Forward 5-CGAGGCATCTGCAAGCTCATTGAA -3

Reverse S-GTGCACAGCCGTCAGTCAATTTGT-3'

GAPDH Forward 5'-ATGGGGAAGGTGAAGGTCG-3’

Reverse 5'- GGGGTCATTGATGGCAACAATA-3'

2.1.34.2 Real-time gPCR

The FastStart Universal SYBR Green Master (ROX) kit for gPCR was purchased from
Roche Applied Science, Mannheim, Germany. The kit was a ready-to-use, 2 % concentrated
master mix that contains all the reagents (except pnmers and template) and a special ROX

reference dye in the SYBR Green I detection format.

2.14  Cell surface and intracellular immunofluorescence staining

2.1.4.1 Fluorescence-activated cell sorting (FACS) Flow Sheath Fluid

FACS Sheath Fluid (BD Biosciences, San Jose, CA, USA), a balanced electrolyte solution,
contains sodium chlonde, disodium EDTA, potassium chlonide, monobasic potassium

phosphate, dibasic sodium phosphate, and anti-microbial agent as preservatves.
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2.1.4.2 FACS Staining Medium
The FACS staining medium was composed of 0.5% BSA (Sigma-Aldrich) and 0.01%
sodium azide (NaN3) in 1 x PBS. The buffer was kept at 4°C and used for washing in

immunofluorescence staimning.

2.1.4.3 Fixation and Permeabilization Buffers for intracellular staining
Fonmaldehyde (Sigma-Aldrich) (36%) was used as fixation buffer, and methano! (Fisher
Scientific, Leicestershine, UK) was used for permeabilization for intracellular fluorescent

eosmophil staimng.

2.1.4.4 Antibodies for flow cytometry

2.1.4.4.1 Fluorescein isothiocyanate (FITC)-conjugated mouse lgG, anti-human
ICAM-1 (CD54) monoclonal antibody

The antibody (Clone BBIG-I1, R & D Systems Inc.) at concentration of 50 pg/ml was used

with 5 pl per 5 x 10° cells in direct immunofluorescence staining,

2.144.2  Phycoerythrin (PE)-conjugated mouse IgG, anti-human ICAM-1 (CD34)
monoclonal antibody
The antibody (Clone HAS8, BD Biosciences) was used with 5 ul per 5 x 10° cells in direct

ummunofluorescence staining.

2.1.443 FITC-conjugated mouse IgG, anti-human ICAM-3 (CDS0) monoclonal
antibody
The antibody (Clone Cal 3.10, R & D Systems Inc.) at concentration of 25 pg/ml was used

with 5 pl per $ x 10° cells in direct immunofluorescence staining.
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2.1.444 FITC-conjugated mouse 1gG, anti-human I-selectin (CD62L) monoclonal
antibody
The antibody (Clone 4G8, R & D Systems Inc.) at concentration of 25 pg/ml was used with 5

wl per 5 x 10° cells in direct immunofluorescence staining,

21445 FITC-conjugated mouse IgG, anti-human CD18 monoclonal anfibody
The antibody (Clone 6.7, BD Biosciences) was used with 5 pl per 5 x 10° cells in direct

immunofluorescence staining.

2.14.4.6 PE-conjugated mouse IgG, anti-human II-7Re (CD127) monoclonal
antibody
The antibody (Clone HIL-7R-M21, BD Biosciences) at concentration of 0.2 mg/ml was used

with 2 pi per 5 x 10° cells in direct immunofluorescence staining.

2.144.7 PE-conjugated mouse IgG,, anti-human TSLPR monoclonal antibody
The antibody (Clone 1D3, Biolegend, CA, USA) was used with 5 p) per 5 x 10 cells in direct

immunofluorescence staining.

2.1.448 FITC-onjugated mouse IgG, monoclonal Ig isotypecontrol
The antibody (Clone MOPC-21, BD Biosciences) was used with 5 pl per 5 x 10° cells in

direct inmunoflucrescence stamning.

2.1449 PE-conjugated mouse igG, monoclonal Ig isotype control
The antibody (Clone MOPC-21, BD Biosciences) was used with 5 pl per 5 x 10° cells in

direct immunofluorescence staining,
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2.1.44.10 PE-conjugated mouse 1gG,, monoclonal Ig isotype control
The antibody (Clone MOPC-173, Biolegend) was used with 5 pl per 5 x 10° cells in direct

immunofluorescence staining,

2.1.44.11 Mouse IgG, anti-human phospho-lkB monoclonal antibody
The antibody (Clone 39A1413, BD Biosciences) at concentration of 50 pg/ml was used with

8l per § x 10” cells.

2.1.44.12 Mouse IgG, anti-human phospho-ERK1/2 monoclonal antibody
The antibody (Clone 20A, BD Biosciences) at concentration of 50 pg/ml was used with 8 pl

per 5 x 10° cells.

2.1.4.4.13 Mouse'tgG, anti-human phospho-p38 monoclonal antibody
The antibody (Clone 30, BD Biosciences) at concentration of 50 pg/ml was used with 8 pl per

5 x 10° cells.

2.1.44.14 Mouse IgG, anti-human phospho-JNK monoclonal antibody
The antibody (41/INK/SAPK, BD Biosciences) at concentration of 50 pg/ml was used with 8

ul per 5 x 107 cells.

2.1.44.15 Mouse IgG, anti-human AKT monoclonal antibody
The antibody (Clone J1-223.371, BD Biosciences) at concentration of 50 pg/ml was used

with 8 pl per 5 x 10 cells.

2.1.44.16 Mouse IgG, anti-human gp130 monoclonal antibody
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The antibody (Clone 28126, R & D Systems Inc.) at cmwcnt'mtinn ot 50 pg/ml was used with
8 pl per 5 x 10° cells.
™
2.1.44.17 Mouse 1gG;, anti-human NOD2 monoclonal antibody
The antibody (Clone NOD-15, Biolegend) at concentration of 50 pg/ml was used with 8 pl

per 5 x 10° cells.

2.1.44.18 Mouse IgG,; monoclonal Ig isotype control
The antibody (Clone MOPC-31C, BD Biosciences) at concentration of 50 pg/ml was used

with 8 pl per 5 x 10" cells.

2.1.4.4.19 FITC-conjugated goat anti-mouse IgG antibody
The antibody of goat anti-mouse IgG (H+L) (Invitrogen) at a dilution of 1:250 mn FACS
staining medium was used as secondary antibody with 80 pl per 5 x 10° cells in indirect

immunofluorescence staining.

2.1.45 Human Serum
Human serum obtained from venous blood of Chinese healthy volunteers was used for

blocking step in immunofluorescence staining.

2.1.5 Detection of inﬂa;mmatory mediator release

2.1.5.1 Protein Array

The expression profile of 79 different cytokines in culture su.pcmalam of eosinophils with or
without treatment was semi-quantitatively assessed u‘;ing antibody based RayBio® human

cytokine antibody array V (RayBiotech Inc., Norcross, GA, USA). The kit contains 8 Array
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Membranes, Biotinconjugated anti-cytokines, 1000 x HRP-conjugated streptavidin, | x
Blocking buffer, 20 x Wash bufier 1, 20 x Wash buffer 11, Detection buffer C, Detection buffer

D and Fight-well tray (1 each). The cytokine amray map was listed in Appendix.

2.1.5.2 Enzyme-linked Immunosorbent Assay (ELISA)

Concentrations  of mflammatory cytokine [L-6 and chemokine CXCLS/IL-8 and
CCL2/MCP-1 in culture supematant were quanuitated using ELISA kit from BD Bioscicnees,
with detection hmits of 2.2, 0.8, 1.0 pg/ml for [L.-6, CXCL&/IL.-8, and CCLZ/MCP-1,
respectively. CXCLI/GRO-u was measured using ELISA kit from R & D Systems and the
detection limit is 10 pg/ml.  TSLP concentration was also measured using ELISA kit from R
& D Systems.  Absorbance at 450 nm was read using VICTOR® Multilabel Counter model
1420-032 (PerkinElmer, Waltham, MA. USA), and the values were adjusted with the

comresponding reading at 570 nm.

2.1.53 Cytometric beads array (CBA)

The BD CBA system uses the sensitivity of amplified fluorescence detection by flow
cytometry to measure soluble analytes in a particle-based immunoassay. Each bead n a CBA
provides a capture surface for a specific protein and s analogous to an individually coated
well in an ELISA plate. The BD™ CBA Human Inflammation Kit can be used to
quantitatively measure [L-8, 1L-if}. 1L-6, IL-10, TNF-a, and [1.-12p70 protein levels in a
singlc sample with a wide range of measured concentration from 20 pg/ml to 5000 pg/ml. The
BD™ CBA Human Chemoekine Kit can be used to quantitatively measure CXCLS/IL-8,
CCLS/RANTES, CXCLYMIG CCLYMCP-1, and CXCLI10AP-10 levels in a smgle sample

with a wide range from 10 pg/mi to 2500 pg/ml.
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2.1.5.4 Assay for ECP degranulation
The rclease of ECP was measured by fluorescence enzyme immunoassay (FEIA) using

AutoCAP analyzer (Pharmacia Diagnostics AB, Uppsala, Sweden).

2.1.6  Detection of cell viability and apoptosis

2.1.6.1 Annexin V‘and propidium iodide (PI) staining

Apoptosis of cosinophils was assessed by the TACS™ Annexin V-FITC Apoptosis Detection
Kit (Trevigen Inc., Gaithersburg, MD, USA), which contained 10 x binding buffer, propidium

iodide (PT), and Annexin V-FITC.

2.1.6.2 DNA ladder assay
Genomic DNA from eosinophils was harvested using quick apoptotic DNA ladder detection
kit (BioVision Inc.,, Mountain View, CA, USA), containing TE lysis buffer, Enzyme A

solution, Enzyme B (lyophilized), Ammonmium Acctate solution, and DNA Suspension buffer.

2.1.7 Protein extraction

2.1.7.1 Cell Lysis Buffer

RIPA buffer (Cell Signaling Technology, Beverly, MA, USA) centains 20 mM Tns-HCl (pH
7.5). 150 mM NaCl, 1 mM Na,EDTA, | mM EGTA, 1% NP-40, 1% sodium deoxycholate,
2.5 mM sodium pyrophosphate, | mM [B-glycerophosphate, 1 mM Na;VO, and 1 pg/ml
leupeptin. The cell lysis buffer used for total protein extraction was prepared by | x RIPA
bufier with fresh protcase inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany)

and PMSF just prior to use.

2.1.7.2 Nuclear protein extract
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Nuclear protein extracts were prepared using Nuclear Extraction Kit (Panomics Inc., Fremont,
CA, USA), which contained Buffer A, Buffer B, 100 mM DTT, Protcase inhibitor,

Phosphates inhibitor {, and Phosphates inhibitor I1.

2.1.7.3 BCA Profein Assay
The Pierce BCA Assay (Thenmno, Rockford, 1L, US), which consists of BCA Reagent A,
Reagent B, and Albumin Standard Ampules (2 mg/ml), can be used to determine the

concentration of proteins from the whole cell lysates and nuclear protein extract fractions.

2.1.8  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
2.1.8.1 Acrylamide Solution |30% (w/v)}
Acrylanmide/Bis solution (30%) (29:1) was purchased from Bio-Rad Laboratoncs, Herculcs,

CA. USA and stored at 4°C.

2.1.8.2 Ammonium Persulfate (APS) Solution [10% (w/v)}
APS (Sigma-Aldrich) (10%) was dissolved in double distilled water and stored at -20"C until

LSC.

2.1.8.3 Tris-HCI Buffer (pH 7.5)
Tris base (Sigma-Aldrich) was prepared as 1 mol/L. stock solution in DEPC-treated double

distilled water, and then adjusted to pH 7.5 with HC! and stored at 4°C.

2.1.8.4 Upper Buffer for Stacking Gel

The upper buffer was prepared as 0.5 mol/L Tris-HC! (pH 6.8) and kept at 4°C.
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2.1.8.5 Lower Buffer for Separating Gel

The lower buffer was prepared as 1.5 mol/L Tris-HCl (pH 8.8) and kept at 4°C.,

2.1.8.6 SDS Solution [10% (w/v)]
SDS (Sigma-Aldnch) 5 g was dissolved in 50 ml double distilled water and kept at room

temperature.

2.1.8.7 N, N, N°, N’-Tetra-methylethylenediamine (TEMED)
TEMED (Bio-Rad Laboratories) used for imtiating polymenzation of SDS-PAGE was stored

at 4°C in dark.

2.1.8.8 Tris-Glycine-SDS Electrophoresis Buffer (10 x) e
Tris-glycine-SDS electrophoresis buffer (10 %) was composed of 250 mM Tns-HCI (pH 7.5),
1.92 M glycine, and 1% SDS in double distilled water. The concentrate was freshly diluted to
I x working buffer solution using double distilled water for SDS-PAGE.

2.1.89 Laemnli Sample Buffer

Laemmii sample buffer (Bio-Rad Laboratonies) contained 62.5 mM Trs-HCI (pH 6.8), 25%
glycerol, 2% SDS, and 0.01% bromophenol blue. Before use, 50 pl of B-mercaptoethanol was
added per 950 wl of sample buffer for a final concentration of 5% [}-mercaptoethanol, 710
mM. The prepared buffer was 2 x concentrate and 1 part sample was diluted with 1 part

Laemmh sample buffer for loading.,

2.1.8.10 BenchMark"™ Pre-stained Protein Ladder

The BenchMark™ Pre-stained protein ladder {(Invitrogen) allows easy visualization of protein
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molecular weight ranges during clectrophoresis and evaluation of westem transfer efficiency.
The protein ladder was stored at -20°C and composed of 10 pre-stained protein bands in the
range of 6 - 180 kDa, including 180 kDa, 115 kDa, 82 kDa, 64 kDa, 49 kDa, 37 kDa, 26 kDa,
19 kDa, 15 kDa, 6 kDa. The proteins are covalently coupled to a blue or pink dye, and the
fourth protein band from the top (64 kDa) 1s coupled to a pink dye for easy orientation and to

ensure proper identification of each protein

2.1.9 Western blot analysis

2.1.9.1 Antibodies

Goat anti-human TSLPR antibody, nonmal goat IgG and mouse anti-human TCCR antibody
were purchased from R & D Systems. Rabbit anti-human STAT3 and STATS,
anti-phospho-STAT3 (Ser 727), anti-phospho-STAT3 (Tyr 705), anti-phospho-STATS (Tyr
694), and anti-NOD!1 antibodies were purchased from Cell Signaling Technology. Anti-pan
ERK, anti-phospho-ERK1/2, anti-p38MAPK, anti-phospho-p38MAPK, anti-lkBa and
anti-phospho-IkBa were purchased from BD Pharmingen (San Diego, CA, USA). Mousc
anti-human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody and
rabbit anti-human gp130 antibody were purchased from Millipore (St. Charles, MO, USA).
Donkey anti-mouse lg and donkey anti-rabbit Ig secondary antibodies conjugated with
horseradish peroxidase (HRP) were purchased from GE Healthcare. Donkey anti-goat Ig was

purchased from R & D systems.

2.1.9.2 Polyvinylidene Difluoride (PVDF) Western Blotting Membranes

The PVDF membranes (pore size of 0.45 um) were purchased from GE Healthcare Corp.

2.1.9.3 Tris-Glycine Buffer (1{ x)
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Tris-glycine buffer (10 x) consisted of 0.25 M Tris-HCI and 1.92 M glycine, pH 8.3 in double

distilled water and stored at 4°C.

2.1.94 Tris-Glycine-Methanol Transfer Buffer (1 x)
The transfer buffer was prepared by freshly mixing 20% methanol in 1 x Tris-glycine buffer

and kept at 4°C.

2.1.9.5 Tris-Buffered Saline Tween 20 (TBST) washing buffer
The washing buffer for Westem blot consisted of 10 mM Tns-HCl (pH 7.4), 150 mM NaCl

and 0.05% (v/v) Tween 20 (Sigma-Aldrich).

2.1.9.6 Non-fat Milk Solution (5%)
Non-fat milk powder was purchased from San Hua Co., Hong Kong, China. Non-fat milk
solution (5%) was freshly prepared by dissolving 5 g milk in 100 ml TBST washing buffer.

The solution was used as blocking solution.

2.1.9.7 Enhanced Chemiluminescent (ECL) Plus" Western Blotting Detection

The ECL Plus'" Westemn blotting detection kit (GE Healthcare) consisted of two components:
Lumigen™ PS-3 detection reagent A, an ECL Plus substrate solution containing Tris buffer,
and Lumigen'™ PS-3 detection reagent B, a stock acridan solution in dioxane and ethanol.
The kit was stored at 4°C. Reagent A and Reagent B were mixed in a ratio of 40:1 for

detection use.

2.1.9.8 ECL Films (Hyperfilm"™ ECL™)

The Hyperfilm™ ECL™ (18 x 24 cm) purchase from GE Healthcare was a high
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performance chemiluminescence film used for Westem blot analysis.

2.1.10 Detection of activities of nuclear transcription factors

2.1.10.1 Tris-Borate-EDTA (TBE) Electrophoresis Buffer (5 x)

The 5 x TBE electrophoresis buffer (pH 8.0) stock was prepared by dissolving 54 g Trnis base,
27.5 g bonc acid and 20 pl 0.5 M EDTA in 1 L double distilled water. The working buffer 0.5
x TBE was prepared by diluting onc part of the 5 x TBE stock buffer with nine parts of

double distilled water. Both working and stock solutions were stored at 4°C.

2.1.10.2Hybond-N+ Nylon Membrane
The Nylon membranes (pore size of 0.45 pm) with positive charge were purchased from GE

Healthcare Corp.

2.1.10.3 Electrophoretic Mobility Shift Assay (EMSA, Gel Shift) kit

The NF-xkB (1) EMSA Kit (Panomics) was used to detect the activation and nuclear
translocation of NF-xB. The kit was consisted of threc set of components. The first set
contained 5 x binding buffer, poly d(1-C), loading dye, 2 x blocking buffer, contro! nuclear
extract, control probe, and cold (unlabeled) control probe, and were stored at -20°C. The
second set contained distilled H,O, solution 1, Solution I, Solution III, streptavidin-HRP
conjugate, 10 x Detection buffer, and 10 x Wash buffer, and were kept at 4°C. The third set
stored at -20°C were transcription factor (TF) probe and cold TF probe with the consensus

NF-xB oligonucleotides 5’-AGTTGAGGGGACTTTCCCAGGC-3".

2.2 Methods

2.2.1 Purification of human eosinophils, neutrophils and peripheral blood
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mononuclear cells

Fresh human buffy coat obtained from healthy adult volunteers was diluted 1:2 with PBS at
4°CC and centrifuged using an isotonic Percoll solution (density 1.082 g/ml) for 30 min at
1,000 g. The penpheral blood mononuciear cells (PBMC) at the mterface were collected
firstly. The cosinophil-rich granulocyte fraction was collected and incubated with anti-CD16
magnctic beads at 4°C for 45 min. CD16-positive cells were depleted by passing through «
LS+ column withm a magnetic ficld. CD16+ ncutrophils were immediately collected by
pipetting the wash buffer and applying the plunger onto the column. The isolated cosinophils
“were cultured n RPMI 1640 medium supplemented with 10% HI-FBS.

-Wilh this preparation, the punty of the drop-through costnophils was examined. Eosinophils
(5 x 10") were centrifuged at 300 rpm for 3 min on microscopic slide by the Shandon
("ytospin Cenirifuge (Cometa Scientific, Nottingham, UK). The cells werc air-dned, staincd
with Harleco hemacolor staining solutions, and examined using Nikon Eclipsc E&O0
microscope (Nikon Corp., Tokyo, Japan). Only eosinophils with the punty more than 95%

were used for functional study.

2.2.2  Cell culture

2.2.2.1 Primary Human Epidermal Keratinocyte Cell Culture

HEK were maintained in EpiLife Medium with Human Keratinocyte Growth Supplement.
The cells were incubated at 37°C in a humidified incubator with the supply of 5% carbon

dioxide (CO,) and 95% air. HEK were subcultured when they were up to 90% confluent.

