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CD23 (FeRII), a C-type lectin type 1| membrane glycoprotein, plays an
important role in IgE homeostasis and development of allergic inflammation. |
showed that CD23 was constitutively expressed in the established or pnimnaay
airway epithelial cells and its expression was significantly uptaegd by IL-4
stimulation. In a transcytosis assay, human IgE or IgE derived immune compglex wa
transported and enhanced by IL-4 stimulation across a polarized Calu-3 mandlaye
CD23 specific antibody or soluble CD23 significantly reduced the transcytosis,
suggesting a specific receptor-mediated transport by CD23. Transftbsih IgE
and the immune complex was further verified in primary human airway epithelial ce
monolayers. Furthermore, the transcytosed antigen-IgE complexes werdeamnpe
inducing degranulation of the cultured human mast cells. This study implies CD23-

mediated IgE transcytosis in human airway epithelial cells may plagcalcrole in



initiating and contributing to the perpetuation of airway allergic inflanonati

To verify the above results in a mouse model, CD23 expression was detected
in epithelial cells lining mouse airway and enhanced by IL-4 exposurelbasan
ovalbumin (OVA) sensitized mouse. | showed that CD23 transported IgE and OVA-
IgE derived immune complex across airway epithelial cells in wild-tygenditu
CD23 knockout (KO), micelhe chimeric CD23KO mice repopulated with wild-type
myeloid cells, sensitized and challenged with OVA showed significant reduitio
siglec-F+ cells, eosinophils, macrophages and IL-4 in bronchoalveolgelfdua
recovered 24 hours later compared to the wild-type mice.

Our finding of CD23-mediated IgE transport in airway epithelial cells suggest
a possibility ofCD23 transporting an IgE Fc-fused protein for immunotherapy.
CTLA-4 (Cytotoxic T-Lymphocyte Antigen 4) which competitively binds CD80 and
CD86 expressed on antigen presenting cells and inhibits CD28 mediated co-
stimulation of T cell activation. A CTLA4-Fc (IgE) fusion protein produced in
Chinese hamster ovary cells was intranasally administrated into mowag &or
assessing its specific transport by CD23. The effect of this fusion protein on the
development of allergic inflammation is being fully investigated in wild-tygie23-

KO, and chimeric mouse model.
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CHAPTER 1. INTRODUCTION
OVERVIEW
I mmunoglobulin E and human diseases

In the developed world, there is an increased incidence of Immunoglobulin E
(IgE) mediated diseases like allergy. In February 1968, the name ImmunagBlweas
officially given to the final class of human antibody in the World Healtha@ization
Immunoglobulin Reference Laboratory meeting held in Lucerne, Sveitwk(l).
Initially, IgE was found to have effector functions against invading parasites #mel |
controlling of the parasitic diseases. Later on, the beneficial efféioe dfE was
overridden by the harmful effects in the body by developing various IgE mediated
allergic diseases. The body responds to the exogenous antigen called alhergen
develops allergen specific IgE, leading to the exacerbation of the aliesgiases by
releasing various allergic mediators. IgE mediated allergic a¢iseaslude allergic
rhinitis, asthma, food allergy, systemic anaphylaxis, urticaria andcatepinatitis or
eczema. Asthma is a chronic lung disease that inflames and narrows thys dirwa
affects people of all ages, but it occurs most frequently in childhood. Thecexset of
asthma remains elusive. A combination of factors, such as family gemesipsatory
infections, and certain environmental exposures are involved in developingasthm
Ongoing airway inflammation results in abnormal structural changes imtveeyalue to
the epithelial desquamation/denudation and repair processes (2). Food allergy is
characterized by the abnormal immune response to the harmless food substamai&in cer
individuals, resulting in production of food allergen specific IgE and charaatdnze

vomiting, diarrhea and mouth itchness. Sometimes patient suffer from breathing



difficulty and hives or eczema. In most cases, avoiding the food allergen niag bgst
way to prevent the food allergy. However, it is very difficult to find good notrstifood
to avoid infant food allergy. The worst case of the allergic diseases ckio lea

anaphylaxis and if left untreated, they can result in the death due to anéplsyiack by

arresting breathing and blood circulation.

After the first time exposure to an allergen, allergen specific Igbeadeveloped
against that particular allergen. The antigen presenting cells (ABE$ke up and
process this allergen and migrate to the draining lymph node whergeal are
presented to the naive CD4+ T cells. These T cells will differentiatdéaiper T (Th2)
cells which secrete large quantities of cytokines IL-4 and IL-13. TeellB present in
the lymph node also recognize, take up and process the allergens. Under a Th2
environment, B cells can class switch to produce IgE against the all@tfgggen
specific IgE binds to the high affinity receptor for IgEgRtwhich is typically
expressed on the mast cells, eosinophils, and basophils (1). This procesd is calle
sensitization. During a subsequent exposure, the same allergen willickdgs/FceRI
resulting in the release of various inflammatory mediators, a phenomenon called
degranulation. Degranulation occurs within the minutes of the allergen exposure. Mast
cells and basophils release various cytokines, chemokines, histamine, leukainignes
prostaglandins (3). These mediators subsequesntly bind to their specific seceptor
expressed on the smooth muscle cells, epithelial cells, and blood vessels, leading to
muscle contraction, increased mucus production and vascular permeability.attehe |

phase of allergic reaction, the mast cells and basophils synthesize asd x&gous



cytokines and chemokindisat recruit eosinophils and Th2 cells. The long-lasting
effects of these mediators lead to the remodeling of airway that is rédpdosvarious

allergic manifestations and symptoms in asthmatic patients.

Discovery of IgE

In 1921, Prausnitz and Kustner originally showed that transfer of serum from an
allergic patient to a non-allergic patient resulted in sensitizatitimeafion-allergic
patient and they named the molecule responsible for this activity as (éngiihis test
was also known as the Prausnitz-Kustner (PK) test. In 1967, two groups independently
identified the protein present in the reaginic preparation. Ishizakas prepay&d the
antisera, and with the help of radioimmunodiffusion assay shei/edecipitin bands
and purified the protein present in the reagin preparation while, Stanworth et al.
discovered a myeloma protein that inhibits the PK reaction (5-8). In 1968, the World
Health Organization Immunoglobulin Reference Laboratory meeting ndradehal and

fifth class of human immunoglobulin as IgE.

Structure of IgE

Like other immunoglobulin molecules, IgE consists of two identical heavy and
light chains as illustrated in the Figure 1.1. The heavy chain of IgE conéishe
variable heavy (M) domain and four constant epsilon domainsl{Ce4). The G:3 and
Ced are homologous in structure and sequence to the heavy gamma chain domain
Cy2 and G3 in IgG. Interestingly, the € domain corresponds the hinge region of the

heavy gamma chain (9, 10). Remarkably, the crystal structure affhéd fragment



including the disulphide-linked 42 domain reveals thats€ domain is much closer to
the G:3 domain with extensive contact witkTand G4 domains, which leads to

asymmetrically bent conformation in IgE (11).

RECEPTORSFOR IGE

There are two kinds of membrane receptors for IgE, high affinity receptty
(FceRI) and low affinity receptor for IgE (ERIlI or CD23). Soluble receptors for IgE
includes soluble FRI (sF&RI), soluble CD23 (sCD23) and galectin-3 (1, 12). Only in
the mouse, BRIV, homologous to the FRIIIA in humans is capable of binding IgE
with a low affinity; but, hFgRIIIA does not bind to human IgE. MouseyRdV is
expressed in the lung macrophages and can also binds to IgG with intermeitiye aff
However; it will be readily displaced by IgE immune complexes in the lung andalays

regulatory role in the lung inflammation (13).

Structure, expression and function of FceRlI.

FceRI expressed on the mast cells and basophils is responsible for the
degranulation and the release of inflammatory mediators responsible for thepdesmed
of allergy. FeRI is expressed as a tetrameric complex made of an alpha subunit
responsible for binding to IgE, a beta subunit and two gamma subunit linked by a
disulphide bond (FeRlapy,) as shown in the Figure 1.2 (1, 14-18). While the alpha
subunit binds to the IgE, ERI signals through immunoreceptor tyrosine based activation
motif (ITAM) carried in beta and gamma subunits. These two subunits acgisfivally

to amplify the signaling events. In humans, theRHds also expressed in a trimeric form



(FceRlay,) that lacks beta subunit in mast cells, basophils and antigen presenting cells,
monocytes, smooth muscle cells, eosinophils, neutrophils and platelets. In rodents, the
trimeric form of FeRI (FceRIay,) is not detected so far (1, 14-18).

Among all the Fc receptors, #Rl has the highest affinity for IgE with & 10'°
M™(1). FeRI is involved in the development of allergy. Allergen specific IgE binds to
the FeRI expressed on the mast cells and basophils and the cross linking of the IgE-
FceRI complexes by the allergen specific IgE leads to the degranulation, wittiéhse
of various inflammatory mediators, like histamine, prostaglandins, serotonin,
leukotrienes (3, 19-21) and various cytokines, such as IL-4, IL-3, IL-5, IL-6, IL-13, IFN
v and granulocyte macrophage colony-stimulating factors (3, 22-24). The release o
inflammatory mediators is the hallmark for the development of allergy or diatectype
1 hypersensitivity (1). FRRI expressed on the APC also takes part in the antigen uptake,
processing and presentation to T cells and involved in Th2-dependent allergic

inflammation (25- 27).

SOLUBLE RECEPTORSFOR IGE
Soluble FceRI (sFceRl)

Soluble form of FeRI (sF&RI) is found in the human serum. This 40 kDa
molecule of sFeRI is generated from the alpha chain ofRtand it can bind to the
human IgE. Since the alpha chain otRtbinds to IgE with very high affinity, it is
expected that skRI also binds to IgE with a similarily high affinity (28). Recombinant
sF&RI has been shown to prevent anaphylactic shock and allergic disease in a

mouse model (29) and passive cutaneous anaphylaxis in rats (30). The possible

5



1gG

N-linked
glycosylation
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Figure 1.1 Comparison of structure of IgE and 1gG. Structural domain organization of
human IgE and IgG1 showing intra and inter disulphide linkage bonds and site for N-

linked glycosylation. (Taken from reference 1).



mechanism is that seRl can bind to free IgE and IgE immune complexes thereby
reducing the availability of these IgE immune complexes for inteigetith the FeRl

on the surface of basophils and mast cells (12).

Galectin-3

Galectin-3 previously known asbinding protein is a 30 kDa secretory protein
and belongs t@-galactose containing oligosaccharide lectin protein (32). It has the
ability to bind both IgE and ER&I and this can activate thedRd bound with or without
IgE on the mast cells or basophils (33-35). Galaetin-3 consists of a carbohydrate
recognition domain (CDR) with proline and glycine rich repeats at aminortarmi
through which it can form a pentameric structure similar to IgM as shown ighee
1.3 (36). Differentially glycosylated IgE has exhibited distinct binding prigseid

galectin-3 (37, 38).

Galectin-3 is found on the surface of variety of cells like neutrophils, mist ce
eosinophils, keratinocytes, monocytes, macrophages, T cells and bronchial epithelium of
airways (39-46). Murine CD4+ and CD8+ T cells but not the resting T cells sxpres
galectin-3 under the influence of IL-2, IL-4, and IL-7 (44). Galectin-3 esptes1 T
cells contributes to the growth and survival of T cells (45). Galectin-3 is also founed t
expressed in the bronchial epithelium of the small airways of patients withichr
obstructive pulmonary disease (COPD) (4B).addition,Galectin-3 plays an important
role in the binding to the IgE on the mast cells and activates the mast cell$tbross)

linking of IgE bound to F«RI or by directly binding to the BRI expressed on the mast



{a) FeeRL (b) FeeRID (CD23):
High-affinity [gE receptor Low-affinity IgE receptor
rf \
NH; E'u:nlul:ble_<
CD23 (‘:)5 gg\
é 1
Iglike = P _coo s
domains~__ ?
Proteolytic
Extracellular / H,N NH, Y cleavage <.
space P S——S;’/ 'i
%
% Plasma
% membrane
=)
=]
Cytoplasm / | / /
\ | |
N - _ITAM \
COOH COOH | NH;
I|
NH, ||
oA
COOH COOH

Figure 1.2 Structure of high affinity receptor for 1gE, FceRI and low affinity

receptor for IgE, FceRII or CD23. (Taken from 31).



cells (33). Galectin-3 mediated IgE dependent allergic disease mctigad cytotoxicity

have also been found in human neutrophils and eosinophils (39, 41).

LOW AFFINITY RECEPTOR FOR IGE, CD23 OR FceRI|
Discovery of CD23

In the year 1975, Lawrence et al. first showed the presence of a recepidr for
on the human lymphocytes (47). In 1976, IgE myeloma protein was found to bind
cultured lymphoblastoid cell lines in a species specific manner (48). IgE bour& to t
receptor expressed on lymphocytes with a relatively low affinitg(KP-10'M™)
compared to the high affinity receptoreRt expressed on the mast cells, hence named as
low affinity receptor for IgE or FaRlII. Later two groups independently identified the
CD23 molecule. First in 1985, Epstein Barr virus (EBV) activates a cell surfadker in
human B cells which is named as BLAST-2 or EBVCS (49). Another group in 1987
showed that EBV infection induced the expression of activation marker CD23 in B cells
(50). In 1987, two individual groups with the help of monoclonal antibody (mAb)
showed that CD23 was expressed on human lymphocytes and identified that BLAST-2,
EBVCS and CD23 are the same (51,52). Cloning of the human CD23 cDNA was later
achieved by three different groups. They showed that CD23 is a type Il transanembr
protein consisting of 321 amino acids with its N-terminus in the cytoplasm and C-
terminus on the cell surface. The amino acid sequence of CD23 shows a marked
homology with animal lectin and closely resembling human, rat and chicken
asialoglycoprotein receptors (53-55). Unlike other immunoglobulin (Ig) rece@ba3

is the only Ig receptor that does not belong to the Ig super family. The binding of IgE to
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Figure 1.3 Membrane associated receptorsfor 1gE and its soluble forms. FeRI is
expressed as tetramericeRtofy; or FceRlay, and its solubléorm sFeRI was
generated from the alpha chain oERt Low affinity receptor for IgE, (FeRl or CD23)
expressed as oligomeric or trimeric form on the cell surface and diffadatular
weight of soluble CD23 was generated by intracellular or extracellldseqlytic
cleavage of full length membrane expressed CD23. Galectin-3 is a sgpretein with

no trans membrane domain and it can form a pentameric structure (Taken from 12).
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CD23 is dependent on calcium, and it recognizes3adOomain of IgE independent of the
IgE oligosaccharides (56, 57). Mouse CD23 is also a type Il transmembrane pitiei
331 amino acids and two N-linked glycosylation sites sharing 57% amino acid sequence

identity with human CD23 (58,59).

Structure of CD23

Different from all other immunoglobulin receptors, CD23 belongs to a C-type
lectin family consisting of three lectin head domains in the carboxyriatmagion
followed by a triplea—helical coiled-coil stalk region, transmembrane and short
cytoplasmic tail domain as illustrated in the Figure 1.4 (1). The stalkrefithe CD23
has a highly similar sequence to tropomyosin that kashalical coiled coil structure
with heptad repeat$0). Through chemical cross linking studies, it imasnd thatCD23
stalk region containing the—helical coiled coil stalk region enable the oligomerization
of CD23 to form trimer. It was also showed that CD23 can bind IgE with both high and
low affinity (61). Development of mAb B3B4 against murine CD23 showed that two
lectin head domains of CD23 bind to one IgE cooperatively (62). CD23, the low affinity
receptor for IgE, is later considered as a misnomer since CD23 in the monstaieric
binds IgE with low affinity (K~ 10°-10"M™), while the trimeric form of CD23 binds
IgE with high affinity (Ko~ 10°-10°M™) (1, 63,64). Using the mAb directed against the
stalk region of murine CD23, it was demonstrated that CD23 is preassociateninas a t
on the cell surface (65). CD23 trimerization (65,66) brings their lectin denslose to
eachother leading to cooperative and high affinity binding of single IgE mole6Glé4,

67). One main difference between mouse and human CD23 is that the lectin domain of
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human CD23 contains additional C-terminal tail (1). Nuclear magnsinaace
spectroscopy of CD23 revealed the three dimensional structure of the C-type lec
domain. CD23 binds to both the ligands IgE and CD23 simultaneously and does not

require calcium for its interaction (64).

Expression and regulation of CD23

Human CD23 is expressed in variety of cells such as B cells, monocytes,
eosinophils, platelets (68-71), Langerhans cells and intestinal epitedlga(72-75).
CD23 exists as two isoforms, CD23a and CD23b; they are arised from the akernat
RNA splicing with different transcription initiation sites and differmgy in the N-
terminal cytoplasmic region by 6-7 amino acids (76). In humans, the isoform CD23a is
expressed only in the B lymphocytes while CD23b is expressed in varietysolilaell
monocytes, eosinophils and langerhans cells (77). In mice, CD23 is expressed & B cell
follicular dendritic cells, intestinal epithelial cells (58, 78, 79, 80, 81). Regarding th
isoforms, murine CD23a is expressed in the B cells and follicular dendrlscacel
CD23b is expressed in follicular dendritic cells and intestinal epithellal(@&). FeRII
(CD23) is expressed in the B cells based on the differentiation stage, for exaompan
bone marrow-derived B cells with surface IgM and IgD do not express CD23 whereas
circulating B cells with surface IgM and IgD express CD23 (82), and the mugeédsB
also express CD23 (83). Majority of the CD27+ memory B cells do not express CD23,
however a small subset of B cells co- express both CD23 and CD27 (84). Mouse
intestinal epithelial cells also express CD23. Mouse CD23 is also expressb@ 2

and CD23b isoforms and additional CD23b isoforms lacking exon 5 or exon 6 is also
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Figure 1.4 Structure of CD23: a. Schematic presentation of membrane bound CD23
showing extracellular trimeric coiled-colil stalk region, head domain, iGhtet tail and

site for N-linked glycosylation, transmembrane domain and N terminal regiohrde T
dimensional structure of one of the head domain showing the binding sites for IgE, CD21

andofBs integrin. (Taken from 1).
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documented in the intestinal epithelial cells (78, 79).

CD23 expression is well known to be regulated by cytokines (80, 81, 85-98) and
IgE ligands (99, 100). Th2 cytokines like IL-4 and IL-13 increases CD23 exmmessi
both the mRNA and protein levels (94-98). In the human B cells, IL-13 alone can induce
the CD23 expression and no synergistic enhancement is observed with I1L-4 (98). In
normal human peripheral blood T (PBT) cells, IL-7 treatment increased the
intracytoplasmic level of the CD23 (88). In human B lymphocytes, &Niad an
antagonist effect on the IL-4 induced CD23 production and its inhibitory effgotaser
than the effect of interferons (IFN) (89). The cytokines delnd IFNy have been
shown to both enhance and decrease the expression of CD23 (90-94). While IFN-
enhanced the expression of CD23 in U937 cells (92),dRid an opposite effect of
suppressing the CD23 expression on lymphocytes in Peyer’s patches (93). & jkewis
IFN-y suppressed IL-4 mediated enhancement of CD23 expression in human B cells and
monocytes, whereas IFNup-regulated the expression of CD23 in IL-4 treated THP-1
cells and in human tonsillar mononuclear cells (90, 91, 94). Furthermore,ttEBkment
alone had either increased the expression of CD23 in the U937 cells or suppressed the
expression of CD23 in T lymphocytes (92, 95). It remains unclear how these complicated
regulations occur at molecular level. In human monocyte and B cell line, Igl&nd a
CD23 mAb increases the surface expression and mRNA of CD23 ina T cell line(99). |
rodent B cells, IgE increases CD23 expression on the cell surface bytprguts
degradation but does not affect its synthesis (100). In murine follicular dewetis,
stimulation of CD40 increases mMRNA levels of both CD23a and CD&@8iition of

IFN-y enhances the effect of CD40 stimulation on CD23 expression. Interestingly, |
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treatment enhances only CD23a mRNA expression in follicular dendrisc(8&).

Soluble CD23 (sCD23)

Full-length CD23 can be cleaved either extacellularly or intraceluat
different locations of the stalk region, consequently generating variousosizesible
CD23. The sizes of these sCD23 are 37 and 28 kDa (62,77,101) in humans and 37, 33,
25, and 12 kDa in mouse, respectively (77, 102). Importantly, sCD23 retains the globular
lectin head domain thereby retaining its ability to bind IgE. However28Gmieracts
with IgE with lower affinity (Ka~ 10° to 1 M™) compared to the trimeric form of CD23
(202). It was found that CD23 expressed on the surface of RPMI 8866 B cells was
cleaved by metalloprotease using various metalloprotease inhibitors (108)alate
disintegrin and metalloproteinase 10 (ADAM10) was found to be responsible for CD23
cleavage and the releasing of soluble CD23 (104-107). In vivo, ADAM10 is also found
responsible for cleaving the CD23 by using selective ADAM inhibitor and MDA
knockout mice (104). Mathews et al. in an elegnant experiment described that CD23 in B
cells is also cleaved intracellularly within the endosome by ADAM10. dttisn occurs
in a pH dependent manner and the resultant products are further sorted into the exosomes
(207). Further experiments are needed to show the physiological relevdahise of
cleavage. The house dust niltermatophagoides pteronyssinus protease der pl also

cleaves the CD23 into a soluble 17 kDa fragment (108-110).

Binding partnersfor CD23

CD23 has ligands such as Igg, CD21, CD11b/c, CD47-vitronectin, and mannose-
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containing proteins (64, 111-116). Recently, through NMR studies, CD23 was found to
interact with both IgE and CD21 simultaneously and the binding residues for IgE and
CD21 are distinct. More importantly, this kind of interaction has a functionait effe

the IgE synthesis and regulation (64). CD21 was found as a ligand for human CD23 by
using fluorescent liposomes containing full-length CD23 as a probe and it binds to CD21
on B cells and follicular dendritic cells. This interaction was spedtifidocked by

either anti-CD23 or anti-CD21 mAb (111). Later the specific site of ictierabetween

CD23 on CD21 is mapped, with, extracytoplasmic short consensus repeats (SCR) 5to 8
and 1 to 2 on CD21 interacting with human CD23 (112). In addition, CD23 was also
found to specifically interact with CD11/b/CD18 and CD11/c/CD18 on human
monocytes. This type of interaction was specifically inhibited by mAb téideggainst
CD11/b, CD11/c or CD23. This interaction resulted in significant increase af oxide,
hydrogen peroxide and proinflammatory cytokines likedLiL-8, and TNFe. (113).

