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ABSTRACT

Adhesion molecules are vital in cell-cell and cell-extracellular matrix interactions.
The regulation of adhesion molecule expression and activity plays a critical role in the
physiology of many immunological events under both physiological and
pathophysiological conditions. Among the many adhesion proteins, the CD44 family of
cell adhesion glycoproteins, is an important mediator in events such as tumorigenesis and
metastasis, cell migration, angiogenesis, wound healing, and inflammatory responses.
The regulation of CD44 expression as well as activation of binding to its ligand,
hyaluronan (HA), are tightly regulated phenomena. The molecular mechanisms and cell
signaling events behind the regulation of CD44 expression and HA binding events are not
well understood. In this study, I examined the regulation of CD44 expression and HA
binding in two models systems: human monocytic cells and human B cells.

LPS, a bacterial cell wall component, regulates CD44 expression and may
modulate CD44-mediated biological effects in monocytic cells during inflammation and
immune responses. In this study, I show that in normal human monocytes, LPS and LPS-
induced cytokines IL-10 and TNF-o enhance CD44 expression. To delineate the
mechanism underlying LPS-induced CD44 expression, I investigated the role of mitogen-
activated protein kinases (MAPK), p38, p42/44 extracellular signal-regulated kinase
(ERK), and c-Jun N-terminal kinase (JNK) by employing specific inhibitors. I
demonstrate the partial involvement of p38 MAPK in TNF-a-induced CD44 expression
in both monocytes and the promonocytic THP-1 cell line. However, neither p38 nor
p42/44 MAPKs were involved in IL-10-induced CD44 expression in monocytes. To
further dissect the TNF-a and LPS-induced signaling pathways regulating CD44
expression independent of IL-10-mediated effects, I utilized IL-10-refractory THP-1 cells
as a model system. Herein, I showed that CD44 expression induced by the LPS-mediated
pathway predominantly involved JNK activation. This conclusion was based on results
derived by transfection of THP-1 cells with a dominant-negative mutant of stress-
activated protein/Erk kinase 1 (SEK1), and by exposure of cells to JNK inhibitors
dexamethasone and SP600125. All these treatments prevented CD44 induction in LPS-
stimulated, but not in TNF-o-stimulated, THP-1 cells. Furthermore, I showed that CD44
induction may involve JNK-dependent Egr-1 activation in LPS-stimulated monocytic
cells. Taken together, these results suggested a predominant role of JNK in LPS-induced
CD44 expression in monocytic cells.

Interaction of CD44 with HA in monocytic cells also plays a critical role in cell
migration, inflammation, and immune responses. Most cell types express CD44 but do
not bind HA and the biological functions of CD44 have been attributed to the generation
of the functionally active, HA-adhesive form of this molecule. Although LPS and
cytokines induce HA-adhesive CD44, the molecular mechanism underlying this process
remains unknown. In this study, I showed that LPS-induced CD44-mediated HA (CD44-
HA) binding in monocytes is regulated by endogenously produced TNF-a and IL-10.
Furthermore, p38 activation was required for LPS- and TNF-a-induced, but not IL-10-
induced, CD44-HA-binding in normal monocytes. To dissect the signaling pathways
regulating CD44-HA-binding independently of cross-regulatory IL-10-mediated effects,
again the IL-10-refractory promonocytic THP-1 cells were employed. LPS-induced
CD44-HA-binding in THP-1 cells was regulated by endogenously produced TNF-a.. My
results also suggest that lysosomal sialidase activation may be required for the acquisition



of the HA-binding form of CD44 in LPS- and TNF-a-stimulated monocytic cells. Studies
conducted to understand the role of MAPKs in the induction of sialidase activity revealed
that LPS-induced sialidase activity was dependent on p42/44 MAPK-mediated TNF-o.
production. Blocking TNF-a production by PD98059, a p42/44 inhibitor, significantly
reduced the LPS-induced sialidase activity and CD44-HA binding. Subsequently, TNF-
o-mediated p38 MAPK activation induced sialidase activity and CD44-HA-binding. My
results suggest that TNF-a-induced p38 MAPK activation may regulate the induction of
functionally active HA-binding form of CD44 by activating sialidase in LPS-stimulated
human monocytic cells.