2.2.2.2 Primary Human Bronchial Epithelial Cell Culture
HBEpiC were maintained in LHC-9 medium, incubated at 37°C in a humidified incubator

with the supply of 5% CO; and 95% air, and were subcultured when up to 90% confluent.
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2.2.2.3 Human Bronchial Epithelial Cell line BEAS-2B Culture
BEAS-2B were maintained in DMEM/F12 medium supplemented with 10% HI-FBS,
ncubated at 37°C in a humidified incubator with the supply of 5% CO; and 95 % air, and

were subcultured when they grown to 90% confluent.

2.2.2.4 Co-culture of Human Eosinophils with BEAS-2B celis
BEAS-2B (8 x 10 cells) cells were cultured in 24-well platc onc day before the co-culture.
The medwum was replaced with RPMI 1640 medium containing 10% HI-FBS with or

without eosmophils (5 x 10° celis).

2.2.2.5 Co-culture of Human Eosinophils with BEAS-2B cells in the presence of
transwell inserts

To prevent direct interaction between eosinophils and BEAS-2B cells in the co-culture,

transwell inserts (pore size: 0.4 uM) (BD Biosciences) were used to separate the cells into two

compa.tﬁnenls. BEAS-2B (8 x 10 cells) and eosinophils (5 x 10° cells) were cultured

together in the presence of transwell inserts, in which eosinophils were placed in the upper

compartment and BEAS-2B celis were in the lower one.

2.2.2.6 Co-culture of fixed Human Eosinophils with BEAS-2B cells

BEAS-2B cells (8 x 10° cells) or eosimnophils (5 x 10° cells) were pre-trcated with 1%
paraformaldehyde in PBS on ice for 45 min to prevent the release of mediators from cells
while preserving the cell membrane integrity to maintain intercellular interaction. After
fixation, cells were washed at least 10 times with PBS containing 2% FBS, and fixed or
unfixed BEAS-2B cells or cosinophils were co-cultured in RPMI 1640 medium

supplemented with 10% FBS with different treatment.
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2.2.3 Total RNA extraction

Briefly, eosinophils (1 x 10’ cells) were washed with 1 x PBS and then tysed and
homogenized in 1 ml TRI-Reagent containing highly denaturing guamdinium isothiocyanate
and phenol. BCP (200 ul) was used to extract phenol and protein in organic phase whilc RNA
remained dissolved in aqueous phase. After acquinng the aqueous phase, isopropanol was
used to precipitate the RNA and then washed with 75% ethanol. Extracted RNA was then
treated with DNase | (Ambion Inc., Austin, TX, USA) to exclude genomic DNA
contamination and dissolved in RNase-free water (QIAGEN, Valencia, CA, USA). The

extracted total RNAs were finally dissolved in RNase-free water wnd stored at -80°C.

224 RT-PCR

Extracted RNA was reverse transcribed into first-strand complementary DNA using
first-srand ¢DNA synthesis kit (Applied Biosystems). The RT reaction mixture final
concentration included 1 x RT buffer, 5.5 mM MgCl,, 500 uM dNTP, 2.5 uM Ohgo d(T).
).4 U/uL RNase inhibitor, 1.25 U/pl. MultiScnbe Reverse Transcriptase, and (1.5 pg RNA.
The reaction was performed at 25°C for 10 min, 48°C for 30 min and 95°C for 5 min.

PCR reaction was performed using AmpliTaq Gold DNA polymerase (Applied Biosystems),
containing 0.5 WM of 5’ and 3’ primers in PCR reaction buffer (1 min each at 95°C, 55°C and
72°C) for 30 cycles after an initial 5 min of denaturation at 95°C. After the amplification using
PTC 100 thermal cycler (MJ Research Inc., Waltham, MA, USA), PCR products were
clectrophoresed on 2% agarose gel in TAE buffer and stained with ethidium brommde. The
electrophoretic bands were documented with Gene Genius Gel Documentation System

(Syngene Inc., Cambndge, UK).

2.2.5 Quantitation of mRNA expression
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The quantitative expression of human NOD1 and NOD2 was performed using ABI Step One
(Applied Biosystems), containing 30 uM of 5" and 3’ primers, 1 * FastStart Unuversal SYBR
Green Master (ROX), and appropnate cDNA template. Values were expressed as arbitrary

units relative to GAPDH plus 10°.

2.2.6  Cell surface and intracellular immunofluorescence staining

For assessing cell surface molecules, human eosinophils, HEK, HBEpiC, and BEAS-2B cclls
were washed and resuspended with cold | x PBS supplemented with 0.5% BSA. The cclls
were firstly blocked with 2% human pooled serum for 20 mun. For direct
immunofluorescence staining, the cells were incubated with FITC- or PE- conjugated mousc
anti-human monoclonal antibody and FITC- or PE- conjugated mouse IgG isotype at 4°C in
the dark for 45 min. For indirect immunofluorescence staiung, the cells were first incubated
with either mouse anti-human monoclonal antibody or mouse 1gG isotype at 4°C for 45 mun,
following by incubation FITC-conjugated anti-mouse secondary antibody (1:250) at 4°C' i
the dark for further 30 min. The cclls were then washed and rc-suspended n 1%
paraformaldehyde in 1 x PBS as fixative and subjected to analysis.

For studying the intracellular protein cxpression, eosinophils were fixed with 4%
formaldehyde for 10 min at 37°C. After centrifugation, cells were permeabilized in 1ce-cold
methanol for 30 nun and followed by either direct or indirect immunofluorescence staining.
Expression of cell surface markers, adhesion molecules, and intracellular protcins was

analyzed by FACSCalibur flow cytometer using CellQuestPro software (BD Biosciences).

2.2.7 Detection of cell viability and apoptosis
2.2.7.1 Annexin V and PI staining

Eosinophil survival was assessed by TACS™ Annexin V-FITC assay (Trevigen Inc.) using
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flow cytometry. After treatment eosinophils were washed with 1 x PBS, resuspended in 1 x
binding buffer, and then incubated with FITC-Annexin V and PI in dark for 15 min at room
temperature. Samples were analyzed by gating eosinophil population based on its forward and
side light scatter with exclusion of any cell debris. The population of viable cells was

characterized by low mean fluorescence intensity {MFI) of both FITC-Annexin V and P1.

2.2.7.2 DNA ladder assay for apoptosis

Genomic DNA was harvested using quick apoptotic DNA ladder detection kit (BioVision Inc.)

according to the instruction and analyzed by electrophoresis with 2% agarose gel.

2.2.8 Cell adhesion assay

Eosinophils (1 x 10° cells/ml) with different treatments were cultured in 24-well plates coated
with fibronectin (BD Bioscience) at 37°C, in a 5% CO,, humidified atmosphere for 16 hours.
After incubation, non-adherent cells were removed and the plates were washed three times
with 37°C PBS. Eosinophil adherence n each well was assessed by counting the number of
cosinophils adhered to the fibronectin-coated well in four high-power fields (magmfication:

1) x) under inverted microscope.

2.2.9 Protein extraction

Eosinophils, neutrophils and PBMC were washed twice with cold 1 x PBS and lysed in
freshly prepared complete 1 x RIPA lysis buffer with bnef sonication. Cell debns was
removed by centrifugation at 14,000 g for 15 min and supematant of total proteins were stored

as aliquots at -80°C until use.

2.2.10 Western blot analysis
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Equal amount of proteins determined by BCA protein assay was heat-denatured and subjected
to SDS-PAGE. After electrophoresis, the protcins were electrotransferred onto PVDF
membrane. The membrane was blocked with 5% non-fat milk and probed with primary
antibody at 4°C' overmight. After washing, the membrane was incubated with secondary
antibody coupled to HRP for 1 h at room temperature. Antibody-antigen complexes were then

detected using ECL Plus"™ detection kit.

2.2.11 Detection of activities of transcription factor NF-xB

Losinophil nuclear proteins were extracted using Nuclear Extraction Kit (Panomics). Equal
amounts of nuclear proteins were subjected to EMSA 1o analyse the activity of transcnption
factor NF-kB using NF-xB (1) EMSA Kit. Briefly, nuclear extracts with the same protemn
amount were incubated with biotin-labeled NF-kB oligonucleotide for 20 mumn at room
temperature to allow DNA/protein binding. The DNA/protein complexes were then resolved
by 6% non denaturing polyacrylanmide gel clectrophoresis and transferred to Hybond-N+
membrane. The DNA/protein on the membrane was then fixed using a UV crosshinker. Afier
hlockin'g. the biotin-labeled DNA was detected using  streptavidin-HRP  and  a

chemiluminescent substrate according to the manufacturer’s instructions.

2.2.12 Statistical analysis

All data were expressed as means +:+ SD from three independent expenments. The statistical
significance of differences was determined by one-way analysis of variance (ANOVA) or
Student’s t-test. When ANOVA indicated a significant difference, Bonferroni post hoc test was
then used to assess the difference between groups. Any difference with p values less than 0.05
was considered significant. All analyses were performed using Graphpad PRISM software

(version 5.01, GraphPad Software Inc., San Diego, CA, USA).
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Chapter 3
Role of TSLP in Allergic Inflammation:
TSLP-mediated Eosinophil Activation

3.1 Introduction

Thymic stromal lymphopoietin (TSLP), a novel 1L-7-like cytokine, was firstly identified
as a growth factor in the supematant of thymic stromal cell line Z210R.1 which could support
the prohiferation and survival of mouse pre-B cell ine NAG8/7 (Friend et al., 1994). TSLP 1s
mamly produced by keratinocytes, bronchial epithehal cells, stromal cells, lung fibroblasts,
smooth muscle cells, allergen-activated basophils and IgE-primed mast cells (Kato er al., 2007,
Kinoshita er al.. 2009; Liu er al., 2007, Medoff ef al.. 2009; Sokol et al., 2008; Zhang et af.,
2007). l'I'SLI’ receptor s a heterodimer comprising TSLP-specific binding chain (TSLLPR, also
known as CRLEF2) and the IL-7Ra chain, pnmanly expressed on CD1et DCs, mast cells,
pre-activated CD4+ and CD8+ I cells (Pandey er af., 2000; Reche et af., 2001; Rochman et
al., 2007, Rochman and Leonard, 2008). U'pon mteraction with TSLPR/IL-7Ra receptor
heterodimer, TSLP induces the activation of STAT3 and STATS (Liu er al., 2007; Quentmeier
et al., 2001). TSLP could promote different stages of B cell development, expand autologous
CD4+ T cells and induce the proliferation and differentiation of CD4+CD25+FOXP3+
regulatory 1" cells (Astrakhan er af., 2007; Mazzucchelli et al., 2005; Rochman and [eonard,
2008; Watanabe ef al., 2004; Watanabe et al., 2005).

Though TSLP was involved in lymphocyte development and homeostasis, increasing
evidences have emphasized its crucial roles in allergic disorders. Human TSLP is found on

chromosome 5¢22.1, and close to the atopy and asthma-associated cytokine cluster on
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5¢31-33 (Huston and Lau, 2000; Ober and Hotfjan, 2000), which encodes Th2-related
cylokines and cytokine receptors, such as IL-3, 11.-4, 1L.-5, 1L-9, [L-13, and the IL-4 receplor
(Walley er «f., 2001). Like other 'Th2 cytokines, TSLP expression 1s associated with allergic
nflammation in both mice and humans. TSLP was expressed in acute and chronic lesions of
AD paticnts but not detected m notmal skin and non-lestiomal skin (Sowmehs of af, 2002).
TSLP mRNA was lughly expressed in epithelial and submucosa of asthimatic patients and the
BAL concentration of TSP was much lngher in patients wath asthma and chronic obstructive
pulmonary discase compared to healthy control subjects (Ying of af, 2005; Ying of al.. 2008).
TSLP was also significantly up-regulated in nasal kwvages of patients with atlergic rhimtis
compared to the nonmal controls (Xu ¢f af., 2010). Moreover, overexpression of TSLP in the
airway epithelium of patients with allergic himits and asthma has been shown 1o be
comelated with the severity of these discases (Al-Shamui ef «f., 2008; Mou e al, 2009). In
OVA-induced munne asthmatic models, TSLPR-- mice have reduced BAL cells and
cosinophits, and exhibit lower levels ol Th2 cytokines, thereby reducing airway intlammation.
Mice overexpressing TSLP under the control of the lung-specific surtactant protemn-C
promoter (SPC-TSLPY develop C1D44 Th2 cell airway infiltrates, cosmophilia, goblet cell
hyperplasia, increased serum Igks, airway hyper-responsiveness, and remadeling (Zhou er of.,
2005). Mice engineered to over-express TSLP in the skin resulted in AD-like syndrome (Yoo
of ol 2005). Induced cxpression of TSLP in mouse kerattnocytes can aggravate
OVA-mediated allergic asthma (Zhang er ol 2009). In addiion, anti-TSLP and anti-TSLPR
antibodies or TSLPR-F¢ fusion protein could prevent Th2-mediated allergic  skin
inflammation and airway inflammation (Al-Shami er af, 2005; He er «f, 2008; Shh ¢t af.,
2008). All the above lindings indicate that TSLP play impertant roles in mediating allergic
inflammation.

TSLP has been demonstrated to involve in immune cell activation. TSLP potently
activates munature human CDliet myeloid DCs to enhance the survival and up-regulate
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co-stimulatory molecules OX40L, CD80 and CD86 and Th2 chemokines CCL17 and
CCL22 for the induction of inflammatory Th2 responses characterized by producing, high
levels of 1L4, IL-5, IL-13 and TNF-a but low level of [1.-10 (Soumclis ef af.. 2002). it
subsequently provokes allergic inflammation through the induction of [gE, activation of mast
cells and recruitiment of cosiopluls.  Uniquely, the interaction between TS1.P-induced
OX40L on DCs and OX40 on naive T-cells was identified as the entical molecular signal lor
TSLP-pnmed inflammatory Th2 differentiation in the abscnce of 11.-12 (Ito ¢r af.. 2005). In
the carly phase allergic reaction, TSLP can synergistically react with inflammatory cytokines
.- 1 and TNF- to stimulate mast cclls to release high levels of inflammatory Th2 cytokines
and chemokines (Allakhverdi e af., 2007). The synergistic effects of TSLP with IL-13 and
TNF-ao or novel Th2 cytokine 11.-33 arc also responsible for the activation of ('D34+
progenitor hematopoictic cells, which can differentiatc to other wumune cffector cells,
including DCs, T cells, B cells, mast cells, basophils and eosinophils (Allakhverdi ef «of., 2009).
Eosinophils produce vanous inflammatory mediators and immunorcgulatory cytokines lor
the late phase asthmatic response (Hogan o «of, 2008). However, the effects of TSLP on
cosinophils have not been reported.

Ablation of lymphocytes does not completely abrogate allergic diseases, implymg that
other immune effector cells may be involved in allergic responses (Allakhverdi e al., 2007; L
of al., 2000; Yoo et al., 2005; Zhou ¢r al.. 2005). Eosinophils have been shown lo play an
essential role in inflammation i nice induced by intradermal administration of TSLP (Jessup
ef al., 2008). In addition, large numbers of cosinophils have been found to infiltrate beneath
skin cpidermis in AD and bronchial epithelial cells in allergic a.élhma, while keratinocytes and
broncinal epithelial cells can produce high cxpression level of TSLP in allergic inflammation
(Sunon ¢t al., 20{)4_1; Soumelis e ¢f, 2002; Ying er o, 2005; Ying ¢f ¢f., 2008). The above
evidence therclore implicate that TSLP night exhibit direct effects on cosinophuls. In order to
further clucidate  the  pathophysiological  link  between  the  activated  epithelial
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cells/keratinocytes and cosinophils mediated inflammation in allergic diseases, we exanined
the in vitro cffects of TSLP on eosinophil activatton, in terms of apoptosis, release of

cytokines and chemokines and degranulation, and explored the underiying intracellular

regulatory mechanismes.
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3.2 Results
3.2.1 Human eosinophils express TSLP heterodimeric receptors

Eosinophuil purity of 95% or above was used in the present study (Figure 3.1A). Since
neutrophils were also involved in allergic reaction (Foley and Hamid, 2007), both eosinoptils
and neutrophils were cxamined for TSLP receptor complex expression. IL-7Ro mRNA was
highly expressed in freshly isolated eosinophils, and TSLPR mRNA was also expressed in
eosinophils though the expression lcvel was lower than that of [L-7Ra. On the other hand,
there was no detection of mRNA expression of helerodimenc TSLP receptor complex n
neutrophils (Figure 3.1B). Further investigation by flow cytometric analysis showed that both
subunits were constitutively expressed on the surface of eosinophuils, but not on the surface of
neutrophils (Figure 3.1C and 3.1D). In consistent with mRNA level, the expression of 1L-7Ra«
protein was higher compared to TSLPR subunit. We could not detect IL-7Ra expression on
ncutrophils, which was consistent with a previous report that ncutrophils do not express
[L-7Ra (Girard and Beaulicu, 1997). Becausc of the low surface cxpression of TSLPR,
further investigation by intracellular staining using flow cytometry was performed. Results
showed that both TSLPR and [L-7Ra have obvious mtraceilular expression level (Figure
3.1E). Westem blot also confirmed that eosinophils but not neutrophils constitutively
expressed TSLPR subunit (Figure 3.1F). Morcover, since TSLPR expression could be
induced on activated CD4+ and CD8+ T cells but not on freshly isolated CD4+ and CD8+ T
cells (Rochman et «f. 2007, Rochman and Leonard, 2008), we also examined whether
TSLPR and IL-7Ra could be induced to upregulate their expression by IL-5 or GM-CSF,
which are hematopoictic cytokines for eosinophil development and/or activaton. However,
both cytokines had no effects on the expression of TSLPR and IL-7Ra on eosinophils (data
not shown). Taken together, the constitutive expression of TSLP receptor complex on

cosinophils indicates that TSLP could exert direct effects on eosinophils.
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Chapter 3 Role of TSLP in Fosinophil Activation

Figure 3.1 Expression of the heterodimeric receptor of TSLP for eosinophils.

(A) The purity of isolated eosinophils was assessed using Harleco hemacolor staining
solutions and examined under microscope at 400 x magnification. Left: a heterogenous
population of blood cells containing eosinophiis and neutrophils before anti-CD16 MACS
purification. Right: a population of purified eosinophils. (B) Total RNA was extracted
from eosinophils and neutrophils (1 x 10° cells), followed by RT-PCR analysis for {L-7Ra,
TSLPR and (-actin (housckeeping gene). (C) Representative histograms of cell surface
expression of TSLLPR and IL-7Ra on eosinophils and neutrophils were determined by flow
cytometry. Triplicate experiments were performed with essentially identical results and
representative figure i1s shown. (D) Quantitative results of flow cytometnic analysis of cell
surface expression of [I.-7Ra and TSLPR on neutrophils and eosinophils are presented with
arithmetic mean + SD (MFI) of three indecpendent experiments. Results have been
normalized by subtracting appropnate isotypic control. (E) Representative histograms of the
intracelular expression of TSLPR and IL-7Ra in eosinophuls. Triplicate experiments were
perfonngd with essentially identical results and representative figure 1s shown. (F)
Representative Western blot analysis of TSLPR protein expression of human eosinophils and
neutrophils is shown from triplicate experiments with essentially identical resuit. Total
proteins were extracted from eosinophils and neutrophils (1 x 10° cells). -actin was used as
control to ensure an equal amount of loaded protein.

Dotted line: isotypic controls, PE-conjugated mouse 1gG! or PE-conjugated mouse 1g(G2a;
solid line: PE-conjugated anti-human IL-7Ra or PE-conjugated anti-human TSLPR
antibodies.