Similarly, murine CD23 also specifically interacts with CD11b,dlohain ofp, integrin
adhesion molecule CD11b/CD18 complex expressed on monocytes, which results in up-
regulation of IL-6 (114). In human monocytes, sCD23 additionally interacts with
vitronectin receptorofs integrin)and this interaction is further enhanced in the presence
of vitronectin receptor associated molecule CD47. The mAbs directed taQB#h3,

B3 and vitronectin blocked the release of sCD23-mediated proinflammatory c@dikime
TNF-0, IL-12, and IFNy (115).Human IgE interacts only with human CD23 and does

not bind to rodent IgE. The residue Lysine 352 in human IgE is critical foadtien

with CD23, its replacement with glycine or glutamate results innéfisignt reduction

in binding to human CD23 (116).
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Functions of CD23 and its soluble form, sCD23

CD23has multiple functions: enhancing IgE-specific antigen processing and
presentation in the form of IgE/antigen complexes (117-124), regulating IgE porduc
(63, 64, 125-128), and influencing differentiation, survival and growth of both B- and T-
cells and myeloid precursors (51, 130-135). Both human and mouse intestinal epithelial
cells expressing CD23 can transport IgE and IgE-antigen immune complesEsthe
intestinal epithelial barrier (140-147). CD23 expressed on mouse B cells alfdigens
more efficiently processed in the form of IgE-immune complexes andnpeesi® T cells
when compared to the antigen alone. This enhancement of antigen presentation can be
blocked by a mAb against CD23 (117). Human B lymphocytes expressing CD23 also
demonstrate an enhanced antigen presentation to the T cells in an IgE dependent ma
(118). Furthermore, bofiim vitro andin vivo assays demonstrate that covalently coupled
antigen-anti-CD23 conjugates targeted to CD23 enhances antigen preseatatcells,
consequently increases the production of antigen specific antibody (119arBymil
CD23 effectively enhances presentation of the major birch pollen alldBgé v 1, to Bet
v 1-specific CD4+ T cells and results in increased production of allepgerfis IgE
antibody. Specific allergen vaccination is successful by controlling CD23ateddgE

dependent antigen presentation to T cells (120,121).

In CD23 knockout mice, IgE-mediated antigen presentation and enhancement of
antibody responses is blocked in vivo. This experiment defintely demonstratexld of
CD23 in Ige-mediated antigen processing and presentation (122). HoweveGeshhan

CD23 expression in CD23 transgenic suppresses the IgE immune response and it is
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possible that CD23 expressed on the nonlymphoid cells like follicular dendriticrcey

contribute to the suppression of IgE responses (123,124).

CD23 has been shown to be involved in IgE regulation and synthesis (63, 64, 125-
129), but definite evidence still lacks. Yu et al. shows that thymus dependernhantig
immunization produced sustained immune response with increased antigen gecific |
in CD23 knockout mice, suggesting that CD23 may act as negative feedback for IgE
regulation (125). On the other hand, CD23 over-expression blocks the IgE production
both in vivo and in vitro assays (126). Blocking antibody against CD23 also suppresses
the production of IgE in vitro and in vivo (127,128). Hibbert et al. proposed a model for
IgE regulation based on NMR studies of interaction between derCD23/IgE andaSD21
shown in the Figure 1.5. Cross-linking of membrane-expressed CD23 and IgE by
allergen-IgE leads to the down-regulation of IgE synthesis whereas/iokosg of
membrane expressed IgE and CD21 by trimeric soluble CD23 causes the apfieegiil
IgE synthesis (64). In human B cells, soluble CD23 monomers inhibits the IgE synthes
whereas, oligomers of soluble CD23 enhanced the IgE synthesis (63). In musehs, B

CD23 also regulates the serum IgE levels (129).

CD23 is shown to be involved in the differentiation of the B cells and prevents
them from apoptosis (51, 130- 133). Swendeman et al. showed the sCD23 acts as an
autocrine B cell growth factor for EBV-transformed B cells and normalusiited B
cells (131). Later, it was shown that sCD23 prevents the apoptosis of human fire-B ce

line and recombinant 25kDa sCD23 and k.dynergisticallypromoted the survival of
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germinal center B cells (132,133) and the maturation and proliferation of earlphuma
thymocytes and myeloid precursors (134,135). sCD23 also acts as a prointheynmat
cytokine and in combination with IL-2 functions on human peripheral blood
mononuclear cells (PBMC) to release IFNFNF-, IL-1a, IL-1p andIL-6 (136).

Soluble CD23 was also responsible for inducing IL-8, macrophage inflammatdeynp

(MIP)-1a, and MIP-B from primary human monocytes (137).

CD23 expression in theintestinal epithelial cells

Ramaswamy et al. first showed the evidence of IL-4 dependent IgE uptake and
transport across the rat intestine in a parasitic infection model (138). Two MADEIB
and EBVCS2 specifically detected CD23 in human intestinal epithelialacedlss
expression level was enhanced in enteropathies (139). Yang et al. showed that CD23
expressed in intestinal epithelial cells of allergic rats were redperier the enhanced
transepithelial HRP transport (140). Using IL-4 and CD23 knockout mice, Yu et al.
verified that CD23 expressed in the intestinal epithelial cells of thgiall®ice is
responsible for transport of HRP antigen across the epithelial barrien,whs regulated
by IL-4 exposure. CD23b and novel CD23b lacking exon 5 or 6 (CR28h has been
detected in the intestinal epithelial cells of the allergic mice.dsategly, CD23b
isoform is able to transport IgE/allergen complexes whereas Q{B23fly transports
free IgE antibody from apical to basolateral direction (141-143). Human naesti
epithelial cells express CD23 and it is capable of transporting human IgE Heros
intestinal epithelium. In addition, human CD23a and CD23b were also expressed in

human intestinal epithelial cells and capable of transporting IgE and Igkemnti
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Figure 1.5 Model of 1gE regulation by CD23. Cross-linking of membrane expressed
CD23 and IgE by allergen-IgE immune complex down-regulate the IgE synthesis and
cross-linking of membrane expressed IgE and CD21 by trimeric sSCD23 enhaigie the

synthesis (Taken from 64).
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complexes as illustrated in the Figure 1.6 (1, 144,145). Interestingly, CD23s®e@lBs
human intestinal epithelial cells can be regulated by p38 MAPK pathway. (4&6)
immune complexes engaged to human CD23 in the intestinal epithelial cskésdhe

release of IL-8 and CCL20 (147).

TRANSCYTOSISAND RESPIRATORY EPITHELIAL CELL BIOLOGY
Transcytosis

Theepithelial monolayer lining the respiratory tract is impervious to
macromolecule diffusion in the absence of inflammation due to the presence of
intercellular tight junctions at the apical poles. The tight junctions divideipetar
epithelial cells into the apical and the basolateral domains (148, 149). These domains
further form mucosal barriers that allow for the selective exchangaaiomolecules
between the lumen and submucosal tissues. Therefore, soluble macromolecules, like
immunoglobulins, transported across the mucosal epithelium are mainly rddujade
transcellular transport pathway or transcytosis. Specifically, the altulac pathway
involves the endocytic uptake of macromolecules, generally by receptor-euadiditor
fluid-phase endocytosis (148, 150), at the apical or basolateral membrane. Theasolecul
are then transported through the cell in endocytic vesicles to the opposite membrane

surface, where they are released into the extracellular space.

ALLERGIC DISEASESIN THE RESPIRATORY TRACT:
The bronchial epithelium has multifunctional roles (151,152). For many years,

epithelial cellsare considered to have the relatively simple roles, being a physidal pa
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Figure 1.6 Role of CD23in food allergy. CD23 expressed in the intestinal epithelium
binds to IgE in the lamina propria and transport and release into the gut lumemdgE bi
to the allergen and form immune complexes in the luminal side. IgE/allergeimienm
complexes are transported back by CD23 and release into the lamina pragitia. Fc
expressed on mast cells or dendritic cells binds IgE immune complex and ¢tease oé
allergic mediators and local IgE synthesis and secretion. In the chroracistagtinal
luminal barrier is damaged and the allergen can freely move and binds to nsaandell

dendritic cells causing severe allergic manifestations (Taken friemenee 1).
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secreting mucus, and removimgxious agents by cilia between the internal and external
milieu of the lungs. More recently, these cells are shown to have a much broagksctivit
in communicating with cells of the immune systems, as shown by their abilitydaqe
inflammatorymediators and variety of immune molecules (153-155). In particular,
epithelial cells increase CD23 expression in patients during allergitaes (156-164).
CD23 expression has been reported in human bronchial epithelia cells (165), and

however, its function remains to be defined.

Asthma

Asthma is a chronic lung disease that inflames and narrows the airwaysathe e
cause of asthma is not known. A combination of factors, such as family genetics,
respiratory infections, and certain environmental exposures interact to stdusa
develop, most often in the early life. Ongoing airway inflammation resudbmormal
structural changes in the airway during to the epithelial desquamation/denuatat
repair processes (166). Bronchial inflammation is characterized hyatfih of mast
cells, basophils, eosinophils, monocytes, and Th2 lymphocytes (166-168). Th2
lymphocytes play a central role in the pathogenesis of allergic bronsthat@, since
each of their characteristic cytokines such as IL-4, IL-5, IL-9 antBllcontributes to
progression of this disease (167,169), including airway eosinophilia, intermitigay ai
obstruction with increased mucus production, and elevated total serum IgE ievels b

production of allergen-specific IgE, and development of airway hyper-responss.

CD23 knockout mice have been used to study the development of airway allergy
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against chicken ovalbumin (OVA) as an allergen. After sensitization afidra@with
OVA, CD23KO mice developed enhanced allergic airway inflammation witeased
airway hyperresponsiveness (AHR) when compared to the nonsensitized ficéq1).
Treatment with anti-CD23 mAb but not the anti-CD23 Fab fragment attenuated the
airway inflammation and AHR, and demonstrated that CD23 negatively reghlates t
airway inflammation. (172). Similarly, after sensitization and chadlemigh OVA,
CD23-KO mice produced increased eosinophils in the bronchoalveolar lavage fluid,
enhanced airway inflammation, and bronchial hyperresponsiveness was observed
compared to the wild-type mouse control. (173). Sensitization and challenge with OVA
in CD23 transgenic mice also developed airway inflammation and hyperresp@ssive
and they showed a negative correlation between AHR and eosinophilia with level of

CD23 expression in the spleenic T and B cells (171).

I mmunoglobulinsin mucosal secretions

Immunoglobulins (Igs) have been found in a variety of mucosal secretions and
play first line of defense against mucosally-transmitted pathog@é&esmajor Ig found in
the mucosal surface of the intestine or upper airway is secretory A (Jihe
presence of secretory IgA at the mucosal surfaces is mainly a reaativef transport by
polymeric IgA receptors (plgR) through the epithelium (174-176). The IgGas als
detected in human and animal mucosal secretions and neonatal Fc recept®r for |

(FcRn) is responsible for IgG transport (177-179).

In addition, IgHES consistently present in nasal washings and bronchoalveolar
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lavage (BAL) fluids from human patienisth allergic rhinitis and bronchial asthma
(180-182) and is detectednasal washes from allergic patients receiving nasal challenge
with specific allergens (180, 182, 183). The functional significance of IgE inyairwa
secretiongaind mechanism by which IgE is transported to airway secretions are not well
understood. IgE synthesiad heavy chain class switching to IgE occur in B cells from
the nasal mucosa of allergic individuals (184). Such allergen-specificplasta rest in
lymphatic organs and can secrete large amounts of IgE antibodies over seaerang

in the complete absence of allergen (185).

Microbial infection and asthma

Several respiratory viruses and bacteria have been shown to cause exacerbations
of asthma (186-191). Virus-induced wheezing in infancy is a risk factor for asthdha, a
recent studies have highlighted the role of viruses in causing acute illneddssray a
possible contributing factor to chronic asthma. For example, human rhinoviruses (HRVS)
is considered as the most common cause of the common cold in infants and children
(192- 194). Atypical bacterial infections froltycoplasma pneumoniae andChlamydia
pneumoniae have also been linked to chronic asthma and potential asthma exacerbations.
The respiratory syncytial virus (RSV) and influenza virus appears to promoticspec
responses that, on their own, can cause severe pulmonary problems (195-199). However
the pathogenic microbiologic mechanisms involved in this link with asthma have not

been well characterized.

I mmunotherpy in allergic inflammation
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Asthma is a chronic inflammatory disorder of the airways and Th2 inflarmmati
is a key feature of asthma. Immunotherpeutic approaches are proposedendhz-
type effector cytokines, Th2 cell recruitment and development (1). Alteenstiategies
use the immunomodulatory potential of tolerance-inducing cytokines such as ILefL0 or
cytokines such as IL-12, IL-18 and IFNthat are able to induce a counter-balancing Thl
immune response. These are likely to be due to an allergen-blockingatfieetmast
cell level and/or at the level of the antigen-presenting cell that pregtifadilitated
activation of T cells. In addition, blocking the effects of IgE or CD23 has also been
shown to be an effective strategy in the treatment of allergic asthnidhétapeutic
effect of anti-IgE treatment for allergic disease is based on theyatibinti-IgE
antibodies to form immune complexes with free IgE, reducing the degramubdtmast
cells and basophils. For example, Omalizumab is an effective humanizegeEantAb
showing promising results in controlling allergic inflammation (200). In audit
immunotherapy targeting CD23 molecule with Lumiliximab (IDEC-152) enatized
human anti-CD23 antibody with primate variable region and human constant region is
safe and has potential therapeutic effect in the Phase | clinicabtrizitrolling allergic

diseases (201).

SPECIFIC AIMS

Epithelial cells lining the airway, in addition to function as a barrier, kegylto
play a more critical role in the initiation of airway allergic inflaation, as shown by
increased release of inflammatongdiators and expression of a variety of immune

molecules. IgE is present in airway secretions and its level can be enhahcetan
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patients with allergic rhinitis and bronchial asthma. For many years, thenpeesf IgE
in airway secretions has been simply considered as IgE transuded pdssneghe
serum. The complete paucity of mechanistic studies IgE transport in diasaeriously
hampered the understanding of allergic inflammation in the lung. CD23, an kiaec
is shown to regulate IgE synthesis in B lymphocytes and transport IgE across the
polarized intestinal epithelial cells during food allergies and infectioase,Hve reason
that CD23 may also be expressed in the airway epithelial cells regugEngnsport.
ThereforeSpecific Aim listo definetherole of CD23 expression and CD23-

mediated IgE transport in therespiratory tract.

Similarly, IgE and immune complexes were found to be a potent inflammatory
mediator in the murine airway tract during asthma developrietefore Specific Aim
2 isto determine the CD23-mediated | gE/aller gy transport and theroles of such
transport in asthma development in a murine model.

CD23 can transport IgE across polarized epithelium. To take advantage of this
unique transport pathway, we hypothesized that CD23 may deliver CTLA-4, a negative
regulator of T cell immune response, fused to IgE Fc fragment acrossliapltarrier to
serve as immunotherapeutic purpose for asthmatic allergy. TherefoBpethiec Aim 3
isto determine the feasibility of CD23 to deliver I1gE Fc-fused proteins across airway
barrier and further the effect of thisfusion protein on the development of allergic

inflammation in a mouse modd!.
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CHAPTER 2: CD23 DEPENDENT TRANSCYTOSIS OF IGE AND IMMUNE
COMPLEX ACROSSTHE POLARIZED HUMAN RESPIRATORY EPITHELIAL
CELLS
(Previously published as: Palaniyandi S, Tomei E, Li Z, Conrad DH, Zhu X. CD23-
dependent transcytosis of IgE and immune complex across the polarized bapieatory
epithelial cells. J Immunol. 2011,186:3484-96).
ABSTRACT

IgE-mediated allergic inflammation occurs when allergens croskylixk on the
surface of immune cells, thereby triggering the release of inflamynatediators as well
as enhancing antigen presentations. IgE is frequently present in airwetyosscand its
level can be enhanced in human patients with allergic rhinitis and bronchiahasthm
However, it remains completely unknown how IgE appears in the airway secrgtions.
this study, we show that CD23 @Rll) is constitutively expressed in established or
primary human airway epithelial cells and its expression is significaptregulated
when airway epithelial cells were subjected to IL-4 stimulation. In adyamss assay,
human IgE or IgE derived immune complex was transported across a polarized Calu-3
monolayer. Exposure of the Calu-3 monolayer to IL-4 stimulation also enhanced the
transcytosis of either human IgE or the immune complex. A CD23 specific antibody or
soluble CD23 significantly reduced the efficiency of IgE or immune complex
transcytosis, suggesting a specific receptor-mediated transport by CD28cylosis of
both IgE and the immune complex was further verified in primary human airway
epithelial cell monolayers. Furthermore, the transcytosed antigen-IgE casplere
competent in inducing degranulation of the cultured human mast cells. Since airway

epithelial cells are the first cell layer to come into contact with @thallergens, our

study implies CD23-mediated IgE transcytosis in human airway epltbelia may play
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a critical role in initiating and contributing to the perpetuation of airwaygt

inflammation.

INTRODUCTION

Allergic diseases are the most common type of all immunologicallyateeti
disorders affecting 20—-30% of the U.S. population and are increasing in incidence in the
developed world (202). Airway allergy is one type of allergic disorder thettafboth
adults and children. Typicallthe allergic inflammation in the airway is characterized by
a prominent increase the numbers of immune cells, such as eosinophils, and an
imbalance between the Thl and Th2 cells mediated immune response with a shift
towards Th2 cytokine releaseich as IL-4, IL-5, and IL-13 and the considerable increase
of allergen-specific IgE (1, 180, 203). IL-4 and IL-13 can further promote B cs# cla
switch to increase IgE production (1, 204, 205). IgE is considered a major player in
airway allergic inflammation. Clinicaltudies have found a close association between
asthma and serulgE levels and the amount of allergen specific IgE can be dramatically
increased in sensitized or atopy patients (206, 207). Allergen-specifis Ig&ated in
the human airway, such as in nasal mucosal from allergic patients who deffgical
rhinitis in sinonasal tissue, nasal polyposis, and allergic fungal rhinosir(i8itis208-
210). This observation is further supported by the fact that B cellgfemasal mucosa
of allergic individuals locally synthesize IgE (184, 211). As a result, allesgecific IgE
consistently appears in airway fluids in asthmatic patmtaned with or without
bronchial provocation with the allergen. The proposed role of IgE in the initiation of the
asthmatic allergy is that the allergy is triggered by antigamssdimking IgE bound to

IgE receptors on the surface of mast cells. This, in turn, triggers degranulatiastof m
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cells which releases potent inflammatory mediators (1, 202). In the anwegsa, these
inflammatory mediators, including histamine, lipid mediators, proteasesaatacton
nearby cells, such as epithelial cells amboth muscle cells and further cause airway
obstruction. However, in order for inhaled allergens to gain access to immutereffe
cells in the lamina propria, they must first cross the respiratory epithebuataining
ciliated columnar, mucus-secreting goblet and surfactant secretiregdeélés. These cells
can form a highly regulated and impermeable barrier made possible through the
formation of tight junctions localized in the apical part of the columnar celgerieral,
tight junctions prevent the free uptake and passage of macromolecules suchras IgE a
allergens. Hence, the exact mechanisms responsible for the crossvead&rbet
allergen/IgE and immune effector cells in the airway remains poorly unddrst

Two receptors for IgE, high affinity receptordRi and low affinity receptor
FceRIl (CD23), play important roles in the pathogenesis of airway allerdamimhation.
FceRI present in airway mast cells is sensitized by the allergenfispgE upon
exposureo a specific allergen. ERI is activated to signal for the production of potent
mediatorghat are responsible for clinical symptoms in allergic diseases (lffjinhans,
CD23 has two isoforms-CD23a and CD23b. The amino acid sequences of the CD23a and
CD23b proteins differ only in their 6/7 N-terminal residues, a region that corresjponds
the cytoplasmic domains (76, 130), suggesting that this region regulates divergent
intracellular trafficking and/or signaling pathways. UnlikeRE both CD23 isoforms
exhibit a type Il membrane glycoprotein structure with a carboxyl terr@istgpe lectin
head that binds IgE in a calcium-independent manner (18). Although CD23 monomers

display lower-affinity binding for IgE, the membrane-bound CD23 can also forrargjm
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which enables CD23 to bind IgE with higher-affinity (1, 61, 130). More interestitigdy
stalk region of CD23 is susceptible to proteolysis by enzymes, such as the
metalloproteinase ADAM10, to release various soluble CD23 fragments (sCD23) (104
106). Soluble CD23 also has IgE binding activity (212) and its level is increased in
allergies (157). CD23 is constitutively and inducibly expressed in varietyl aypes,
including B cells, eosinophils, monocytes and Langerhans cells (76, 77, 82, 164). More
interestingly, CD23 has various functions, such as mediating B cell growtmoamipa
IgE mediated antigen presentation (122, 213), and regulating IgE homeostasis (63, 64,
125, 127).

The functional significance of IgE found in the mucosal secretions of the human
airway remains elusive. Several elegant studies have demonstrated aldatestican
for CD23 to transport IgE and IgE-derived immune complex across the polarized huma
intestinal epithelial monolayer (143-145). Furthermore, the facilitatedort of IgE
and uptake of antigens by CD23 are essential steps in the initiation of rapitt allerg
inflammation in the intestine in a murine model (140, 141). All these experimentssugge
a role of CD23-mediated IgE transport in food allergy. However, it remamgpletely
unknown if a similar mechanism of transport of IgE or immune complex exists in human
airway epithelium. If such a function exists, allergen-specific igthe airway may
capture airborne allergens and form immooeplexes in human airway tract.
Subsequently, because of the especially sensitive environment of the airwaidssec
immune complexes may function as more patahicers or triggers of immune
responses in the airway and thus, contributbe perpetuation of airway inflammatory

responses. As the first step, we found human CD23 was constitutively expressed in a
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variety of epithelial cells derived from human airway. Most importantly, CDZ3 wa
capable of transporting human IgE or IgE-derived immune complex acrossgublariz
human airway epithelial monolayers. By mimicking the allergic conditioesaleo
demonstratethat epithelial cell exposure with IL-4 resulted in the up-regulati@®Di#3
expression accompanied by enhanced transepittraliaport of IgE and, more
importantly, of IgE-derived immuremplexesThese transported immune complexes
were then capable of inducing the degranulation of human mast cells. Our findings ma
provide important evidences that CD23 in human airway epithelial cell is kety to

have a pivotal role in the initiation and development of airway allergic inflaroma

MATERIALSAND METHODS
Antibodies, cells and reagents.