IL-4 and IL-13, cytokines with similar biological effects may influence growth
and progression of B cell tumors through regulation of cell surface molecules, such as
CD44, are important in intercellular communications. In this study, I demonstrated that
IL-4 and IL-13 exhibited differential effects on CD44 expression and binding to
hyaluronan in BL30/B95-8, a Burkitt's lymphoma (BL), and MK3.31, an Epstein-Barr
virus transformed normal human B cell line (B-LCL). Studies conducted to understand
the molecular mechanisms underlying this differential effect show that IL-4 induced
phosphorylation of JAK1, JAK3, and STAT6 in BL30/B95-8 cells and of JAK3 and
STAT6 in MK 3.31 cells. In contrast, IL-13 failed to induce the phosphorylation of JAK
kinases or STAT6 proteins in these cell lines. The inability of BL30/B95-8 cells to
respond to IL-13 was attributed to the loss of expression of IL-13R subunits ol and o2, a
finding confirmed for a number of other BL cell lines examined.

Taken together, my results indicate the diversity in the regulation of CD44
expression and HA-binding ability and can be applied to further investigations leading to
prevention of tumorigenesis as well as in the control of inflammation.
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CHAPTER 1:

INTRODUCTION



Background

The CD44 proteins are a family of cell surface membrane glycoproteins that are
capable of binding to hyaluronan (HA), a major component of the extracellular matrix
(ECM). Engagement of CD44 on activated immune cells with HA is a critical event in many
physiological and pathophysiological events such as: tumorigenesis and metastasis, cell
migration, angiogenesis, wound healing, and inflammatory responses (1-4). The multiple
functions of CD44 have been attributed to the existence of numerous CD44 isoforms that
are generated by alternative mRNA splicing, as well as by extensive post-translational
modifications such as N- and O-linked glycosylation and glycosaminoglycan addition. The
family of CD44 molecules is widely expressed by a diverse array of cell types including
leukocytes, fibroblasts, epithelial cells, and keratinocytes. The ability of CD44 to bind HA is
a tightly regulated process (2,5-9). Although most cells express some form of CD44, not all
cells constitutively bind HA (6). Acquisition of the HA-binding ability of CD44 thus plays a
vital role in determining CD44-mediated biological effects. The HA-binding capacity of
CD44 has been suggested to be influenced by multiple factors that include structural
variations in the CD44 extracellular domain, oligomerization of CD44 on the cell
membrane, phosphorylation of its cytoplasmic tail, (2,9-11) alterations in the N- and O-
linked glycosylation as well as sialidation and sulfation patterns of CD44. (10-13)

Expression levels, isoform type, and HA-binding ability are usually dependent on
the cell type as well as stimuli present in the microenvironment of the cell. The molecular
mechanisms underlying the regulation of CD44 transcription, alternative splicing, and
post-translational modifications leading to the expression of CD44 as well as the

activation of CD44 binding to HA are not well understood. Regulation of cell-cell and



cell-ECM interactions is important in cell migration and in the development and control
of inflammatory and immunological events. Because CD44 is an important modulator in
these interactions, studies of the regulation of CD44 will lead to further understanding of
the mechanisms behind the generation of immune responses leading to successful
clearance of antigen and to resolution of inflammatory responses. The main focus of this
study is to examine the signaling pathways induced by cytokines and mitogens that
are crucial to the regulation of CD44 expression and activation using normal human

monocytes and B cells as model systems.

Structure of CD44:
Genomic:

Located on human chromosome 11 (14) and murine chromosome 2 (15), the
single CD44 gene spans 50 kb of human DNA and contains 20 exons. As illustrated in
Fig. 1-1, 20 exons are encoded by the CD44 DNA, 12 of them are alternatively
transcribed (16-18). These include exons 6-15, also called variable exons 1-10, as well as
exons 19 and 20. The first 5 exons of the gene encode the constant region of CD44 and
therefore are always transcribed. The membrane proximal region of the extracellular
domain is encoded by exons 16 and 17 and the majority of exon 18 encodes the trans-
membrane region of the protein (2). Inclusion of exon 19 results in expression of a short

cytoplasmic domain of CD44, whereas exon 20 encodes a longer cytoplasmic tail of

CD44 (2).



Fig. 1-1: CD44 structure and genomic organization.

A. Genomic organization of CD44. Exons are represented by the numbered boxes. The
10 variable exons (1-10v) are as indicated by the blue shading. The three protein domains
of CD44 are as indicated. B. Structure of the CD44 protein. The CD44 protein exists as a
transmembrane glycoprotein. The link homology and hyaluronan (HA) binding domains
are indicated by the brackets. Sites of either N- or O-linked glycosylation are represented
by the hollow squares or circles respectively. The site of alternative isoform insertion is
represented by the blue area. Amino acids 268 and 290 flank the transmembrane domain
as indicated. The two serines with the potential for phosphorylation are indicated by the
encircled yellow “P”, and the binding site for members of the ezrin-radixin-moesin
(ERM) family is indicated by the encircled “ERM”.
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CDA44 Isoforms:

Hundreds of possible combinations of variable exons exist and 20 different CD44
isoforms have been identified at the cDNA level (2). Of these, CD44H, CD44E, and
variants containing variable exons V4-7 and V6-7 are the best characterized. CD44H is
the smallest, and is the standard, or hematopoietic (H) isoform and does not contain any
of the variable exons (2). CD44E is known as the epithelial (E) variant, containing exons
V8-10, and is only weakly expressed in normal epithelial cells. However, it is present in
abundance in many carcinomas (19). CD44 V4-7 and V6-7 are metastasis-associated
variants; overexpression of these isoforms in non-metastatic rat pancreatic carcinoma and
mammary carcinoma confers metastatic behavior (20).