M: 100 base-pair molecular size marker; Eos: eosinophils; Neu: neutrophils.
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3.2.2 TSLPcan enhance eosinophil survival

Reduced eosinophil apoptosis is constdered as a central mechanism for allergic
inflammation. TSLP could sustain human CDllc+ DCs and human acutc myeloid
leukemia-derived cell line MUTZ-3 viability and reduce their apoptosis (Quentmeicer et al.,
2001; Soumelis et al., 2002). However, TSLP showed no significant survival cffect on freshly
ssolated human CD4+ T cells, though TSLP could increase proliferation of T cell receptor
(TCR)activated CD4+ T cell (Rochman et af, 2007). We therefore investigated whether
TSLP could influence eosinophil survival. Results showed that about or less 50% untreated
cosinophils remained viable afier 48 h incubation, while TSLP significantly reduced the
apoptosis of eosinophils and increased the percentage of viable cells in a dose-dependent
manner (about 80% of viable eosinophils at 50 ng/ml TSLP, all p < (.05} (Figure 3.2A and
3.2B). However, the effect of TSLP on enhancing eosinophil survtval was less potent than that
of GM-CSF since the viability mediated by 50 ng/ml TSLP was still less than that mediated by
10 ng/ml GM-CSF treatment (Figure 3.2A and 3.2B). The anti-apoptotic effect of TSLP was
further confirmed by DNA ladder fragmentation assay, winch was regarded as (he
characteristic of early apoptosis. In agreement with the Annexin V-PI assay result, spontancous
DNA fragmentation was obvious 1n untreated eosinophils, while eosinophils with TSLP (50
ng/ml) treatment significantly reduced apoptosis-induced DNA-laddering fragmentation
(Figure 3.2C).  To further demonstrate that the anti-apoptotic effect was specifically mediated
by TSLP, anti-human TSLP neutralization antibody was used. The anti-human TSLP
neutralization antibody inhibited the enhancing survival effect mediated by TSLP, while
purified isotypic control antibody had no significant effect on eosinophil viability (Figure
3.2D). Therefore, TSLP receptor heterodimer expressed on eosinophils were functional for

maintaining eosinophil survival.
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Chapter 3 Role of TSLP in Eosinophil Activation

Figure 3.2 Effects of TSLP on the survival of eosinophils.

Eosinophils incubated with TSLP (0 - 100 ng/ml) or GM-CSF (10 ng/ml) for 48 h and then
were analysed by flow cytometry using Annexin V-FITC and PI staining or DNA ladder assay.
(A) Representative dot plots showed early apoptotic cells in the lower nght quadrant
(Anncxin V-FITC-positive), late apoptotic (necrotic) cells in the upper nght quadrant
(Annexin V-FITC-positive and Pl-positive), and viable cells in the lower left quadrant {double
negative). (B) Results of % wiability are expressed as the anthmelic mean = SD from
tnplicate expeniments. * p < (.05 when compared with medium control (Ctrl).  (C) DNA
ladder assay of eosinophils with or without treatment with TSLP (50 ng/ml) for 24 h. (D)
Eosinophils were cultured with or without anti-TSLP neutralization antibody or 1sotypic
control 1gG (8 pg/mi) together with TSLP (50 ng/ml) for 48 h. The viability of eosinophils
was assessed by Annexin V-FITC and Pl staining using flow cytomelry from tnplicate
experiments. Results are expressed as thc anthmetic mean + SD. ** p < (.01 and *** p -
0.00] when compared between groups denoted by hdrizontal lines. Ab: anti-TSLP

neutralization antibody; 1g(: 1sotypic control IgG
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3.23 TSLP can modulate the cell surface expression of adhesion molecules on human
eosinophils

Tissue eosinophihia is a hallmark for allergic diseases. The trans-endothelial migration of
cosinophil to specific tissues involves a vanety of adhesion molecules and their counter
hgands (Hogan ef al, 2008). To investigate the expression profile of cell surface adhesion
molecules regulated by TSLP, the effect of TSLP on adhesion molecules on eosinophils was
examined. Results showed that TSLP (50 ng/ml) could upregulate the cell surface
expression of ICAM-1 and CDI18 but reduce the cxpression of L-selectin (Figure 3.3A).
The significant effects of TSLP (0 - 100 ng/ml) modulating eosinophil surface expression of
ICAM-1, CDI18 and L-selectin was a dose-dependent manner (Figure 3.3B).  Changes of
cosinophil adhesion molecules modulated by TSLP could be completely reversed by
anti-human TSLP neutralization antibody but not by isotypic ;:onlml antibody (Figure 3.30).
As shown n Figure 3.3D, TSLP could significantly increase the number of cosinopluls
adhered onto fibronectincoated wells, with [L-25 treatment serving as the positive control
(Wong et al.. 2005). Morphological analysis showed that untreated eosinophils maintained the
round shape, while TSLP-treated cosinophils processed elongated shape, sinular to that of
11.-25-treated cosinophils (Figure 3.3E). Therefore, the alicred cxpression profile of

adhesion molecules indicated that TSLP may facilitate tissue eosinophilia.
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Figure 3.3 Effects of TSLP on the cell surface expression of adhesion molecules.

(A) Eosinophils (5 x 10°/well) were cultured with TSLP (50 ng/ml) for 16 h in a 24-well plate.
Surface expression of adhesion molccules of 10,000 cells was analysed by flow cytometry.
Representative histograms of cell surface expression of ICAM-1, CDI8 and L-selectin on
cosinophils are shown. Dotted line: isotypic control; grey line: medium control; black line:
TSLP treatment. (B) Surface expression of adhesion molecules are shown as MFI. Results
have been normalized by subtracting appropnatc isolypic control and arc cxpressed as the
anthmetic mean 1 SD of threc independent expenments. * p < 0.05, ** p - (101 and *** p -

0.001 when compared with medium control.  (C) Eosinophils were cultured with or without
anti-TSLP ncutralization antibody or isotypic control 1gG (8 pg /ml) together with TSLP (50
ng/ml) for 16 h. Surface expression of adhesion molecules of 10,000 cells was analysed by
low cytometry as MFI and results are expressed as the arithmctic mean + SD of three
independent experiments. * p < (L05 and ** p < 0.01 when compared between groups
denoted by horizontal lines. (D) Eosinophils were stimulated with TSLP (50 ng/ml) and
11.-25 (50 ng/ml) for 16 h in fibronectin-coated wells. Results are expressed as the anthmetic
mean plus SD of the number of cells adhered onto fibronectin-coated wells in four random
100 x ficld of quadruplicate experuments. ** p < 0.01 when compared with medium control.
(E) Eosinophils were incubated with medium, TSLP (50 ng/ml), or 1L-25 (50 ng/ml) for 16

hours. Photomicrographs show the morphology of eosinophils with 400 x magnification.
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3.24 'TSLP can potently induce the release of cytokines and chemokines from human
eosinophils

Eosinophils could undergo degranulation to release toxic cationic proteins which cause
direet tissue damage involving in the pathophysiology of allergic diseases (Hogan ef al., 2008).
However, we could not detect any release of ECP from eosinophils upon TSLP stimulation
(Figure 3.4A), in which PGN was used as the positive control (Wong et al., 2007). Actually,
TSLP also could not induce the release of pre-fonmed, granule-associated lipid mediators such
as [-hexosanumdase, histamine, leukotricne C4, and prostaglandin-D2 from mast cells
(Allakhverdi et af., 2007).

Besides degranulation, cosinophils can synthesize and release a number of cylokines
and chemokines (Hogan er af., 2008). We [irst illustrated the cytokine cxpression profiles of
himan eosinophils using antibody-based human cytokine protein array as a means of
preliminary screening. TSLP could activate eosinophils to prominently induce the rclease of
chemokines CCL2 (3e), CXCLI (1j) and CXCLS8 (2j), and proinflammatory cytokine IL-6
(2h) among the 79 different cytokines being screened after 24 h incubation when compared
with that of medium control (Figure 3.4B). The map of the cytokine antibody array on the
membrane was listed in Appendix. Results using ELISA confirmed that TSLP directly
activated eosinophils to significantly release inflammatory cytokine IL.-6, and chemokines
CXCL8, CXCL1 and CCL2 dose-dependently (0 - 100 ng/ml) at 12 and 24 h (Figure 3.4C).
The most potent induction was found to be CXCLS8 with 10,000 fold increase, followed by
CCL2, CXCLI1 and IL-6. The releases at 12 h of incubation were obviously lower than that at
24 h. All these cytokine and chemokine productions could be suppressed by anti-human
TSLP neutralization antibody but not by isotypic control antibody (Figure 3.4D). This
indicated that TSLP could specifically induce the release of cytokines and chemokines from
human eosinophils. Moreover, transcriptional inhibitor actinomycin D and protein synthesis
mhibitor cycloheximide could significantly suppress the production of cytokine and
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Chapter 3 Role of TSLP in Fosinophil Activation

chemokine release induced by TSLP (Figure 3.4E).

Eosinophils are capable of releasing I1.-5, GM-CSF, 1L-13, 1L-1, IL-4, TNF-a, and
CXCLS upon stimulation (Hogan et «l, 2008). However, we found that these cytokines in
TSLP-treated eosinophils were either undetectable or the same as the medium control

determined by ELISA or cylometric bead array (data not shown).
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Chapter 3 Role of TSLP in Eosinophil Activation

Figure 3.4 Effects of TSLP on ECP, cytokine and chemokine release from eosinophils.
(A) Eosmnophils (1 x 10° cells) were cultured with TSLP (50 ng/ml) or PGN (1 pg/mi) for4 h
and the release of ECP was measured by fluorescence enzyme immunoassay. (B)
Representative profile of the release of cytokines and chemokines from eosinophils activated
by TSLP. Eosinophils (1 x 10° cells) were cultured with (right) or without (left) TSLP (50
ng/ml) for 24 h. Cell free culture supematant was then cotlected and 79 different cytokines in
culture supematant were semu-quantitated using antibody based RayBio® human cytokine
airay V. Positive and negative controls were designated at (1a, 1b, Ic, 1d, §j, 8k) and (le, If,
81), respectively. Armows indicated the spots with obvious differences between the two amray
membranes. The map of the cytokine antibody array was listed in Appendix in Page 175, (C)
Eosinophils (5 x 10°/well) were cultured with TSLP (0 - 100 ng/ml) for 12 or 24 h in a
24-well plate. Expression of IL-6, CXCLS8, CXCL1 and CCL2 were determined by ELISA.
Results are expressed as the arithmetic mean + SD from three independent expenments. * p <
0.05, ** p < 0.01 and *** p < 0.00]1 when compared with medium control. (D) Eosinopluls
were cultured with or without anti-TSLP neutratization antibody or isotypic control IgG (8
ug/ml) together with TSLP (50 ng/ml) for 24 h. Expression of cytokine and chemokines were
determined by ELISA. Results are expressed as the arithmetic mean + SD from three
independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 when compared between
groups denoted by horizontal lines. (E) Eosinophils (5 % 10° /well) were cultured with or
without TSLP (50 ng/ml) in the presence or absence of actmomycin D (1 uM) or
cycloheximide (10 uM) for 24 h in a 24-well plate. IL-6, CXCL8, CXCL1 and CCL2
released into the culture supermatant were determined by ELISA. Results are expressed as the
arthmetic mean + SD from three independent experiments. ** p < 0.01 and *** p < 0.001
when cornpared between groups denoted by horizontal lines or groups of inhibitor treatment

and TSLP alone. actD: actinomycin D; cyclo: cycloheximide
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3.25 TSLPcould not activate STATS and STAT3 signaling pathways

Previous findings showed that STATS was activated in TSLP treated pre-B cell line
NAGS/7, acute myeloid leukemia {AML) cell line MUTZ-3, and pre-activated human CD4 +
and CD8+ T celis (Quentmeier et al, 2001, Reche er af, 2001; Rochman et al, 2007,
Rochman and Leonard, 2008). In addition, tyrosine phosphorylation of STATS and STAT3
occurred upon TSLP stimulation in pro-B cell line Ba/F3 transfected with TSLP receptor
heterodimer (Reche et al., 2001). In our study, TSLP (50 ng/ml} could not obviously induce
tyrosine phosphorylation of STATS and STAT3 in coswinophils, while the positive control
GM-CSF (10 ng/ml) sigmficantly induced tyrosine phosphorylation of STATS5 (Tyr 694) and
STAT3 (Tyr 705) within 15 mun (Figure 3.5). Another potential phosphorylation site Ser (727)
was reported in STAT3 activation (She er al., 2004), however, phosphorylation of STAT3 Ser
(727) could not be detected upon both of TSLP and GM-CSF stimulation (Figure 3.5).
GM-CSF induced phosphorylation of Ser (727) of STAT3 in eosinophuls has actually not been
reported before. These results therefore suggested that other signal pathways may involve m

TSLP-mediated eosinophil activation.
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Figure 3.5 Effects of TSLP on STAT3 and STATS activities in eosinophils.

Eosinophils (1 x 10° cells) were cultured with or without TSLP (50 ng/ml) or GM-CSF (10
ng/ml) for different indicated incubation times. Total cellular proteins were extracted from
eosinophils for the detection of phospho-STATS (Tyr 694), total STAS, phospho-STAT3 (Tyr
. 705), phospho-STAT3 (Ser 727) and total STAT3 using indicated antibodies by Westem blot
analysis. Expenments were performed in three independent replicates with essentially

identical results, and representative results are shown.
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3.2.6 'TSLP activates MAPK and NF-kB signaling pathways

Though TSLP-mediated signaling pathways were rarely reported except STATS and
STAT3 activation, signal transduction via MAPK and NF-xB play tmportant roles in cellular
responses, including cell proliferation, differentiation, and survival (Cheung er al, 2008,
O'Neill, 2006; Wong et al.. 2007). Western blot analysis showed that phosphorylation of ERK
and p38MAPK were detected upon TSLP stimulation, and NF-xB was also activated as
demonstrated by IxBa phosphorylation {Figure 3.6A). Results from intracellular staining with
flow cytometry further confirmed that ERK, p38MAPK and NF-kB pathways were acuvated
n eosinophils when stimutated by TSLP (Figure 3.6B). For activation kinetics, these threc
signaling molecules were all rapidly activated upon TSLP stimulation and peaked within 1 or
5 min, and then retumed to baseline within 30 or 60 min (Figures 3.06A and 3.6B). Although
there was slight difference for the activation kinetic results between Western blot and flow
cytometry methods, the signaling responses of eosinophils induced by TSLP were rapid.
However, we could not detect JNK, AKT and JAK activity in cosinophils upon TSLP

stimulation (data not show).
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Figure 3.6 Effects of TSLP on intracellular ERK, p38 MAPK and NF-kB activation.

Eosinophils were incubated with or without TSLP (50 ng/mi) for different incubation times.
(A) Total cellular proteins were extracted from eosinophils for the detection of phospho-ERK,
phospho-p38MAPK and phospho-IkBa using indicated antibodies by Westem blot analysis.
(B) The amounts of intracellular phosphorylated signaling molecules in 10,000 permeabilized
eosinophils were measured by flow cytometry. Results of phospho-ERK, phospho-p38
MAPK and phospho-IkBa are shown in MFI and are expressed as the anthmetic mean + SD
of three independent experiments. * p < 0.05, ** p <0.01 and *** p < 0.001 when compared

&

with medium control.

91



Chapter 3 Role of TSLP in Fosinophil Activation

3.2.7 Effects of different inhibitors on the viability of eosinophils

We first determined the concentration of different inhibitors for inhibitory assay. The
optimal concentration of inhibitors was adopted with the highest inhibitory effects without
any cytotoxicity effects.  Eosinophils were treated with different dosage of inhibitors for 24 h,
and then analysed by flow cytometry using Annexin V-FITC and PI staining. The viability of
eosinophils to sustain in different dosage of inhibitors was shown (Figure 3.7). BAY 11-7082,
SB203580 and LY294002 could suppress the eosinophil viability in a dose dependent manner,
while U0126 seemed to have activation effects for eosinophils when concentration higher
than 5 M. For AG490 and SP600125, they did not exert significant cytotoxicity to
eosinophils. Therefore, according to the above results and our previous studies (Wong ef al.,
2005), we adopted the following concentration for eosinophils: BAY'11-7082 (1 M), U0126
(2.5 pM), SB203580 (2.5 uM) and SPG00125 (2 pM), AG490 (2 uM), and LY294002 (2

uM). DMSO (0.1%) was used as the vehicle control.
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Figure 3.7 Effects of different inhibitors on the viability of eosinophils.

Eosinophils (5 x 10° cells) were treated with inhibitor BAY 11-7082, U0126, SB203580,
SP60012S, AG490, LY294002, or vehicle control DMSO at varnious concentrations for 24 h.
The viability of eosinophils was determined by Annexin V-P! staining assay using flow
cytometry. Recsults are expressed as the arithmetic mean + SD from three independent

experiments.
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328 TSLP-mediated the activation of eosinophils involves MAPK and NF-xB
pathways

To elucidate the potential mechanisms by which TSLP promote eosinophil survival,
adhesion molecule changes, and cytokine and chemokine release, we evaluated the relative
roles of ERK, JNK, p38MAPK, AKT and NF-kB signaling pathways in TSLP-stimulated
cosinophils using inhibition assay. The optimal concentration of inhibitors was adopted as
the same as the above expenments. As shown in Figure 3.8A, blocking the p38MAPK
pathway with inhibitor SB203580, ERK pathway with U0126, and NF-xB pathway with
BAY11-7082 signmficantly reduced TSLP-induced eosinophil survival to the basal level (all p
< 0.05). For the changes of adhesion molecules, TSLP-induced CDI18 and ICAM-I
expressions could be significantly abrogated by all the three inhibitor BAY 11-7082, U0126
and SB203580, while TSLP-induced I-selectin down-regulation could only be reversed by
inhibitors U0126 and SB203580 (Figure 3.8B, all p < 0.05). For cytokine and chemokine
release, TSLP-mediated induction of [L-6, CXCL1 and CCL2 could also be significantly
suppressed by BAY 11-7082, U0126 and SB203580, whereas blocking the NF-xB signaling
pathway with BAY11-7082 had no effect on CXCL8 production and only U0126 and
SB203580 showed significant inhibition on TSLP-induced CXCLS8 {Figure 3.8C, all p < 0.05).
In addition, JAK inhibitor AG490, PI3K/AKT inhibitor [Y294002 or JNK intubitor
SP600125 did not exert any significant effect on eosinophil survival, cytokine and chemokine
production induced by TSLP (Figure 3.8). In summary, our results indicated that the three
signaling pathways ERK, p38MAPK and NF-kB activation were involved in TSLP-mediated

effects on eosinophuls.
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Figure 3.8 Effects of signaling inhibitors on viability, adhesion molecule expression,
cytokine and chemokine release of eosinophils.

Eosinophils were pre-treated with BAY 11-7082 (1 uM), U0126 (2.5 utM), SB203580 (2.5
uM), SP600125 (2 uM) AG490 (2 pM), and LY294002 (2 pM) for 1 h, followed by
incubation with or without TSLP {50 ng/ml) in the presence of inhibitors for further (A) 48 h
for viability assay, (B) 16 h for adhesion molecule expression and (C) 24 h for cytokine and
chemokine relcase. Results are expressed as the arithmetic mean + SD from three
independent experiments. DMSO (0.1%) was used as the vehicle control. * p < 0.05, ** p <
0.01 and *** p < 0.001 when compared between groups denoted by horizontal lines or groups

of inhibitor treatment and TSLP alone.
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329 Nointeraction of TSLP-mediated MAPK and NF-kB signaling pathways

To further explore the relationship among NF-xB, ERK and p38MAPK activation upon
TSLP stimulation, selective specific inhibitors were used. BAY11-7082, SB203580 and
U0126 specifically inhibit the phosphorylation of [kBa, p38BMAPK and MEK 1/2 (upstream
kinase of ERK), respectively. BAY11-7082 profoundly inhibited TSLP-mediated IxBa
phosphorylation, but had no effects on the phosphorylation of ERK or p38MAPK. U126
specifically inhibited phosphorylation of ERK but had no effects on phosphorylation of
p38MAPK or IxBa. Similarly, SB203580 potently inhibited p38MAPK only, but not on
phosphorylation of ERK or IkBa (Figure 3.9). These signaling pathways were therefore

independent without cross-talk in TSLP-mediated eosinophil activation.
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rigure 3.9 Interaction of TSLP-mediated MAPK and NF-xB signaling pathways.