The human airway epithelial cell lines A549 and Calu-3, intestinal epithdlial ce
line HT-29, and monocytic cell line U937 were purchased from the American Type
Culture Collection (ATCC, Manassas, Virginia). The human nasal epitbelldDetroit
562 was a gift from Dr. Jing-Ren Zhang (Albany Medical School, NY); human fiednc
epithelial cell line 16HBE140- was from Dr. Dieter Gruenert (UnivesitCalifornia,
SF). Human B cell line RPMI8866 was from Dr. Lance Bridges (Univeositentral
Arkansas, AK). T84 cells stably expressing human CD23b was a gift fromebitiaC
Berin (Mount Sinai School of Medicine, NY). The cells were cultured in DMEM
complete medium containing 10% FBS, 1% L-glutamine, non essential amino acids,
100U/ml penicillin and 10@g/ml streptomycin. U937 and RPMI 8866 cell line were

grown using RPMI 1640 complete medium. Human mast cell LAD2 was kindly provided
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by Drs. Arnold Kirshenbaum and Dean Metcalfe (National Institutes of lijdézdthesda,
MD) and grew in serum free growth medium Stem Pro-34 containing 100 ng/mhof ste
cell factor. EpiAirway (AIR-100) tissue model containing normal humasheal

bronchial epithelial cells were obtained from MatTek Corporation (Ashland, MAg. T
cells were cultured in AIR-100 medium according to the manufacturer’s instruction. A
cells were grown in a humidified atmosphere of 5% @CB7°C.

NP-BSA, 4-hydroxy-3-nitrophenylacetyl (NP) hapten conjugated to bovine serum
albumin (BSA), was purchased from Biosearch Technologies (Novato, CA). The anti-
human CD23 Ab-secreting murine hybridoma EBVCSL1 (67, 214) was a kind gift from
Dr. Bill Sugden (University of Wisconsin-Madison, WI). Human IgE was purchased
from Scripps (LaJolla, CA), human IgE containing kappa light chains was fronot&bbi
(San Diego, CA). Goat anti human IgE and mouse IgG1 were purchased from Sigma
Aldrich (St Louis, Mo). Antibody against human IL-4 receptor, chimeric antigi?
chimeric anti NP-IgG, and mouse anti-human CD23 Ab clone Tul were obtained from
AbD Serotec Inc (Raleigh, NC). JW8 cells secreting the NP-specific higkamere
obtained from Dr. Hannah Gould (Kings College, London). Mouse anti human IgE,
mouse anti-human tryptase specific antibody was from Abcam (Cambridge, MA).
Recombinant IL-4 and soluble CD23 were purchased from R & D Systems (Minngapolis
MN). Proteinase inhibitor cocktail was obtained from Calbiochem (San Diego, C&). Th
CD23bHA plasmid was received from Dr. Zena Werb (Univeristy of Califdbaia-
Francisco, CA)Antibody IDEC-152 was a gift from Dr. Marilyn Kehry (Biogen-ldec,

San Diego, CA).

RT-PCR.
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Semi-quantitative RT-PCR was performed as previously described (215). In brief
total RNA was isolated from stimulated human IL-4 (20 ng/ml) and mock-stteditells
(2 x 1¢/ml) in TRIzol reagents (Invitrogen) according to the manufacturer’ suictgins.
RT-PCR was performed using a one-step RT-PCR kit (Qiagen). Negativel vears set
without RNA template.Primers for amplification of CD23a and CD23b (145) and
gylceraldehyde-3-phosphate dehydrogen@APDH) (215) have been previously
described. For the amplification of CD23 mRNA, 150 ng of total RNA was used. For IL-4
stimulation, 5 ng total RNA from U937 and 40 ng total RNA from A549 or Calu-3 was used
for amplification. Thirty-six cycles of PCR amplification were pemed ina 20-ul volume.
Each cycle consisted of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and
extension at 72°@r 20 s. An additional 10 min was applied for the final extension. PCR
products wereesolved on 1.5 % agarose gels and visualized by ethidium bromide staining.
Integrated densityalues for CD23 band intensities were analyzed by densitometry using
Adobe Photoshop and normalized to the GARRHies to yield a semi-quantitative

assessment.

Gel electrophoresis and Western blotting.

Gel electrophoresis and Western blot were performed as previously described
(215). Protein concentrations were determined by the Bradford method. The ¢ed lysa
were subjected to 12% SDS-PAGE gel electrophoresis under reducing conditions.
Proteins were electrotransferred onto a nitrocellulose membranei¢8ehi& Schuell).
The membrane was blocked with 5% skim milk powder in PBS. The membranes were

probed with anti-CD23 mAb EBVCSL for 1 hr or overnight followed by incubation with
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HRP-conjugated rabbit anti mouse Ab (Pierce). For detecting human IgE, mesibra

were probed with HRP conjugated goat anti human IgE Ab. For detecting igénant
NP-BSA, membranes were first incubated with chimeric anti-NP Ig@Gvied by HRP
conjugated rabbit anti human IgG Fc. All blocking, incubation, and washing were
performed in PBST solution (PBS and 0.05% Tween 20). Proteins were visualized by an

ECL method (Pierce).

Flow cytometry.

Surface and intracellular expression of human CD23 was examined in either
fixed or permeabilized A549 or RPMI 8866 cells by flow cytometry. For staining, 1 X
10° cells were washed with FACS washing buffer (2% FBS in PBS) and followed by
blocking with PBS containing 3% normal goat sera (Rockland, Gilbertsville, BS)dR
ice for 20 min. For surface CD23 staining, the cell suspensions were incubditeohtivit
CD23 EBVCSL or isotype-matched mouse IgGilg(inl) for 30 min, washed and further
incubated with Alexa flour 488 conjugated goat anti mouse (1:500) antiboéig.at 4
Surface staining was carried out &40 minimize internalization. For intracellular
staining, the cells were first permeabilized and fixed with Cytofitd@grm (BD
Pharmingen) on ice for 20 min, then washed with washing/permeabilization &udfer
blocked with 3% normal goat serum. The cells were further incubated with EBVCS1
antibody (1ug/ml) diluted in washing/permeabilization buffer, washed and incubated
with Alexa fluor 488 conjugated goat anti mouse (1:500) antibody. After washing, cells

were analyzed using a FACSAria Il and the software FlowJo.
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I mmunocytochemistry.

Immunocytochemistry was performed as previously described (216). The
epithelial cells were grown on coverslips to 70-80 % confluence overnight answiell
inserts to allow polarization. The cells were rinsed in cold PBS and cold-fix&4 i
paraformaldehyde in PBS for 20 min &C4 The cells were washed and quenched with
100 mM glycine for 10 min. After washing, the cells were permeabilized for BQwth
0.1% Triton X -100 and blocked with 3% normal goat serum. Cells were incubated with
affinity purified anti-CD23 EBVCS1 Ab (@g/ml) in PBST (0.05% Tween 20/PBS) or
mouse anti-human IL-4 receptor Ab with 3% normal goat serum in PBS for 1 hr, and
further incubated with Alexa flour 488 conjugated goat anti mouse antibody (1:500). The
cells grown in the transwell were stained using procedures above with theradtlit
antibodies on both sides. Finally membrane was cut from the transwell and mounted on
the slide and analyzed. Negative control was performed by incubating the isotype-
matched normal mouse IgG1 Ab. Cell nuclei were counterstained with DAPI (0,5 g/m
Molecular Probes) in PBS. After each step, cells were washed with 0.1%-P@éen
PBS. The ProLongTM antifade kit was used to mount coverslips (Molecular Probes). The
images were taken using a Zeiss LSM510 laser scanning confocal micrQ8eisse

Microimaging Inc., NY).

Enzyme-linked immunosorbent assay (ELISA).
The IgE concentration was measured with ELISA. ELISA plates (Nunc) were
coated with rabbit anti human IgE Ab (8/ml) overnight at 4°C. Plates were then

washed three times with PBST (0.05% tween- 20) and blocked with 10 % FBS in PBS
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for 1 hr at room temperature. The transcytosed samples or IgE standards diluted in 10%
FBS in PBS were incubated for 2 hr at room temperature. Mouse anti human IgE
(1:10,000, Abcam) and HRP conjugated rabbit anti mouse antibody (1:10,000, Pierce)
were used for detection of human IgE. For detection of chimeric IgE, HRP conjugated
goat anti-human IgE (1:10,000, Sigma) was used. A colorimetric assay was done wit
tetra methyl benzidine (TMB) and hydrogen peroxide and a Victor Il migtepeader

(Perkin Elmer).

Transcytosis assay.

Transcytosis was performed as previously described with modifications (145,
177, 215). Calu-3 cells (1 x ¥6nl) were grown onto 0.dm-pore size transwell inserts
(BD Bioscience) to form a monolayer exhibiting transepithelial etadtresistances
(TER, 450-90@2/cn¥). TER was measured using a tissue-resistance measurement
equipped with planar electrodes (World Precision Instruments, Sarasatdjdfiglayers
were equilibrated in serum free DMEM or stimulated with human IL-4 (20lpégm24
hr. The pseudo-stratified normal human tracheal bronchial epithelial ti&sEd Q0)
had a TER at least 4%®/cnm? during transcytosis assay. For Western blotting analysis,
human IgE or chicken IgY was added either to apicalg?%Qul) or basolateral
(50ug/50Qul) side. However, when ELISA is used for detecting transcytosis, the IgE
amount loaded was lowered tpdd25Qul in the apical side or 1@/50Qul in basolateral
side, respectively. For IgG transcytosis, human IgG {@2Z5Qul) was added to the
apical chamber. They were incubated at 37°C for 2 hr. In addition, protein L beads

(Pierce) was used to specifically bind to the transported kappa light chaftbId&ring

37



transcytosis. The immune complex or NP-BSA antigen albhad/ml) was added to

apical chamber and incubated at 37°C for 30, 60, 120 min. The immune complex was
formed by incubating chimeric anti NP IgE (28/ml) with NP-BSA (10ug/ml) at 37°C

for 45 min. For negative control, monolayers were also incubated at 4°C for 2 hr before
transcytosis. The media from the opposite chambers were collected and ctedtentra
using ultracel YM-10 (Millipore, Billerica, MA). Transported proteimsre analyzed by
reducing SDS-PAGE and Westdaot-ECL for detection of NP antigen, 1gG, IgE and
chicken IgY. IgE was also detected with ELISA. Adobe Photoshop was used to

determine relative band intensities of a blot.

Mast cell degranulation assay.

Mast cell degranulation assay was performed as previously described with
modification (217). The Calu-3 cells were allowed to get polarized in the trhmssest.
Immune complex, antigen alone, and human IgE were respectively added into the apica
chamber and transcytosis were performed at 37°C for 3 hr. Human mast deiliae
was cultured with media in the basolateral chamber and allowed to capture the
transported immune complex, antigen or human IgE. In addition, prior to the addition of
the transcytosed immune complex, LAD2 cells were also primed with or without 200
ng/ml NP specific IgE or antigen non specific IgE. The degranulation asseg/s we
performed in a 96 well plate. Tryptasepanexosaminidase was measured in &D0
supernatants as indicator of mast cell degranulation. As a positive controlpgnm
complexes were directly added to the LADZ2 cells for BHrexosaminidase was

measured using-nitrophenylN-acetyl$-d-glucosaminide (Sigma) dissolved in 0.1
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mol/L phosphate buffer (pH 4.5) as substrate for incubation at 37°C for 1 hr. The reaction
was terminated with a 2-M glycine solution (pH 10.7). Tryptase was measueeitiiog

the substrate 1 mM N-Tosylglycyl-L-prolyl-L-lysine 4-nitroad#i dissolved in 50 mM
Tris-HCI (pH 7.6), 120mM NaCl and 28y/ml heparin solutions and incubated for 1 hr

at 37 °C. To quantify the substrate cleavage, the absorbance at 405 nm was measured
using a microplate reader. The results were read out at 405 nm. In addition, tiryptase
LAD2 mast cells was analyzed by immunofluoresence staining with humaasteypt

specific antibody in a confocal microscope.

Statistics.
The statistical difference between groups was tested by StugsntAP value

of less than .05 was considered significant. Data are expressed as mean + SD.

RESULTS
Human respiratory epithelial cells express CD23.

Epithelial cell lines from human nasal, trachea, and lung were used in studies on
human CD23 expression. These cell lines maintain the differentiation chataseri
their tissues of origin with proper polarity. Human CD23 is expressed in two isoform
CD23a and CD23b (145). Results from RT-PCR amplification showed that all airway
epithelial cells expressed the CD23b (Fig. 2.1A), but not the CD23a (Fig. 2.1B),
transcript. Mononuclear cell line U937 was used as a positive control. The PCR products
were sequenced to verify CD23b isoform specific transcript. To verify CD23ssxqne

at the protein level we blotted the cell lysates from Detroit 562, Calu-3, and A%g!9 cel
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with EBVCS1 mAD, a specific IgG1 Ab for human CD23 (67, 214). These airway
epithelial cells expressed protein bands identical to 293T and intestinal T84 cell
transfected with vectors expressing human CD23b cDNA in a Western blot (Fig. 2.1C,
left panel). Two bands were identified; however, the top band (50 kDa) was also
expressed in cell lysates from Chinese hamster ovary (CHO) cedidy@$ag. 2.1Cright
panel), suggesting the lower band (45 kDa) is CD23 specific. In addition,
immunofluorescence staining of Calu-3 cells by EBVCS-1 mAb (Fig. 2efpanel),

but not for isotype-matched IgG1 Ab (Fig. 2.Xight pandl), revealed the expression of
CD23 protein.

CD23 is known to be expressed intracellularly and/or at the cell surfage 1218
show the expression pattern of CD23 in airway epithelial cells, we stained |tmgfiapi
cells A549 with EBVCS1 mAD for cell surface or intracellular expressiorooy f
cytometry (Fig. 2.1E). The specificity and expression pattern of CD23 was, ielpara
performed in a RPMI 8866 human B cell line. In contrast, to approximately 84% human
B cell line, only about 36% A549 cells expressed CD23 at cell surface. However,
permeabilization of A549 cells revealed substantial increases of CD23 posits/fam
approximately 36% to 99%. The distinct cellular distribution of CD23 between airway
epithelial and B lymphocytes has not been appreciated in previous study. In addition,
activation of human eosinophils leads to increased surface expression of CD23 (218).
Our data showed that IL-4 stimulation also increased the surface express@a3oinC
A549 cells (data not shown). Therefore, we conclude that CD23 is mainly expressed
intracellularly in lung epithelial cell A549, suggesting CD23 may function as an

intracellular IgE receptor in airway epithelial cells.
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Figure 2.1 Human airway epithelial cell lines express CD23.

(A +B) CD23b, but not CD23a, isoform was expressed in human airway epithelial cells.
Total RNA was extracted by TRIzol reagent from airway epitheéitid ©etroit 562

(lane 4), 16HBE140- (lane 5), Calu-3 (lane 6), A549 (lane 7). Monocyte cell line U937
(lane 2) and intestinal epithelial cell HT-29 (lane 3) were used as aspatitrol. RT-

PCR was performed by using CD23a or CD23b isoform specific primers as desaribe
Materials and Methods. Amplified PCR products, 170 bp for CD23a and 131 bp for
CD23b, were electrophoresed in 1.5% agarose gel and stained with ethidium bromide.
NC represents a negative control without template in RT-PCR reaStmoitar PCR

products amplified with a GAPDH-specific primer pair was used as inteon#lols. The
arrow indicates the location of the amplification products for CD23 and GAPDH. The
molecular weight in base pairs (bp) is indicated on the left.

(C) CD23 protein was expressed by human airway epithelial cells. The cedisly6a

ug) from 293T-CD23bHA (lanes 1 & 7) and T84-CD23b (lane 2), Detroit 562 (lane 3),
Calu-3 (lane 4), A549 (lane 5), and CHO (lane 6) were separated by electrapbaresi
12% SDS-PAGE gel under reducing conditions. The proteins were transferred onto
nitrocellulose membrane and blotted with mouse anti-human CD23 EBVCS1 mAb. The
blots were incubated with HRP-conjugated rabbit anti-mouse 1gG and the protein bands
were visualized by ECL method. The arrow indicates the location of the CD23.

(D). Immunofluorecence staining of Calu-3 cell line. The Calu-3 cells greren on

glass coverslips, fixed with 4%ara-formaldehyde and permeabilized in 0.1% Triton X-
100. Subsequently, the cells were incubated with goat serum for blocking and-affinity
purified mouse anti-CD23 EBVCS1 mAD, followed by staining with an alexa flour 488-
conjugated goat-anti mouse antibody. The Calu-3 cell was stained with an isotype
matched mouse IgG1l Ab as negative contiigh{ panel). The nucleus was stained with
DAPI and photographed through a fluorescence microscope. Samples were vieged us
the same contrast and brightness settings.

(E). Cellular distribution of human CD23 expression patterns in lung epithelial cell and B
lymphocytes. Cell surface and intracellular expression patterns of CD23 infexiéukeor
permeabilized lung epithelial cell A549 and B lymphocyte RPMI 8866 were meagured b
flow cytometry analysis. Cells were stained as described in theiMatand Methods.
Results are expressed as histograms of fluorescence intensitgglley $he histograms
represent staining of cells with anti-CD23 EBVCS1 mAb or isotype-matchedemous
IgG1 and then with Alexa fluor 488 conjugated goat anti mouse IgG Ab. Values in each
rectangle correspond to the proportion of cells stained with the anti-CD23 Abeé¢tat

the control Ab. The staining for A549 and RPMI 8866 was conducted three times with
similar results.
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| L-4 stimulation up-regulates the expression of CD23 in human airway epithelial cells.

The Th2 type T cells mediate airway allergic inflammation by produti+
and IL-13. IL-4 and IL-13 can enhance the expression of CD23 in both B cells,
monocytes, and intestinal epithelial cells (219, 220). The results showed that when
airway epithelial cells A549 and Calu-3 cells were subjected to IL-4 (20Ing/
stimulation for 24 hr, CD23b mRNA expression, which was measured by semi-
guantitative RT-PCR, was significantly enhanced (Fig 2.2A, lanes 5 & 79ninast,
CD23a mRNA expression was not induced by 24 hr IL-4 stimulation in A549 and Calu-3
cells (Fig. 2.2B, lanes 5 & 7). As expected, mMRNA expression of both CD23a and CD23b
isoforms in U937 were significantly enhanced after IL-4 stimulation. Fumibrer, as
shown in Fig. 2.2C, expression of IL-4 receptor was shown by immunofluorescence
staining with IL-4 receptor mAb, but not with isotype matched IgG antibody whien Ca

3 cells were grown in transwell inserts and polarized.

CD23 transports human I gE bidirectionally across the polarized Calu-3 epithelial cells.
The human airway epithelial cell, Calu-3, was polarized and used to
transcytose IgG bidirectionally when grown on both sides of filter supports (2453eH
we used Calu-3 as a model cell line to examine transcytosis of human EECB23
expression was verified by immunofluorescence staining with EBVCS1 mAb Ghlel-
3 cells were grown on 0@ pore size inserts (Fig. 2.3A). CD23 staining was mainly on
the brush border apical membrane with some staining also evident on the basolateral
membrane. To show interaction of CD23 and IgE within the Calu-3 cells, IgE (0.5

umol/L) was added into the apical chamber of the transwell. As shown in Fig. 2.3B
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Figure 2.2 CD23 expression was up-regulated in human airway epithelial cells

following exposureto I L-4 treatment.

(A +B). Human airway epithelial cells Calu-3 and A549 were incubated with or without
IL-4 (20 ng/ml) for 24 hrs. Monocytic cell line U937 was used as a positive control. At
the end of incubation period, the cells were washed and total RNA was extracted by
TRIzol reagent. Total RNA was subjected to semi-quantitative one-step RwRICR
CD23b (A) or CD23a (B) specific primers. GAPDH was used as internal con@Bl. P
products were run in 1.5% agarose gels and stained with ethidium bromide. Dengitometr
analysis of CD23b (Aright panel) or CD23a (Bright panel) band intensities which

were normalized to GAPDH was presented. NC: a negative control without template
RNA in RT-PCR reaction. *P<0.05, **P<0.01.

(C). Confocal microscopy detection of IL-4 receptor. Calu-3 cells (1rilpwere

grown on 0.4um pore size inserts. Calu-3 cells were polarized, fixed and permeabilized
in 0.1% Triton X-100. IL-4 receptor was detected by immunostaining with Alexa fl

488 (green). Cells were stained with ZO-1 (red) to show the level of the tight junction
and DAPI to stain nuclei (blue). The XY sections are taken at the level 0Oiie Z
staining, and the XZ sections are shown at the bottom. The red staining indicaigistthe ti
junctions at the apical pole of the Calu-3 cells.
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CD23 (green) and IgE (red) were co-localized (merged yellow). To shownevielau-3
cell transcytoses IgE, human IgE was added either to apical or basciatend

further incubated at 37°C for 2 hr. As a negative control, the Calu-3 cells were als
incubated at 4°C for 2 hr. The results showed that intact IgE applied to eitedr(&jy.
2.3C, lane 3) or basolateral (Fig. 2.3C, lane 4) chamber was transported in the opposite
directions across the Calu-3 monolayer as assessed by blotting of IgEchaswy
Transport of IgE was not detected in monolayers incubated at 4°C (Fig. 2.3C, lane 2),
ruling out the leaking possibility of IgQE Ab across Calu-3 monolayers. Since CD23 wa
able to transport IgE bidirectionally across the polarized epithelial e&llalso

employed protein L beads that can specifically bind to kappa light chain Igi éxder

to prevent the transcytosed IgE Ab from re-entering the transcytosis. Thisirappi
method increased sensitivity and allowed ELISA to detect 1-1.5 ng IgE Ab that wa
transcytosed bidrectionally when either 75 ng or 150 ng of IgE was applied ihapica
basolateral chamber respectively (Fig. 2.3D). It should be noted thajEwsbl
concentration represented a physiological level of IgE Ab in human sera alttheug
amount of allergen specific IgE can be considerably augmented in sehsit@mpy
patients. It remains to be known exactipw CD23 transports IgE Ab across the airway
epithelial cell monolayers.