Protein.

CD44 exists as a type I membrane protein and can be divided into 3 domains: the
extracellular domain, and the highly conserved transmembrane and cytoplasmic domains
(Fig. 1-1) (1,2). The extracellular domain is a globular structure generated by disulfide
bridging through six conserved cytosine residues and the amino-terminal end of this
domain is well conserved (85%) (21,22). This globular structure also contains a region
termed the link homology domain as it shares 30% homology with the cartilage link
protein (19). This domain is found on all CD44 isoforms and is responsible for the ability
of CD44 to bind HA (22-24). Several glycosylation motifs are also present in the region
and modulations in N-linked and O-linked glycosylation levels also play a role in the
induction of CD44-HA binding (10,12,25-28). Post-translational modifications of CD44

by sulfation or sialidation are found within the amino terminal and membrane proximal



regions of the extracellular domain and these events can also affect CD44-HA binding
(13,29,30).

The membrane proximal region, also called the stem structure, of the extracellular
domain is not as well conserved as the N-terminal end and is where the alternatively
spliced variants are expressed (31,32). The combination of the link domain with the
variant isoform expression as well as the levels and types of glycosylation, determine the
potential HA-binding ability of CD44. The HA-binding ability of CD44 is discussed in
depth in Chapter 1, page 8.

The transmembrane domain consists of 23 aa and exhibits 80-90% inter-species
homology. It contains 2 cysteine residues at the interface between the transmembrane
domain and the cytoplasmic domain, which can potentially be modified with palmitic
acid (1,33). It has also been suggested that this region may also be responsible for lipid
raft association (34,35).

The highly conserved cytoplasmic tail of CD44 contains docking sites for several
protein kinases that become activated upon CD44 interaction with HA. Phosphorylation
sites for protein kinase (PK) C have been identified (2,36,37) and it has been

HER? and the

demonstrated that CD44 is associated with at least two tyrosine kinases, p185
c-src kinase (38-40). Both of these kinases have been shown to physically interact with
the cytoplasmic tail of CD44: p185"™®? via disulfide bonds, and c-src via a specific
binding site. Binding of HA to CD44 triggers the activation of these kinases. p185™FR?
kinase activity is associated with increased tumor cell growth while activation of c-src

leads to formation of lipid rafts (36,39-41). In addition to the tyrosine kinases, CD44 has

also been shown to be associated with the Rho-like GTPase RhoA (38,42,43). Interaction



between CD44 and RhoA has been demonstrated in breast tumor cells and the activation
of this kinase is capable of inducing an interaction between CD44 and ankyrin (41,44).
The interaction between CD44 and ankyrin has been shown to affect CD44-HA binding
and may be important for correct membrane display of CD44 such that it can bind to HA,
as well as for HA-induced signaling to occur (34,45-47). Another GTPase, Rac1 has also
been shown to be activated upon HA binding to CD44 (44,48). Thus it appears that
signaling proteins associated with the CD44 cytoplasmic domain are responsible for
modulating CD44-directed cell adhesion and motility. In support of this, it is known that
the cytoplasmic tail of CD44 also interacts with components of the cytoskeleton such as
actin and members of the ezrin-radixin-moesin (ERM) family (1,2,37,48,49). These
ERM proteins are important in the regulation of assembly structure and stability of the

cell membrane as well as in the regulation of cell adhesion (49).

CD44 and HA Binding

As mentioned previously, the glycosaminoglycan hyaluronan is the principle
ligand for CD44 (50-52). It is a high molecular weight, negatively charged, protein
polysaccharide composed of linear repeating units of disaccharide D-glucuronic acid (1-
B-3) N-acetyl-D-glucosamine (2,53). Because HA is found surrounding proliferating and
migrating cells, in connective tissues, and in lymphoid tissues, CD44-HA interactions
may play an important role in the development of immunological phenomena (2,52,53).
Other CD44 ligands include fibronectin (54,55), collagen (54,56,57), and serglycin
(58,59); however, interactions between CD44 and HA are the best characterized. For

initiation of CD44-mediated HA binding, CD44 must first be “activated” (22,24,50,60).