Eosinophils were pre-treated with inhibitor BAY11-7082 (1 uM), U0126 (2.5 pM) and
SB203580 (2.5 uM) for 1 h, followed by stimulation with TSLP (50 ng/ml) for further 5 min.
Pl}OSpllGERK, phospho-p38MAPK and phospho-lkBa were detected by Western blots.
Experiments were performed in three independent replicates with essentially identical results,

and representative results are shown.
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3.2.10 TSLP could be induced by TLR3 ligand double-stranded RNA in epidermal
keratinocytes and bronchial epithelial cells

TSLP has been shown to be involved in the initiation and development of the
pathogenesis of allergic diseases (Liu er af, 2007). High expression of TSLP has been found
in the skin of patients with acute and chronic atopic dermatitis but not detectable in normal
subjects, and the BAL concentration of TSLP was much higher in patients with asthma and
chromc obstructive pulmonary discase compared to healthy controls (Soumelis er af, 2002,
Ying er al, 2005; Ying et al, 2008). However, the regulation of TSLP expression in
keratinocytes and bronchial epithelial cells has not been extensively studied.

Since allergic diseases are associated with severe Th2 immunc responses, a variety of
Th2-related classical and novel cytokines, including [L-4, IL-5, GM-CSF, IL-31, and IL.-33,
were investigated to induce the production of TSLP. Because epidermal keratinocytes and
bronchial epithelial cells act as the first physical bamier contacting with environment, TLR
figands associated with allergic diseases, mcluding synthetic bactenal lipoprotein PGN (TLR2
ligand), poly I:C (TLR3 ligand), and LPS (TLR4 hgand) were tested for TSLP induction.
Quantitative measurement of the culture supernatants showed that keratinocytes and bronchial
epithelial cells treated with poly I:C, mimicking viral dsRNA, could release detectable
amounts of TSLP (about 20 - 50 ng/ml) (Figure 3.10), which was consistent with other group
studies (Kato et af., 2007, Kinoshtta et af, 2009). Other TLR ligands PGN and LPS, as well
as Th2-related cytokines IL-4, [L-5, [L.-31 and I1.-33 could not induce the release of TSLP, at
least not detectable. However, the above results did not exclude the possibility that TSLP
induction was not associated with the tested Th2-related cytokines and allergy-related TLR
ligands. It is also possible that besides poly [:C, different combination or synergistic effects of
these stimuli are able to induce TSLP release and firther aggravate allergic immune

IeSpPONSEs.
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Figure 3.10 Induction of TSLP from primary epidermal keratinocytes and bronchial

epithelial cells.
Keratinocytes and bronchial epithehal cells were cultured with medium only, 1L.-4 (100
ng/ml), IL-5 (100 ng/mil), IL-31 (100 ng/ml), [L-33 (100 ng/ml), GM-CSF (100 ng/ml), PGN

(10 pg/ml), poly I:C (25 pg/ml), or LPS (1 pg/ml) for 24 h. Culture supernatant was collected
and then subjected to TSLP ELISA assay. ** p < (.01 and *** p < 0.001 when compared

with medium control treatment.
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3.3 Discussion

TSLP has been shown to be necessary and sufficient for the initiation and development
of allergic inflammation through the activation of DCs and mast cells, as well as inducing
inflammatory Th2 responses (Comeau and Ziegler, 2010). To further characterize the
immunological mechanisms of TSLP for sustaining allergic inflammation, we investigated
the direct activating effects of TSLP on eosinophils, the principal effector cells in late phase
allergic response.

Functional human TSLP receptor heterodimers were demonstrated to express on DCs,
mast cells and CD34+ hematopoietic progenitor cells, and in consistent with TSLP receptor
heterodimer expression, TSLP has been shown to directly activate these cells (He and Geha,
2010). In this study, we found that eosinophils constitutively express mRNA and protein of
functional TSLP receptor heterodimer, TSLPR and H.-7Ra, and the intracellular expression
levels of TSLPR were much higher than that of the surface expression. Neutrophils showed
negative expression which was consistent with previous study that neutrophils do not express
IL-7Ra, though constitutively express common Y chain. Hemafopoietic cytokine IL-5 and
GM-CSF did not exhibit any significant effects on TSLPR and [L-7Ra expression.
Accordingly, cell surface TSLP receptor heteroduner seems to be consttutively expressed
rather than regulated via hematopoietic cytokine induction. However, when our paper are
preparing, another group reported that the expression of TSLPR subunit on eosinophils was
significantly enhanced by IL-3 and/or TNF-a (Hiraguchi ez al, 2009). Whether other
cytokines and allergic microenvironment could modulate TSLP receptor complex expression
on eosinophils requires further investigation.

Reduced eosinophi} apoptosis i1s considered as a central mechamism for allergic
inflammation and eosinophilia. TSLP could dose-dependently enhance eostnoplul survival by
reducing eosinophil apoptosis. This effect is similar to many other allergy-related cytokines,
including GM-CSF, IL-5, IL-25 and IL-33, which is highly expressed m allergic
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inﬂammalion and maintain eosinophi! long-term survival (Chow et «f.. 2010, Hogan er af..
2008; Wong et al., 2005). Our findings indicate that TSLP receptor heterodimer on cosinophil
1s functional and TSLP should have other effects or facilitate other mechanisms to activate
eosinophil in line with enhancing survival.

Upon stumuiation, eosinophils can undergo degranulation to release toxic cationic
proteins including ECP, MBP, EDN and EPQ at the site of inflammation. This process can
cause direct tissue damage involving in the pathophysiology of asthma, atopic dermatitis, and
other chronic allergic diseases. However, we could not detect the release of ECP from
cosinophils upon different doses and tume points of TSLP stimulation. Another group also
found that superoxide production and degranulation could not be induced by TSLP
(Hiraguchi et al. 2009). This result may indicate that TSLP could not induce eosinophil
degranulation. Upon stimulation, however, TSLP could instead induce significantly i vitro
release of inflammatory cytokine IL-6, CXC chemokines CXCL8 and CXCLI, and CC
chemokine CCL2. Moreover, both transcriptional inhibitor actinomycin D and protein
synthesis inhibitor cycloheximide significantly suppressed the release of cytokine and
chemokines upon TSLP stimulation. The results thereby demonstrated that TSLP could
actually induce the release of newly synthesized IL-6, CXCL8, CXCL1 and CCL2 rather
than preformed ones from eosinophtls. Inflammatory cytokine 1L-6 can inducc the tissue
remodeling and fibrosis in eosinophil-associated diseases (Gomes et af, 2005). IL-6 also
mduces the synthesis of acute-phase proteins and mediates various inflammatory responses.
Furthermore, IL-6 has been reported as a cntical inducer for the polanzation of a novel subset
of T helper lymphocytes, Th17, which has been suggested to play pathogenic role in AD and
allergic asthma (Acosta-Rodnguez er al., 2007, Wang and Liu, 2008). For chemokines, both
CXCLS8 and CXCL] are potent chemoattractants for neutrophils and basophils (Kikuchi ez al.,
2006; Rossi and Zlotnik, 2000), while the expression and secretion of CCL2 is well correlated
to the infiltration of monocytes, basophils, eosinophils and memory T lymphocytes and
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natural killer cells (Rose er al, 2003). TSLP-induced the release of CCL2, CXCL8 and
- CXCLI from eosinophils can thereforc mediate the recruitment, infiltration and activatién of
the above immune effector cells in the microenvironment of inflammatory sites, thereby
amplifying inflammatory responses in allergic diseases. The result of cytokine and chemokine
mduction may imply that TSLP-activated cosinophils involved i allergic disorders partly
through the release of chemokines recruiting other inflammatory cffector cells to aggravate
allergic responses. The effects are different from TSLP-DCs-mediated Th2 penmissive
microenvironment. |

In this ?llldy, TSLP significantly up-regulated the ccll surface expression of ICAM-1 and
CDI18, but suppress I-~selectin dose-dependently. ICAM-1 has been well demonstrated 1o
potentiate inflammatory process in childhood asthma (Marguet ez af, 2000). The interaction
of ICAM-! with integnns 1s essential for the recrmtment and trans-cndothelia‘l migration ol
cosinophuls (Hogan et al., 2008). The up-regulation of both ICAM\-I and CD18 expression 1s
thercforc important for the recruitment and transnugration of eosinophils into inflammatory
sites. Our finding of the down regulation of L-sclectin in TSLP-treated eosinophils concurs
with previous studies showing that activated eosinophils could down-regulate l_:-SGleClil'l
(Wong et al., 2004). Unlike most of the other adhesion molecules, the function of the selectin
family is uniquely restricted to the interaction of leukocyte with the vascular endothelium.
[.-selectin mexiates the imtial attachment of eosinophils onto endothelial cells before their
firm adhesion and diapedesis at sites of inflammation (Hogan ef af., 2008). As cosinophils
pass through the diverse beds of vascular endothelium, a differential utilization of vanous
adhesion molecules is observed. Similar to Th2 cytokine IL-25, TSLP can significantly
enhance the adhesion of eosinophils onto fibronectin, one of important components of
extracellular matrix. Because of the altered expression profile of adhesion molecules, the
enhanced adhesion activity, together with the induced changes m cellular morphology and
cytoskeletal airangement of eosinophils, TSLP may facilitate local site eosinophihia (Cheung
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et al., 2000). Large numbers of eosinophils accumulated beneath skin epidernis in AD and
bronchial epithelial cells in asthma disease (Rothenberg, 1998; Simon er al., 2004). Though
we did not provide direct evidence that TSLP could chemeattract cosinophils, TSLP indeed
modulates eosinophil adhesion molecules and thus facilitates eosinophil trans-endothelial
migration and tissuc cosinophilia. Another important mechamsm for TSLP-mediated
cosinophilia at skin and bronchial airway 1s probably due to the local production of eosinophi!
chemokine votaxin-2 by TSLP-activated DCs (Comeau and Zicgler, 2010; Soumelis er «l.,
2002).

According 1o previous studies, TSLP could activate STATS and STAT3 through
JAK-STAT ndependent pathway (Rochman and Leonard, 2008; He and Geha, 2010).
However, different from the above studies, TSLP could not activate STAT3 and STATS in
cosinophils, as demonstrated by the negative tyrosine and senne phosphorylation. The reason
may be that cosinophils are terminally differentiated cells and lack of the potential for
proliferation and celi division (Rothenberg, 1998). Indeed, STATS and STAT3 activation by
TSLP stimulation involved in the proliferation of human AML-denved cell hne MUTZ-3 and
TCR-activated CD4+ T cells (Quentmeier et al,, 2001; Reche et af,, 2001). Although STATS
v‘vas phosphorylated by TSLP in bone marrow-derived pre-B cell line, TSLP-mediated STATS
activation is mnsufficient to induce cellular proliferation (Isaksen er al., 2002). In view of the
above findings, this may infer that other signaling cascades should be mvolved to compensate
STATS function in mediating cell proliferation or other cell functions. MAPK and NF-«xB
pathways were involved in regulating adhesion molecule expression, cytokine and chemokine
releasc of activated eosinophils upon exposure to various stimuli, such as Thl7 cytokines,
[L-25 and TLR ligands (Cheung et al., 2006; Cheung et al., 2008; Wong et al., 2007). In this
study, ERK, p38MAPK and NF-xB were also activated in TSLP-treated eosinophils and the
activation process is rapid and sustains short time-course. However, these signaling pathways
were activated independently without cross-talk. Inhibitor expenments further elucidated that
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the intraceitular signaling mechamisms regulated the induction of cytokine and chemokine.
and maintenance of survival. The consistent results from signaling molecule activation and
inhibitor suppression experiments further confirmed that ERK, p38MAPK and NF-xB were
acuvated and involved in TSLP-mediated eosinophil function. Since TSLP could directly
activate ERK, p38MAPK and NF-kB intracellular signaling pathways in eosinophils, effect is
‘markedly different from other cell types reported before (Liu et «f, 2007). In addition,
PI3K/AKT pathway was reported to be activated in mouse CD8+ T cells by murinc TSLP
(Watanabe ef «f.. 2005). However, we could not detect any AKT activation upon human
'TSLP stunulation. This may also raise the issue that the mechanisms modulated by TSLP
were cell-specific, at least specific for the temminally differentiated eosinophils.

To further elucidate the pathophysiological link between the activated epithelial
celis/keratinocytes and eosinophils mediated inflammation in atopic dermatitis and allergic
asthma, we examined the induction of TSLP from epidermal keratinocytes and bronchual
epithelial cells upon different allergen-related stimulation. TLR3 ligand dsRNA could
significantly induce the expression of TSLP, while TLR2 ligand f’GN, TLRA4 ligand LPS, and
Th2-related cytokines alone show little effects on TSLP protein release. Our findings are
similar to other group experimental results. Kato et al. found that detectable TSLP protein
could be induced by TLR3 ligand poly I:C alone, or the combination of TNF-a and IL-4, and
even much higher level by combination of IL-4 and dsRNA, from bronchial epithehal cells
(Kato et al, 2007). Bogiatzi et al. found that proinflammatory and Th2 cytokines could act
synergistically to induce the release of TSLP from human skin explants obtained from healthy
donors (Bogiatzi et al., 2007). Kinoshita et al. have recently reported that dsRNA could also
induce the release of TSLP from keratinocytes and the release level of TSLP was enhanced by
the addition of IL-4, IL-13, and/or TNF-a (Kinoshita et ¢/, 2009). The induction of TSLP
from keratinocytes by dsRNA, with or without the TNF-w/Th2 cytokines, could be
upregulated by IFN-a and IFN-3 but suppressed by IFN-y, TGF-B, or IL-17. In addition,
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TLR3 activation could strongly induce eosinophil-recruiting chernokines, such as CCL5 and
CCL11, in the presence of Th2 cytokines (Niimi ez al., 2007 Tsuji ef ul., 2005). These results
together 1mply viral infection and the recruitment of Th2 cytokine producing cells may
amplify Th2 inflammation via the induction of TSLP in atopic skin and asthmatic airway.

Endobronchial secretion of asthma related Th2 cytokine IL-13 at local inflammatory site
has been reported to be at least hundred fold higher than in circulation (Krocgel et al., 1996).
Morcover, recombinant TSLP expressed by E. coli used in this study has a lower activity than
native TSLP due to the differences in glycosylation and post-translational modification.
Therefore, the recombinant TSLP concentration (50 ng/ml) used in this study may activate
eosinophils at sites of mflammation but probably not in the circulation. Actually, the optimal
concentration of TSLP (50 ng/ml) used in our expeniments 1s similar to that in previous
publications (Rochman ef al,, 2007, Rochman and Leonard, 2008; He et al.. 2008).

We have demonstrated that TSLP can modulate human cosinophils through ERK,
p38MAPK and NF-«B dependent but STAT3 and STATS independent signaling transduction
pathways. Together with previous studies about TSLP, we further elucidated TSLP-mediated
immunophysiological mechanisms in allergic inflammation and the underlimng signaling
transduction (Ziegler and Artis, 2010). Upon the challenge by allergens, virus or bactena,
TSLP is induced from epidermal keratinocytes, bronchial epithelial cells, smooth muscle cells,
stromal cells or mast cells. Local immature DCs are immediately activated by TSLP to
upregulate cell surface co-stimulatory molecules MHC-II, CD80, CD86, OX40L, which
drive inflammatory Th2 cell differentiation (Soumehs er al, 2002). Meanwhile,
TSLP-activated DCs release chemokines LL-8 and eotaxin-2, attracting neutrophils and
eosinophils, as well as CCL17 and CCL22, attracting inflammatory Th2 cells (Sournehs ez al.,
2002). In addition, TSLP can directly stimulate locally retained and newly attracted
eosinophils by delaying the apoptosis and inducing the release of [L-6, CXCL8, CXCLI and
CCL2, leading to the subsequent infiltration of inflammatory cells, activation of Th17 cells
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and aggravation of inflammation. Together with local inflammatory cytokines, TSLP can
stimulate mast cells to produce [L-5, [L-13, 11.-6 and GM-CSF for triggering IgE production,
augmenting Th2 immune response and eosinophilia (Allakhverdi er al, 2007). Regarding
traceljular signal transduction, we have elucidated distinet signaling mechanisms in which
ERK, p38MAPK and NF-kB are selecuively activated by TSLP in eosinophils. In view of
recent advances in the application of MAPK and NF-xB nhibitors as potential
anti-inflammatory agents n asthma (O'Neill, 20006), our present study should provide new
clues for the development of novel treatment for TSLP-mediated allergic diseases. Follow-up
studies should be conducted to further investigatc whether ERK, p38MAPK and NF-«B are

also involved in TSLP-activated DCs, mast cells and CD4+ T cells in allergic inflammation.
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Chapter 4
Role of Novel I1.-12 Family Cytokine IL-27 in

Eosinophil Activation

4.1 Introduction

Interleukin-12, 11.-23, and 11.-27 are the three known members of the IL-12 cytokine
family. IL-12, the first member of thus family discovered in 1989, is a heterodimenc cytokine
of 70 kDa comprising of two covalently disulfide-linked subunits p40 and p35 (Kobayashi et
«l., 1989). The expression of the two subunits is | independently regulated and only
co-expression of both the subunits in one cell could generate biologically active IL-12. When
p35 is expressed without pd0, free p35 is not secreted. In contrast, in the absence of p35, p40
can be secreted as 2 monomer or formed a secreted disulfide-linked homodimer in mice but
not detected in human, both of which have been proposed as natural inhibitors to [L-12
(Gillessen et al., 1995; Heinzel et al., 1997). The IL-12 receptor is composed of two chains,
IL-12RB! and IL-12RP2 which respectively interacts with the [L.-12 p40 and p35 subunits,
and activates the JAK/STAT pathway of signal transduction. IL-12 receptor 1s expressed
mainly by activated T cells and to a lower extent by Natural killer (NK) cells and DCs
(Grohmann et af., 1998; Presky et al., 1996). [1.-12 is predominately produced by cells of the
innate immune syster, such as DCs, monocytes, and macrophages, via TLR signaling or
CD40/CD40L signaling, that further influences adaptive cell-mediated immunity. IL-12 has a
central role in promoting the differentiation of naive CD4+ T celis into Thl effector cells and
is a potent stimulus for NK cells and CD8+ T cells to produce [FN-y, and elicit cell-mediated

immumty against intracellular pathogens.
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Recently, an additional I1-12 family member, 1L.-23, was discovered, which is also a
heterodimeric cytokine with many similanties to IL-12. TL-23 comprises of the 1L-12p40
subunit and [L-23-specific p19 subunit that associates with and shares approximately 40% of
sequence identity to [L-12p35 subunit (Oppmann et al., 2000). Similar to IL-12, formation of
biologically acuve 1L-23 requires synthesis of both pl9 and p40 subunits within the same
cells, and IL-23 is mainly expressed by activated DCs and phagocytic cells in response to
microbial sttmulaton or CD40/CDA40L interactions {(Oppmann et al,, 2000). TL-23 exerts its
brological activities through the interaction with a heterodimeric receptor complex composed
of IL-12RB1 and IL.-23R, which is predominantly co-expressed by T cells, NK cells, and to a
lower extent by monocytes, macrophages and DCs (Kastelein er af, 2007; Parham et ol
2002). Whereas 11-12 interacts with IL-12R[(2, IL-23 requires [L-23R as heterodimenc
pa.lmcr to atlow JAK/STAT signal transduction. [L-23 was demonsirated to be involved in
infectious disease and could stimulate Th17 subset, which produces IL-17 and has an essential
role for the development of autoimmune inflammation (Hunter, 2005).