It is possible that expression ofdRd in airway epithelial cells may result in IgE
transcytosis. To exclude this possibility we performed RT-PCR analydisefo
expression of the alpha chain ofeR¢. Our results showed that airway epithelial cells
failed to express ERI (data not shown) at 35 cycles of PCR amplifying condiflan.

show whether IgE transcytosis is dependent on the expression of CD23 in Calu-3 cells,
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two experiments were performed. First, IgE incubation with soluble CD23 (sCD23)
significantly inhibited the amount of IgE transcytosed (Fig. 2.3E). Second, eithalwpi

or basolaterally-applied CD23 specific Ab IDEC152.(Yml) significantly inhibited the
transcytosis of IgE from the apical to basolateral (Fig. 2.3F) or vice (gatanot

shown). IDEC-152 mAb is anti-human CD23 mAb (IgG1) consisting of primate
(cynomolgus macaque) variable regions and human constant regions, for this reason, we
did not include an isotype-matched IgG1 mAb as a control. IDEC-152 has been shown to
block synthesis of IgE from human B cells in vitro (201). The protein concentrations for
block were previously determined in a serial dilution. Both experiments demeddtrat
specificity of CD23-mediated IgE transport in Calu-3 cells. We furthienetk the role of
endosomal trafficking in CD23-mediated IgE transcytosis. Calu-3 celitgvwere

incubated with or without bafilomycin Al (Oimol), which interferes with the

intracellular trafficking by inhibiting endosome acidification as showmangcytosis of

IgE or IgG in intestinal epithelial cells (145, 177). As shown in Fig. 2.3G, bafileamyci
significantly inhibited apical to basolateral IgE transcytosis althoimghs unable to
completely block CD23-mediated IgE transcytosis. As an internal control, the

bafilomycin completely blocked IgG transcytosis across Calu-3 monolalet ve in
agreement with the previous finding (Fig. 2.3H) (177). Hence, we conclude that IgE
entering both apically- and basolaterally-directed transcytotic pgthivdung epithelial

cells is dependent on CD23 expression.

CD23 transcytoses | gE-derived immune complexes across polarized Calu-3 cells.
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Previous studies have shown that IgE is frequently present in the mucosal
secretions of airway tract and its level can be enhanced in human patientghmita as
(207, 209). Transferring of the intact allergen molecule across the airwayliapithe
barrier may be an important event in priming a host for an allergen and subsequent
exposure of same allergen leads to the development of allergic inflammation. CD23
mediated IgE transport across the polarized Calu-3 epithelial cells sugtiegen-
specific IgE may also capture airborne allergen and form imeamelexes in the lumen
of airway tract. Therefore, we further examined whether CD23 could feeilita
transepithelial transcytosis of IgE-derived immune complex across3Jahlnolayers.

We used chimeric IgE that consists of mouse Fab directed against 4-hydroxy-3
nitrophenylacetyl hapten (NP) molecules and human Fc fragment. Chimegangkell
bind to human CD23 as previously demonstrated (145). Immune complex was formed by
incubating the chimeric IgE with NP-BSA at 37°C. Transcytosis of immune cregle
across polarized Calu-3 epithelial cells was examined from the apicer{hl) to
basolateral direction to mimic the in vivo shown in Fig. 2.4A, the apically applied Ig
NP-BSA complex was transported after 2 hr in the basolateral directiossacalu-3
monolayer at 37°C incubation (lane 4), as assessed by blotting of NP antigenelmmun
complex incubated at 4°C (Fig. 2.4A, lane 2) condition where the airway epithéifial ce
are usually exposed to the inhaled antigens. As or NP-BSA antigen alone (Figa2elA
3) was not transcytosed across polarized Calu-3 cells. The chimeric IgEnmthae

complex was also detected at 37°C, but not at 4°C, by ELISA (Fig. 2.4B). Furthermore,
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Figure 2.3 CD23 transcytoses human IgE in Calu-3 cells.

(A). Immunofluorecence staining of CD23 expression. Cells were grown on alaimsert, fixed and permeabilized in 0.1%
Triton X-100. Subsequently, the cells were incubated with mouse anti-CD23 EBVCSIlgreab)(and ZO-1 (red), followed
by staining with Alexa flour 488 or 555 conjugated secondary Ab. The nucleus wad stainBAPI. The XY (top) or XZ
(bottom) sections are taken.

(B). Colocalization of CD23 and IgE in Calu-3 cell lin€alu-3 cells were grown on transwell inserts. The cells were
allowed to get polarized and the human IgE (nol/L) was added to apical chamber and incubated at 37°C for 30 min.
Cells were stained by anti-CD23 EBVCS1 mAb and anti-human IgE Ab, followed kg Ataur 488 or 555 conjugated

lgG. CD23 (green) and IgE (red) were visualized by confocal microscopeehond indicates the colocalization.

(C). Calu-3 cells (1 x 1ml) were grown on 0.4m pore size transwell inserts. The cells were allowed to get polarized and
the transcytosis assay was performed when the TER value reached460e386Q/cn?. The human IgE (0.5mol/L) was
added either to apical or basolateral chamber and incubated at 37°C for 2 hr. Faghgiekranscytosis, the Calu-3 cells in
individual inserts were incubated at 4°C for 2 hrs. The IgE was subsequently addemsnddsis assay was performed for
additional 2 hrs at 4°C. The medium from opposite chamber was collected, concentratetteshtbbdetect IgE heavy chain.
A: apical; B: basolateral.

(D) Effect of IgE concentration on the transcytosis. Human IgE at indicated catimergwere applied to the apical (75-2500
ng/250ul) or basolateral (150-5000 ng/5Q0 chamber and incubated at 37°C for 2 hr. Protein L beads were used to
specifically bind to the transported IgE Ab during transcytosis. The supas&tam the opposite chamber were collected at
the end of 2 hr. The protein L beads were pull down, IgE was eluted and total IgE asaseddoy ELISA.

(E + F). Effect of soluble CD23 (sCD23) or IDEC152 mAb on IgE transcytosis in Calu-3 eillsan IgE was preincubated
with sCD23 (E) and IDEC152 mAb was added to the transwell at 4°C for 1 hr (F) befdienaoidigE to the transwell at
37°C. The protein concentrations of either sCD23 or mAb were optimized in a pilot exmefimanscytosis of human IgE at
4°C (lane 1) and 37°C (lane 3) without sCD23 or IDEC152 mAb was used as control. Supernatiduat dmposite transwell
was sampled 2 hr later. Total IgE was measured by ELISA. Mean + SCeefdkperiments is shown.

(G + H). Calu-3 cells were incubated in the presence or absence of bafilomycin AM)).dnd basolaterally directed
transport of IgE and 1gG was measured after 2 hr incubation. TranscytoségHotals measured by ELISA,; total IgG was
measured in a Western blot. Results were representative of three indixppeiahnents. A: apical; B: basolateral.
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the immune complexes transcytosed across Calu-3 monolayer were detsittabl80
min after transcytosis initiation (Fig. 2.4C, lane 3). The transcytosismbima
complexes was also decreased when the apically applied immune complexes wer
serially diluted (Fig. 2.4D, lane 3-4); however, non-linearity was detectactéerithe
applied immune complex and the transcytosis efficiency in the assay.

To further show whether this transport is dependent on CD23, two experiments
were performed. Firstye examined the influence of SCD23 on transcytosis of NP-BSA
antigens in the presence of IgE. The incubation of soluble sCD23 with the immune
complex before adding it to the Calu-3 monolayer significantly reduced theyttasis
of NP-BSA antigen in a sCD23 protein concentration (1@@@l) dependent manner
(Fig. 2.4E, lane 4 & 5) in comparison with untreated immune complex at 37°C (Fig. 2.4E,
lane 3). This suggests that sCD23 renders the immune complex unavailable for
membrane CD23 on the Calu-3 monolayer. Second, we determined that theadssscy
of the immune complex was significantly reduced by CD23-specific IgEDEC 152
(Fig. 2.4F, lanes 3 & 4). In a parallel experiment, IgE in immune complex s@s al

significantly reduced (Fig. 2.4G).

IL-4 enhances the transcytosis of IgE or immune complex in polarized Calu-3 cells.

IL-4 treatment enhanced CD23b expression in the airway epithelial cells (Fig.
2.2). We further examined whether IL-4 treatment stimulates the transoyt@sther
IgE or immune complexes across the Calu-3 epithelial cells. To showftg die
polarized Calu-3 monolayers were treated with or without IL-4 (20 ng/ml) expos

before either IgE or immune complex was added. As shown in Figure 2.5A and 2.5B, the
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Figure 2.4 Transepithelial transport of immune complex in Calu-3 cells. Calu-3 cells (1 x 10ml) were grown on 0.4m
pore size transwell filters. The cells were allowed to get polarized artdhtiscytosis was performed when the TER value
reached at least 450-900cn?. The immune complex was formed by incubating chimeric anti-NP Igrg#8l) with NP-
BSA (10pug/ml) at 37°C for 45 min. A: apical; B: basolateral; STD: standard; ICuinencomplex.

(A+B). Transcytosis of immune complex (IC) in the Calu-3 cell lifbe NP-BSA Ag alone (lane 3) or IgE-NP-BSA immune
complex (lanes 2 & 4) was added to the apical chamber for incubation at 4°C (lane 2) ¢ar838G & 4) for 2 hr. The media
from the basolateral chamber were collected and concentrated for dgietiBSA Ag in a Western blot (A) or total IgE in
an ELISA (B).

(C+D). Effect of incubation time or concentration of the immune complex on the transclytosisne complex was added to
the apical chamber at different time (C) or serially diluted with nomeium (D), and then incubated at 4°C (lane 2) or 37°C
(C, lanes 3-5) or 37°C (D, lanes 3-4) to allow transcytosis as indicated. The memiuthd basolateral chamber was
collected, concentrated, and blotted for detection of NP-BSA antigen.

(E). Effect of soluble CD23 (sCD23) on the transcytosis of immune compiteximmune complex was preincubated with
sCD23 at indicated concentration before addition to the apical chamber. Then, the icompiexes were incubated at 4°C
(lane 2) or 37°C (lanes 3-6) for 2 hr to allow transcytosis. Supernatant from thedrsatolember was sampled and blotted
for NP antigen (E). The graph (Bgttom panel) represents the densitometry analysis of NP-BSA bands obtained from the
transcytosed immune complex treated with (lanes 4-6) or without (lane 3) SGDBR&proteins. Results were representative
of three individual experiments. *P<0.05, **P<0.01.

(F+G). Effect of CD23 specific Ab on the transcytosis of immune com@®23-specific IDEC152 mAb at indicated
concentration was incubated with Calu-3 cells at 4°C for 1 hr before the additmmohe complex to the apical chamber.
Then, the immune complexes were incubated at 4°C (lane 2) or 37°C (lanes 3-5) forl@WwrtteedC transcytosis.
Supernatant from the basolateral chamber was sampled and measured fog&iPimat\Western blot (F) or total IgE in an
ELISA (G). The graph (Fhottom panel) represents the densitometry analysis of NP-BSA bands obtained from the
transcytosed immune complex with samples treated with (F, lanes 3-&houtF, lane 5) IDEC152 Ab. Results were
representative of three individual experiments. *P<0.05.
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transcytosis of human IgE was significantly enhanced in both apical to baddktera
2.5A) and basolateral to apical (Fig. 2.5B) directions with IL-4 exposure at 37°C in
comparison with that of mock-treated cells. Kinetics of IgE transcytasis tine apical

to basolateral direction in Calu-3 monolayer were shown in Fig. li5&similar way,

the transcytosis of IgE immune complex was also significantly enhancedpregence
IL-4 stimulation at 37°C in comparison with that of mock-treated cells (Fig. 21512)
amount of IgE immune complex transported also exhibited a time course dependent
manner (Fig. 2.5E). In addition, the immune complex was barely detectable whe® Ca
monolayers were incubated at 4°C (Fig. 2.5D, lane 2) suggesting Calu-3 cells under 24 hr
exposure of IL-4 stimulation did not significantly alter the transepithedgbtance.

Taken together, IL4 treatment increased the transcytosis of both IgE and immune

complex across Calu-3 cells.

Primary human tracheal and bronchial epithelial cells can transcytose both 1gE and
immune complex.

To further verify the transcytosis results of either IgE or immune comapliex
human Calu-3 cell lines, we used commercially available primary humanarache
bronchial epithelial tissues which were originally obtained from a human donor. Human
tracheal/bronchial cell cultures (EpiAirwaytissues, AIR-100-SNAP) closely resemble
in-vivo conditions of human tracheal/bronchial cells. As the first step, CD23b, but not
CD23a, expressions were verified by RT-PCR amplification with CD23 spedifiers

(Fig. 2.6A), Western blot (Fig. 2.6B) and immunoflouresence staining (Fig. 2f6C,
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Figure 2.5 Effect of 1L-4 treatment on transcytosis of IgE and immune complex in the polarized Calu-3 célls. Calu-3

cells (1 x 16/ml) were grown on 0.4m pore size transwell filters. The cells were allowed to get polarized and the
transcytosis was performed when the TER value reached at least 480e8@0Calu-3 cells were treated with or without 1L4
(20 ng/ml) for 24 hr. A: Apical; B: Basolateral.

(A+B). Human IgE (0.5umol/L) was added into the apical (A) or basolateral (B) chamber to abbmsdytosis for 2 hr at 4°C
(lane 2) and 37°C with or without IL-4 treatment (lanes 3 & 4). Supernatant from thetembasnber was sampled,
concentrated and blotted for IgE. The relative integrated band intensitied@k ttranscytosed across the Calu-3 monolayer
from the top panel were calculated by densitometry analysitom panels).

C. Kinetics of IgE transcytosis in lung Calu-3 monolay¢uman IgE was added to the apical chamber of polarized Calu-3
epithelial cells that were pretreated with (open circle) or without (&elid circle) for 24 hr and incubated at 37°C for
additional 2 hr at indicated time points. The medium from the basolateral chamhmgieied and concentrated for
measuring total IgE by ELISA.

(D+E). IgE derived immune complex was added into the apical chamber to allow traisstoyt@shr at 4°C (lane 2) and 37°C
in the presence or absence of IL-4 treatment (D, lanes 3 & 4). In panel E, Calu-3ymewiere treated with IL-4 in
indicated time (E, lanes 3-5). Supernatant from the basolateral chambemydsdand blotted for NP-BSA antigen. The
relative integrated band intensities of the immune complex transcytossd gdoe Calu-3 monolayer from the top panel were
analyzed by densitometripdttom panels). The image in panel E was processed by Photoshop

55



panel) with EBVCS1 mAb in these primary human epithelial cells. The specificitiyeof
staining was confirmed with isotype matched IgG control (Fig. 2.@@t panel). CD23
expression was up-regulated in the primary human tracheal bronchial epaakdiah
response to IL4 treatment (data not showvien human IgE was loaded onto either
apical or basolateral chambers, these human primary tracheal-brondhieli@gissues
were capable of transcytosing IgE from either the apical to basolatehnal loagolateral

to apical directions (Figs. 2.6D+2.6E). IgE Ab failed to be detected in both directions
when tissues were incubated at 4°C. In addition, chicken IgY closely resdmbiaa

IgE in structure (221) was not transcytosed in both directions (Figs. 2.6D+2.6E)
demonstrating that the human IgE detected in transcytosis assay was ifie spec
transport, but not passively diffused through paracellular pathway or due to leakiness
model tissue. To further show whether the primary human tracheal and bronchial
epithelial cells can also transcytose immune complex, we incubated étisseith IgE
derived immune complex in the apical chamber for 2 hr. As shown in Fig. 2.6F, antigen-
IgE complexes were transcytosed from the apical-to-basal at 37°C, but not as4°C
detected by Western blotting of NP-BSA antigens. Antigen NP-BSA alone was
undetectable in transcytosis by primary human tracheal and bronchial epitbb

further demonstrating the specificity of IgE-CD23 mediated transcytgevall, all

these evidences strongly indicate that IgE or immune complex can entangwytotic

pathways in primary human airway epithelial cells.
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Figure 2.6 The primary human tracheal bronchial epithelial tissue transcytoses |gE and immune complex. All protein
samplesvere separated on 12% SDS-PAGE gel under reducing condition, proteins trdrtsfeiteocellulose membrane,
blotted with protein specific antibody, and followed by HRP conjugated seconddgdntirhe blot was visualized by ECL
method.

(A) The primary normal human tracheal bronchial epithelial cells (TBEC,18y-expressed CD23b but not CD23a mRNA.
Total RNA was extracted by TRIzol reagent from primary epitheliéd teat were grown in transwell inserts consists of
TBEC forming highly differentiated and pseudo-stratified polarized eptitedsue. The purified RNA was subjected to one
step RT-PCR with CD23 specific primers. The PCR products were electreptiane 1.5% agaorse gel and DNA stained and
identified with ethidium bromide. U937 cells (lane 2) were used as a positive cti@,ch negative control without RNA
template in RT-PCR reactioGAPDH was used as internal control.

(B) CD23 protein was expressed in AIR-100 cells. The cell lysategsgpom Calu-3 (lane 1), 293TCD23bHA (lane 2) and
human tracheal bronchial epithelial cells (TBEC) (lane 3)

were subjected in a Western blot by blotting with mouse anti-CD23 EBVCS1 mADb.

(C) Immunofluorecence staining of TBEC cells. The TBEC cells were retnoom cultivated inserts by EDTA and allowed
to grow on glass coverslips overnight, fixed with gésa-formaldehyde and permeabilized in 0.1% Triton X-100.
Subsequently, the cells were incubated with goat serum for blocking anti-hun2Z8 EBYCS1 mADb, followed by staining
with an Alexa flour 488-conjugated goat-anti mouse Ab. The cells were also stédiheohusotype-matched mouse IgG1 as
negative controlr{ght panel). The nucleus was stained with DAPI and photographed through a fluorescenceapieros
(D+E). IgE transcytosis in primary TBE®olarized AIR-100 tissue from human donors grown on cell culture inserts was
used. The cells were allowed to get polarized. The humardfyipgnel) or chicken IgY (ight panel) (0.5umol/L) was added
to either the apical (D) or basolateral (E) chamber and incubated at 37%C3l&rt or 4°C (lane 2) for 2 hr. The medium
from opposite chambers was collected, concentrated and blotted to detect IgkheaWyYthain in a Western blot. A:
Apical; B: Basolateral. The image in Figure 6D was processed by the Photoshop.

(F) Transcytosis of immune complex in primary TBHBEC cells were grown on transwell filters. The cells were allotwed
get polarized. The NP-BSA antigen alone (lane 3) or immune complex (lanes a&4)dded to the apical chambers and
incubated at 37°C or 4°C for 2 hr. The medium from the basolateral chamber wasd;alteutentrated, and blotted for NP to
detect NP-BSA Ag in a Western blot. STD: standard; IC: immune complex.
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CD23-mediated transcytosis of immune complex induces human mast cell
degranulation.

IgE mediated hypersensitivity reactions are mediated by antigestlorkmg
of IgE antibodies bound to its high affinity receptorgRD) on immune cells, such as
mast cells (1, 206). Because mast cells reside in close proximity to ajpitiaglial cells
in the respiratory tract, we tested the ability of transcytosed antgfeicemplexes to
trigger the degranulation in human mast cells. To mimic the natural conditiontwesdul
LAD2 cells (1 X 16/ml) in basolateral chambers when Calu-3 cells were grown in the
transwell inserts. The LAD2, is an human mast cell analogue that can be tetthtala
degranulate in an IgE-dependent manner (222). The supernatant from the basolateral
chamber was obtained 3 hr later after apical addition of the immune complexadgE, a
antigen alone. Although mast cell degranulation occurs rapidly, the supesaatgied
3 hr after addition of the immune complex ensured enough antigens to be transported in
the experiment. The degranulation of LAD2 cells were assessed by bothergptiis
hexosaminidase assays. As shown in Fig. 2.7A, as a positive control, direct incubation of
LAD2 mast cells with immune complex induced high levels of mast cell degramulati
Also, LAD2 cells exhibited significant degranulation which was triggerethéy
transcytosed immune complex in comparison with that of IgE or antigen alone m eithe
tryptase of}-hexosaminidase analyses. When LAD?2 cells were primed with NP specific
IgE prior to addition of the transcytosed immune complex, the level of degranulation was
significantly enhanced in comparison with that of LAD2 cells primed with emtigpn-
specific IgE Ab (Fig. 2.7A). The degranulation was also demonstrated by the

immunofluorescence staining of tryptase in LAD2 cells; the intensity pfasg staining
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was greatly reduced in the presence of the transcytosed immune compleyparisom

with IgE or antigen alone (Fig. 2.7B). However, it would be informative to use anrantige
without multiple identical epitopes in degranulation assay. Therefore, IgiSeelérom

the airway epithelial cells together with the antigen in an immune congiexi$

capable of activating effector mast cells.

DISCUSSION

The early inflammatory response during allergic rhinitis and asthnramgkt
associated with inhaled allergens cross-linking specific IgE on the swfawcast cells,
leading to their activation and release of primary inflammatory nadig202, 223). The
late phase reaction is characterized by recruitment, activation and tiskcegion of
leukocyte populations, including lymphocytes, eosinophiles, basophiles, and neutrophiles
(1, 202). Antibody-antigen interaction in the airway drives early granulooyteitrment
(224). Recently basophiles were also found to function as antigen-presentingrcatls f
allergen-induced Th 2 response (225). Therefore, one of the major roles of the airwa
epithelium is to act as a barrier to restrict the antigens and other potemielbyis
materialfrom penetrating into the mucosa laminar propria of the airway. It has been
known that some allergens with protease character penetrate mucosa orcdsaildriti
directly sample the inhaled antigens from the respiratory lumen (226). Heozimeethat
CD23 is capable of transport of IgE and the immune complex across polarized human
airway epithelial monolayer.

CD23 expression has been shown in many immune cells. In this study, we have

systemically demonstrated that the constitutive expression of human CD23 ini@pithel

60



»

0D 405 readout

0.35

0.25

0.20

Tryptase Assay
*P = 005
+

=

0D 405 readout

08

0.6 -
0.4 -
0.2 1

0.0

p-Hexosaminidase Assay

*P =001

*+P< 0001

**

+

61

=
=
=
o
=1

ur
=2
-+

=]

1.0
0.8
0.6
0.4
0.2
0.0

degranulation

Plasma cell

Tryptase Assay

*P < 005

+

IC Conixol




Figure 2.7 Immune complex transported by CD23 in polarized Calu-3 cellsfacilitated mast cell degranulation.

A. Effect of transcytosis of the immune complex on degranulation of mastGalis3 cells (1 x 10ml) were grown on 0.4
um pore size inserts. The cells were allowed to get polarized. The immune xesnpkre made by incubating chimeric anti-
NP IgE with NP-BSA. Supernatants from the basolateral chamber containshgetid AD2 (1 X 10/ml) were sampled 3 hr
later after addition of IgE, NP-BSA (Ag), immune complex (IC) to the apical bkann a 96 well plate, the transcytosed
immune complexes were also incubated with LAD2 cells that were primed witithoutNP specific IgE or non specific IgE
(right panel). The tryptasel éft panel) or B-hexosaminidaseniddie panel) activity in the supernatant was measured as
described in Materials and Methods. Medium was used as a negative control (mdaR)miaat cells (1 X 1Wml) that were
directly incubated with the immune complex were used as a positive controlni©lo

B. Representative immunofluorecence staining of LAD2 mast cell for tryptasession during degranulation. LAD2 cells
from the above experiments (A) were fixed and permeabilized in 0.1% Triton X-100. Sutibedhe cells were incubated
with affinity-purified mouse anti-tryptase mAb (green), followed byrsitey with an Alexa flour 488-conjugated rabbit anti-
mouse Ab. The nucleus was stained with DAPI (blue). Experimental conditions@egelisin the top.