Treatment of cells with various agents results in changes in CD44 expression levels,
alternative splicing, and post-translational modifications of CD44 such that it can
recognize its ligand. This property of CD44 has led to the identification of three
“subspecies” of CD44: those that are active (ie capable of HA binding), those that are
inducible (ie can be induced to bind HA), and those that are inactive (ie those that do not
bind HA) (10).

Several properties have been shown to influence CD44-HA binding. Among them
are phosphorylation of the cytoplasmic tail, interaction with other cytoskeletal proteins,
oligomerization at the cell surface, and structural variations in the extracellular domain
(post-translational modifications) (24). However few studies have delineated the exact
molecular mechanism by which CD44 is induced to bind HA.

Post-translational modifications of CD44 have been shown to play an important
role in the regulation of ligand binding. Increases in the complexity of the glycosylation
state of CD44 is associated with a decrease in CD44-HA binding capacity; glycosylation
of CD44 has been shown to negatively affect CD44-HA binding (25,28). As previously
stated, both N- and O-linked glycosylation sites are present in the extracellular domain;
modulations in these glycosylation sites have been shown to be responsible for the
induction of HA-binding (10,12,25-28). It has been shown that treatment of lung
epithelial derived cancer cells with oncostatin M reduces the amount of N-linked
glycosylation thereby inducing CD44-HA binding (61). TNF-a-induced CD44-HA
binding in monocytic cells has also been shown to involve a decrease in N-linked

glycosylation (62).



Not only are the glycosylation levels involved in CD44-HA binding, but also
more specifically, sialidation of the glycosyl moieties has been shown to inhibit CD44-
HA interactions. Sialidases are a family of exoglycosidases whose enzyme activity results
in the removal of sialyl residues from glycosylated proteins (63,64). Sialidase activity
has been very well studied in the context of influenza virus infections however, similar
sialidases also exist in humans. In fact deficiencies in production of the lysosomal
sialidase enzyme result in an autosomal recessive disease termed sialidosis as well as
galactosialidosis where patients suffer from tissue accumulation and urinary excretion of
sialylated oligosaccharides and glycolipids (63-65). Studies have demonstrated the
involvement of sialidases in cell surface adhesion proteins and their recognition and
binding capacity of their ligands. For example, in HL60 cells, desialidation of B1-
integrin was shown to reveal the ligand binding site on the integrin (66). Recently in
human monocytic cells, LPS-induced HA binding was shown to be regulated by an
inducible sialidase; removal of sialic acid residues on the CD44 proteins enables CD44-
HA binding (29,61).

Sulfation of CD44 has also been shown to play a major role in mediating CD44-
HA-interactions. Sulfation is thought to affect cell binding by creating a “neoepitope”
through the addition of negative charges which then affects the structure of the protein
and therefore is thought to influence ligand binding (67). Treatment of SR91 cells with
TNF-a was shown to induce CD44-HA binding via sulfation of CD44 (30,67). As well,
treatment of CD14+ PBMC with TNF-o, IFN-y, LPS, and IL-1B also increased the
sulfation of CD44, concurrent with induction of CD44-HA binding (68). However, the

induction of T cell CD44-HA binding by CD3 stimulation was shown not to involve
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sulfation, suggesting that the mechanism involved is dependent on not only the stimulus,
but the cell-type as well (68).

Because of the diversity in the factors which regulate CD44 expression as well as
ligand binding, studies of the maintenance and regulation of this molecule will provide
much needed information in the understanding of cell migration under normal and

disease conditions.

Biological Functions of CD44:

Perhaps the most central role for CD44 is in lymphocyte cell migration. Cell
migration is the body’s lifeline in terms of defense against infection and antigenic
invasion. It is involved in not only normal physiologic circumstances but also in the
generation of the inflammatory response as well as in the development of cancer, two
conditions with which CD44 is intimately associated (69-78). CD44 has been shown to
be involved in the migration of cells to sites of inflammation or during the cancerous
process, and not during cell migration under normal circumstances (69). Therefore an
outline of the role of CD44 in cell migration and consequentially inflammation and the
cancerous process follows.