IL-27, a new member of the [L-12 family cytokines, is mainly produced by
antigen-presenting cells (APCs), including DCs and macrophages, as well as neutrophils.
Similar to [L-12 and IL-23, IL-27 is composed of two subunits, [L-12 p35-related protein p28
and IL-12 p40-analogous protein Epstein-Bar-virus-induced gene 3 (EBI-3) (Pflanz er af.,
2002). The [L-27 receptor is a heterodimer, consisting of orphan cytokine receptor WSX-1
(also called IL-27RA, or T cell cytokine receptor, TCCR) and gp130 subunit (Pflanz er af.,
2004). The IL-27 receptor heterodimer is simultaneously expressed on DC, CD4+ and CD&+
T cells, NK cells, NKT cells, B cells, monocytes, macrophages, mast cells, langerhans cells,
and Kkeratinocytes. In parallet with the receptor expression profile, IL-27 acts directly on the
above cells to induce the tyrosine phosphorylation of JAK/STAT family, including JAK1,
JAK2, Tyk2, STAT1, STAT2, STAT3, STAT4 and STATS (Batten and Ghilardi, 2007; Gonely
et al., 2009; Holscher et al., 2005; Kalliolias and lvashkiv, 2008; Kanda and Watanabe, 2008;
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Kastelein er al., 2007; Laroussene et al., 2006; Owaki et al., 2006; Takeda et al., 2003).
Previous studies of [L-27 have revealed its proinflammatory effects by promoting early
stage for the activation of naive CD4+ T cells and Thl differentiation (Owaki et al., 2005).
IL-27 receptor deficient (WSX-1-/-) mice showed defects in Thl response when infected with
Listeria monocytogenes or Leishmania major (Chen et al., 2000; Yoshida er al. 2001).
Neutralizing IL-27 by Abs against 1L-27 p28 rapidly suppressed adjuvant-induced arthritis
disease and long-lasting experimental autoimmune encephalomyelitis disease (Goldberg et al.,
2004; Goldberg et af, 2004). IL-27 could also induce proinflammatory cytokines from
human monocytes and mast cells (Kalliolias and Ivashkiv, 2008; Pflanz et a/., 2004). Besides,
IL-27 has a potential role for Th2 cytokine production. Upon stimulation by
a-galactosylceramide, a synthetic glycolipid agonist of NKT cells, EBI3-/- mice showed
decrease in Th2 cytokine [L-4 production and were resistant to oxazolone-induced colitis
which were primarily mediated by Th2 cytokines from inducible NKT cells (Nieuwenhuis er
al., 2002). In addition, IL-27 enhanced IL-1pB-induced human fB-defensin-2 production by
keratinocytes and showed antitumor activity (Kanda and Watanabe, 2008). Moreover, stable
expression of IL-27 in tumor cells inhibits tumor development with antiangiogenic effect and
induces T cell-dependent antitumor immune memory (Shimizu et al., 2000; Zhu ez al., 2010).
On the other hand, recent work has emphasized the immunosuppressive roles for IL-27,
such as its inhibition of the development of Thi, Th2 and Th17 cell subsets (Kastelein er al.,
2007). WSX-1-/- mice produced high levels of IFN-y when infected with Toxoplasma gondii
or Trypanosoma cruzi and large amounts of proinflamratory cytokines in the concanavalin
A-induced hepatitis model subsets (Hamano et al, 2003; Villarino ef al, 2003; Yamanaka et
al, 2004). In OVA-induced allergic asthma model, WSX-1-/- muce demonstrated
hyperproduction of various cytokines and exhibited progressive asthmatic symptoms. [L-27
was found to inhibit Th2 cell development as well as Th2 cytokines production from
polarized Th2 cells by down-regulation of transcription factor GATA-3 but up-regulation of
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T-bet expression simultaneously, thereby suppressing allergic responses (Artis e af., 2004:
Fujita ez al,, 2009; Miyazaki et al., 2005; Yoshimoto et al., 2007). In addition, 1L-27 directly
block Retinoic acid receptor (RAR)-related orphan receptor C (RORc) expression, repress the
development of Thi7 cells and Limit IL-17-driven inflamumation in the central nervous system.
1L-27 also hmuts Thi7 cell-mediated uveitis and scleritis (Amadi-Obi er af, 2007). More
convincing evidence about the suppressive role comes from IL-27-induced I1L-10 production
from T cells (Awasthi et al,, 2007, Batten et al., 2000, Fitzgerald et al.. 2007, llarregui et al.,
2009; Murugaiyan ef al., 2009; Stumhofer et al., 2006; Stumhofer er al., 2007; Yang et al,
2008). [L-27 has also been identified as a key negative regulator of innate immune cell
function in septic pentonitis. Moreover, LL-27 could inhibit the function of murine DCs, mast
cells and macrophages (Artis er «f, 2004; Yoshimoto et al., 2007). Therefore, the inhibitory
effects of [L-27 on munine innate immune cells are in contrast to the activation effects of
[L-27 for human studies (Kalliolias and lvashkiv, 2008; Pflanz et al., 2004).

Though IL-27 has been shown to exhibit multiple effects on vanous immune cells, little
infonnation is known about the effects of [L.-27 on eosinophuis, one of the most important
innate immune cells that generate in bone marrow, circulate in peripheral blood, nugrate into
and ordinanly reside 1n different tissues (Hogan et af, 2008). Increased circulating number
and infiltration of eosinophils at local tissues have been associated with allergic diseases
(Siumon et al, 2004). The prominent detrimental effects of eosinophils are also involved in
allergic inflammation by the release of toxic granule proteins, lipid mediators, cytokines and
chemokines (Hogan et al., 2008). In addition, the other two IL-12 family cytokines I.-12 and
[L-23 seemed to exert opposite effects on eosinophils (Cheung et al, 2008; Nutku ef af,
2001). In an attempt to further elaborate the role of LL;I2 family members in allergic
responses, we investigated the biological effects of IL-27 on human penpheral blood

eosinophils and explored the underlying mechanisms.
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4.2 Results
4.2.1 Human eosinophils express functional 1L-27 heterodimeric receptors

We first examined the expression of IL-27 receptor complex, WSX-1 and gp130, on
freshly isolated human peripheral blood eosinophils, while neutrophils and PBMC were used
as cell controls. RT-PCR analysis showed that gp130 mRNA was highly expressed on all the
three types of cells (Figure 4.1A). For the subunit WSX-1, though high level expression was
found on PBMC, the expression level was low for eosinophils and hardly detectable for
neutrophils (Figure 4.1A). In consistent with mRNA expression level, flow cytometric
analysis showed that gp 130 subunit constitutively expressed on the surface of eosinophils but
low expression level on neutrophils (Figure 4.1B). Westemn blot analysis also further
confirmed that eosinophils expressed higher protein level of gp130 compared to neutrophils
which showed relatively low level of protein expression. PBMC was used as the positive
control (Figure 4.1C). Because of the lack of commercial available anti-human WSX-1
antibody for flow cytometry, we confirmed the expression of WSX-1 on eosinophils and
PBMC but not on neutrophils using Westemn blot (F igure 4.1D).

IL-27 stimulation could lead to receptor-mediated tyrosine phosphorylation of STAT
family (Kastelein et al., 2007). To venfy whether [L-27 receptor expressed on eosinophils was
functipnal, activation of STATSs upon IL-27 stimulation was examined. Incubation with [L-27
(50 ng/ml) resulted in potent tyrosine phosphorylation of STAT1 within one minute and
maimntained for over thirty munutes in eosmnophils (Figure 4.1E). However, the
phosphorylation of STAT3 and STAT'S was not detected, even up to one hour incubation with
[L-27 (Figure 4.1E). Hematopoietic cytokine GM-CSF (10 ng/ml) stimulation as positive
control could lead to significant phosphorylation of STAT1, STAT3, and STATS. All the
above results here showed that eosinophils constitutively express functional IL-27 receptor

heterodimer.
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Figure 4.1 Expression of functional IL-27 heterodimeric receptor on eosinophils.

(A) Total RNA was extracted from eosinophils, neutrophils and PBMC, followed by RT-PCR
analysis for WSX-1, gp130 and B-actin (housc keeping gene) expression. (B) Representative
histograms of cell surface expression of gpl30 on eosinophils and neutrophils determined by
flow cytometry. Dotted line: isotypic control; solid line: anti-human gpl30. (C)
Representative Westem blot analysis of gpl30 protein expression of human eosinophils,
neutrophils and PBMC. GAPDH was used as protein control fo ensure an equal amount of
loaded protein. (D) Representative Westemn blot analysts of WSX-1 protein expression of
human eosinophils, neutrophils and PBMC. GAPDH was used as protein control {0 ensure an
equal amount of loaded protein. (E) Eosinopluls were stimulated with 1L-27 (50 ng/ml) or
GM-CSF (10 ng/ml) for indicated incubation time. Total cellular proteins were extracted and
STAT1, STAT3 and STATS tyrosine phosphorylation were detected by Westem blot.

All the experiments were performed in three independent replicates with essentially 1dentical
results.

M: 100 base-pair molecular size marker; Eos: eosinophils; Neu: neutrophils; PBMC:

penpheral blood mononuclear celis.
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4.2.2 1L-27 can enhance eosinophil survivalt

Eosmophils have a very short life-span and delayed eosinophil apoptosis is a key
mechanism for eosinophilia (Simon er af, 2004). Less than half of untreated eosinophils
remained viable afier 48 h incubation (Figure 4.2). After incubation with [L-27, the percentage
of viable eosinophils significantly enhanced and the effect was concentration-dependent (about
75% of viable eosinophils at S0 ng/mi I[L-27, all p < 0.05), while Annexin V positive
population was significantly reduced, which indicated that 1L-27 maintained eosinophil

survival through the suppression of apoptosis (Figure 4.2).
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Figure 4.2 Effects of I11.-27 on the survival of eosinophils.

Eosinophils were incubated with lL-:?'? O - l(}()'ngfml) for 48 h and then were analysed by
flow cytometry using Annexin V-FITC and Pl staining. (A) Results of % wviability are
expressed as the anthmetic mean + SD from triplicate expenments. (B) Representative dot
plots showed early apoptotic cells in the lower nght quadrant (Annexin V-FITC-positive), late
apoptotic (necrotic) cells in the upper nght quadrant (Annexin V-FITC-positive and
Pl-positive), and viable cells in the lower left quadrant (double negative). |

*p <0.05 and **p < (.01 when compared with medium control. Ctrl: control.
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4.2.3 1IL-27 can modulate the cell surface expression of adhesion molecules on human
eosinophils

Eosinophil migration and recruiiment into specific tissues is finely regulated by the
interaction between adhesion molecules and their counter ligands (Hogan er al, 2008).
Eosmopluls generally maintain basal level expression of ICAM-1 and L-selectin, and
imoderate expression of integnn CD18 (Cheung er al.. 2006; Cheung et al,, 2008; Wong et uf.,
2007). IL-27 significantly up-regulated the surface expression of CD18 and ICAM-I1, but
down-regulated the expression of L-selectin in a dose-dependent manner at 16 h incubation
time (Figure 4.3A and 4.3B). In addition, 1L.-27 could significantly increase the numbcr of
cosmophils adhered to fibronectin-coated wells, with 1L-25 treatment serving as the positive
control {Figure 4.3C) (Cheung ef «/, 2006). Morphological analysis showed that untrcated
cosinophils maintained the round shape, wiile 11.-27-trcated eosinophuls processed elongated
shape and aggregated together which is similar to that of GM-CSF-treated eosinophils (Figure

4.3D) (Takasha ¢t ai., 2001).
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Figure 4.3 Effects of 11,727 on the cell surface expression of adhesion molecules.
Eosinophils were cultured with IL-27 (O - 100 ng/ml) for 16 h and then the surface expression
of adhesion molecules was analysed by flow cytometry. (A) The modulation of surface
expression of adhesion molecules are shown as MFIL. Results have been normalized by
subtracting appropniate isotypic control and are expressed as the arithmetic mean + SD of
three independent experiments. (B) Representative histograms of cell surface expression of
CD1‘8, ICAM-1 ajnld L-selectin on eosinophils are shown. Dotted line: isotypic control; grey
line: medium control; black line: 1L.-27 treatment. (C) Eosinophils were stimulated with 1L-27
(50 ng/ml) and IL-25 (50 ng/ml) for 16 h in fibronectin-coated wells. Results are expressed as
the arithmetic mean of the number of cells adhered onto fibronectin-coated wells plus SD of
quadruplicate experiments in four random 100 x field. (D) Eosinophils were incubated with
medium, [L-27 (50 ng/ml) or GM-CSF (10 ng/ml) for 16 hours. Photomicrographs show the
morphology of eosinophils with 400 x magnification.

*p<0.05, **p <0.01 and *¥¥p < 0.001 when compared with medium control.
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424 IL-27 can potently induce the release of cytokines and chemokines from human
eosinophils

Eosinophils produce a variety of cytokines and chemokines aggravating immune
responses (Hogan ez al,, 2008). We first illustrated the cytokine expression profiles of human
eosinophils using antibody-based human cytokine protein array as a means of preliminary
screening. IL-27 could activate eosinophils to prominently induce the release of
proinflammatory cytokine I1.-6 (2h), TNF-a (4g), IL.-1p (2¢) and chemokines CCL2 (3e),
CXCLI1 (1)) and CXCLS (2}), among the 79 different cytokines being screened after 24 h
incubation when compared with that of medium control (Figure 4.4A). The map of the
cytokine antibody array on the membrane was listed in Appendix. We then further confimmed
that [1.-27 treatment significantly induced the release of inflammatory cytokines I[L-6, TNF-a,
IL-iB and chemokines CCL2, CXCL8 and CXCLI at 12 and 24 h in a dose-dependent
manner by quantitation of either CBA or ELISA. The release of chemokines CCL2, CXCL8
and CXCL1 at 12 h was much lower than that at 24 h (Figure 4.4B). However, the induction
of inflammatory cytokines IL-6 and IL-1§ at 12 h and 24 h were similar and the amount of
early response cytokine TNF-o was even higher at 12 h than that at 24 h (Figure 4.4B).

Since IL-27 (50 ng/ml) significantly enhanced eosinophil survival, modulated adhesion
molecules and induced cytokine and chemokine release, the optimal concentration (50 ng/ml)

was used in the following mechanistic studies.
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Figure 4.4 Effects of I -27 on cytokine and chemokine release from eosinophils.

(A) Representative profile of the release of cytokines and chemokines from eosinophils
activated by [L-27. Eosinophils (1 x 10° cells) were cultured with or without different [1.-27
(50 ng/ml) for 24 h in a 24-well plate. Cell free culture supematant was then collected and
79 different cytokines in culture supematant were semi-quantitated using anttbody based
RayBio® human cytokine array V. Positive and negative controls were designated at (1a, 1b,
Ic, 1d, 8j, 8k) and (le, 1f, 8i), respectively. Arrows indicated the spots with obvious
differences between the two array membranes. The map of the cytokine antibody array was
listed in Appendix in Page 175. (B) Eosinophils were cultured with IL-27 (0 - 100 ng/m})
for 12 or 24 h and the release of 1L-6, TNF-a, [L-13 and CXCLS8 in culture supematant were
determined by CBA while CXCL1 and CCL2 were measured by ELISA. Results are
expressed as the arithmetic mean  SD from three independent experiments.

*p < 0.05, **p < 0.01 and ***p < 0.001 when compared with medium control.
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4.25 1L-27 activates intracellular MAPK and NF-kB signaling pathways

MAPKs and NF-kB signaling pathways have been demonstrated to play important roles
in eosinophil activation (Cheung et al., 2006; Cheung er al., 2008; Wong et al., 2007). Upon
[I-27 stimulation, all the three MAPK members, ERK, JNK and p38MAPK were
phosphorylated in eosinophils as determined by Westemn blot (Figure 4.5A). The activation of
the transcniption factor NF-xB is due to the rapid degradation of IkBa. In resting state, NF-kB
1s present in the cytosol interacting with inhibitory IxBa proteins. Upon activation, ikBa was
phosphorylated and degraded by proteasome-mediated proteolysis, resulting in the release
and nuclear translocation of active NF-kB (Baldwin, 1996). We therefore examined IkBa
phosphorylation as the indicator for NF-xB activatton. Similar to MAPK activation, NF-xB
was also activated as demonstrated by [kBa phosphorylation (Figure 45A). The kinetic
studies showed that all the signaling activation appeared within 1 min, peaked at 5 min or 15
min, maintained the activation status for 30 min and then down-regulated to the basal level
within 60 min. However, PI3K/Akt activation in [L-27-treated eosinophils could not bhe
detected (data not shown).

To further confirm the activation and nuclear translocation of NF-«kB upon IL-27
stimulation, EMSA was performed with nuclear extracts from untreated and IL-27-treated
eosinophils. Untreated eosinophils showed a very faint shified band (Figure 4.5B, Lane 2),
while eosinophils treated with [1-27 (50 ng/ml) for 2 h showed significant increase in band
shift (Figure 4.5B, Lane 3), indicating that [1.-27 could potently induce the activation of
NF-xB-DNA binding activity. Competitive control ustng excessive unlabeled NF-xB binding
DNA could totally suppress the IL-27-induced band shift, which confumed the specificity of
NF-xB-DNA interaction (Figure 4.5B, Lane 4). Collectively, the above resuits demonstrated

that IL-27 could stimutate NF-kB and MAPK activation in eosinophils.
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Figure 4.5 Effects of IL-27 on intracellular MAPK and NF-xB activation.

(A) Eosinophils (1 x 10° cells) were stimulated with [L-27 (50 ng/ml} for indicated incubation
time and total cellular proteins were extracted. Total and phospho-ERK, total and
phospho-JNK, total and phospho-p38MAPK, and total and phospho-IkBa were assessed by
Western blot. Unphosphorylated protein was used to ensure an equal amount of loaded
protein. (B) Eosinophils were stimulated with I1.-27 (50 ng/ml) for 2 h. Nuclear proteins
were extracted and then subjected to EMSA. Lane |: labeled probe only without sample;
Lane 2: labeled probe with untreated eosinophil nuclear proteins; Lane 3: labeled probe with
IL-27-treated eosinophil nuclear proteins; Lane 4: IL-27-treated eosinophil nuclear proteins
with excessive unlabeled cold and labeled probes.

Experiments were performed in three independent replicates with essentially identical results

and representative results are shown.
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4.2.6 Roles of MAPK and NF-kB pathways in IL-27-mediated eosinophil activation
To further address the relation between intracellular signaling pathways and
[L-27-induced eosinophil activation, eosinophils were pretreated with specific signaling
molecule inlubitors and then stimulated with 1L-27. The optimal concentration of these
inhibitors was tested in Chapter 3 with the highest inhibition without any cytotoxicity. IxBa
kinase nhibitor BAY11-7082 and p38MAPK inhibitor SB203580 could significantly
suppress [L-27-enhanced eosinoplul survival (Figure 4.6A). Pre-treatment of eosinophuls with
ERK inhibitor U0126, p38MAPK inhibitor SB203580 and JNK inhibitor SP600125 could
significantly suppress [L-27-induced up-regulation of CDI18 and ICAM-1 but restorc
[L-27-induced down-regulation of L-selectin (Figure 4.6B). In addition, IxBa kinase inhibitor
BAY 11-7082 could also reverse IL-27-induced up-regulation of CD18 and ICAM-1 but not
for down-regulation of L-selectin (Figure 4.06B). For cytokine and chemokine relcase,
IL-27-induced release of IL-6, TNF-a and CXCL8 was partially abolished by mhibitor
BAY11-7082, U0126 and SB203580, but not by SP600125. The release of IL-1f3 and
CXCLI was partially suppressed by inhibitor BAY 11-7082 and SB203580, while CCL2 was
only inhibited by BAY11-7082 and U0126 (Figure 4.6C). Collectively, the results
demonstrated that NF-xB and MAPK pathways were differenually involved in

IL-27-mediated diverse activation on eosinophils.
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Figure 4.6 Effects of signaling inhibitors on viability, adhesion molecule expression, and
cytokine and chemokine release of eosinophils upon IL-27 stimulation.