C. Schematic description of mast cell degranulation by transcytosed immunegomaltranscytosis model. IgE from
mucosal plasma cells or from the blood are transported by CD23 into the airway Wpos meeting with airborne allergens,
the immune complexes (IC) are formed. CD23 acts as a bidirectional IgE ttensyak facilitates apical (luminal)-to-basal
transport of IgE-allergen complexes. At the subepithelial side, airborngesiteor the immune complexes engage witRIFc
on the surface of mast cell, to trigger release of mast cell mediators.
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cell lines derived from the nose, trachea, and lung (Fig. 2.1). We were not abldrio obta
respiratory biopsy samples and therefore examined a model tissue as a meaiswesy of
CD23 expression. The association between CD23 and IgE was also demonstrated in a
CD23 dependent IgE uptake assay in the human airway Calu-3 cells proving that CD23 is
structurally intact in this cell type. Therefore, our results support and exiepdevious
finding that CD23 is constitutively expressed in human intestinal epithellal(¢40,

145). We further found that human airway epithelial cells expressed CD23b, but not
CD23a, mRNA (Fig. 2.1). The absence of CD23a protein expression by airwasfiapith
cells may indicate lack of constitutive expression, but it may also be due to ¢énea@lo$

a required growth factor in cell culture media. Our study does not rule out eapress
CD23a in intact tissues in vivo. Clearly, in situ hybridization studies are egdées
conclusive evidence regarding CD23 isoforms expressed by specific celirtypes.

The expression of isoform specific CD23 mRNA in human intestinal epithelial cel
remains controversial (144, 145). It is possible that cells grown in non-polarized or
polarized conditions might affect the expression of CD23 isoform in polarized egditheli
cells (143). Interestingly, intracellular expression of CD23 inayrepithelial cells

suggests CD23 functions as an intracellular receptor for IgE.

CD23 transports human IgE in polarized airway epithelial monolayer. The
function of CD23 has been most extensively studied on B cells, where it is involved in
IgE-mediated antigen capture and facilitated presentation to T cells or imgolalgE
homeostasis (77, 130)here is a paucity of information on the link between engagement
of CD23 on the airway epithelial cells and the functional outcome. In airway legithe

cells, CD23orotein was visualized on both the apical and basolateral membrane
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suggesting that Igkay be transported in both directions across the epithelium (Fig.
2.3A). In fact, we demonstrated that human lung epithelial cell Calu-3 cell line
transcytosed the exogenously applied IgE which occurred in both apical-to+iésal a
basal-to-apical directions (Fig. 2.3C). Most importantly, human IgE was traegport
bidirectionally at concentrations representing at both physiological ardyttonditions
(Fig. 2.3D). In our studies, IgE was clearly released after transswiblsough we did not
determine the relative quantity of free IgE against that which remaingatesbwith its
receptor. To confirm the specific transport, we conducted additional expesiasng
either soluble CD23 or CD23 specific Ab. We showed that either of them was able to
significantly decrease IgE transport across the Calu-3 cell monokige®(3). These
results, taken together with the temperature sensitivity of IgE transporti@mxidence
that the transepithelial transport of IgE is mediated by the CD23 expragbedairway
epithelial cells. The IgE transport in airway epithelial cells wasglgrgensitive to
bafilomycin, suggesting the transcytosis occurs also through endosome. Both IgA and
IgG transcytosis by the polymeric immunoglobulin receptor (plgR) and FcRralsve
been shown to be sensitive to agents that interfere with pH gradients (150, 177). In
contrast to FcRn-mediated IgG and plgR-mediated IgA transcytosis, ineoralear
how CD23 releases IgE at cell surface after transcytosis. Although theelhtiar
trafficking mechanism of CD23 has just begun to be explored, the similar abiiip23
and FcRn to mediate bidirectional transcytosis suggests possible siesilaritheir
transport mechanism.

CD23 transports IgE-derived immune complex across the airway epithelial

barrier.The evidence of the airway epithelial cells transporting the IgE sisipest
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when a host inhales allergen, it may combine with the allergen specificdgénpion the
lumen or cell surface to form immune complexes and it can then be transcytosed across
the airway epithelial barrier. To mimic the natural condition, we perfotimed

transcytosis of immune complex from the apical to basolateral direction and faind t
Calu-3 monolayer efficiently transcytosed the immune complex, but not antigen alon
(Figs. 2.4A & 2.4B). In confirmation of the specificity of CD23 in transepitheh#iban
transport, SCD23 or CD23 specific Ab blocked antigen uptake and transport of antigen in
a concentration-dependent manner (Fig. 2.4). Furthermore, primary humandmssdes
also transcytose IgE or immune complex (Fig. 2.6). This is, however, not s\gmigen

the fact that CD23 has been described previously as mediating endocytosisuaeimm
complex in B cells (119, 213, 227). However, several issues should be noticed. First, in
our experiment, an intact antigen was detected in the transport of the immunexcomple
This is consistent with the previous finding that CD23 mediated transepithelial
transcytosis of the immune complex diverts antigen from lysosomal degradation in
intestinal epithelial cells (145, 228). It is possible that by protecting anfiigen

degradation, CD23-mediated transcytosis of the immune complex may increasty quanti
of antigen delivered across the airway epithelium into the body. Second, the trafspor
the immune complex in the apical to basolateral direction was much more etfigent

that of IgE alone since we were able to easily detect the immune complex isayr as
The rationale for this discrepancy may be due to the sensitivity of detectibadador

NP antigens. Alternatively, immune complex bound to CD23 airway epitheliaicalls
cross-link CD23 molecule, initiate signaling cascade, and subsequently mesniiginced

transcytosis of the immune complex. Studies in human intestinal epithelaahae#
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already found that the immune complexes on the intestinal epithelial monolayers
preferentially activate MAPK signaling pathway and subsequent releakerokines
IL-8 and CCL20 (146, 147). Although the exact mechanisms of this antigen transport
system need to be further investigated, our results provide convincing evidence that
human airway cell lines and primary airway tissue can transcytosecliNed immune
complex, which is mediated by IgE and CD23. Therefore, CD23 can function as an
antigen-sampling mechanism by transporting intact allergen-IgE cregpéeEross

human airway epithelia.

What might be the clinical implication and significance of CD23 mediated IgE
and immune complex transport in human airway epithelial cells? Expression of CD23
and IgE level is enhanced in asthma patients (156, 165). CD23 is involved in regulating
IgE synthesis in B cells (125), developing extrinsic allergic alveofitedveolar
macrophages (164), and reacting to stimulations in airway smooth muscld gé#)ls (
Our study enlightens the role of CD23 in transepithelial transport of IgE andnm
complex which may have significant role in the development of airway allergi
inflammation. We speculate that this may be an important step in the aatglifiof
adaptive immune responses to allergen ingestion or may be a criticad gtepnitiation
of a local late-phase airway inflammatory response. $indas elevated in all allergic
conditions, our results have clearly demonstrated that airway epithdli@D23b
MRNA appeared to be IL-4 dependently up-regulated. The increased expression of
induced CD23 is most likely due to activation of the IL-4 enhancer element on the CD23
gene (219). More importantly, exposure of IL-4 up-regulated CD23 expression and

enhanced the transcytosis of either IgE or the immune complexes across tlzegbolari
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Calu-3 monolayer (Fig. 2.5). It should be noted IL-4 treatment did not lead to the
transport of immune complex at 4 °C, suggesting that IL-4 influences Igpdaraby
stimulating expression of CD23 rather than by inducing nonspecific increases in
permeability of the epithelial monolayer. Although we did not obtain respiratopgyi
samples from patients with IgE-mediated asthmatic allergies, Igemre in human
airway secretions of individuals with asthma has been documented. It is veryHikely
CD23 might enhance transport function on airway epithelial cells in asthn@tics.
discovery was in agreement with findings from IL-4 enhanced IgE and immune gomple
transcytosis in the intestinal epithelial cells (138, 144, 145). Transport of the immune
complex may lead to several immunological consequences in shaping the devgy a
First, binding to IgE/CD23 protects antigen from degradation during transepithelial
transport resulting in large quantities of allergens gaining access tortin@ laropria in

a short period. This allergen or immune complexes is available to activstteetis,
basophiles, through cross linkingeRt and initiate the hypersensitivity reaction. We
have shown that IgE-Ag complexes that were transcytosed across human airwa
epithelial cells triggered the degranulation of mast cells (Fig. 2.7A+2.7B)efDhey it is
conceivable that the degranulation subsequently leads to the release of various
inflammatory and lipid mediators contributing to airway perturbation and
hypersensitivity reactions. Second, the transport of the immune complexés may
accompanied by cytokine release from immune cells in the mucosa, which mayeenhanc
the expression of CD23 on the airway epithelial cell layer. Therefore, rpobuge to
immune complex could potentially enhance CD23 expression on the epitheliayeell la

by activating mucosal immune cells. Third, the transported immune complealsoaye
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delivered to antigen-presenting cells such as dendritic cells or basophpesdentation

to T cells. These cells can useeRtreceptor for capturing IgE complexed antigen. More
interestingly, the sensitization can increase uptake of specific antigan gredosomal
transcellular pathway across tracheal and jejunal epithelium (229, 230). Furtrigo-
formed IgE immune complexes, when administéineough the airways, are more potent
than antigen alone in induciagway inflammatory responses in mice previously
sensitizedvith the antigen (231). However, these studies did not reveal the CD23
dependent transport of the immune complex on airway epithelial cells. Theefore,
study may reveal a novel antigen transport or capture mechanism leadindleogan a
response to inhaled allergens in an atopy individual.

Although CD23 expression has been noted previously in intestinal epithelial cells,
to our knowledge, this is the first study to identify that CD23 expressed in humaiy airw
epithelial cells is a receptor involved in the binding and bidirectional transpgy of |
across polarized airway epithelial monolayers. Taken together, the resultedleahis
study demonstrate that CD23, expressed on human airway epithelial celds adis
directional IgE transporter, which is regulated by IL-4. Both directionsdiit with the
model that IgE produced within the body is transported to the apical membrarveagf a
epithelial cells and released into the lumen, resulting in binding inhaled alleligens
possible that free allergen can attach to IgE-CD23 complex too. CD23 fesibigical-
to basal transcytosis of functional IgE/antigen complexes, which are capatggerfing
underlying effector cells, such as mast cells for degranulation (FFi@).2Such activation
may provide feedback to the airway epithelium to signal cytokine or chemoléaseel

to support the influx of a new wave of inflammatory and adaptive immune cells into the
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airway mucosa. We, therefore, speculate that CD23 is a critical reaepiterinitiation

of allergic responses in human airway allergic inflammation. Besideselmgthese

basic mechanisms of CD23-mediated IgE and immune complex transport in humans, this
study also suggests that blocking CD23-mediated IgE transport is a pbtemigedrtant

target to interfere with allergen-induced respiratory symptoms.
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CHAPTER 3: CD23 MEDIATED TRANSCYTOSIS OF IGE AND IMMUNE
COMPLEX ACROSSTHE MOUSE RESPIRATORY TRACT AND ITSROLE IN

ALLERGY DEVELOPMENT

ABSTRACT

IgE is one of the major contributing factors for the development of allergic
diseases and its exact role in airway mucosal secretions remains.éeltg\yesence of
IgE in mast cells and basophils cross linked by the allergen and trigger the ofleas
variety of inflammatory mediators associated with allergic inflatom. We have
previously showed that human CD23 is capable of transporting IgE and immune complex
across the polarized respiratory epithelial cells, implying CD23 may piatical role in
initiating and contributing to the airway allergic inflammation. To verify thia mouse
model, we at first showed that mouse CD23 was expressed in airway epitglial ¢
Sensitization of Balb/c mice with allergen ovalbumin (OVA) augmented CD23
expression in airway epithelial cells. Transcytosis of OVA-spelgficacross mouse
airway was demonstrated bidirectionally from the apical to basolatetiaé basolateral
to apical and exhibited in a time- and dose-dependent manner. The OVA was also
detected by transcytosis across airway barrier when mice wenesisgiedly inoculated
with OVA immune complex. The CD23 mediated specific transport of either IgE or
immune complexes was further verified in a CD23 knockout mice. A further experiment
for showing the roles of epithelial CD23 in regulating the airway allenfil@mmation
by transporting allergens in an immune complex form is being investgatadOWA-

based allergy model in mice
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INTRODUCTION

Allergic diseases are one of the most common immunological disorders which
include allergic asthma, allergic rhinitis, food allergy, atopic datimaand anaphylaxis
affecting approximately 25% people in the developed world (202). The airwayi@ller
inflammation is commonly characterized by presence of eosinophils and CD4$ T ce
(232, 233). Allergen inhalations into patients with atopic asthma activate the Th2 type
CD4+ T cells and enhance cytokine expression of IL-4, I§ré&nulocyte-macrophage
colony-stimulating factor (GM-CSF) and eosinophil accumulation (233). The3eells
play an important role in the pathogenesis of allergic asthma (202). Airwagnm#ftion
is predominantly associated with IgE and characterized by the presetieegaina
specific IgE in the airway tract (1, 234), although IgE independent altegwlso been
documented (235). Local production of allergen specific IgE by class switch itsB ce
leads to IgE appearance in the airway secretion (236, 237). Allergen sfggeifimds
high affinity receptor for IgE (FRI) on the mast cells, eosinophils and basophils and
plays a very important role in the pathogenesis of airway allergic infédiom Allergen
cross-linking of surface IgE leads to cell degranulation and the reléaagous allergic
mediators (1, 202, 237). These include proteases, biogenic amines, prostaglandins,
leukotrienes, etc. and acts on the local tissue like epithelial and smooth muscle cel
(202). In order for inhaled allergens to interact with immune cells, allefgeresto
access and activate the immune cells in the lamina propria of the aiasay-Htowever,
the epithelial cells lining the airway form a mucosal barrier by fagrtighht junctions
between the adjacent cells. Hence macromolecules, like inhaled alldrgeaso first

cross the mucosal barrier by a process called transcytosis to triggdethg.

71



CD23, a receptor for IgE is the only Fc receptor that belongs to a C-tyjpe le
family consisting of three lectin head domain in the C-terminal that can bin# to Ig
followed by a triplen—helical coiled-colil stalk region, transmembrane and short
cytoplasmic tail domain (1). CD23 binds IgE with a dual affinity, a low affifity= 10°
-10"M™) in the monomeric state and high affinity to IgE &L -10°M™) in a trimeric
form (1, 63, 64). CD23 is susceptible to proteolytic cleavage by enzymes like ADAM
and house dust mite protease der pl at the stalk region, which is responsible fogreleas
various soluble CD23 (104, 105, 109). Soluble CD23 has multiple functions involved in
IgE homeostasis and various cytokine like activities (12, 63, 64). CD23 exists as two
isoforms, CD23a and CD23bhey have different transcription initiation sites and differ
only in the N-terminal cytoplasmic region by 6-7 amino acids (76, 77). In humans, the
isoform CD23a is expressed only in the B lymphocytes while CD23b is expressed in
variety of cells like monocytes, eosinophils, langerhans, respiratory and iftestina
epithelial cells (77, 144, 145, 238). In mice, CD23 is expressed in B cells, follicular
dendritic cells, and intestinal epithelial cells (58, 80, 81, 140-142). CD23 functions in
enhancing IgE-specific antigen processing and presentation in the form arfitigen
complexes (117-120), regulation of IgE production (63, 64, 125, 126, 128), and
influencing cell differentiation, survival and growth of B- and T-cells andlonye
precursors (131, 133-135). Several studies showed that human and murine intestinal
epithelial cells express CD23 receptors and are capable of transpaherdge or IgE-
allergen immune complex across the polarized epithelial cells (140-142, 144, 145).

Recently, we showed that human respiratory epithelial cells express CDR3 and

4 enhanced the expression of CD23 and transport of IgE and IgE derived immune
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complexes (238). Furthermore, CD23 enhanced intestinal transepitheliahainéigsport
in a sensitized allergic rat and mouse model (140-142). All of these experstrenty
showed a role for CD23 in aiding allergy by enhanced IgE or antigen transpost theros
polarized epithelial cells lining the mucosal surfaces. However, the expre$<D23
and its function in murine respiratory tract remain elusive. Here we showe@DB&

was expressed in mouse respiratory tract and was capable of transportindgBarse

IgE-derived immune complexes.

MATERIALSAND METHODS
Antibodies, mice, cells and reagents. The murine lung epithelial cell line LA4 was
purchased from the American Type Culture Collection (ATCC, Manassas, Yia)xdils
were cultured in Ham's F12K complete medium containing 15 % FBS, 1% L-ghgtami
non-essential amino acids, 100 U/ml penicillin and A@0nl streptomycin. The cells
were grown in a humidified atmosphere at 37°C containing 5% CBicken ovalbumin
(OVA, Grade V), was purchased from Sigma Aldrich (St. Louis, MO). Therauntne
CD23 antibody-secreting hybridoma B3B4, rabbit anti-murine CD23 antibody, CD23
knockout (KO) mouse onBalb/c background were kind gifts from Dr. Daniel Conrad
(Virginia Commonwealth University School of Medicine, VA). Six- to eight-wekk
inbred femaldBalb/c mice were purchased from the National Cancer Institute (Frederick,
MD).

Mouse anti-OVA IgE was purchased from Bio X-cell (West Lebanon, NH).
Rabbit anti-mouse IgE-HRP, normal rabbit IgG, mouse anti-chicken OVA mAb and

FITC-conjugated pan anti-cytokeratin mAb were purchased from SigmeciA(®t
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Louis, Mo). Mouse antg-tubulin antibody was purchased from Developmental Studies
Hybridoma Bank (The University of lowa, lowa City, 1A). Rabbit anti-molgge HRP
conjugated antibody was obtained from Pierce (Rockford, IL). FITC- conjugated
polyclonal goat anti-mouse IgE and normal goat anti-mouse IgE antibadyol&ined
from Novus Biologicals (Littleton, CO). Alexa fluor 555 conjugated Goat aibidit or
anti-mouse IgG and Alexa fluor 633-conjugated goat anti-rabbit IgG were pedchas
from Invitrogen. HRP conjugated bovine anti-goat IgG antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). FITC conjugated rat anti-mouge B3B
mADb and rat anti-mouse CD16/CD32 antibody were obtained from BD Pharmingen (San
Diego, CA). APC conjugated rat anti-mouse CD45R (B220) and FITC conjugated
isotype rat lgG2a antibody were obtained from Caltag laboratoriesnBatielled mouse
anti-OVA IgE antibody was generated by EZ-Link Sulfo-NHS-LC-Bi¢Pierce,
Rockford, IL) following manufacturer’s instruction. Recombinant murine ka4 from
R&D Systems (Minneapolis, MN). Proteinase inhibitor cocktail was purdiasen

Calbiochem (San Diego, CA).

RT-PCR. Semi-quantitative RT-PCR was performed on total RNA extracted from lung
epithelial cell line LA4 as previously described (238). Total RNA walsiisd from 2 x
10°/ml LA4 cells either mock stimulated or stimulated with murine IL-4 (2@nhgdsing
TRIzol reagents (Invitrogen) according to the manufacturer’s instructions-step RT-
PCR kit (Qiagen) was used to perform semi-quantitative RT-PCR. Negatntrol was
performed without addition of RNA templat@rimers used for amplification of murine

CD23a, CD23b (142) and murine CD23blacking exon 5 (143) were described
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previously. Primers used for the amplification of gylceraldehyde-3-phosphate
dehydrogenas€GAPDH) were GAPDH-F 5’-ACC CAG AAG ACT GTG GAT GG -3’

and GAPDH-R 5’-CAC ATT GGG GGT AGG AAC AC-3'. Amplification of CD23

MRNA and GAPDH were performed with 450 ng of total RNR@Aul volume. One step
RT-PCR amplification cycle consisted of reverse transcription at 50°C forr80mitial

PCR activation at 95°C for 15 min, followed by PCR cycle of denaturation at 94°C for 1
min, annealing at 60°C for 1 min, extension at 72°C for 2 min for 40 cycles and final
extension at 72°C for 10 min. Annealing temperature for GAPDH was 55°C for 1 min and
the rest of the amplification conditions are same. RT-PCR productamadyzed by
resolving on 1.5 % agarose gel and DNA visualized by ethidium bromide staining. Semi-
guantitative analysis of CD23 band intensities of RT-PCR products normalized toHGAPD

values were analyzed by densitometry using Adobe Photoshop.

Genotyping of CD23 knockout (KO) mice. Genotyping of the CD23KO mice dalb/c
background was performed with genomic DNA isolated from mouse tail using Puregene
DNA isolation kit (Qiagen) following manufacturer’s protocol. Primers usedédantyping

were previously described (239). PCR amplification cycle consisted of ir@RI

activation at 94°C for 3 min, followed by PCR cycle of denaturation at 94°C for 30 sec,
annealing at 63°C for 1 min, extension at 72°C for 2 min for 35 cycles and final extension at
72°C for 10 min. PCR products wexealyzed by resolving on 1.5 % agarose gel and DNA

bands were visualized by ethidium bromide staining.
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SDS-PAGE and Western blotting. SDS-PAGE and Western blot were performed as
described previously (238). Protein concentrations of cell lysates were ithete oy

Bradford method. The cell lysates were resolved on 12% SDS-PAGE gel eleasiphor
under reducing conditions. Proteins were transferred onto a nitrocellulose membra
(Schleicher & Schuell) and the membrane was blocked with 5% skim milk in PBS. The
membranes were probed separately with rat anti-murine CD23 mAb B3B4 or murine
anti-B-tubulin antibody for 1 hr at room temperature or overnight at 4°C and then
incubated with HRP-conjugated rabbit anti mouse antibody. All blocking, incubation, and
washing procedures were performed in PBST solution (PBS and 0.05% Tween 20).

Proteins were visualized using ECL method (Pierce).

Preparation of primary bronchoalveolar and tracheal epithelial cells. The
bronchoalveolaepithelial cells were isolated as previously descr{2d®). The tracheal
epithelial cells were isolated by following the procedures as dedquilegiously (241).
Briefly, the bronchoalveolaand tracheal epithelial cells were isolated by enzymatic
digestion of lung with dispase (2.4 units/ml in DMEM) and trachea with pronase (1.5
mg/ml in Ham's F-12 pen-strep) and the remaining procedures were npeifas

described previously (240, 241).