Cell Migration

Perhaps the most important facet of the immunological defense system is the
exquisite mobility of lymphocytic cells during the clearance of infections or response to
injury. Lymphocytes undergo continual recirculation and in doing so participate in
lymphocyte-endothelial cell interactions leading to diapedesis and homing (76,79). The

mature lymphocytes cycle from the blood, into secondary lymphoid structures (ie lymph
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nodes, Peyer’s patches, tonsils, and spleen) and back to the blood through the lymphatic
system (80). A specialized structure composed of endothelial cells, termed the high
endothelial venule (HEV) is found within lymphoid, but not in non-lymphoid, tissues and
it allows the migration of lymphocytes into the lymphoid tissues (80). As well as
undergoing continual recirculation under normal conditions and during an immune
response, lymphocytes also migrate to extra-lymphoid areas (ie inflamed skin, intestinal
mucosa, pulmonary tissues, and joints) in order to clear invading antigens (80). Adhesion
molecules and receptors on both lymphocytes and endothelial cells as well as chemokine
expression regulate this entire process (80-83). The selectivity involved in motility is
directed by the expression of particular adhesion molecules on lymphocytes and their
respective receptors on the endothelial cells (80-83).
General properties of lymphocyte-endothelial interactions

The interaction between lymphocytic cells and endothelial cells is a multistep
process and is described in Fig. 1-2. There are 4 distinct groups of adhesion molecules
that are involved in the different steps of cell migration: selectins, integrins, members of
the immunoglobulin superfamilly, and CD44 (1,84-86). The first step in cell migration
has been termed “tethering” and it involves a loose engagement between the lymphocyte
and endothelium. Following this, the lymphocyte undergoes “rolling” whereby the
lymphocyte rolls over the vascular endothelium of postcapillary venules. The rolling
interactions are transient and reversible. The selectins are mainly involved in the rolling
of blood cells through postcapillary venules in lymphoid tissues via binding to specific

carbohydrate groups. Two main selectins are L-selectin (expressed on lymphocytes) and
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Fig. 1-2: Overview of the general leukocyte-endothelial interactions during cell migration
at an inflammatory site (reproduced from (13)).

Chemoattractants and cytokines induced by the inflammatory agent activate the
endothelial cells and thus affect receptor expression on the endothelial cell surface as
well as on the passing lymphocytes. Activation of the cells induces the expression of the
necessary adhesion receptors and ligands to initiate lymphocyte homing. The proteins
responsible for the interactions of the leukocyte with the endothelial cells are depicted
above the diegm. Initially cells “roll” along the activated endothelial vessel wall
(indicated by ). The selectins are responsible for the initiation of rolling along the
activated endothelial cell surface. Cells undergo firm adhesion mediated by the integrins
followed by diapedesis towards the inflammatory agent. ® represents inflammatory
agents such as chemokines and cytokines that direct and activate the leukocytes as well as
the endothelial cells.
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E-selectin (expressed on endothelial cells). CD44 has been shown to be involved in B and
T lymphocyte rolling along cultured endothelial cells through the use of flow chambers
designed to mimic physiological flow conditions as well as in the interactions between
lymphocytes and tonsillar stroma (76,87,88).

The next step is stable adherence whereupon a rapid chemokine-induced
activation of integrins expressed on the lymphocyte (for example oy 3, also called LFA-1)
the cell becomes stably adherent to the endothelium and although this step is reversible, it
can promote the migration of lymphocytes across the vessel wall. Integrins are a
heterodimeric family composed of - and B-subunits and mainly o f3,, ctsP1, and o7 are
involved in stable lymphocyte adherence (89,90). Binding of these integrins to the
immunoglobulin superfamilly members such as intercellular adhesion molecule (ICAM)-
1 and ICAM-2 are responsible for the tighter adhesion of cells to the endothelium. The
final step is diapedesis where the lymphocyte leaves the bloodstream.

Specificity of the migratory and homing interactions is mediated by the unique
combinations of adhesion receptor pairs as well as the chemokines and cytokines present
in the microenvironment of the cells (76). The sequence of events combined with the
receptor/ligand partners expressed on the leukocytes and endothelial cells dictates the
destination of the cells (80). CD44 has been shown to be directly involved in the homing
and rolling interactions between activated lymphocytes and HA-expressing high
endothelial venules resulting in the migration of cells to sites of inflammation as well as
the metastasis of cancer cells (73,74,77). The interaction between CD44 and HA under
these circumstances is critical as it costimulates antigen cell receptor-mediated

proliferation, cytokine release, integrin activation via outside-in signaling resulting in
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protein tyrosine kinase activation, which, in turn, serves to regulate CD44-HA binding
and CD44-dependent motility (76). The role of CD44 and cell migration in terms of
cancer and inflammation is discussed in detail below.

Cancer

Abnormally elevated CD44 expression has long been associated with
tumorigenesis and metastatic potential (2,91-94). As the stroma surrounding tumor cells
contains elevated levels of HA (95), and because the interaction between CD44 and HA
is a critical feature of cell mobility and homing, CD44 is thought to play a key role in the
induction of tumor formation and spread. Therefore, interaction of CD44 on cancer cells
with HA expressed on the luminal surface of endothelial cells may serve to promote
tumorigenesis or metastasis. Additionally, CD44 interactions with HA expressed in the
ECM may also serve to facilitate tumorigenesis as well as tumor motility by forming a
molecular bridge which could serve as scaffold for tumor growth (76).