Eosinophils were pre-treated with BAY 11-7082 (1 uM), U0126 (2.5 uM), SB203580 (2.5
M) and SP600125 (2 uM) for 1 h, followed by incubation with or without IL-27 (50 ng/ml)
n the presence of mhibitors for furth;r (A) 48 h for viability assay, (B) 16 h for adhesion
molecule expression, and (C) 24 h for cytokine and chemokine release. Results are expressed
as the arithmetic mean + SD from three independent expenments. DMSQO (0.1%) was used as
the'vehicle control.

*n < 0,05, **p < 001 and ***p < 0.001 when compared between groups denoted by

horizontal lines or groups of IL-27 with or without inhibitor treatment. Ctrl: control treatment.
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42.7 GM-CSK, IL-25 and LPS could not abolish 11.-27-mediated eosinophil
activation, and vice versa

[1.-27 or TLR4 ligand LPS alone could potently activatc human monocytes, however,
the inflammatory functions of 1L-27 for monocytes could be abrogated by LPS (Kaliiolias
and lvashkiv, 2008). As the eftects for monocytes, 11.-27, GM-CSF, I1.-25 or LPS alone could
potently activale eosinophils by increasing the viability and release of CXCLS8 (Figure 4.7).
However, in confrast to the results for monocytes, all of these pre-stimulations (GM-CSF,
IL-25 and LPS) could not abrogate 11.-27-mediated eosinophil activation, as demonstrated by
the unaltered levels of eosindphil survival analyzed by Annexin V/Pl staining, and even
exhibited additive effect for the secretion of chemokine CXCLS detenmuned by ELISA
(Figure 4.7). In addition, similar to the above eflects, 1L-27 pretrcatment or treatment at the
same time also could not affect GM-CSF, IL-25 or LPS-enhanced eosmophil survival and

secretion of CXCLS (data not shown).
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Figure 4.7 Effects of GM-CSF, IL-25 and Ll.’S on IL.-27-mediated activation of
eosinophils.

Eosinophils were cultured in the presence or absence of GM-CSF (10 ng/ml), IL-25 (50
ng/mi) or LPS (100 pg/ml ) for 30 min and then stimulated with [L-27 (50 ng/ml) for (A) 48 h
for viability assay, (B) 24 h for chemokine CXCLS8 release. Results are expressed as the
arithmetic mean + SD from three independent expenments.

*n <0.05, "p<0.01 and ***p < 0.001 when compared with medium control.
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4.3 Discussion

IL-12 family members have been shown to be involved in regulating eosinophil
activation. 1L-23 could enhance the survival and activation of eosinophils in Thi7
cell-mediated allergic inflammation, while another member IL-12 could induce eosinophil
apoptosis and decrease subsequent tissuc cosinophibia (Cheung ef «f, 2008; Nutku er «f.
2001). Although 1L-27, the new member ot [L-12 fanuly, could play both pro- and
anti-nflammatory function (Kastelein er af., 2007), the present study demonstraied the in vitro
stimulation cffects of IL-27 on hwnan cosinophils.

Human eosinophils constitutively expressed functional [L-27 receptor complex, and
STAT1 but not STAT3 was phosphorylated upon IL.-27 stimulation. 1L.-27-mediated STAT
phosphorylation is mainly required for cell activation (Kastelen er al., 2007). For example,
IL-27 could activate STATT to induce 1L-12R[32 expression in naive CD4+ T cells and
contribute to Thi differentiation, whereas STAT! activation was decreased n (L-27-activated
CD4+ T cells (Batten er al., 2000; Takeda ef af.. 2003). 1L.-27-induccd STAT1 activation was
associated with proinflammatory cifects in human monocytes and keratinocytes (Kalliolias
and Ivashkiv, 2008; Kanda and Watanabe, 2008). However, the inhibition of Thi7
development by 11-27 is also dependent on STAT1 activity {Amadi-Obi et af.. 2007, Neutert
et al, 2007). To ehwcidate effects of IL-27 on cosmophils, we further inveshgated the
responscs of eosinophils and the underlying mechanisms.

[1.-27 induced proliferation of human naive CD4+ T cell and anti-lg-stimulaled natve B
cells (Kastelein e «f, 2007, Larousscnie er «f, 2000). However, as thc terminally
differentiated cells, eosinophils could not further proliferate but undergo apoptosis. IL-27
indeed enhanced eosinophul survival through reducing apoptosis. Belonging to 1L-12 fanuly
cytokines, [L-23 and 11.-27 enhanced eosinophil survival (Cheung et al., 2008). On the other
hand, IL-12 increased i vitro apoptosis of human cosinophils (Nutku er af, 2001). The
discrepancy of the effects of 1L-12 family members was also observed in the differentiaton of
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naive CD4+ T cells into effector populations (Kastelcin ef ¢, 2007). 1L-12 is well-known as a
factor that drives and enhances the development of IFN-y-producing Thl effector cells, which
have been associated with inflammatory conditions. Another IL-12 family member {1.-23 is
mainly responsible for Thi7 differentiation and the progression of Thi7 ceil- dependent
inflammatory diseascs. However, a defimtive function of 1L-27 has remained more elusive
and comphicated, involving n carly steps of Thl differentiation and the subsequent
suppression of Thi, Th2 _and Th17 differentiation (Kastelein ez af., 2007). The reasons for the
diverse effects of 1L-12 fanuly members may be duc to the different intracetlular signaling
mechanisms which require further detailed investigation.

In the present study, IL-27-induced expression profile of adhesion molecules, enhanced
expression of CD18 and ICAM-1, as well as reduced the expression of L-selectin, 1s similar to
that of other eosinophil stimulator such as Th2 cytokine IL-25 and adipokine Leptin (Cheung
et al., 2000, Wong et ¢l 2007). The modulated expression profile of adhesion molecules
could facilitate cosinophil adhesion and accumulation (Cheung er al., 2006). Actually, [L-27
has been shown to up-regulate ICAM-1 expression on CD4+ T cells and anti-Ig-simulated B
cells (Kastelen e al., 2007; Larousserie ef al., 2000). The induction c;f ICAM-1 expression
indicated that ICAM-1 might be a target gene rcgulated by 1L-27 and [L-27-mediated STAT
activation was demeonstrated to be essential for the up-regulation of ICAM-1 expression
(Owaki er al, 2005). In addition, it was found that ICAM-1 promoter contained a large
number of binding sites for inducible transcription factors, including NF-kB and STATI,
which were also activated by IL-27 in cosinophils {Owaki er al, 2005; Roebuck and
Finnegan, 1999). As a ligand of p2-integrin, 1ICAM-1 might facilitate the adhesion of
leukocytes because microscopic examination found that 1L-27-activated eosinophils
aggregated together, which was similar to that of GM-CSF stimulation (Takashi et al., 2001).

The activation effects of [L-27 on cosinophils were further demonstrated by the
induction of inflammatory cytokines and chemokines.” Similar to human mast cells and
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monocytes, early response proinflammatory cytokines TNF-o, {1.-1p and [1.-6 were promptly
induced by IL-27 and reached plateau within 12 h. Chemokines CCL2, CXCLS8 and CXCLI
for chemotactic migration of macrophages and neutrophils were also induced in a dose- and
time-dependent manner. These chemokmes have proinflammatory effects such as the
up-reguiation of adhesion molecules, regulation of vascular permeability, mucus secretion and
smooth muscle constriction (Hogan et al.. 2008). Eosinophils can release [L-10 upon 1L-12
stimulation and 1L.-27 has been shown to induce [L-10 from CD4+ T cells, however, the
induction of IL-10 by [L-27 fiom cosinophils could not be detected by CBA analysis
(detection limit: 3.3 pg/ml), which further confirned the activation but not suppressive effects
of IL-27 for cosinophils (Awasthi et «f., 2007; Fitzgerald et af., 2007; Harregm e af., 2009,
Spencer er al., 2009, Stumhofer et af. 2007). The induction of IL-10 from cosinophils by
IL-12 but not IL-27 also supported the diverse cffects of [L-12 family members.

The intracetlular mechanistic study indicated that 1L-27 activated all the threc MAPK
members, ERK, INK and p38MAPK as well as NF-«B. These pathways are crucial cascades
for regulating multiple cellular responses, including growth, proliferaton, survival, and
expression of proinflammatory cytokines and chemokines (Ho of al., 2008; Cheung et o,
2006). In addition, previous studies showed that 1L.-25, GM-CSF and LPS could also activate
MAPK and NF-kB in eosinophils (Cheung et al., 2006; Pl6tz et al.. 2001; Wong et al., 2003).
The similar activation profile of intracellular signaling transduction pathways of IL-27, IL-25,
GM-CSF and LPS may be the underlying mechanism, by which 1L-25, GM-CSF and LPS
could not abrogate IL-27-mediated eosinophil activation. The effect was different from
monocytes in which inflammatory activation of IL-27 could be abrogated by LPS (Kalholias
and lvashkiv, 2008). Another reason for the discrepancy between IL-27 and LPS for the
activation of monocytes and eosinophils may be due to the fact that eosinophils are tenminally
differentiated cetls and can only maintain for short life-span without proliferation. Our results
also indicated that I1.-27-mediated intraceliular signaling transduction was different between
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eosinophils and other cell types, such as T cells, macrophages and keratinocytes, because JNK
and NF-«B pathways activated by [L-27 have not been previously reported (Kastelein ez af.,
2007).

However, there are still questions we need to address. Eosinophils generally involved in
Th2-related discases such as allergic diseases and parasite infection, while 1L-27 was reported
1o suppress Th2 responses in ammal studies (Kastelein e /., 2007). Our findings regarding in
vitro stimulation effects of [L-27 on human eosinophils secmed to be contradictory 1o
IL-27-suppressed ThZ immumty. Onc reason for the contradiction may bce due to the
differences between human and mouse studies. 1L-27 leads to the production of
pro-inflammatory cytokines from human mast cells and monocytes (Kalliolias and Ivashkiv,
2008; Pﬂ@ et ul., 2004), however, IL-27 negatively regulate murine mast cells and activated
macrophages (.:’&rlis et al., 2004; Hoischer et af., 2005). The contradiction may also be due
to the in viro and in vivo assay designs. /n vivo studics are complicated and involve
multi-factonal interagtion, while in vitro studies simplify the direct effects of 1L.-27 on targeted
cells. IL-27 inhubition of Th2 related diseases, such as Trichuris muris infection and
OVA-induced asthima were all denved from in vivo mouse models (Artis ef al., 2004; Fujita et
al.. 2009; Miyazaki et al., 2005). However, no i vivo human studies™of IL-27 have been
reported and the stimulation effects of 1L.-27 on human eoswnophils, monocytes and mast cells
have alt been denved from in vitro studies. The third reason may be due to the different
signal transduction pathways. In human eosinophuls, IL-27 could not activate STAT3 which is
an important transcription factor for IL-27-mediated suppression (Kastelein et al, 2007),
while MAPKs were involved in [L-27-med:ated activation effects. Moreover, [L-27 intubits
acquired immune responses mediated by Thl, Th2 and Th17 cells, but not innate immune
responses, while eosinophils are considered to be involved in innate immunity (Hogan er ol
2008; Kalliolias and Ivashkiv, 2008). The adaptive immune system intiated by innate
immune responses can be subsequently activated. We postulated that I1.-27 may be served as
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an uimmunomodulatory cytokine i allergic discases. Human 1L-27 could activate innate
immune responses through the stunulation of mast cells and cosinophils upon allergen
stunulation, and then IL-27 mhibited acquired-Th2 immune responses. This regulatory
mechanism may be helpful to react with foreign simuli and limut the allergic inflammation.

In conclusion, our studics have demonstrated that APC-released 11.-27 can stimulate
eosinophils, thereby extending the novel [1.-27 activation effects on human innate immune
system and further elaborating the roles of IL-12 family cytokines on eosinophils in allergic
mflammation. Since single nucleotide polymorphisms of [L-27p28 were related to human
asthma (Chae ef al., 2007), the pleiotropic roles of 11-27 in human allergic responses need

further exploration.
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: Chapter 5
Co-culture of Eosinophils and
Bronchial Epithelial Cells
Upon NOD-like Receptor Ligand Stimulation:

Innate Immune Responses and Allergic Asthma

5.1 Introduction

Allergic asthma is a chronically relapsing inflammatory disease whose prevalence is
increasing all over the world. Respiratory tract infection, such as rhinovirus, respiratory
syncytial virus (RSV), influenza A and Chlamydia pneumoniae infection, can cause allergen
sensitization, and subsequently amplify and sustain airway inflammation in allergic asthma
(.lohﬁston, 2007). Epidemiological studies also suggest that severe asthma exacerbation is
characterized by the association of bactenal and viral infection (Busse and Gem, 1997,
Hashimoto et al., 2008). Innate immunity i1s important for host defence against microbial
infections, including respiratory infection. Hosl. innate immune system have developed a
limited number of germline-encoded receptors, pattern-recognition receptors (PRRs), which
could recognize a variety of conserved microbial molecular signatures, thereby allowing for
efficient and rapid discrimination between pathogens and self. The best-characterized PRRs
are TLRs, which localize either at the cell surface or within endosomes and/or lysosomes, and
are characterized by an intracellular TolV/Interleukin-1 receptor homology (TIR) signaling
domain and an extracellular leucine-rich repeat (LRR) domain for antigen recognition (Akira

and Takeda, 2004). Activation of TLRs leads to NF-kB and MAPK activation, resulting in
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the expression of inflammatory cytokines and costimulatory molecules. Moreover, ligands for
TLR3, TLR4, TLR7 and TLRY could induce type 1 IFN production (e.g. [FN-a and IFN-B)
by activation of IFN regulatory factors (IRF) (Akira and Takeda, 2004). TLRs have been
mvolved in infectious diseases, autounmune diseases, cancers, and as adjuvants for potent
new vaccines. TLRs have also been shown to be involved in allergic diseases. Infants raised in
homes with high levels of endotoxin have been found to be at relative low risk for the
development of allergic hypersensitivities (Braun-Fahrldander er af., 2002; Gereda et al., 2000).
One of the charactenistic of allergic asthma is the unbalanced Th1/Th2 shifung to Th2
differentiation, and the aim of treating asthma with immunomodulators would be to try to
change the Th-cell balance. It was shown that the Th1/Th2 polanzing effect by LPS from
Escherichia coli via TLR4 was concentration-dependent, at low concentrations for Th2
mduction and higher concentrations for Thl differentiation (Eisenbarth er al., 2002). Besides,
polymorphisms in the genes of TLR4 and TLR2 have furthermore been shown (o interact
with the environment to modulate the allergic protective effects (Eder et al. 2004). When
used as adjuvant, Pam3Cys dependent on TLR2 induced Th2 polanzation (Redecke et uf.,
2004), whereas CpG oligodeoxynuieotides (ODN)-based therapies through TLRY induced
Thi polarization both in murine allergic disease models and also being developed for the
treatment of human allergic diseases (Vollmer and Kneg, 2009). Ligands for TLR7 and TLRS
(e.g. R848 and its derivatives) have consistently been described as Thl-polanzing adjuvant
and inhibit Th2 cytokine production (Brugnolo ef af/, 2003). Together, these investigations
demonstrated that the activation of TLRs could modulate asthmatic immune responses.
Though TLRs as one of PRRs play important roles in defence against microbial

infections, however, several pathogenic bacteria and virus hidden inside the cells could avoid
TLR-mediated detection, which indicated other possible PRRs may exist. Recent studies
using computational analysis of the genome, two members of the NLR proteins, NODI
(CARD4) and NOD2 (CARD!5), were identified. NLRs resemble plant disease resistance (R)
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genes and shed a new light on innate recognition of microbes and induction of inflammatory
responses (Bertin et al,, 1999; Inohara e al., 1999: Ogura et al, 2001). Besides NOD1 and
NOD2, NLR family also contain other members, including IPAF (ice-protease activating
factor), CIITA (MHC class II transactivator), NAIP (neuronal apoptosis inhibitory protein)
and NALP (NACHT, LRR and PYD containing protein) (Ting er al., 2008).

Indeed, the charactenzation of NLRs has greatly advanced in recent years and
underlined their essential roles n innate immunity. NOD1 and NOD2 are both cytosolic
proteins function as intracellular PAMP receptors, and biochemical and functional analyses
identified that these proteins recognize different moieties of bactenal PGH. NODI recognizes
the 1E-DAP, which is produced by most Gram-negative and certain Gram-positive baciena
(Chamaillard et /., 2003; Girardin et al,, 2003; Hasegawa et af., 2000). In contrast, NOD?2 is
activated by MDP, the essential structure of virtuaily all types of PGN present in the cell walls
of all bactenia, making NOD2 a general bactenal PRR (Girardin e «f, 2003). In addition,
NOD?2 recently was also found to function as a cytoplasmic viral PRR that recognize viral
ssRNA genome (Sabbah et af, 2009).

The NOD proteins are compnsed of three distinct functional domains: an
amino-terminal effector-binding domain (EBD) involved in signaling transduction and
biological functions, a centrally regulatory NOD domain that mediates self-oligomenzation,
and carboxyl-terminal LRRs that serve as a ligand-recognition domain (LRD) (Inchara ef a!.,
2005; Strober et al., 2006). Binding of the ligands, the effector domains of NOD proteins are
mnvolved 1n | homophilic interactions with downstream signaling parmers with a
caspase-recruitment domain {(CARD). The diversity of the effector domains allows NOD
proteins to interact with a vanety of binding partners to activate multiple signaling pathways.
Upon activation, NODI and NOD2 rapidly form oligomers and then physically associate
with the CARD-containing protein kinase RICK (RIPK2/RIP2/CARDIAK) through
homophilic CARD-CARD interactions (Inohara et al., 1999; Ogura et al, 2001). RICK then
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mteracts with IKKy/NEMO, the regulatory subunit of the IKK complex, and further leads to
the subsequent phosphorylation and degradation of 1kBa by the proteasome (Inohara et «.,
2000). NF-«B is then released and translocated 1o the nucleus, and mediates the transcription
of target genes. Importantly, NOD proteins-mediated signaling pathway is independent of
myeloid differentiation factor 88 (MyD88), a key adaptor molecule involved in TR
signaling pathways.  NOD2 nught also regulate the non-canonical NF-kB pathway, which
cxhibits much slowclr kinetics and 1s totally dependent on the NF-kB-inducing kinase (NIK}
(Pan et uf, 2006). NIK associates with the pl100 subunit of NF-kB and induces its cleavage
to active form p52, which causes the expression of a distinct subset of inflammatory genes
(Pan et al., 2000). NIK is reguired for MDP-induced transcniption of the chemokine CXCL13.
In addition to NF-xB pathway, NODI and NOD2 stimulation results in the activation of
MAPK, including p38, ERK, and JNK, through the CARD-contatning adaptor protcin
CARD9 (Girardin et af., 2001; Hsu ex af., 2007, Kobayashi et af., 2002; Navas ef af, 1999,
Pauleau and Murray, 2003). However, when recognizing viral ssRNA genome, NOD2 could
trigger the activation o{: IRF3 and the production of IFN-B (Sabbah e al, 2009).
Administration of MDP and iE-DAP, as well as their derivatives have been shown to induce
broad activity against multiple pathogens, including secretion of proinflammatory cytokines
and chemokines, synthesis of mtric oxide synthasc, and aiso the expression of adhcsion
molecules, all of which are cnitical for the innate immune response and potentiate adaptive
immune response against pathogens (Inohara er al, 2002, Inohara et al., 2005).

The importance of NOD1 and NOD2 is further confirmed by their genetic association
with human inflanmatory diseases. The most common frame-shift mutations in NOD?2,
which result in the loss of the terminal LRR and could not detect MDP, are associated with
Crohn's disease, the chronic inflammatory discase of the intestine and gastrointestinal tract
(Hugot er al., 2001, Hugot, 2006; Ogura et al, 2001). NOD2 is also wmplicated in the Blau
syndrome, a rare long-life disorder starting in childhood and charactenzed by skin rashes,
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uveitis and recurrent arthntis, which can evolve toward camptodactyly (Miceli-Richard er al.,
2001). Genetic variants and single nucleotide polymorphisms of NOD2 that might result m
Inappropriate immune responses are also associated with atopic disorders. It was shown that
the Crohn's disease-associated polymorphisms in NOD?2 gene are also significantly associated
with an increased risk for atopic diseases and hyper IgE syndrome (Kabesch er uf, 2003;
Renymerink et al, 2010; Weidinger et al., 2005). In addition, NOD1 polymorphisms are also
associated with the development of atopic cczema, astluna, and increased serum IgE
concentrations (Hysi ez af., 2005).