I mmunohistochemistry. Immunohistochemistry was performed as previously described
(238). Mouse lung and trachea were inflated and embedded with OCT medium and
cryosectioned at pM thickness.Serial cryosections of the frozen tissue were fixed and

permeabilized with ice-cold acetone for 20 min and blocked with 10% normal goat serum
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for 1 hr at room temperature. Tissue sections were incubated with affinitie@uabbit
anti-murine CD23 antibody, FITC-conjugated pan-cytokeratin antibody, FITC-
conjugated goat-anti mouse IgE antibody or mouse anti-chicken OVA antibody in a
humidified chamber overnight at@ followed by alexa-fluor 555-conjugated goat anti
mouse antibody or alexa fluor 555- or 633-conjugated goat anti-rabbit antibody. All
incubations were performed with 3% normal goat serum and finally nuclei were
counterstained with DAPI (0.5 g/ml, Molecular Probes) in PBS. Negative contené
performed by incubating the isotype-matched mouse or normal rabbit IgG asyprim
antibody. Cover slips were mounted on the tissue sections with Prolong antifade reage
(Molecular probes, Invitrogen) and visualized and images were taken usssg Ze
LSM510 laser scanning confocal microscope (Zeiss Microimaging Inc., INNéges

were processed by Zen 2007 software and Adobe Photoshop.

I n-vivo transcytosis and enzyme-linked immunosorbent assay (EL1SA). The Ova-

specific IgE and chicken OVA were measured with ELISA. ELISA plateméNwere

coated with rabbit anti chicken OVA antibody ([1@/ml) for detecting OVA or coated

with chicken OVA (10ug/ml) for detecting OVA-specific IgE overnight at 4°C. Plates

were then washed three times with PBST (0.05% tween- 20 in PBS) and blocked with 10
% FBS in PBS for 1 hr at room temperature. In-vivo transcytosis was perforittea wi

set of WT and CD23KO mice dBalb/c background. Mouse anti-OVA IgE (2@/40ul)

in PBS was given either intranasally or intraperitoneally and seruplssior

bronchoalveolar lavage (BAL) fluid were collected 4, 8 or 24 hr later, respectively

Immune complex formed with mouse anti-OVA IgE (&f) and chicken OVA (1Qg/40
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ul) in PBS for 30 min at room temperature or chicken OVA antigen alongg(40 pl)

in PBS was given intranasally and 8 hr later serum samples were collebeed. T
transcytosed serum or BAL samples, IgE or OVA standards diluted in 10% FBS in PBS
were incubated for 2 hr at room temperature. Goat anti-mouse IgE (1:1000, Novus
Biologicals) and HRP-conjugated bovine anti goat antibody (1:10,000, Santa cruz) were
used for detection of mouse IgE. For detection of chicken ovalbumin, biotinylated mouse
anti-OVA IgE (1:10,000) and HRP-conjugated Streptavidin (1:250, BD) were used. Total
IgE was calculated by using OptEIA mouse IgE ELISA kit following manufacts

protocol (BD). A colorimetric assay was done with tetra methyl benzidim&) and

hydrogen peroxide and a Victor Il microplate reader (Perkin Elmer).

Bone-marrow chimera model development. CD23KO mice orBalb/c background were
irradiated with 800 Rads and repopulated with 5340 bone-marrow derived cells
given intravenously via tail vein. Repopulation with WT cells in the reconstitutesl mic
was estimated by analyzing CD23 expression in the B cells, total T cglleém ©r B

cells in bone marrow by flow cytometry as above described.

Flow cytometry. Surface expression of CD23 on the fixed splenic B cells isolated from
eitherBalb/c WT or CD23KO mice were analyzed by flow cytometry. Presence of
CD11c and Siglec-F +/- cells in the brochoalveolar lavage obtained from OVAizehsi
and challenge&alb/c WT or chimeric CD23KO mice were also analyzed by flow
cytometry. For staining, 1 X £@&pleen B cells or 1 X 2BAL cells (pooled from 5

mice) were washed with FACS washing buffer (2% FBS in PBS) and followed b
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blocking mouse Fc binding with mAb to CD16—-CD32 on ice for 30 min. The cell

suspensions were respectively incubated with murine FITC conjugated anti-GB23 B
FITC-conjugated rat IgG2a, APC-Cy7-conjugated anti-B220 antibody, and APC-Cy7
conjugated rat lgG2a antibody, FITC hamster anti mouse CD11c, PE rat anti mouse
siglec-F, FITC hamster IgG1, PE rat IgG2a for 30 mirf@}, 4hen washed and analyzed

using a FACSAria Il and the software FlowJo.

OVA sensitization and challenge: The mice were sensitized with chicken ovalbumin by
mixing with alum and given intraperitoneally. The sensitization consists gid @VA
mixed with 4 mg Alum given on day 0 and 10§ ova diluted in PBS on day 7 and 14.

In some experiments, the mice were sensitized for single time withdlQ8/A mixed

with 4 mg Alum given on day 0. On day 21, the mice were challenged with 1% aerosol
OVA and 24 hr later, the mice were sacrificed to collect BAL fluid, serum, and lung
tissue for histopathology. BAL fluid was subjected to cytospin and stained withiedodif

wright-giemsa stain (Sigma) for counting differential cells.

Statistics. The statistical difference between groups was tested by Stuesnt AP

value of less than .05 was considered significant. Data are expressed as Bean = S

RESULTS
Mouse respiratory epithelial cells express CD23. Epithelial cells isolated from mouse
lung, trachea, and lung epithelial cell line LA4 were used in the analysieude CD23

expression. CD23 protein was detected by blotting with CD23-specific B3B4 antibod
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(242). The lung and tracheal airway epithelial cells isolated from naiveaxpressed a
protein band (49 kDa) identical to that of spleen positive control (Figure 3.1A). CHO cel
lysate was included as a negative control (Figure 3.1A). Similar to the hun#8) CD
mouse CD23 also exists in two isoforms, CR28d CD28 (76, 142). To verify which
isoform is expressed, the analysis of mouse CD23 mRNA expression by RliPCR i
mouse lung epithelial cell line LA4 was performed. Results showed that CD23b, but not
CD23a mRNA, was detected (Figure 3.1B). The PCR products were further seqoenced t
confirm the specificity of CD23b mRNA by sequence analysis. The expnessSCD23b
MRNA in mouse lung epithelial cells is in agreenment with CD23 expressi@nrpait
human airway epithelial cells (238). Since airway allergic inflanmonas mediated by

Th2 cytokine IL-4 and IL-13, for example, IL-4 has been shown to enhance the
expression of CD23 in B cells, respiratory and intestinal epithelial cells (141, 219, 238)
Mouse lung epithelial cells LA4 treated with IL-4 resulted in the enhagexgeession of
CD23b specific mRNA (Figure 3.1B, lane 3, top panel). Mouse intestinal epitredigal c
expressed CD23b mRNA lacking exon 5 (CD&8pand binds to the IgE with high

affinity (142, 143). However, we failed to detect the expression of CARBIRNA in
mouse lung epithelial cells LA4 (Figure 3.1B, middle panel). Immunohistochgmist
analysis of positive control, spleen, revealed the expression of CD23, but not for the
normal rabbit IgG (Figure 3.1C) confirming the specificity of CD23 antibody us#dd
experiment. Further, CD23 was expressed in the naive lung and trachea; however, CD23
staining was negative when normal rabbit IgG was used (Figure 3.1D & 3.1E).
Cytokeratin staining was used as a specific marker for lung and traghtbalial cells.

As shown in the Figure 3.1D & 3.1E, cytokeratin (green) and mouse CD23 (red) were
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Figure 3.1 Mouserespiratory epithelial cells express CD23.

(A) CD23 protein was expressed by mouse respiratory tracheal and lung epigtislial ¢
The cell

lysates (5Qug) from naive tracheal epithelial cells (lane 1), naive lung epittveliis

(lane 2), CHO cells (lane 3) and spleen (lane 4) were gel electroptharedseparated

on 12 % SDS-PAGE gel under reducing condition. The separated proteins were
transferred on nitrocellulose membrane, blocked and blotted with rat anti mouse CD23
antibody B3B4. The blots were washed and further incubated with HRP conjugated
rabbit anti rat IgG antibody and the protein bands were visualized by ECL metieod. T
arrow indicates the location of mouse CD23 Astdbulin.

(B) CD23b specific mRNA but not CD23a, isoform was expressed in mouse lung
epithelial cells LA4. TRIzol reagent was used to extract total RNA froneated lung
epithelial cells LA4 (lane 2), IL4 (20 ng/ml) treated LA4 cells (I8penegative control
without the addition of MRNA template (lane 1). RT-PCR was performed to gmplif
CD23a, CD23b, CD23tb and GAPDH using gene specific primers as described in
Materials and Methods. Amplified PCR products were electrophoresed in 1.5% agarose
gels and stained with ethidium bromide. The arrow indicates amplification prdducts
mouse CD23 and GAPDH. Densitometry analysis of CD23b band intensities normalized
to GAPDH was presented in the bottom panel. *P<0.05.

(C-E) Immunohistochemistry staining of mouse spleen, lung and trachea. The naive
mouse spleen, lung and tracheal tissue were mounted in OCT medium and cryosectioned
at 5uM thickness. The frozen tissue sections were fixed and permeabilized withidce-c
acetone and blocked with 10% normal goat serum. For the positive control, spleen
sections were stained. The sections were incubated with rabbit anti CD23 antibody or
normal rabbit IgG, followed by staining with alexa flour 555-conjugated goiatadoittit
antibody and FITC conjugated anti cytokeratin antibody. The nucleus was stained wi
DAPI and imaged using LSM510 confocal microscope. Samples were visualized unde
same contrast and brightness setting.
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colocolized and merged (yellow), suggesting CD23 specific expression in igbitleds.

Characterization of OVA-sensitized mice. Wild-type mice were sensitized with OVA or
left untreated, followed by challenge with 1 % aerosol OVA in PBS anccieaized for
the development of allergy. Results from PAS (Periodic Acid Schiff) staghioged the
presence of PAS-positive mucin staining in epithelial cells only from the izedsmice

in comparison with the epithelial cells from naive animals (Figure 3.2A). Tgial
detected in the serum was significantly higher in the sensitized mice cainptrehe
naive mice; in addition, ova specific IgE was detected in the serum of sensiitzaedun
not in that of the naive mice (Figure 3.2B & 3.2C). Bronchoalveolar lavage (BAL) fluids
were collected either 24 or 72 hr later from OVA sensitized or naivewha#h were
aerosolly challenged with 1% OVA. At 24 hr time point, significant amount of td&l Ig
OVA specific IgE and cytokine IL-4 were detected only in the OVA sensitirdd a
challenged mice, when compared to the non-sensitized and OVA challengediguce (F
3.2D, 3.2E & 3.2F). 72 hr later after challenge, BAL fluid contains signifigdagher
amount of total leukocytes, eosinophils, total and OVA specific IgE in the OVA
sensitized and challenged mice, when compared to the non-sensitized and OVA
challenged mice (Figure 3.2G, 3.2H, 3.21 & 3.2J). OVA specific IgE was cortyplete
absent in the non-sensitized and OVA challenged mice. Taken togetherzatositf

mice with OVA leads to the development of allergic inflammation in a mouse model

CD23 expression is enhanced in the sensitized mice. Balb/c mice were left untreated or

sensitized with OVA. In general, sensitization activates the Th2 tymeiima response
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Figure 3.2 Characterization of OVA-sensitized mice.

(A). PAS staining of sensitized and naive lung sections. Balb/C mice were sehsitiz
ova or left untreated and challenged with 1% aerosol ova. Lung tissue whwitiiRel O

% neutral buffered formalin and paraffin embedded sectiongsit thickness, followed

by deparaffinization and hydration. The sections were oxidized with periodic aci
solution and stained with Schiff reagent. Samples were visualized and imaged with 40x
oil immersion microscope.

(B)-(C). Detection of total and ova-specific IgE. Serum was collected from tiséized
and naive mice

21 days after the first immunization with ova and alum. Serum were tested asutedea
for total and ova-specific IgE by ELISA.

(D)-(F). Detection of total IgE , ova-specific IgE and IL4 in BAL. Mice were sizesl

with ova or left untreated. On day 21, the mice were challenged with 1% aerosol ova and
24 hours later, mice were sacrificed with avertin and BAL fluid were cotle@iatal

IgE, Ova-specific IgE and IL4 were measured in the BAL fluid by ELISA

(G)-(J). Detection of total leukocytes, eosinophils, total IgE, ova-specific 1gHELnith
BAL. Mice were sensitized with ova or left untreated. On day 21, the mice were
challenged with 1% aerosol ova and 72 hours later, mice were sacrificed with axdr
BAL fluid were collected. BAL fluids were cytospin centrifuged foll@gy staining

with modified wright-giemsa stain and total leukocytes and eosinophils were counted.
Total IgE, Ova-specific IgE and IL4 were measured in the BAL fluid bysE.
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with the elevated level of IL-4, IL-13, and allergen specific IgE. Thé #rhances the
expression of CD23 in B cells, monocytes, intestinal and respiratory epith88ql165,

141, 219, 238). To verify this enhancement in mouse airway, the lung and tracheal airway
epithelial cells freshly isolated from the sensitized and naive miceblated for the

CD23. Results from the western blot showed that CD23 protein was significantly up-
regulated in the lung and tracheal epithelial cells from the OVA semkibzé not the

naive mice (Figure 3.3A & 3.3B). Immunohistochemistry analysis of the lndgrachea

in the sensitized mice also revealed that expression of the CD23 protein (red) co-
localized with epithelial cell marker cytokeratin (green), which showedy@ji@awv color

(Figure 3.3C).

Genotyping and characterization of CD23 KO mice. CD23KO mice orBalb/c

background were received from Dr. Daniel Conrad (Virginia Commonwealth Unwersi
VA). Genotyping of the CD23KO mice was performed by PCR amplifications. |
previous study, two specific primer pairs were designed to differentiatalthéype and
CD23 KO mouse (239). The genomic DNA isolated from mouse tail was used as a
template. PCR reaction amplified a 1033 bp DNA fragment indicative of wild&y)S
allele, whereas 1104-bp DNA band represented the genotype from CD23 KO mice
(Figure 3.4A). Surface expression of the CD23 in mouse spleen B cells was further
analyzed by flow cytometry. CD23-positive B cells are defined as B1223". They

were expressed only in the wild-type splenocytes and but not in B cells D@3KD

spleen, confirming that CD23KO mice does not express CD23 (Figure 3.4B).
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Figure 3.3 Sensitization augments CD23 expression.

(A)-(B). Mice were sensitized with ova or left untreated. Epithelial cells of lung and
trachea from the naive and sensitized mice were isolated as describeeénialsland
methods. The cell lysate (2@) from naive trachea or lung (lanes 1 &2) and sensitized
trachea or lung (lanes 3 & 4) were gel electrophoresed and separated on 12 % SDS-
PAGE gel under reducing condition. The separated proteins were transferred on
nitrocellulose membrane, blocked and blotted with rat anti mouse CD23 antibody B3B4.
The blots were washed and further incubated with HRP conjugated rabbit /@ rat
antibody and the protein bands were visualized by ECL method. The arrow indieates t
location of mouse CD23 arfdtubulin. Densitometry analysis of CD23 band intensities
normalized to th@-tubulin band intensities were presented in the bottom panel. *P<0.05.
(C). Immunohistochemistry staining of CD23 expression. The sensitized mouse lung and
tracheal tissue were mounted in OCT medium and cryosectionadvattbckness. The
frozen tissue sections were fixed and permeabilized with ice-cold acetoneekelbl

with 10% normal goat serum. The sections were incubated with rabbit anti CD23
antibody followed by staining with alexa flour 555-conjugated goat anti rabibagt

and FITC conjugated anti cytokeratin antibody. The nucleus was stained with DAPI and
imaged using LSM510 confocal microscope. Samples were visualized under same
contrast and brightness setting.
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Figure 3.4 Genotyping and characterization of CD23 KO mice.

(A). Genotyping of CD23KO mice. Genomic DNA was isolated from the tail of vaédty
and CD23KO mice. PCR was performed with Wild type and CD23KO mice genomic
DNA using either wild type or Knockout primers as described in materials and methods
Amplified PCR products were electrophoresed in 1.5% agarose gels and sti#ined w
ethidium bromide.

(B). Flow cytometry analysis of CD23 expression. Cell surface expressioousem
CD23 in fixed spleen B cells of Wild type or CD23KO mice was measured by flow
cytometry analysis. CD23 positive B cells, defined as BeP23" cells were analyzed
by FACS. Spleenocytes (1 x%@vere stained with FITC-conjugated B3B4 and APC-
Cy7 conjugated B220 antibody or its respective isotype control antibodies. Ties \ral
the quadrant represent the percentage of B22a3 spleen B cells.
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Mouse CD23 transcytoses IgE in vivo. Human CD23 has been shown to bidirectionally
transport IgE in the polarized airway epithelial cells (238). To further show IgE
transcytosis in mouse airway, mouse was inoculated intra-nasally with RES(20
ug/ml). 20 min later, the lung and trachea tissue were sampled for cryosectiens. T
interaction between CD23 and IgE was shown by immunohistochemistry staining. As
shown in Figure 3.5A, CD23 (red) and mouse IgE (green) were detected and calocalize
(yellow) in a merged picture. In a PBS control group, we failed to detect such co-
localization. The green color represented mouse IgE was also detected initlae lam
propria (Figure 3.5A), suggesting an IgE antibody transferring the airwagro&imilar

to the tracheal staining CD23 (red) and mouse IgE (green) in the lung tissusseere
colocalized (yellow) and such colocalization signal was absent in PBS cowiupl gr
(Figure 3.5B). To further show mouse CD23 transcytoses IgE, different amounts of
mouse IgE were intra-nasally administrated and serum collected #icsii@e points.

To mimic the apical to basolateral transcytosis, 20 argdthl OVA-specific IgE or PBS
was applied intra-nasally to wild type and CD23 knockout mice, 4, 8, or 24 hr later,
serum was collected and tested for appearance of OVA specific IgE BAEWhen 20
ug/ml level of IgE was applied intra-nasally, approximately 22 ng/ml and 18l ng/
amount of mouse IgE were detected 4 hr and 8 hr later respectively only in wild type
mice but not in the CD23 knockout mice. 24 hr later, no IgE was detected in both wild-
type and CD23 knockout mice (Figure 3.5C, top panel). IgE transcytosis in vivo
exhibited in a dose dependent manner. Whenddtl mouse IgE was applied
intranasally, there was significantly increased amount of mouse IgEatktecera of

the wild type mice compared to that of CD23 knockout mice. At 4 and 8 hr time point,
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significantly higher amount of 90-100 ng/ml mouse IgE was detected in theypd t

mice compared to 20 ng/ml of mouse IgE in the CD23 knockout mice. However, at 24 hr
time point, 2 out of 5 mice sera were positive and 3 ng/ml of IgE was detected in wild
type mice but not in CD23 knockout mice (Figure 3.5C, lower panel). To show whether
mouse IgE is transcytosed from basolateral to apical direction, 20u@y/#d mouse
anti-OVA IgE was injected intra-peritoneally and 8 hr later bronchoalvéntage fluids

were collected for measuring mouse IgE by ELISA. When 20 apd40l amount of

mouse IgE were applied intra-peritoneally, significantly increased amoumuse IgE

was detected in the BAL in the wild type mice compared to that of CD23 knockout mice
(Figure 3.5D). PBS was used as a background control in both wild type and CD23

knockout mice (Figure 3.5C & 3.5D).

CD23 transcytoses | gE derived immune complex across the epithelial barrier. CD23

and IgE are involved in the enhanced transepithelial antigen transport in intestinal
epithelial cells of allergic rat and mice (140-142). In previous study, Igkiime

complex is found in the BAL fluid of OVA sensitized and challenged mice and they are
potent inducers of airway inflammation in comparison with antigen alone (231).
However, this study did not show whether CD23 molecule is involved. To prove this,
mice were intrnasally adminstrated with IgE/OVA immune complex. PBSused as a
negative control. To show the co localization of CD23 with IgE and Ova, an
immunohistochemical staining was performed in lung tissue. The results shotved tha
pair-wise co-localization of CD23 (red) with either IgE (green) or gvagh) produces

the yellow in a merged picture (Figure 3.6A). Likewise, mouse IgE (goeelocalized
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Figure 3.5 Mouse CD23 transcytoses | gE in vivo.

(A) & (B). Colocalization of CD23 and IgE in naive lung and trachea. Naive mice were
anaesthetized with avertin and 2 of mouse IgE or PBS was inoculated intranasally.
Twenty minutes later, the mice were sacrificed and trachea and lwng wsse mounted

in OCT medium and cryosectioned aiM thickness. The frozen tissue sections were
fixed and permeabilized with ice-cold acetone and blocked with 10% normal goat serum.
The sections were incubated with rabbit anti CD23 antibody followed by stainimg wit
alexa flour 555-conjugated goat anti rabbit antibody and FITC conjugatedrgoat
mouse IgE antibody. The nucleus was stained with DAPI and imaged using LSM510
confocal microscope. Samples were visualized under same contrast and brightness
setting.

(C). Apical to basolateral transcytosis of IgE in naive mice. Wildtype and CD28K©
were inoculated with 5Qg of mouse anti-ova IgE or PBS intranasally. At specified time
points like 4 hrs, 8 hrs and 24 hrs later, serum was collected from these mice and
measured for the amount of anti ova IgE transcytosed by ELISA.

(D). Basolateral to apical transcytosis of IgE in naive mice. Wildtype &#8KO mice
were inoculated with 2Qig, 40ug of mouse anti-ova IgE or PBS intraperitoneally. BAL
fluid was collected 8 hours later from these mice and measured for the amounbwéant
IgE transcytosed by ELISA.
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Figure 3.6 CD23 transcytoses | gE derived immune complex across the epithelial

barrier.

(A). Colocalization of CD23 and immune complex in naive lung. Immune complex was
formed with 20ug anti Ova IgE and 10g of ovalbumin at room temperature for 30
minutes. Naive mice were anaesthetized with avertin and immune complex or BEBS wa
inoculated intranasally. Twenty minutes later, the mice were sadrdicé lung tissue

was mounted in OCT medium and cryosectionedd#l3hickness. The frozen tissue
sections were fixed and permeabilized with ice-cold acetone and blocked with 10%
normal goat serum. The sections were incubated with rabbit anti CD23 antibody and
mouse anti chicken ovalbumin antibody followed by staining with alexa flour 633-
conjugated goat anti rabbit antibody, alexa flour 555-conjugated goat ant mous
antibody and FITC conjugated goat anti mouse IgE antibody. The nucleus wed sta
with DAPI and imaged using LSM510 confocal microscope. Samples were xesuiali
under same contrast and brightness setting.