The type of cancer and the ability of tumor cells to invade various tissues and
subsequently undergo metastasis is thought to be associated with particular isoforms of
CD44, however there does not appear to be a strict correlation between isoform
expression and tumor progression (96). Early studies have demonstrated distinct roles for
a number of CD44 isoforms in tumorigenesis. Gunthert et al showed that in a rat model
CD44v6 confers metastatic potential to a non-metastasizing pancreatic andenocarcinoma
cell line (20). Hart et al (1991) shows that a B16 mouse melanoma expressing CD44H are
more aggressive than those not expressing CD44H (97). Additionally, Sy et al showed
that transfection of a Burkitt’s Ilymphoma cell line, Namalwa, with CD44H induced

tumors in nude mice, while injection of cells transfected with CD44E did not form
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tumors (98). Transfection of murine lymphoma cells with either CD44H or CD44
containing v4-v10 exons showed that the variant-containing CD44 isoforms exhibited
enhanced cellular migration and tumor forming ability when compared to the parental
cell lines or those transfected with CD44H (99). Recently animal experiments have been
conducted that target CD44 expression and ligand binding by antibodies, antisense, or
CD44-soluble proteins resulting in the reduction of malignant activities of various
neoplasms (74,100). The majority of patient studies with respect to CD44 expression
attempt to focus on the relationship between CD44 expression and tumorigenicity. It
must be stated that in these studies a high expression of CD44 does not always correlate
with enhanced tumorigenicity or unfavorable prognosis. For example, increased CD44
expression is not associated in cases of lung (101,102) and skin cancers (103-105) and
decreased CD44 expression has been associated with tumorigenic neuroblastoma cell
lines (106). However, in cases of renal cancer as well as non-Hodgkin’s lymphoma and
Burkitt’s lymphoma high levels of CD44 expression are associated with non-favorable
outcomes (74,107-109). Because the second part (Chapter 4) of my thesis encompasses
the regulation of CD44 in Burkitt’s lymphoma (BL), a brief introduction of BL is
included below.

Burkitt’s lymphoma:

Chapter 4 of this study focuses on the effect of the regulation of CD44 expression
and activation in Burkitt’s lymphoma (BL) and in Epstein-Barr virus (EBV)-transformed
lymphoblastiod B cell lines (B-LCL) (110,111). Burkitt’s Lymphoma are high grade
tumors of B cell origin (slg+, CD19+, CD20+) containing the characteristic c-myc

translocation where c-myc is placed under the control of an immunoglobulin promoter

16



(112). The translocation causes disregulation in cell cycle control, ultimately resulting in
localized, rapidly growing tumors. Burkitt’s lymphoma has been classified into two
subgroups: endemic (African, EBV+) and non-endemic/sporadic (American, EBV-)
(112). In addition to the African Burkitt’s lymphoma, EBV is also associated with B cell
lymphomas of immunosupressed patients, nasopharyngeal carcinomas, non-Hodgkin’s
disease, and infectious mononucleosis. EBV is a potent B cell transforming factor where
it can latently infect normal B cells resulting in immortalized, non-neoplastic
lymphoblastiod B cell lines (B-LCLs) (113-115). As previously mentioned, the majority
of patient studies attempt to link CD44 expression as a prognostic marker and in the case
of BL, high CD44 expression levels have been observed and have been linked to
unfavorable outcomes (109). In contrast, expression of CD44 appears to be lost in EBV-
negative Burkitt’s lymphoma cells (116), however upon infection of BL cells with EBV,
expression of CD44 can be restored. For example the BL30 cell line does not express
CD44 however when these cells were infected with EBV, they constitutively expressed
CD44 (111). CD44 negative BL cells have been useful in studies where CD44 is
transfected into the cells and the cell line is subsequently analyzed for CD44-HA
interactions and tumorigenicity when injected into mice. For example CD44 transfected
BL cells showed a variable capacity to bind HA and form tumors, depending on the
isoform of CD44 transfected (117) and CD44H expressing Nalmalwa cells induced
tumors in nude mice (98).
Inflammation and Autoimmunity

CD44 expression and ligand binding ability has been demonstrated in the

regulation of lymphocyte recruitment to sites of inflammation (92,118-121). Several
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studies have shown that migration of activated T cells to sites of inflammation is
dependent on CD44 expression on T cells and is also dependent on HA expression on the
endothelial cells (92,118). Studies of the regulation of CD44 expression and HA-
mediated binding therefore are important in understanding the mechanisms for the
development or control of autoimmune disorders. This discussion will only focus on the
role of CD44 in chronic inflammation as seen in autoimmune disease rather than in acute
inflammation as the majority of evidence suggests a prominent role for CD44 in chronic
inflammation.