Epithelial cells are the furst barmer of defence agamst invading microbial pathogens.
Various PRRs are expressed by epithehal cells to recognize conserved microbial patterns and
mediate inducible activation of innate immumty. Because of the gas exchange with the
outside environment, airway epithelial celis, the body’s largest epithehal surface, are almost
prone to contacting with airborne microbes (Buc er @/, 2009). Bronchial epithehal cells and
derived cell line BEAS-2B have been shown to equipped with a vaniety of PRRs, including
almost all the TLR member, NODI and NOD2 (Barton et af., 2007, Bérubé er al, 2009,
Farkas e¢f al, 2008; Mayer et ul, 2007, Sha et al, 2004). In addition, airway cpithelial cclls
could produce vanous antimicrobial substances, including highly active anti-microbial
peptides and inflammatory mediators (Shaykhiev and Bals, 2007). Recently, there 1s
compelling evidence to elaborating the critical functions of epithelial celis-denved TSLP,
IL.-25 and I1.-33 in the initiation, development and regulation of Th2 cytokine-dependent
allergic immune responses (Saenz ef al., 2008).

A key feature of the inflammatory response in asthma is charactenzed by mntense
mucosal inflammation with nfiltration and accumulation of activated eosinophils and
mononuclear cells in the awways, as well as with epithelial desquamation.
Eosinophil-bronchial epithelial cell interactions are thought to be one of central mechanisims
for the pathogenesis of asthma, both in temms of the epithelium as a source of
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pro-inflammatory mediators and as a target for eosinophil-mediated damage
(Sanmugalingham et al,, 2000; Walsh, 2001). Epithelial damage in asthma is thought to be
pnmarly mediated by eosinophil-derived basic granule proteins, such as MBP and ECP,
which have been shown to be toxic for airway epithelium. Co-culture of {L-5-treated
eosinophils and TNF-a-activated bronchial epithehal cell line BEAS-2B resulted in enhanced
cosinophil degranulation and adhesion (Takafuji er ¢/, 1996). The interaction of eosinophils
and epithelial cells can also result in the nduction of inflammatory mediator cysteinyl
leukotrienes from eosinophils (Dent er af., 2000). Besides cosinophil-dernived mediators for
cpithehial damage, bronchial epithelium is also an important source of the growth factors and
chemoattractants for eosinophils. Epithelium in asthma synthesizes eosinophil growth factors
such as GM-CSF, and chemokines such as RANTES and eotaxin, as well as irfcreased
amounts of adhesion receptors, particularly ICAM-1 (Sanmugalingham et al., 2000; Walsh,
2001). The interaction between bronchial epithelial cells and eosinophils can up-regulate the
survival and activation of human cosinophils and the responsiveness of epithelial cclis
through the release of cytokines and chemokines and the interaction of adhesion molecules.
QOur group have previously investigated house dust mite allergen Dermatophagoides
preronyssinus (Der p) 1 and TLR-mediated activation of eosinophils and bronchial epithelial
cells in allergic inflammation (Wong et al., 2006, Wong et al., 2007, Cheung et al., 2008).
Although NODI1 and NOD2 polymorphism l;ave been reported to involve in asthma,
however, the detailed interaction between eosinophils and bronchial epithelial cells upon
NOD1 and NOD2 ligand stimulation in innate immunity and allergic inflammation remain to
be elucidated. We therefore have studied the in vitro effects of NOD1 and NOD2 hgand in
co-culture of human eosinophils and bronchial epithelial cell line BEAS-2B, with a
preliminary focus on the aspects of surface adhesion molecule expression, as well as cytokine

and chemokine release in the co-culture system.
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5.2 Resulis
5.2.1 Expression of NOD! and NOD?2 on eosinophils and BEAS-2EB cells

The expressior;s of NOD! and NOD2 in BEAS-2B cells have been previously
descnibed. NOD| constitutively cxpressed on BEAS-2B cells (Barton er af., 2007, Slévogt et
¢il.. 2007). The expression of NOD2 mRNA and protein was low in unstimulated BEAS-2B
cells, but coﬁld be elevated by stimulation with the combination o‘f‘cytokin&s TNF-a and
IFN-y (Farkas et al. 2008). Then, we further examined NOD1 and NOD?2 expression n
human pnmary cosinophils, with BEAS-2B cells and PBMC scrved as cell conwols.
Real-time quantitative PCR analysis shows that mRNA of NOD1 and NOD2 were expressed
by eostnophtls (Figure 5.1A). We further confirned that NODI protemn was also
constitutively expressed by eosinophils using Western blot (Figure 5.1B). Intracellular staining
using flow cytometry showed that NOD2 was mnsﬁtulively expressed in human eosinophils

(Figure 5.1C).
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Figure 5.1 Expression of NOD1 and NOD2 in eosinophils, neutrophils, PBMC, and
BEAS-2B cells.

(A) Samplcs with equal amount of cxtracted total RNA from different cells were used for
gPCR. The relative gene expression was calculated using 2 ¢ N RCLEARDID gy gamples
with cqual amount of extracted proteins from different cells were subjected to Western blot for
NOD1 expression. Neutrophils, BEAS-2B cells and PBMC were served as controls.  (C)
Intracellular expression of NOD?2 in cosinophils was determined by (low cytometry. All the
experiments were performed in triplicates with cssentially identical results and representative
figure 1s shown.

los: eosinophils; Neu: neutrophils; PBMC: peripheral blood mononuclear cells, BE:
BEAS-2B cclls.
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5.2.2 Effects of NOD1 and NOD2 ligands on the surface expression of adhesion
molecules upon the interaction of human eosinophils and BEAS-2B cells

NODI ligand iE-DAP (10 pg/ml) stimulation alone had little effects on the surface
expression of adhesion molecules on either eosinophils or BEAS-2B cells (Figure 5.2), even
with higher dose to 100 pg/ml (data not shown). The similar results of NOD2 ligand MDP
(10 pg/ml) stimulation for eosinophils or BEAS-2B cells alone were also observed (Figure
5.2). When co-cultured together without stimulation, the expression of ICAM-1 and
VCAM-1 on BEAS-2B cells were significantly enhanced, while no significant changes on
the expression of CD18, ICAM-1 and L-selectin on human eosinophils (Figure 5.2). However,
upon 1E-DAP or MDP stimulation in the co-culture system, the expression of CDI8 and
ICAM-1 on eosinophils was significantly up-regulated, while L:seieclin on eosinophils was
markedly down-regulated (Figure 5.2). Moreover, the expression of ICAM-1 and VCAM-|
on BEAS-2B cclls was further augmented in the co-culture system with 1E-DAP or MDP
stimulation (Figure 5.2A). fI:iu:l NOD1 ligand iE-DAP negative control 1E-Lys and NOD2
ligand MDP negative control MDP (D-D isomer) showed little effects on the expression of

adhesion molecules upon co-culture of eosinophils and BEAS-2B cells.

150



Chapter 5 Co-culture of Eosinophils and Bronchial Epithelial cells

(A)

VCAM-1

ICAM-1

20+

704

354

13N

(B)

ICAM-1

cD18

5

“a
-

2

2

I4W

L-selectin

T
na

Qo




Chapter 5 Co-culture of Eosinophils and Bronchial Epithelial cells

Figure 5.2 Effect of NOD1 ligand iE-DAP and NOD2 ligand MDP on surface expression
of adhesion molecules upon the interaction of human eosinophils and BEAS-2B cells.
Eosinophils (5 x 10° cells) and confluent BEAS-2B (8 x 10* cells) were cultured either
together or separately with or without iE-DAP (10 pg/mi), MDP (10 pg/ml), and negative
control 1E-Lys (10 pg/ml) and MDP Cutl (D-D isomer) (10 pg/ml) for 16 h. Surface
expression of (A) ICAM-1 and VCAM-1 on BEAS-2B cells, and (B) CD18, L-selectin and
ICAM-1 on eosinophils was analyzed by flow cytometry and shown as MFI, which was
normalized by subtracting appropniate isotypic control and shown as anithmetic mean + SD of
three independent experiments.

* p < 0.05, ** p < 0.01, *** p < 0.001 when compared between groups denoted by the

honzontal lines.
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5.2.3 Effects of NOD1 and NOD2 ligands on the cytokine and chemokine release
upon the interaction of human eosinophils and BEAS-2B cells

We first screened the cytokine and chemokine release when eosinophils and BEAS-2B
cells were cultured either together or separately with or without iE-DAP or MDP treaoment
using BD CBA Human Inflammation Kit and Human Chemokine Kit. We subsequently
confirmed the CBA analysis results using quantitative ELISA assay. NODI ligand iE-DAP
(10 pg/ml) alone could significantly induce the release of CXCL8 from BEAS-2B cells
(Figure 5.3), which was consistent with other report (Bérub€ er af., 2009), while NOD2 ligand
MDP (10 pg/ml) alone showed little effects on CXCLS induction from BEAS-2B cells. In
addition, iE-DAP (10 pg/ml) or MDP (10 pg/ml) alone exhibited no promment cffects on
cytokine and chemokine release from human eosinophils (Figure 5.3). Upon co-culture, the
levels of CCL2 and CXCLS8 were found to be markedly elevated than those of cosin"&ﬁl'lils
alone or BEAS-2B cells alone (Figure 5.3). Besides, levels of CCL2 and CXCLS8 were found
to be significantly further enhanced in the co-culture of eosinophils and BEAS-2B cells under
the stimulation of iE-DAP (10 pg/ml) or MDP (10 pg/ml). The release of CCL2 and CXCL8
of 24 h culture was higl;er than those of 16 h. The NODI ligand negative control 1E-Lys and
NOD2 ligand negative control MDP (D-D isomer) showed little effects on the expression of

CCL2 and CXCLS upon co-culture of eosinophils and BEAS-2B cells.
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Figure 5.3 Effect of NODI1 ligand iE-DAP and NOD2 ligand MDP on the release of
chemokines CCL2 and CXCLS8 upon the interaction of human eosinophils and

BEAS-2B cells.

Eosinophils (5 x 10° cells) and confluent BEAS-2B (8 x 10° cells) were cultured either
together or separately with or without iE-DAP (10 pg/ml), MDP (10 pg/ml), and negative
control iE-Lys (10 pg/ml) and MDP Ctrl (D-D isomer) for 16 h and 24 h. Cell-free culture
supemnatant was collected, and chemokines CCL2 and CXCLS released into the supemnatant
were measured using ELISA. Results are expressed as anthmetic mean + SD of three
independent experiments.

* p < 0.05, ** p < 0.01, *** p < 0.001 when compared between groups denoted by the

horizontal lines.
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5.24 Source of CCL2 and CXCLS in co-culture of human eosinophils and BEAS-2B
cells upon NODI and NOD?2 ligand stimulation

Both eosinophils and BEAS-2B cells have the ability to produce CCL2 and CXCL8
(Wong er al, 2006; Wong et al, 2007; Cheung et al, 2008). With a further view to
investigate the source(s) of chemokines CCL2 and CXCLS released n the co-culture system,
1% paraformaldehyde was used to fix eosinophils or BEAS-2B cells to prevent the secretion
of cytokines and chemokines, while preserving the cell membrane integrity to maintain the
direct intercellular interaction between eosinophils and BEAS-2B cells via the surface
adhesion molecules (Lal er al., 1988). We compared CCL2 and CXCLS8 release in the
co-culture of normal cells with the cells fixed with 1% paraformaldehyde. As shown in Figure
5.4, the co-culture of fixed eosinophils and unfixed BEAS-2B cells, as well as fixed
BEAS-2B cells and unfixed eosinophils could almost abrogate the release of chemokines
CCL2 and CXCLS in co-culture system with or without NODI1 ligand 1E-DAP or NOD2
ligand MDP stimulation. These results together suggest that both eosinophils and BEAS-2B

cells are the sources of CCL2 and CXCLS in the co-culture system.
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Figure 54 Source of CCL2 and CXCLS in co-culture of human eosinophils and
BEAS-2B cells upon NOD1 and NOD?2 ligand stimulation.

Eosinophils {5 x 10° cells) and BIéAS-ZB (8 x 10* cells) were treated with or without 1%
paraformaldehyde for 45 min on ice prior to culture together with or without 1E-DAP (10
pg/ml) or MDP (.10 pg/ml) for 24 h. Cell-free culture supematant was collected, and CClL.2
and CXCLS8 released into the supematant were quantified using ELISA. Results are expressed
as arithmetic mean + SD of three independent expeniments

Eos: Fosinophils; Eos™: Fixed eosinophils; BE: BEAS-2B cells; BE " Fixed BEAS-2B cells.

% n < (101, *** p < 0,001 when compared between groups denoted by the honzontal lincs.
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5.2.5 Effects of transwell insert on the induction of CCL.2 and CXCLS8 release in

co-culture of human eosinophils and BEAS-2B cells upon NOD1 and NOD2

ligand simulation

To explore whether the direct interaction was essential for the induction of CCL2 and
CXCLS release in the co-culture of eosinophils and BEAS-2B celis upon NOD1 and NOD2
ligands stimulation, transwell insert with pore size of 0.4 um was used to separate eosinophils
and BEAS-2B cells into two compartments in the co-culture system. Interccliular
communication through soluble mediators, such as cytokines and chemokines, was allowed
in this transwell co-culture system.

Without ar.ly stimulation, induction of CCL2 rclease in co-culture of cosinophils and
BEAS-2B cells was totally abolished in the presence of transwell insert, suggesting that CCL2
release in the co-culture system may depend on the direct interaction between cosinophils and
BEAS-2B cells (Figure 5.5). Upon iE-DAP or MDP treatment, CCL.2 release from the
co-culture system was also abrogated using the transwell insert (Figure 5.5). However, the
rclease of CXCLS8 tn the co-culture of cosinophils and BEAS-2B cells with or withouwt
IE-DAP or MDP treatment could not be reversed by the transwell inserts (Figurc 5.5),
suggesting that soluble mediators may be used for intercellular communication and induction

of cytokine and chemokine release.
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Figure 5.5 Effects of transwell insert on the induction of (A) CCL2 and (B) CXCLS8
release in co-culture of eosinophils and BEAS-2B upon NODI1 and NOD2 ligand
stimulation. "

Eosinophils (5 x 10° cells) and BEAS-2B (8 x 10" cells) were cultured together with 1IE-DAP
(10 pg/mb) or MDP (10 pg/ml} for 24 h in the presence or absence of transwell insert.
Cell-free culture supematant was collected and (A) CCL2 and (B) CXCLS released into the
supemnatant were quantified using ELISA. Results are expressed ;\s\}miUHHetic mean + SD of

three independent expeniments .

* p < 008, ** p < 0.01, *** p < 0.00] when compared between groups denoted by the

horizontal lines.
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5.3 Discussion

Not only recogmizing the conserved domains of bactenial and virus, the important roles
ol NOD! and NOD?2 as PRR in immune disorders recently have been emphasized. Activation
of NOD1 and NOD2 has been shown to involve in Thl and Th17 cell-mediated discascs,
such as Crohn's discase and grafi-versus-host diseasc (Holler ¢r ¢f., 2004; Hugot, 20006). The
pnlymorphisms of NOD1 and NOD2 recently have also been shown to be associated with
Th2-mediated atopic discascs, such as allergic asthima (Hysi o af., 2005; Kabesch of af., 2003,
Reijmerink ¢t af. 2010, Weidinger of af., 2005). However, the undcr!iﬁg mechamisms of
NODI1 and NOD2 w atopic discases have not clearly been charactenzed. Because of the
miportant role of interaction between eosinophils and bronchial epithchal cells in astlfim. we
herein investigated the in vitro responses upon NOD!1 and NOD2 ligand stimulation
co-cuitue ol eosinophils and bronchial epithelial cell ine BEAS-213, which minice bacterial
or virus infection.

NOD! has been shown to constitutively express in BEAS-2B cells (Barton ¢f «f.. 2007,
Slcvlogl et al., 2007) and the expression of NOD2 i BEAS-2B cells could be clevated by
stimulation with the combination of cytokine TNF-u and IW'N-y (Farkas o af, 2008). We
further found that eosinophi_ls also constitutively expressed NODI and NOD2, NOD2 ligauulﬂ
MDP exiubit no ot weak effects on .cylnkinc and chemokme release in cosmophils or
BEAS-2B cells. NODI ligand 1E-DAP also showed no cilects on coSinophils alone but could
markedly activatc BEAS-2B cells to scerete chemokine CXCL8 and CCL2. Co-culture of
cosmophils and BEIASQB cells could extremely augment the secretion of chemokines
CXCL8 and CCL2, which could be further enhanced by 1E-DAP olr MDP treatment. After
lixation of the cells with 1% paraformaldehyde in co-culture system, the results further
showed that both cosinophils and BEAS-2B cells were the main source for CXCLS8 and
(CL2 release in the co-culture system upon 1E-DAP or MDP simulation. Morcover, in the -
presence of transwell insert, the induction of CCL2 relcase was almost totally abolished while
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the similar amount of C?(C L8 was produced upon tE-DAP or MDP treatment in co-culture of
cosinophtls and BEAS-2B cells, suggesting that disinct mechanisms were involved in CC1.2
and CXCLS release. The direct interaction between cosinophils and BEAS-2B cells is partly
responsible  for CCL2 releasc and soluble mediators are implicated in CXCI8
release. However, the cell surface of adhesion molecules for CCL2 induction and soluble
miediators for CXC1.8 relecase arc still not clear. In further studies, we will usc specific
antibodies to elucidate the potential targets for these eftects.

Fositophil accumulation 1 asthmatic airways ts a hallmark of allergic diseases and
associated with the alteration of adhesion molecules expressed on the surtace of cosinophils
and their counter ligands (Buc er «f, 2009). The immunoglobulin gene superfamily member
ICAM-1 is constitutively cxpressed at relatively low levels on airway epithehal cclls or cell
ines (Bloemen of af, 1993; Look o «f, 1992), while integnn CDIB i's constitutively
expressed at moderate levels on cosinophils (Cheung er «f, 2000), and the role of
ICAM-1and CD18 in airway mflammation has been well studied.  Our studies found that
only upon iE-DAP or MDP stimulation in the co-culture system, the expression of (‘b 18 and
[CCAM-1 on cosinophils was significantly up-regulated, while L-selectin on eosinophils was
markedly down-regulated. Morcover, the expression of [CAM-1 and VCAM-1 on BEAS-2B
cells were clevated in co-culture system and {urther augmented upon (E-DAP or MDP
stimulation' n the co-culture 35;510111. The alteration of CD18 on cosmophils and ICAM-1 on
bronchial epithelial cells has been shown to be crucial in allergic inflammation.  [CAM-1 on
bronchial epithelial cells and BEAS-28 cclls could be up-regulated by IFN-y. TNI-a or IL-1[3
(Bloemen ¢r al, 1993; Look o af, 1992), which showed wcreased concéntrations in
asthmatic BAL NMuid (Broide ¢r «f., 1992). CD18 expression on cosinophits could be mduced
by the inflammatory mediators (5a, FMLP, PAF, the chemokines eotaxin and RANTES, as
well as phorbol-12-mynstate-13-acctate (PMA) (Burke-Gallney and Hellewell 1998).
Further evidence to support the crucial role of ICAM-1 and CDI8 in asthma camg from in
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vivo studics. Neutralization  antibodics against CDI8 or ICAM-1 could inhibit airway
cosmophilia in ammal models ot asthma (Milne and Piper, 1994; Richards ¢r «f. 1996;
Wegner et al., 1990). There have been results shown that the direct interaction of ICAM-1 and
CDIS arc unplicated in mediating  costnophil - adhesion to  bronchial epithelial cuils
(Burke-Gafincy and Hellewell, 1998). RSV-infected type 11 alveolar cpithelial celis (A549)
have  been  shownto  support  PMA-stinulated  cosinophil  adhesion  via  a
CDI1S/ICAM-1-dependent pathway because 1t could be reduced by blocking epithelial
ICAM-1 or cosimophil CDI8 (Stark o «f, 1990). CDISACAM-1 mediated CS5a- and
PMA-induced cosinophil adhesion to TNF-o/IFN-y activated-bronchial epithehal cells was
CDIS/ICAM-1 dependent, but that adhesion 1o resting bronchial epithelial cells was largely
independent ol CDI1S/ACAM-1 (Burke-Gallney and Hellewell, 1998), which indicated therc
are other receptors for the adhesion. In addition, TNF-a or IL-1-treated bronchal epithelu
cells signiticantly enhanced adhesion to PMA-stimulated cosmophils and the adhesion could
only be blocked by antibodies to 32 integrins CIME, CD1la, and CDI11b, but not antibody to
ICAM-I (Godding ¢ af., 1995), which further indicated other receptors for the 32 integrins.
In our studics, VCAM-1 expression could also be induced upon NOD! and NOD2 higand
LN

stumulation, simtar o TNF-o treatment (Atsuta ef af.. 1997). VACM-1 has been shown to be
a receptor for integnin g431 and the interaction of both adhesion molecules play an important
role in selective cosinophil recuitinient {ron1 the blood stream into tissue stics (Bochner, 1998).
Because of the complicated network and interactions among adhesion molecules and their
counter ligands, therclore, we would like to explore the potential molecules involved in the
interactions using specific neutralization Abs in the future studics.