(B). Apical to basolateral transcytosis of immune complex in naive lung. Immune
complex was formed with 2fg anti Ova IgE and 10g of ovalbumin at room

temperature for 30 minutes. Naive mice were anaesthetized with avertinraodem
complex or 1Qug of antigen ovalbumin or PBS was inoculated intranasally. Eight hours
later serum was collected and quantified for the presence of antigen owvabiyum

ELISA.
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with Ova (red) produces the yellow (Figure 3.6A). Furthermore, co-latalis of

mouse CD23 (blue), IgE (green), and OVA (red) were shown in white color (Figure
3.6A) by analyzing with three color confocal microscopy. As expected, PBS didraot g
any background staining (Figure 3.6A). Immune complex or antigen alongplasia
intra-nasally, 8 hr later serum was tested for antigen OVA by ELISA. Afiseshown in
Figure 3.6B, significant amount of OVA/IgE immune complex was transporteddn wil
type mice compared to that of CD23 knockout mice (Figure 3.6B). However, OVA alone
were not detected in both wild-type and CD23 knockout mice (Figure 3.6B). Taken
together, these experiments showed that CD23 is required for specific ttaridg&r

complexed antigen.

Role of CD23 in allergy development. CD23 was shown to be upregualted in allergic
patients (156, 161). Sensitization of mice also augmented the CD23 expression (Figure
3.3A & 3.3B). To investigate the role of CD23 in allergy development, wild-type and
CD23 knockout mice were sensitized and challenged with OVA and BAL fluids were
collected and analyzed. The level of IL-4 detected in wild type mice was caguiy
higher than that of CD23 KO mice (Figure 3.7A). However, there was no significant
difference in the level of OVA specific IgE and the number of total leuke@nd
eosinophils between wild type and CD23 knockout mice (Figure 3.7B & 3.7C). Because
CD23 is widely expressed in a variety of cells, especially in myeloid tedlsexpression
pattern of CD23 in vivo may influence the experimental results.

To further show functional difference of CD23 in airway epithelial cellsyden

wild type and CD23 knockout mice in allergy development, we generated bone marrow
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Figure 3.7 Role of CD23in allergy development.

(A)- (C). Detection of I1L4, anti-ova IgE, total leukocytes in BAL fluid. Wild type and
CD23KO mice were sensitized with ova as described in materials and methods. On day
21, the mice were challenged with 1 % aerosol ova for 30 minutes and 24 hours later
BAL fluid were collected and measured for IL4 and anti-ova IgE by ELISAalTot
leukocytes present in the BAL fluid were counted. Cytospin centrifuge the leakpcyt
stained with modified wright-giemsa stain and eosinophils were counted.
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Figure 3.8 Characterization of irradiated CD23 KO mice repopulated with wild-

type bone marrow cells.

(A)-(B). Flow cytometry analysis of B cells in bone marrow, T cells in spleen. Amount of
B cells repopulated in bone marrow and T cells in the spleen of irradiated CD23KO mic
grafted with 5 x 1Bwild type bone marrow cells was measured by flow cytometry.
Normal wild type and CD23KO mice were included as controls. Bone marrow cells or
spleenocytes (1 x fpwere stained with APC-Cy7 conjugated B220 or PE conjugated
CD3¢ or its isotype controls, AP-Cy7 rat lgG2a or PE hamster IgG1. Results are
expressed as histograms of fluorescence intensity (log scale). fathestop right of

each rectangle correspond to the proportion of cells stained positive with anti-B220 or
anti CD3 antibody relative to the control antibody.

(C). Flow cytometry analysis of CD23 surface expression in spleen B céellsutface
expression of mouse CD23 in fixed spleen B cells of irradiated CD23KO micedyraft
with 5 x 1¢ wild type bone marrow cells were measured by flow cytometry. Nomifch

type and CD23KO mice were included as controls. CD23 positive B cells, defined as
B220'CD23 cells were analyzed by FACS. Spleenocytes (1°%8re stained with
FITC-conjugated B3B4 and APC-Cy7 conjugated B220 antibody or its respectiygeis
control antibodies. The values in the quadrant represent the percentage @B220
spleen B cells.
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chimera wherein, CD23 knockout mice were lethally irradiated and repopuliited w
wild-type bone marrow-derived myeloid cells, so that the chimeraxpexted to be
CD23 negative in epithelium but their hematopoietic cells are positive in CD23
expression. Eight weeks after the irradiated CD23KO mice were repapwidbewild-
type bone marrow cells, B cells present in spleen were stained posit@B23rand its
expression level was similar to that of wild type mice (Figure 3.8C). Tioedlsleen and
B cells in bone marrow (Figure 3.8A & 3.8B) were also detected.

To demonstrate the role of CD23 expressed exclusively in airway epithdbal ce
the chimeric mice (WFCD23KO) along with wild-type mice were sensitized and
challenged. To maintain the intactness of the airway epithelial baeresitization and
challenge were performed in a mild condition only for single time. Although lbotipg
of mice had equal number of total leukocytes present in the BAL by counting, flow
cytometry analysis revealed significantly higher amount of approxiya®e2o siglec-

F+, 33 % CD11c+ Siglec-F+ macrophages and 4 % CD11c low/- SiglecF+ eosinophils i
BAL obtained from wild-type mice when compared to the chimeric mice-NT
CD23KO0). More importantly, Th2 cytokine IL-4 was also significantly higher inl-wil

type mice BAL compared to the chimeric mice (WTD23KO). However, there was no
significant difference between total and OVA specific IgE detected iBAefluids

from both groups of mice. This may be due to the mild sensitization and challenge
protocol employed to maintain the epithelial barrier. Take together, theseneaptii

data suggests that CD23 expressed in the airway epithelium may be involved in the
development of allergy and contributes to the early stages of allergy pleezit

However, further experiments are needed to verify this conclusion.
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Figure 3.9 CD23 expressed in therespiratory epithelial cellsenhancesallergy.

(A)- (D). Wild type and chimeric WFHCD23KO mice were sensitized with 100 mg of

ova plus 4 mg alum given i/p on day zero. On day 21, the mice were challenged with 1 %
aerosol ova for 15 minutes and 24 hours later BAL fluids were colleétgdT ¢tal

leukocytes were counted using hemocyton®)=(C). Flow cytometric analysis of siglec

F +, CD11c +, CD11c+ SiglecF+ macrophages, CD11clow/- SiglecF+ eosinophils. (

IL4 present in BAL were counted by ELISA.
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DISCUSSION

IgE mediated allergic diseases is more common and increasing in prevalenc
developed country (1, 202). Allergic diseases involve Th2 mediated immune response
with production of cytokines like IL-4, IL-13, allergen specific IgE, etc. (202,.233
first step in the development of allergic disease is the process of s¢ositinaa
particular allergen to elicit Th2 mediated immune response. Subsequent production of
allergen specific IgE binds to the surface expresseRIFan mast cells and basophils.
The development of allergic inflammations can be divided into two phases. The early
phase in the development of allergic inflammation involves the inhalation of air borne
allergen, followed by cross-linking of allergen specific IgE on mast cetidasophils
results in degranulation and release of various mediators promoting inflammatory
reactions (1, 202, 243). The late phase reactions involve synthesis and secretion of
various cytokines and chemokines which are able to recruit a variety of immlsne cel
including leukocytes, eosinophils, monocytes, etc. (1, 202). The airway epitheliuas acts
a major barrier for the inhaled allergen to engage with and activate imnilsnie tee
lamina propria. Several mechanisms for airway allergen crossing egithegliier have
been proposed, for example, the intrinsic nature of some allergens havingytimteol
activity or the luminal allergens sampled by dendritic extensions betweepithelial
cells from dendritic cells (244). Previously, we have showed that CD23 expresied in t
human airway epithelial cells acts as a transepithelial transparigE@and IgE-derived
immune complex (238). Here we further demonstrated the expression of CD23 in a
mouse airway epithelium and it is capable of transporting IgE and IgE based immune

complex across the airway epithelial barrier in vivo.
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Mouse CD23 is expressed in airway epithelial cells isolated from the Wiece.
used various approaches to demonstrate the expression of CD23 at mMRNA and protein
level and immunohistochemistry analysis verified this expression. $imifaiman
CD23 expression pattern in airway epithelial cells (224), mouse lung epitledisal 84
also expressed CD23b but not CD23a mRNA. This result is in agreement with previous
studies that CD23b is only expressed in mouse intestinal epithelial cells Gk,
enterocytes isolated from mouse jejunum (142). However, in situ hybridization may be
useful to further demonstrate the expression patterns of CD23 mRNA in tissigeolevel
mice. Exposure of epithelial cells to Th2 cytokine IL-4 increases the CD23 mRNA
expression (141, 238). Exposing the murine lung epithelial cell line LA4 to IL-4 also
augmented the expression of CD23. Most importantly, sensitization of mice wghkranti
OVA significantly enhances CD23 expression in the airway epithelial eelung and
tracheal (Figure 3.3). Immunohistochemistry analysis of mouse lung and tracthea f
verified the expression of CD23 protein in the epithelial cells by co-laoglvgith
epithelial marker cytokeratin in vivo (Figure 1 & 3). Immunohistochemistayning
analysis of CD23 expression was also performed with anti-CD23 mAb B3B4 congfirm
the expression of CD23 in the lung and tracheal epithelial cells (data not shown). These
data unequivocally suggest CD23 is expressed in mouse airway epithedianoeihay
play a role in airway allergic inflammation.

CD23 has been shown to have multiple functions, which is involved in IgE-
specific antigen processing and presentation (117-120), homeostasis of IgE (63, 125, 126,
128), and survival and growth of B cells, T-cells and myeloid precursors (131, 133-135).

CD23 also mediates the bidirectional transcytosis of IgE in human respiratbeliapi
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cells in vitro and in mouse intestinal epithelial cells (144, 145, 238). Here, we further
showed CD23 is capable of transporting IgE across the epithelial barrier ie.riibis
conclusion is supported by several evidences that CD23 co-localizes with mourse IgE
the airway epithelial cells and the sera of wild-type mice havefisigni amount of IgE
after mouse was intranasally inoculated with IgE. There was a time-andejosadent
increases in the amount of IgE transported across the airway epitheliune (EigurTo
show the specificity of IgE transcytosis by CD23, experiments perfornted»23 KO
mice demonstrated the limited amount of IgE transported across the aplihdlier in
both directions (Figure 3.5). The functional significance of transepitheliaptwersf

IgE across the airway epithelial barrier may allow IgE releasedhataitway lumen,
subsequently IgE binds to allergen and leads to formation of the immune complex.
Expression of CD23 allows the immune complex transported back to the lamina propria.
This CD23-mediated transport mechanism may result in the release ofitdegtn
molecule by the epithelial cell (145), further allowing allergens to intevalstimmune
cells underlying epithelial cells.

Previous studies have demonstrated that CD23 was capable of delivering the
intact antigen in the form of IgE immune complex across human respiratoryliapithe
cells in vitro and in mouse intestinal epithelial cells in vivo (145, 238). Moreover, animal
sensitization with HRP specifically increases the transepithediagport of HRP across
the tracheal epithelium (230) or the intestinal epithelium in the sensitizedisu(ia-

142). Our data further showed that CD23 is capable of transporting the OVA/IgE immune
complexes across the airway epithelium from apical to basolateral airectd the intact

OVA can be detected in the serum. CD23 is shown to be involved in this specific
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transport mechanism by two ways. First, antigen alone was not transportedriwigithe
type or CD23 KO mice and second, CD23 KO mice did not transport OVA/IgE immune
complex (Figure 3.6). Moreover, CD23 expressed on B cells is involved in the transport
of IgE derived immune complex and enhance the antigen presentation (213, 227).
The roles of CD23 in airway allergy development remain unknown and
information in the previous studies is mixed; studies with sensitization andrayelih
CD23KO mice showed a significant increase in the allergic responses (170, 172, 173)
and severe impairment of antigen specific IgE mediated immune response (122).
However, CD23-transgenic mice exhibited suppression in IgE immune response (123).
Sensitization and challenge with allergen for multiple times may comgepaamage
and remodel the airway epithelium. Hence we reduced the sensitization dedgehtd
a single dose. Results from our experiments showed there was no significaehdgfe
exhibited between wild type and CD23KO mice in the development of allergy €¢Figur
3.7). This may be complexed by CD23 expression in a variety of cell types. [lideexc
the role of CD23 expressed in the hematopoietic cells which are important iniregulat
the allergic inflammation, we created chimeric CD23KO mice in which CD&3net
expressed in the airway epithelium but were positive in the hematopoietid/gells
generated chimeric knock out mice repopulated with wild-type derived bone marrow
cells, showed the expression of CD23 in the chimeric CD23 KO spleen B cells somila
wild-type spleenic B cells, demonstrating that CD23 was negative in egitbells but
expressed in hematopoietic cells (Figure 3.8). Sensitization and challengeeoinilce
have showed the involvement of CD23 in the early stages of allergy development.

Although wild-type mice showed increased siglec-F+ cells, eosinophilsppleges
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and IL-4 in the BAL (Figure 3.9), however, we did not find significant difference in total
and OVA specific IgE in the BAL. It is possible that a mild sensitization ariteoga
procedure in our study may be a contributing factor. Altogether, we showed tBati€D
expressed in the airway epithelium and responsible for the transport of IgE @ahanti
Expression of CD23 in airway epithelial cells may be responsible in the essgbsstf

allergy development, although more experiments and evidences are needed.
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CHAPTER 4: CD23-MEDIATED IMMUNOTHERAPY TO AIRWAY

INFLAMMATION

ABSTRACT

Allergic airway inflammations, such as asthma, are an increasinglytampor
disease caused by bronchial inflammation and characterized by broncleal hyp
responsiveness and intermittent airway obstruction with an underlying TH3asdd
inflammatory response in the airways. Targeting of the functions of TtRarelltheir
products have been proposed as an effective strategy for the development ofl potentia
stand-alone treatments for allergic asthma. The reduction or eliminatibergéa-
specific Th2 cells in early disease development is expected to reduce tbgumortes of
repeated allergic inflammation. Hence, efficient delivery of immunopieeitzc proteins
into the airway tract could effectively and directly interfere with géerspecific Th2
cell activation in its earliest phase of function. However pivlarized epithelial
monolayer lining the airway forms mucosal barrier which is impervious to
macromolecule diffusion. This barrier poses a major difficulty for aniefficelivery of
immunotherapeutic proteins to access and cross-talk with underlying immuctereffe
cells, such as Th2 cells, in the airway. Our recent studies have shown that human CD23
receptor is functionally capable of transporting IgE antibody across lung @mchial
epithelial cells. In this study, we further propose to examine the feasdilip23 to
deliver the immunotherapeutic proteins, CTLA4-Fc (IgE), which are targetatetéere

with CD4+ Th2 cell function, across airway mucosal barrier in a mouse attevggl.
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The effect of this fusion protein on the development of allergic inflammation is being

fully investigated in wild-type, CD23-KO, and chimeric mouse model.

INTRODUCTION

Epithelial monolayers lining the respiratory tracts are impervious to
macromolecule diffusion in the absence of inflammation, due to the presence of
intercellular tight junctions at the apical poles. Polarized airway ejaiticells are
divided into apical and basolateral domains by tight junctions (148, 149). These domains
further form mucosal barriers that allow for the selective exchangearbmalecules
between the lumen and submucosal tissue under physiological conditions. Therefore
soluble macromolecules, such as immunotherapeutic proteins, across the mucosal
epithelium are generally blocked by mucosal barrier. However, crossthg of
macromolecules over the mucosal barrier can be mediated by a transtralhdport
pathway, or transcytosis. Specifically, the transcellular pathway invahcexcgtic
uptake of macromolecules, specifically by receptor-mediated and/or fhaiskp
endocytosis, at the apical or basolateral membrane (148, 150). The molecules are then
transported through the cell in endocytic vesicles to the opposite membrane, surface
where they are released into the lumen or submucosal space. Beneath thalepitheli
lining, lymphocytes, mast cells, basophils, eosinophils, and dendritic cells actaimula
either a loosely-infiltrated fashion or an organized fashion forming the organized
bronchus associated lymphoid tissue (BALT) (1, 148, 149). Therefore, the transcellular
pathway is a major route in moving soluble macromolecules across the airtegfiglpi
barrier and initiates a cross-talk between immunotherapeutic agenteandthne
cells.
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IgE is present in airway secretions; its level can be enhanced in persons who have
allergic rhinitis or bronchial asthma (1, 206, 207, 234, 236). For many years, the presence
of IgE in airway secretions has been simply believed to be transduced passivellyd
serum. The complete paucity of mechanistic studies of IgE transport imtlas fias
seriously hampered our understanding of allergic inflammation in the lungeCGantr
study has found that human and murine respiratory epithelial cells express CD23, a
receptor for the Fc portion of IgE. In comparison with high affinity Igtepgor FeRl,

CD23 was considered as a low affinity receptor for a long time. Howevent igadies
show that CD23 forms a trimer that allows its lectin domains to come within close
proximity of eaclother and to cooperate in binding one IgE molecule, consequently
resultingin CD23’s high affinity binding to IgE antibody gk 10°-10°M™) (1, 63, 64).

Our recent studies have shown that CD23 is expressed in human airway epithelial cel
(238). Most importantly, CD23 was functionally capable of transporting IgE agtibod
across human lung and bronchial epithelial cell lines or primary bronchial lgpitedis
(238). Furthermore, we have demonstrated that mouse IgE was transported agayss ai
mucosal barrier in wild-type, but not in CD23 knockout mice, when OVA allergen

specific IgE molecules were intranasally administrated.

Airway inflammation and dysfunction is one of the most important human
diseases in the developed world (202). The disease is currently treated with
bronchodilators or anti-inflammatory drugs such as corticosteroids, leukotrazhieans,
and anti-IgE therapy, etc (2). However, the current treatments are noteanadi some
patients do not respond well to intense anti-inflammatory therapies. Additionallysehe

of long-term steroids may result in many undesired side effects. Foedsis, novel
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and more effective intervening strategies are greatly needed and dxplaneay
inflammation is characterized by activation of Th2 type CD4+ T cell€8egrcytokines
like IL-4, IL-5, granulocyte-macrophage colony-stimulating factor arsdn®phil
accumulation (233). The Th2 type cells contribute to IgE class switch anidpieent

of allergen specific IgE secreting plasma cells (236, 237). Thus, inhibitielgminating
Th2 cells is a beneficial strategy for treating asthma as long as ralgate
immunosuppression is avoided. Since airway epithelial cells are the filstyee to

come into contact with inhaled immunotherapeutic proteins, evidences of CD23-mediated
IgE transport in polarized airway epithelial cells may lead to the possiiiED23
transporting an immune therapeutic proteins, if fused to an IgE Fc fragmests dwe
airway barrier for serving as an immunotherapeutic purpose, consequently nmgdorati

dampening the inflammations and hypersensitivity responses in the airway.

Cytotoxic T-lymphocyte antigen 4 (CTLA4) is a homodimer and expressed by
activated, memory and regulatory T cells (245-248). CTLA4 binds to its ligand CD80
(also known as B7-1) and CD86 (also known as B7-2) with high affinity on the antigen
presenting cells (APC) (249-251). Hence, CTLA4 is a negative regulateceif T
activation, and its inhibitory effects can be accomplished by competition with @D28 f
binding to CD80 or CD86 with a much high affinity on APCs, consequently causes
inhibition of T cell activation and prevents the development of inflammatory dsease
(252, 253). Mouse CTLA4-IgG Fc fusion protein immunotherapy inhibits airway
eosinophilia, reduces airway hyperresponsiveness and prevents mild form gf airwa

allergy in a murine model of allergic asthma (254, 255). In this study we geshénat
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mouse CTLA4-IgE Fc fusion protein. The impact of the fusion protein transpQDB

on airway inflammation and hyper-reactivity was assessed in an ovallfOm#)-based
murine asthma model. CD23-mediated transport of immunotherapeutic proteins may be
an important part of intervening strategy for the allergic inflammatiors Jtady may

offer effective treatment options for patients suffering with alledggeases, such as

asthma and chronic obstructive pulmonary disease.

MATERIALSAND METHODS

Antibodies, cells and reagents. Chinese hamster ovary (CHO) cell line was purchased
from the American Type Culture Collection (ATCC, Manassas, Virgiiiag. RBL-2H3
cell line was a gift from Dr. Juan Rivera (NIH, Bethesda, MD). The CHEJ4h and
CHO-mB7-2 stable cell lines were obtained from Dr. Gordon Freeman (Hanestida
School, Boston, MA). The cells were cultured in Dulbecco's modified Eagéslsum
(DMEM) containing 15 % FBS, 1% L-glutamine, non-essential amino acids, 100 U/m
penicillin and 10Qug/ml streptomycin. CHO cells harbouring the protein expression
plasmid was also grown in complete DMEM supplemented with G418u@0d). The
cells were maintained in a humidified atmosphere at 37°C containing 5%Hxmnster
anti-mouse CTLA4 mADb, clone UC10-4F10-11, was a kind gift from Dr. Kenneth
Frauwirth, University of Maryland, College Park, MD and affinity purified neoaisti-
ovalbumin (OVA) IgE was purchased from Bio X-cell (West Lebanon, NH). Rat ant
mouse IgE mAb, B1E3 was a gift from Dr. Daniel Conrad (Virginia Commonwealth
University School of Medicine, VA). Proteinase inhibitor cocktail was purchased from

Calbiochem (San Diego, CA). FITC-conjugated goat anti-mouse IgE polyclonal gntibod

112



was obtained from Novus Biologicals (Littleton, CO). FITC-conjugated goat anti-
hamster IgG was obtained from Rockland (Gilbertsville, PA). HRP conjugated bovine
anti-goat IgG antibody was purchased from Santa Cruz Biotechnology, Ina (Saat
CA). Biotinylation of mouse anti-OVA IgE antibody was performed with E@kLi

Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) following manufactureinstructions.