Inflammation is often a key factor in the mechanism of disease processes as well
as in response to tissue injury. Release of pro-inflammatory mediators and the
recruitment of circulating lymphocytes which become activated at the site of
inflammation are two main events of the inflammatory response (122). For example,
activation of T cells in response to antigen causes an influx of immune regulatory cells to
the antigenic site, resulting in inflammation (123). Therefore, the inflammatory response
is characterized by the release of proinflammatory mediators resulting in aggregation of
leukocytes, increased vascular permeability, and tissue damage (75). Usually the
inflammation is resolved by the release of anti-inflammatory factors which clear the
inflammatory cells (122). However, failure of the immune system to control
inflammation often results in chronic inflammatory disorders, which are the hallmark of
autoimmune diseases.

Autoimmune diseases can be characterized by high populations of activated
lymphocytes bearing the activated, HA-binding form of CD44 (92,124). High expression

of CD44 appears to be important in the maintenance of autoimmune-induced
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inflammation by virtue of its ability to bind HA thereby increasing the cell number and
propagating the inflammatory response. Over the past few years, efforts have been
focused on the delineation of the role that activated, HA-adhesive, CD44 plays in
autoimmune diseases. Many studies have been performed which take advantage of the
fact that specific antibodies directed against CD44 can block its interaction with HA.
Using murine models, these types of studies have shown that anti-CD44 antibodies can
reduce disease severity and inflammation. In a murine model of rheumatoid arthritis
(RA), it was shown that treatment of mice with blocking antibodies to CD44-HA binding
decreased tissue edema and leukocyte extravasation as well as RA-related inflammation
and severity (125-127). A role for CD44 has also been demonstrated in the inflammation
associated with experimental allergic encephalomyelitis (128). T cell activation and entry
to the brain are key steps in the process of this disease and anti-CD44 antibodies reduced
T cell entry to the brain as well as preventing lesion formation in the brain (128).
Additionally, in a murine model of autoimmune diabetes using non-obese diabetic (NOD)
mice antibodies to CD44 conferred resistance to the onset of diabetes (129). The same
study also illustrated the role for CD44-HA binding by treatment of cells with
hyaluronidase, which also had the effect of preventing the onset of disease.

Although the antibodies used may indeed block CD44-HA binding, they may also
influence signals generated through CD44, which may themselves reflect changes in
CD44 expression and binding capacity. The use of CD44 knockout mice (see Box 1.1)
may provide an alternate model for such studies as they enable the in vivo study of
migration patterns and inflammatory responses induced by autoimmune diseases. For

example, it was demonstrated that in CD44-deficient murine models of arthritis, the
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lymphocyte cell migration to lymph nodes is actually accelerated as observed in the case
of super-antigen-induced inflammation (130,131). Therefore, under inflammatory

circumstances, CD44-deficient cells

exhibit accelerated homing to lymph | Box 1:1 CD44 KO mice:

CD44 knock-out mice tend to have

nodes compared to that of wild type. | relatively mild phenotypes. They show

abnormalities in various functions such as:

However, there exists a delay in the 1. myeloid progenitor migration

2. bone-marrow colonization

3. homing of lymphocytes to lymph
nodes or thymus longer survival of
activated T cells resulting in a
resistance to hepatitis

) ) 4. impaired maintenance of lactation
appears that CD44-HA interactions play a post-partum and accelerated uterine

migration of CD44-deficient lymphocytes

to chronically inflamed joints or tissue; it

involution
role in the induction and propagation of

inflammation at the primary source and
that the CD44-HA interactions serve to keep lymphocytes in circulation and may not play
a significant role in sending the cells back to the lymph nodes (130,131).

CD44 has also been shown to be involved in the resolution of lung inflammation
through the use of CD44-deficient mice (132,133). CD44-deficient mice succumbed to
non-infectious, induced lung inflammation. However, it was possible to reverse the
inflammatory response upon reconstitution of CD44 into the mice (132). Similarly, Wang
et al observed that E. coli-induced pneumonia in CD44-deficient mice resulted in
enhanced inflammation (133). These studies indicated that, in addition to the role played
in the induction of inflammation in RA disease, CD44 might also play a role in the

clearance of inflammation as demonstrated in the resolution of lung inflammation.
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Regulation of CD44 Expression and Ligand Binding:

Cytokines and mitogens are important mediators of not only the inflammatory
immune response, but also of tumorigenesis and metastasis. Because CD44 plays a role
in the migration of immune cells and because CD44 expression and ligand binding is
differentially regulated by various cytokines and mitogens, it is important that the effect
of these immune modulators be studied. Induction of CD44 expression and ligand
binding may occur as two distinct events (27). It has been demonstrated that, depending
on the stimulus and cell type, CD44 expression may be upregulated, but not its ligand
binding ability (27). Conversely it may be possible for the ligand binding capacity of
CD44 to be increased, without an increase in CD44 expression, however in vivo evidence
for such an event has not been shown as yet.