NOD! and NOD2, shanng their structural homology to the apoptosis regulator,
Apoplolic protcase activating factor 1 (Apal-1), have been reported to regulate apoptosis.
Overexpression of NOD1or NOD2 could promote apoptosis and caspasc activation (Geddes
¢f al., 2001; Inobara ¢ @l 1999; Ogura et af, 2001). However, we could not found any
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apoptosis ctfects upon NOD1 or NOD2 ligand stimulation on eosinophils or BEAS-2B cells
cultured alone (data not shown). NODI1 and NOD2 proteins could also mediate NF-kB and
MAPK activation, which further induce the expression of anti-apoptotic factors, such as Al,
¢-IAPs, and ¢-FLIP, and pro-inflammatory factors (Inohara et af., 2003; Inohara et al., 2005;
Micheau ef af, 2001, Pauleau and Murray, 2003; Wang e al., 1998). NOD! or NOD2 have no
cllects on the survival eftects of eosinophils and bronchial cpithelial cells because the final
outcome of cell decath was detenmined by the balance between the NOD-mediated
anti-apoptotic power and NOD-mediated activation of pro-apoptotic NF-xB3 and MAPK
pathways.

Although both NOD proteins and TLR belong to PRR and could activate NF-kB and
MAPKSs, however, NOD protems act independently of the TLR cascade. RICK is entical
NOD proteins-mediated stgnaling pathways because NODI and NOD2 do not activate
NF-xB in RICK-deficient mouse embryo fibroblasts, and the activation 1s restored upon
cctopic expression of RICK in the cells (Chin e al, 2002; Kobayashi ¢r ol 2002). The
induction of chemokines CXCL1 and CCL2 upon NOD! and NOD?2 activation was intact in
MyD88 ;1cﬁcicnl mice but abolished in RICK dcficient nuce (Park e al, 2007). Together,
these studies demonstrated that RICK is specifically required for NOD1 and NOD?2 signaling,
but not for TLR pathways. Although previous studies suggested that RICK 1s tvolved i
TLR signaling (Kobayashi er al.. 2002), howcver, many preparations of TLR agonists are
mixed with impuritics with NOD1- and NOD2- agonist activitics, which could explain the
reduced TLR signaling observed in RICK-deficient macrophages. NOD  ligands could
synergize with TLR agonists to mduce greater amounts of inflammatory cylokines and
co-stimulatory molecules (Fritz ¢f al.. 2005; Netea ef al, 2005; van Heel ef al, 2005). The
NOD-dependent signaling pathway is far from being fully characterized, and our (uture
studies will therefore focus on the underling signaling transduction in both activated
cosinophils and BEAS-2B cells.
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Epithelial cells and cosinophils are capable of producing antimicrobial peptides that
control bacterial growth. A variety of epithelial cells were reported to produce antimicrobial
peptides, including o-defensins, B-defensins and cryptidins, following in vitro stimulation by
ligands of NOD1 and NOD2 (Boughan et of., 20006; Kobayashi er af.. 2005; Sugawara et «f.,
2000; Uechara e «f., 2007). Eosinoplil was also shown to produce a-defensins (Driss ef «l.,
2009). Theretore, n the following studics, we aiso would like to cxamine whether
antimucrobial peptides could be produced in the co-cullure system upon NOD1 and NOD2
ligand sttmulation.

Not only in innate immune responses, NOD1 and NOD2 have been implicated m the
activation of the adaptive immunc responses. MDP, (otally dependent on the receptor NOD2,
lias been regarded as a potent adjuvang that drives predominant Th2-responses charactenized
by the production of isotype lgG1 (Kobayashi ef ., 2005). However, the stimulation of DCs
with MDP and TLR ligands resulted in Thl-responses via the induction of 1L-12 (Kobayashi
¢t al., 2005). Using PGN-NOD2-dependent manner, human DCs upon PGN stimulation were
able to secrete 1L-23 and 111 leading to IL-17 production in memory human CD4+ T cells,
while DCs from Crohuts discase patients, with mutations in NOD2 i the LRR domain, arc
unable 10 drive Thl7 responsc in vitro (van Beelen e al., 2007).  Recently, the injection of
the antigen OVA together with adjuvant NOD1 agonist FKS00 has been shown to induce
Th2-biased immunity, similar to Th2 induction by the activation of NOD2 agonist as adjuvant.
In contrast, the adjuvant CFA (complete Freund's adjuvant), a mixture of both NOD and TLR
ligands, can switch the immunc responses to be Thl-biased (Fntz er al. 2007). If
synergistically activated by FK156 and TLR4 ligand LPS, the Thl7-promoting cytokine
1L-23 was observed from DCs and [L.-17 relcase could be detected in splenocytes (Fntz er o/,
2007).  All the above findings emphasized the important roles of NODI1 and NOD?2 in

activating and modulating adaptive immunc system.

166



Chapter 5 Co-culture of Eosinophils and Bronchial Epithelial cells

[n addition, pattern recognition receptor TLR3 ligand dsRNA could significantly induce the
expression of TSLP, a hallmark for inibating and developing allergic diseases as described in Chapter 3
(Kato et al, 2007). The TSLP induction 1s dependent on NF-«B activation while NOD1 and NOD2
lgand could potentially activate NF-xB (Kato ef «f, 2007, Lee and Zicgler, 2007). ‘Thus in future
studies, we would like to explore whether the stimulation of NOD1 and NOD2, the nove! pattem
rccognition receptors, coukd possibly induce the expression of TSLP for aggravating allenic
ICSPONSES.

In conclusion, this is the first report on the functions of NODI1 and NOD2 in the
mteraction between human eosinophils and bronchial epithelial cells, with an imitial focus on
the aspects of modulation of surface adhesion molecule cxpression and the simulation of
cytokine and chemokine relcase. Because of the ubiquitous expression of MDP in both
Gram-positive and Gram-negative bacteria and restricted expression of 1E-DAP in
Gram-positive bacterta, NOD?2 could function as a general sensor of most, 1f not all, bactena,
and NOD1 could detect almost all Gram-negative bactena. Taken together wath previous
studies on the potential participation of NODI and NOD?2 activation in Th2-responses and the
polynﬁonphjsms of NOD! and NOD2 with asthma, this study provides further evidence off
how NODI and NOD2 could be wvolved in the pathogenesis of asthma. Further
mvestigation of other activation eflects and the underlying mechamsms mediated by NOD
ligands stimulation may shed light on the development of novel treatment approaches for

cosinophil-associated allergic diseases.
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Chapter 6

Concluding Remarks and Future Perspectives

6.1 Concluding R®narks

Eosinophils are one of the important effector cells in late reactions of allergic
immune responses (Larché et af, 2006). However, a number of recently found stimuli
related to atopic diseases still have not been fully clanfied for the effects on eosinophls.
Qur studies here provide new evidence regarding eosinoptul activation by TSLP, novel
1L-12 family member IL-27, and some microbial products.

TSLP, with similar structure and function to the hematopoietin family cytokines,
was originally characterized as a growth factor for the development and proliferation of
different subtypes of T cells and B cells (Comeau and Ziegler, 2010). Further studics
from both human and animal studics found that TSLP could initiate and maintain
allergic inflammation. The effects of TSLP on DCs, mast cells, basophil and NKT cclis
were also investigated and have implications for Th2-mediated allergic responses. We
found that TSLP could directly enhance cosinophil survival, adhesion, and cytokine and
chemokine release through ERK, p38MAPK and NF-«B dcpendent intracellular
signaling pathways in eosinophils, which is different from previous studies that TSLP
mediated effects through STATS or STAT3 dependent pathways in other effector cells.
In addition, we found that TLR3 ligand poly [:C has the ability to directly induce TSLP
protein secretion from primary epidermal keratinocytes and primary bronchial epithelial
cells. Our findings enrich the potential target cells for TSLP, including DCs, mast cells,

lymphocytes and granulocytes, as well as their progenitor CD34+ hematopoietic cells,
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and give further evidence showing TSLP as attractive target for treatment of allergic

diseases (Ziegler and Artis, 2010).

Similar to the findings for TSLP, novel 1L-12 family cytokine I1L-27 could also
activate eosinophils as shown by enhanced survival and adhesion, as well as the
production of allergy-related cytokines and chemokines. The intraceliular signaling
molecules ERK, JNK, p38MAPK and NF-kB were phosphorylated in cosinophils upon
IL-27 stimulation and mvolved m IL-27-mediated cell activation. However, these
effects on eosinophils mediated by 11L.-27 were different from 1L-12, which induced
eosinophil apoptosis and decreased subsequent tissue eosinophilia (Nutku et af., 2001),
but to certain extend simular to the activation effects mediated by [L-23 (Cheung er al.,
2008), although the threc cytokines belonging to IL-12 family members. In addition,
IL-27 exhibited additive cffects with TLR4 higand LPS for the secretion of chemokinc
CXCLS, that was different from monocytes in which inflammatory activation of 1L-27
could be abrogated by LPS (Kalliolias and Ivashkiv, 2008).

The respiratory tract infection has been shown to aggravate allergic asthma
(Hashimoto et al., 2008; Johnston, 2007). Bronchial cpithchal cells are the first hine of
defence against exposure to the bgcterial and viral infection (Saenz et al, 2008).
Eosinophil infiltration and accumulation n the airways and the interaction between
cosinophils and bronchial epithelial cells are implicated 1n the development of asthma
(Buc et al, 2009). We found that eosinophils constitutively express cytosolic innate
immunity proteins NODI and NOD2, belonging to intracellular PRR and recognizing
different moieties of bacterial PGN. NOD?2 recently was also found to function as a
cytoplasmic ssRNA viral PRR (Sabbah et al, 2009). There were little effects of
NODI1 ligand iE-DAP on cultured eosinophils alone, and NOD2 ligand MDP on
cultured eosinophils or bronchial epithelial cell line BEAS-2B cells alone. However,
in the co-culture system of eosinophils and BEAS-2B celis upon iE-DAP and MDP
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stimulation, both the two cells significantly changed the expression profiles of adhesion
molecules, similar to the expression activated by mediators that werc highly cxpressed
in asthma patients (Look er af., 1992, Bloemen et al., 1993), and may facilitate their
firm interaction. In addition, large amounts of chemokines wecre induced in the
co-culture system upon 1E-DAP and MDP stimulation. Though the study here only
showed some pre-screening effects, these results further indicated the inflammatory
responses could be induced upon stimulation by 1E-DAP and MDP or from the
associated bactena. In the future studies, we will investigate more effects regarding both
eosinophils and BEAS-2B cells 1n the co-culture system upon iE-DAP and MDP
stimulation and the underlying mechamsms to explain the potential effects.

Together, all the above observations further emphasized the crucial roles of
eosinophils n allergic inflammation, and gave more understanding and insights about

the therapeutic approaches to allergic diseases.

6.2 Future Perspectives

-Conicosleroids remain the first and available preference of treatment n allergic
diseases and most allergic patients respond well to the current therapies {Adcock er al,
2008). However, the treatment is not always completely effective, and associated with
side effects and steroid resistance and insensitivity. Becausc of these limutations,
development of new treatments represents a major goal for both the pharmaceutical
companies and academic researchers. Whereas normally only accountingfor 1 - 3% of
circulating leukocytes, the numbers of eosinophils dramatically increase in the
peniphcral blood and tissues in allergic diseases like allergic asthma, atopic dermafitis
and rhinitis. Eosinophilia and eosinophil activation are prominent in the late-phase
responses of allergic diseases (Rosenberg et «l., 2007, Simon et al., 2004). Noting the
potentially important functions of eosinophils in allergic diseascs, eosinophils have been
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regarded as a novel therapcutic target (Justice er al., 2003; Trivedi and Lioyd, 2007).

IL-5 is a crucial cytokine that rcgulates the differentiation and development,
priming, activation, and survival of cosinophils. Mice deficient in IL-5 have
significantly reduced levels of eosinophils (Cho et af., 2004). In OV A-induced murine
asthma models, anti-IL-5 antibodies could abolish cosinophilia and AHR (Hamelmann
and Gelfand, 2001). However, when treating soluble egg antigen-cstablished airway
disease, anti-IL-5 antibody only reduced cosinophilia but had no effect on AR
(Mathur ef al, 1999). For human subjects, anti-IL-5 mAb Mcbolizumab/SB-240563
(Glaxo SmiuthKline) prevented the maturation of eosinophils 1n the bone marrow and
significantly reduced the number of eosinophil progenitors in the bronchial mucosa
(Menzies-Gow er al, 2003). A single dose of Mebohzumab reduced eosinophils in
blood and sputum, but no cffects on the late asthmatic responses (Leckie er af., 2000).
Additional study suggests that Mebolizumab could ameliorate airway remodelling as
shown by the reduction of the depostition of tenascin, lumican and procollagen Iil, and
the percentage of tissue eosinophils expressing TGF-8 mRNA (Flood-Page et al., 2003).
The admirustration of another anti-IL-5 mAb, SCHS55700 (Schenng-Plough Research
Institute), to patients with severe persistent asthma showed a long-lasting reduction in
blood cosinophils and benefit in improving FEV1 (Forced cxpiratory volume in one
second), but not in any of the other clinical outcomes. Further studies in large-scalc
clinical study will allow the evaluation of the efficacy of this treatment modality in
asthma and other eosinophilic disorders.

CCR3 is the one of principle chemokine receptors binding eotaxin and RANTES
for eosinophil accumulation into inflamed tissucs. In munne asthma model both
anti-CCR3 mAb and low-molecular-weight CCR3 antagonist rcsulted in a marked
reduction of eosinophils in the bronchoalveolar lumen and airway wall tissue, reduction
of AHR and prevention of airway remodeling (Wegmann et af., 2007). For human
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studies, one of CCR3 antagonmists DPC168, has shown therapeutic effects for asthma,
allergic rhinitis and atopic dermatitis in Phase I clinical tnals (Dc Lucca et al., 2005), but
it was recently found to potently inhibit cytochrome P450 (CYP2D6) and hERG
(human ether-related gene) (Pruitt er al, 2007). However, therapies targeting CCR3
may be more beneficial in the treatment of asthma because CCR3 is also expressed on
Th2 cells and mast cells, both of which also play important roles in the pathogenesis of
asthma. Many potential Abs and antagonists for allergic inflammation are under
evaluated and tested in chimical tnals.

Allergic inflammation i1s complex and involves a vanety of cffector cells and
mediators. Besides eosinophils, drug development for allergic discases also include
targeting Th2 cell and mast cell-induced airway inflammatory responses, as well as Igk,
allergy-related inflammatory cytokines, chemokines and their receptors as therapeutic
resolution (Holgate and Polosa, 2008).

In addition, recent cvaluation of signal transduction mechamisms involved 1n the
pathogenesis of allergic inflammation could enrich our understanding on the underlymg
physiological and pathological processcs and help to find novel targets. Different from
inflammatory mediators, intracellular signaling molecules can activate  specific
downstream transcription factors and are less functional redundant. This enables
inhibition of cellular activation induced by multiplc mediators via the blockage of onc
common signaling molecule {Gorska and Alam, 2003). The enhanced activation of
ERK, INK, p38 MAPK, NF-kB and AP! signaling pathway have been proposed a role
in allergic asthma (Adcock and Lane, 2003; Duan et af., 2004; Duan and Wong, 2000,
lto er al, 2006, Li et al, 2004, Tsitoura and Rothman 2004;). Selective inhibitors
specific for these pathways are under development with the intention of dampemng the
allergic inflammatory responses (Adcock et af., 2000; Adcock er al, 2008). PI3K
regulate cell growth, activation, apoptosis and survival, and may contnbute to the
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pathogenesis of asthma by affecting airway smooth muscie proliferation and cosinophil
recruitment, while ERK pathway is activated upon ligation of TCR in T cells, B cell
receptor in B cells, FceRl tn mast cells, and [1.-5R or eotaxin in cosinophils, leading to
proliferation, differentiation, cytokine and chemokine production, degranulation and
chemotaxis (Adcock et al.. 2008; Bochme et af, 1999; Finan and Thomas, 2004; lto er
al, 2007, Pazdrak er af, 1998). Intratrachcal administration of PI3K inhibitor
1.Y294002 or ERK inlibitor U0126 m OVA-induced munnc asthma models could
stgnificantly reduce antigen-induced airway cosinophihia, sccretion of 11.-4, 11.-5, IL-13,
and eotaxin in bronchoalveolar lavage fluid, goblet cell hyperplasia, IgE and mucus
production, and airway hyperresponsiveness (Duan ef al, 2004; Duan ef «f., 2005).
Activation of p38 MAPK is a hallmark of allergic diseases and involves in many
inflammatory processes. p38 MAPK inhibitor SB203580 was shown to reduce TNF-«
production in OVA-challenged rat model of asthma (Escott ef «l., 2000) and the p38
MAPK antisense oligonucleotide ISIS 101757 could significantly reduce OVA-induced
pulmonary eosinophilia, mucus hypersecretion, and AHR in munne asthma model
(Duan er al, 2005). JNK activity is increased in corticostcroid-resistant bronchial
asthma and JNK inhibitor SP600125 could significantly reduce eosinophil and
Iymphocyte numbers in BAL fluid and smooth muscle proliferation after repeated
allergen exposure in acute and chronic animal models of asthma (Nath er af, 2005,
Eynot( et al, 2003; Sousa et al.. 1999). Transcription factors NF-xB3 and activator
protein (AP)-1 also orchestratc and activate in the airway inflammation of asthma.
Numerous inhibitors for NF-xB and AP-! currently include small molecule inhibitors
specific for IKK-f and AP1, and DNA oligonucleotides and DNA-peptide molecules
that act as the decoy sequences (Caramon et af., 2008), and all these inhibitors have
cither shown effective in animal models or climcal trials with promising results.  in fact,
a large number of commonly used anti-inflammatory drugs, including non-steroidal
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anti-inflammatory drugs and glucocorticoids, have been shown in vitro to inhibit the
activation of these signaling pathways (Vallabhapurapu and Karin, 2009; Gorska and
Alam, 2003). Our studies regarding the underlying signaling activation 1 cosinophils
further confirmed the potenual roles and effects in allergic therapy.

In conclusion, treatments for allergic discases are now under development and
certain breakthrough has been achieved. Understanding cosinophil activation and the
underlying mechanisms based on our results would contribute 1o clucidate the
complicated features of allergic nflammation and be helpful to develop novel targets

and strategies for allergic diseases.
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