Construction, expression, and purification of mouse CTLA4-I1gE Fc fusion protein. The

cDNA encoding the extracellular domain of mouse CTLA4 cDNA was amglifean total

RNA isolated from mouse spleen using the primer pair (5-CCGCGGATCCGUGAT
CCCCCCAGCCATGGCTTGTCTTGGACTCCGGAGGTACAAAGC-3 & 5-AGAT
CCGAGCCACCTCCTCCGGACCCACCCCCGCCTGATCCAGAATCCGGGCAGET
C—'3). The antisense primer encodes a glycine and serine rich linkenseguer 14

codons (GSGGGGSGGGGSGS). The cDNA of mouse IgE Fc fragment coding the CH2,
CH3 and CH4 domain was amplified from the total RNA extracted from SPE-7 hybridoma
(kind gift from Zelig Eshhar, Weizmann Institute of Science, Rehovot,l)srag the

primer pair (5’- GGATCAGGCGGGGGTGGGTCCGGAGGAGGTGGCTCGGGA
TCTATCACTGAGCCCACCTTG —'3 & 5-ATCTCCGCTCGAGCGGCAGCTACRA
GGAGGCCTAGGAGGGACGGAGGGAGGTGTT-B.  Here the forward primer for

mouse IgE Fc has the complementary sequence for glycine and serine ricedukence.
Fusions of mouse CTLA4 andchouse IgE Fc cDNA were performed with PCR-based gene
assembly method. This fused DNA fragments was ligated into the pCDNAS3 vector and the
sequences were verified by DNA sequencing. The pCDNA3 plasmid containingtise m

CTLAA4-IgE Fc cDNA fusion gene was transfected into the CHO cells and @$isgant
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colonies were selected and cloned for the secretion of mouse CTLA4-IgE Fc fusion
proteins. SDS-PAGE and Western blotting, immunofluoresence and ELISA were used to
verify the expression and secretion of fusion proteins. Cells secreting thettagimunt of
fusion proteins were cloned and purified by affinity chromatography usingn@use

CTLA4 antibody 4F10-Sepharose beads or anti-mouse IgE antiBaB-Sepharose

beads Either 4F10 or BLE3 mAbwas conjugated to th€yanogen bromide-activated-

Sepharose 4B beafidlowing the manufacturer’s instructions ( Sigma, St. Louis, MO).

SDS-PAGE and Western blotting. SDS-PAGE and Western blot were performed as
described previously (238). Protein concentrations of cell lysates were ithete oy

Bradford method. The purified proteins or cell lysates were resolved on 12 %/SBES-P

gel electrophoresis under reducing or non-reducing conditions. Proteins were
electrotransferred onto a nitrocellulose membrane (Schleicher & §cinithe

membrane was blocked with 5% skim milk in PBS. The membrane was probed with goat
anti-mouse IgE polyclonal antibody for 1 hr at room temperature or overnight and°C
then incubated with HRP-conjugated bovine anti-goat antibody. All blocking, incubation,
and washing procedures were performed in PBST solution (PBS and 0.05% Tween 20).

Proteins were visualized using enhanced chemiluminesdettg method (Pierce).

Flow cytometry. Binding of mouse CTLA4-IgE Fc fusion proteins to mouse B7-1
(CD80), B7-2 (CD86) or FaRRl was analyzed by flow cytometry. For flow staining, 1 X
10° CHO, CHO-mB7-1, CHO-mB7-2 or RBL-2H3 cells were washed with washing

buffer (2% FBS in PBS) and blocked with 3 % normal goat sera (Rockland,
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Gilbertsville, PA) in PBS on ice for 30 min. The cell suspensions were incubdted wi
mouse IgE or purified mouse CTLA4-IgE Fc fusion proteipgdnl) for 30 min at 4C,
then washed and further incubated with FITC-conjugated goat anti- mouse IgE Ab
(2:500) for 30 min at4C. Cells were then washed and analyzed using a FACSAria Il

and the software FlowJo.

I mmunocytochemistry. Immunocytochemistry was performed as previously described
(238). The control CHO and recombinant CHO cells were grown on coverslips to 80%
confluence overnight. The cells were washed with cold PBS and fixed in 4%
paraformaldehyde in PBS for 20 min, then washed and quenched with 100 mM glycine
for 10 min. Then the cells were permeabilized with 0.1% Triton X-100 for 30 min and
blocked with 3% normal goat serum. After washing, cells were incubated witargeat
mouse IgE polyclonal antibody or affinity purified hamster anti-mouse CTLR#Q4
antibody (1ug/ml) in 3 % normal goat serum in PBS for 1 hr and further incubated with
FITC-conjugated goat anti-mouse IgE antibody or FITC conjugatedagtisttamster

IgG antibody (1:500) for 30 min. After each incubation, cells were washed with PBST
(0.19% Tween 20 in PBS). The prolong antifade reagent (Molecular Probes) was used to
mount the coverslips and the images were taken using Zesis fluorescent opierosc
(Zeiss Microimaging Inc., NY). Images were processed by Zen 2007 sefand Adobe

Photoshop.

Enzyme-linked immunosorbent assay (ELISA). The mouse CTLA4-IgE Fc fusion

protein was detected with ELISA. ELISA plates (Nunc) were coated withtbaargi-
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mouse CTLA4 antibody 4F10 (1@/ml) overnight at 4°C. Plates were then washed three
times with PBST (0.05% Tween-20 in PBS) and blocked with 10 % FBS in PBS for 1 hr
at room temperature. Serially two-fold diluted fusion protein or CHO cell eultur
supernatant diluted in 10% FBS in PBS were added and incubated for 2 hr at room
temperature. Goat anti-mouse IgE (1:1000, Novus Biologicals) and HRP-conjugated
bovine anti-goat antibody (1:10,000, Santa cruz) were added and further incubdted for
hr at room temperature. After each step, plates were completely washd?B&T (0.05

% Tween 20 in PBS). A colorimetric assay was done with substrate tetrgl me

benzidine (TMB) and hydrogen peroxide and a Victor Il microplate reader (Perki

Elmer).

Degranulation assay. Degranulation assay in RBL-2H3 cells was performed as
previously described with minor modifications (238). The RBL-2H3 (2 $vi&ll) cells

were grown overnight in 96 well plate and sensitized with different concentrations of
biotinylated IgE (0-500 ng/ml) and mouse CTLA4-IgE Fc fusion protein (0- 2000 ng/ml).
For measuring spontaneous release, control wells were set without addition of
biotinylated IgE or fusion protein. The cells were washed twice with HEBESie

buffer (130 mM NacCl, 5.6 mM glucose, 5 mM KCl, 1.4 mM CaQlmM MgCI2, 10

mM HEPES, 0.1 % BSA, pH 7.4) and samples were collected for measuring the baseline
degranulation. Degranulation was stimulated by addition of streptavidin (500 ng/ml) in
HEPES-Tyrode buffer and supernatant collected at 10, 20 and 30 min, followed by
addition of 0.1 % Triton X-100 and supernatant collected for measuring total enzyme

content. B-Hexosaminidase in the supernatant (BOvas measured as a degranulation
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marker using 3.3 mNp-nitrophenyIN-acetyl$-d-glucosaminide (Sigma-Aldrich)
dissolved in 0.1 M sodium citrate buffer (pH 4.5) as substratalf3§y incubation at
37°C for 1 h. The reaction was terminated with a 2 M glycine solution (pH 10.7).
Quantification of the substrate cleavage was measured by reading absabd05 nM

and the results were expressed in the percentage of the total cellular iimcent

Statistics. The statistical difference between groups was tested by Stusnt AP

value of less than .05 was considered significant. Data are expressed as ean £ S

RESULTSAND DISCUSSION

Expression of mouse CTLA4-IgE Fc fusion protein. Mouse CTLA4 and IgE Fc cDNA

was amplified, fused with PCR based gene assembly and ligated into pCDNA3 vector
(Figure 4.1A). The recombinant plasmid was transfected into CHO cellsnFursitein
expression was analyzed in a western blot assay (Fig. 4.1B, lane 3). Mo(Bg&ylgE

4.1B, lane 1) and normal CHO cell lystate (Fig. 4.1B, lane 2) were used agepositi
negative control. Fusion proteins from the cell culture medium was purified usinigyaffi
column from Sepharose beads conjugated with either anti-mouse CTLA4, 4F10 mAb or
anti-mouse IgE, BLE3 mAb. As shown in Figure 4.1C, purified mouse CTLA4-IgE Fc
fusion protein forms a monomer under reducing condition (Fig. 4.1C, lane 1) and forms a
dimer under non-reducing conditions (Fig. 4.1C, Lane 2). The predicted molecular
weight under reducing condition as a monomer is the expected size, however, under non-

reducing condition it was exhibited over 250 kDa protein, which is higher than expected.
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Figure4.1. Construction, purification and expression of mCTLA4-lIgE Fc fusion

protein. (A) Construction of mMCTLA4-IgE Fc plasmid. The mRNA for mCTLA4 (lane

1) and IgE Fc (lane 2) fused together using PCR based assembly (lane 3) and double
enzyme digested pCDNA3 plasmid containing mCTLA4-IgE Fc (lane 4).

(B) Expression in CHO cells. The cell lysates (&) from normal CHO cells (lane 2),
transfected CHO cell lysates (lane 3) and positive control mouse IgEL{jlarexe gel

were gel electrophoresed and separated on 12 % SDS-PAGE gel under reducing
condition. The separated proteins were transferred on nitrocellulose membraked bloc
and blotted with goat anti mouse IgE antibody. The blots were washed and further
incubated with HRP conjugated bovine anti goat IgG antibody and the protein bands
were visualized by ECL method. The arrow indicates the location of mouse IgE and
mouse IgE Fc.

(C) Purification of fusion protein. The fusion protein purified using either anti mouse IgE
B1E3 or anti mouse CTLA4 UC10-4F10-11 conjugated sepharose 4B beads were gel
were gel electrophoresed and separated on 12 % SDS-PAGE gel under reducing
condition (lane 1) or under non-reducing condition (lane 2). The separated proteins were
transferred on nitrocellulose membrane, blocked and blotted with goat anti mouse IgE
antibody. The blots were washed and further incubated with HRP conjugated bovine anti
goat IgG antibody and the protein bands were visualized by ECL method. The arrow
indicates the location of mouse IgE Fc.

(D) Immunofluorescence detection of fusion protein. The normal or transfected CHO
cells were grown on glass coverslips, fixed with géa-formaldehyde and

permeabilized in 0.1% Triton X-100. Subsequently, the cells were incubated with goat
serum for blocking and affinity-purified hamster anti-mouse CTLA4 mAbo¥ad by
staining with an FITC conjugated goat Armenian hamster IgG and anotléiceds

were incubated with FITC conjugated anti mouse IgE Ab. The images were
photographed using Zesis fluorescent microscope. Samples were viewed usegéehe
contrast and brightness settings.

(E) Detection of fusion protein using ELISA. The purified fusion protein was detegted b
ELISA. Normal CHO cell culture supernatant was used as control.
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This may be caused by non-reducing conditions in electrophoresis. Immunahames
staining of transfected CHO cells, but not normal CHO cells, by anti-mous&4Car

IgE antibody revealed the expression of the fusion protein (Fig. 4.1D). In akivo-f

serial dilution, ELISA detected a decrease in OD450 value for fusion protein but not for

normal CHO cell culture supernatant (Fig. 4.1E).

Characterization of the CTLA4-Fc fusion protein. Mouse CTLA4 is a negative

regulator of peripheral T cell immune response by competing with CD28 for bitading
mouse B7-1 or B7-2. The ability of fusion protein binding to mouse B7-1 or B7-2
expressed on CHO cells was characterized by flow cytometry. The &FcAusion

protein alone, but not mouse IgE, bound efficiently to CHO cells expressing B7-1 or B7
2. The ability for binding to B7-1 CHO cells was much stronger in comparison with that
of B7-2 CHO cells (Fig. 4.2A). The reduced binding to B7-2 in CHO cells may be due to
the reduced expression of B7-2 on cell surface or some CHO cells have lossiexpoé
B7-2. As a negative control, untransfected CHO cells showed a backgrounagstaini
either mouse IgE or to fusion protein (Fig. 4.2A).

Mouse IgE Fc portion of the CTLA4-Fc fusion protein was characterized by its
binding ability to FeRI expressed on RBL-2H3 mast cell line. As shown in Fig. 4.2B,
fusion protein bound well to ERI receptor and 72 % of RBL-2H3 cells stained positive
while 99 % of the cells stained positive for mouse IgE binding (Fig. 4.2B). We further
analyzed whether CTLA4-Fc fusion proteins can block degranulation of RBL-2l43 ce
RBL-2H3 cells were incubated overnight with biotinylated IgE antibody togetitie

the fusion proteins in different concentrations. Cells were then cross-linked by

120



streptavidin for measuringtHexosaminidase release. The leve-ddexosaminidase in
RBL-2H3 cells that were incubated with biotinylated IgE alone were ineddasa time
dependent manner; interestingly the leve-texosaminidasm the presence of
CTLAA4-Fc fusion proteins was decreased to the background level of magFog!
4.2C). Overall, these data strongly demonstrated that the CTLA4-Fc fusiomgrotei
possess their capability to bind to both CD86/CD80 ar&F-durther suggesting their

functional integrity.

Future experiments. We will further show whether mouse CD23 can transport CTLA4-
IgE Fc fusion protein across the polarized epithelial cells both in vitro and in vivo. Mouse
CTLA4-IgE Fc fusion protein will be further tested for their capability to intabivay
eosinophilia and hyperresponsiveness in a murine allergy model. We will inthanasa
administer the affinity purified fusion proteins into the airway tract of-yifte and
CD23-KO mice and thus analyze its specific transport. The effect of thése fusteins

on the development of allergic inflammation will be fully investigated. The itgfac
fusion protein transport on airway inflammation and hyper-reactivity will beszgd in

an ovalbumin (OVA)-based murine asthma model. A chimeric mouse created between
wild-type and CD23 KO mice will be used to show the specific transport function of
epithelial CD23 in blocking inflammation initiation and development. The subsequent
allergic inflammation in the lung will be evaluated by immunological pararseand

histopathology.
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Figure4.2. Characterization of mCTLA4-IgE Fcfusion protein.

(A) Fusion protein binding to mouse B7-1 and B7-2. Fusion protein mCTLA4-IgE Fc
binding affinity to mouse B7-1 and B7-2 expressed on CHO cells was analyzedvby fl
cytometry. Cells were stained as described in Materials and MethodstsResul

expressed as histograms of fluorescence intensity (log scale). fakeshi rectangle
correspond to the proportion of cells binds to fusion protein. Mouse IgE was used as
isotype control and binding of fusion protein to normal CHO cells represent the
background staining.

(B) Fusion protein binding to RBL-2H3 cells. Fusion protein mCTLA4-IgE Fc binding
affinity to FeRI expressed on RBL-2H3 cells was analyzed by flow cytometry. Cells
were stained as described in Materials and Methods. Results are ed@g$sstograms

of fluorescence intensity (log scale). Values in rectangle correspondpmoth@tion of

cells binds to fusion protein or positive control mouse IgE. Negative control was
performed without the addition of any protein.

(C) Fusion protein blocks degranulation of RBL-2H3 cells. RBL-2H3 cells (Z&v&d)

were grown overnight in 48 well plate. Cells were sensitized with biotet/lgE in the
presence or absence of fusion protein and degranulated by streptavidin. Degranulation of
cells was measured lffyHexosaminidase release in the supernatant and was expressed in
the percentage of the total cellular concentration. Spontaneous degranulation was
performed without the addition of biotinylated IgE.

123



CHAPTER 5: CONCLUSION AND PRESPECTIVE

CD23 is a C-type lectin and type Il glycoprotein. CD23 has IgE binding activity
and its expression level is increased in allergies. CD23 has various functi¢nas suc
mediating B cell growth, enhancing IgE mediated antigen presentatioreguidting
IgE homeostasis. In the previous study, CD23 has been shown to transport IgE and IgE-
derived immune complex across the polarized human and mouse intestinal epithelial
cells. IgE antibody is also present in airway secretions and its level carrdeeseatin
human patients with allergic rhinitis and bronchial asthma. Little is known abouligfiow
antibodies arrive in the lumen of the respiratory tract. Although CD23 expresson wa
previously reported on human enterocytes, it remains unknown in its expression and
function in airway epithelial cells. In addition, many questions remain to becagsw
For example, what are the cellular and molecular mechanisms governi8yra&aiated
IgE transport across the polarized epithelial barrier? How does CD23 rgjEastethe
cell surface following transcytosis? What is the exact role for CD23vaxi
inflammation? What kind of roles does CD23 function during viral or bacterial iofect
mediated allergic inflammation in the airway? What are all the sgeguired for CD23

mediated IgE homeostasis?

In this study, in Chapter 2, | am interested in identifying whether CD23 is
expressed in the airway epithelium and plays a role in the transport of IgE andemm
complex. We utilized a variety of approaches to identify that CD23 was eggriasthe
airway epithelial cells like Calu-3 and primary airway epithelilsc&urthermore, we

also found that CD23 was capable of transporting IgE bidirectionally and Igiedier
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immune complex from the apical to basolateral direction by mimicking in vivo comdit
This observation was demonstrated using multiple approaches. First, CD23 was shown to
be expressed by a variety of human airway epithelial cells like Detroit 562,E1G+HB
Calu-3 and A549 at both mRNA and protein levels. Both immunohistochemistry and
flow cytometry were used to demonstrate the cellular location of CD23 protein in the
poliarzed airway epithelial cells. This was also verified in the priragwyay epithelial

cells. Among the two isoforms, CD23b mRNA was found to be expressed at mMRNA
level. Later we also found that CD23 was responsible for transporting IgEdbiolirally

and IgE derived immune complex from apical to basolateral direction. CD23tetkdia
transcytosis was further confirmed by blocking the transcytosis withr €23 specific
antibody or soluble CD23 protein. Furthermore, IL-4 was found to enhance both CD23
expression as well as CD23 mediated transcytosis of IgE or immune complex ther
polarized airway epithelial cells. Finally we also found that the transpont@une

complex in comparison with antigen or IgE alone was capable of significantlymgduci
the degranulation in human mast cell line. Taken together, our data demonstrate that
CD23 is expressed in the airway epithelium responsible for the transport afdgE a

antigen.

However, several intriguing and important questions remain unanswered. First,
how does CD23 release transcytosed IgE at the cell surface? Polymergcéplors
(pIgR) is responsible for the transport of dimeric IgA from the basoldtesgpical
direction and releases it as secretory component at the apical celeswyfaprotein

cleavage mechanism (174,175) and the neonatal Fc receptor for IgG (FCRn) is
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responsible for IgG transport and releases IgG by a pH-dependent mechanism (177, 178)
In our study, CD23 transports IgE bidirectionally and releases IgE atltiseidace.
However, how CD23 releases its ligand at the cell surface needs to be ksthdr t
Second, how does CD23 transport IgE and IgE immune complex across the epithelial
barrier at cellular and molecule level? In our study, we found that the badiiomy
inhibiting endosome acidification also reduces IgE transcytosis. Since tuburdiolved

in the transport of vesicles, IgE bound to CD23 in the vehicles may be transported with
the help of tubulin. This question needs to be further tested. Third, how does CD23
expressed in the airway epithelial cells signal upon binding to IgE or IgE immune
complex? It has been shown that CD23 expressed in the human intestinal epittelial cel
activates the MAPK signaling pathway when stimulated with the immune compleg
activation subsequently leads to release of inflammatory mediators I&kanhd-CCL20

(146, 147). It will be interesting to know whether CD23 exhibits a similar mechanism or
stimulate a different signaling pathway in the airway epithelium. Thesateg of this
putative signaling mechanism would be important for understanding IgE-mediated
allergic inflammation in the airway. Fourth, what is the role of CD23 in allangl

asthma development during bacterial or viral infection? We know that bactevigal
infections in the early childhood life influence the development of allergy and agthm

the later stages of life (186, 190). It will be interesting to know whethes thiérbe
correlation between CD23 mediated viral or bacterial specific IgE trarmpdiasthma

development in an animal model.

Many studies have shown that CD23 expressed in the mouse and rat intestinal
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epithelial cells was involved in the enhanced transepithelial antigen tra(lsp@1142).
However, all these studies did not show a direct correlation between the enhaiyssd ant
transport and the development of food allergy. In Chapter 3, we found that CD23 was
expressed in the mouse airway epithelium and transports both IgE and IgE antigen
immune complex across the epithelial barrier. Sensitization of mice withadtigen
enhanced CD23 expression in the airway epithelium. However, many questions also
remain to be addressed in this aspect. Although CD23 expressed in the airwaijspithel
of wild type mice may be involved in the early stages of airway allergyi@@wvent,
substantial evidences are needed to prove this observation. An IgE-dependent allerg

model in animals is pivotal to discipher this mechanism.

Previous studies including my work have shown that CD23 was capable of
transporting IgE across epithelial barrier (140-142, 238). In Chapter 4, | developed and
characterized IgE based fusion protein made of mouse CTLA4-IgE Fc. However,
functional characterization of this fusion protein for immunotherapeutic purposetto trea
allergy remains completely unknown. This fusion protein’s ability to be transipoyte
CD23 on the epithelial cells and its immunotherapeutic properties need to be tegted ve

carefully.

In summary, | have demonstrated the expression of CD23 and its function in
transporting IgE in the airway tract (Fig 5.1). CD23 expressed in theyairac is
responsible for the transport of IgE antibody and IgE-allergen immune cormsglerass

the airway barrier, thereby delivering the intact allergen moletaldse immune cells
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localized in the lamina propria. Now the immune cells can capture, processeaadtp
the allergens to naive T cells. In the presence of IL-4, naive T cellsetliffate into Th2
cells. These Th2 cells will secrete cytokines like IL-4, IL-13 an8.IGytokines like IL-

4 and IL-13 allow class switching of B cells to secrete allergen spégiiantibody.
Allergens can cross-link the IgE bound t@Rtexpressed at surfaces of mast cells and
basophils, trig signal cascade, and subsequebtky lead to the releasegicfrakeliators
such as histamine, cytokines, chemokines etc. Cytokines like IL-5 can recruitiaatbac
eosinophils and all of these finally lead to Th2 mediated allergic inflamm@ign

5.1A). CD23 expressed in the airway epithelium also suggests its potential to dgtive
Fc based fusion protein such as CTLA4-Fc for immunotherapeutic purpose of airway

allergic inflammation (Fig. 5.1B).
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Figure5.1. Proposed model for CD23 mediated | gE transcytosis and delivery of IgE
Fc fusion protein for immunotherapy in airway tract.

(A) CD23 transports IgE and immune complexes. CD23 expressed in the airway
epithelium was able to transport IgE bidirectionally and IgE allergen complegsathe
airway barrier and deliver intact allergen to the lamina propria, where it qanodessed
and presented by antigen presenting cells to T cells leading to Th2 mediatedem
response.

(B) CD23 transports IgE Fc fusion protein. CD23 expressed in airway epithelium
suggests its ability to deliver IgE Fc fusion protein across the airwayepih for
immunotherapeutic purpose.
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