Cytokine/ mitogen regulation of CD44: Signaling proteins and transcription factors
involved in the control of CD44 expression

The effect of cytokines on CD44 expression and binding ability has been
investigated in different cell types. IL-5, a key mediator of asthma-related eosinophillic
inflammation has been shown to enhance CD44 expression in human eosinophils (134).
As well, IL-5 has been shown to induce CD44 binding in murine B cells (5,135). In
human hematopoietic progenitor cells IL-3 and GM-CSF, cytokines which direct
leukocyte development, induce CD44-HA binding (136). It has been shown that in
normal human T cells, the proinflammatory cytokines IL-12 and IL-18 are capable of
modulating CD44-HA interactions (137). In rat epithelial cell lines, IFN-y has been
shown to upregulate CD44 expression but not binding to hyaluronan. Treatment of these

cells with TNF-a had no effect on either CD44 expression or binding (138). We have
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previously demonstrated that PMA and IL-4 induce CD44 expression and HA-binding in
a Burkitt’s lymphoma cell line (110,111). In human monocytic cells, LPS, TNF-o, and
IL-10 induce the expression of CD44 as well as HA-binding (26,30,62,139).

The role of signaling proteins responsible for the activation of the transcription
factors critical to CD44 expression is not well understood. Transformation of cells using
v-src or v-ras also has the effect of increasing CD44 expression. Laleda et al (2001)
showed that the activation of the G protein Ral A plays a role in the induction of CD44 in
these transformed cells (140). CD44 expression and binding has also been shown to be
upregulated in response to phorbol myristate acetate (PMA), insulin growth factor (IGF)-
1, and platelet-derived growth factor (PDGF) in a human neuroblastoma cell line (SK-N-
SH) (141). Along with upregulation of CD44 expression, variant isoform expression was
also induced. This study also showed that upregulation of CD44 isoform expression as
well as HA-binding was sensitive to specific signaling inhibitors of PI 3-kinase and PKC,
thus suggesting a role for these kinases in the regulation of CD44 activation (141).

Examination of the promoter region of CD44 reveals the presence of many
putative transcription factor binding sites, however only a few have been shown to affect
the expression of CD44. Of these sites, the consensus site for the early response gene
(Egr-1) has been shown to be involved in CD44 expression following B cell receptor
(BCR) stimulation in the murine B cell line WEHI-231 (142) and following IL-1
stimulation of the human endothelial cell line ECV304 (143). Lamb et al (1997)
demonstrated that AP-1 activity is required for increased CD44 expression in Fos- and
EGR-transformed cells (144). As well, Foster et al (2000) have shown that IL-1pB

stimulation of rat aortic smooth muscle cells induces CD44 expression via activation of
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AP-1 in cooperation with the architectural protein: high mobility group-I(Y) protein
(HMG-I(y)) (145). A431 cells stimulated with EGF result in AP-1-dependent
upregulation of CD44 as well as its colocalization with ezrin to areas of membrane ruffles
and microvilli (146). In summary, it appears that AP-1 in addition to EGR-1, plays an
important role in the induction of CD44 expression depending on the cell type and
stimulation.
Signal Transduction
General Introduction

Phosphorylation has been shown to be required for the activation as well as
transmission of signals (147). Signaling kinases and phosphatases are recruited to the
receptors and signals are passed from one protein to another via modulations in
phosphorylation, which affect the conformation, activation-state, protein interactions,
cellular localization, and sensitivity to degradation. Protein kinases are responsible for the
covalent attachment of a phosphate to the side chain of either tyrosine, serine, or
threonine of proteins whereas the protein phosphatases are responsible for removal of the
phosphate from those proteins. The active site of the kinase where the phosphorylation
occurs is termed the “active loop” and is highly conserved among kinases (147). As the
signal filters through the cytoplasm of the cell, eventually it is transmitted into the
nucleus where the activation of transcription factors and repressor/enhancer elements are
affected and thus gene transcription is initiated or down-regulated. It is known that the
human genome carries between 500-600 protein kinase genes alone, which underlies the
potential diversity in the signals capable of being transduced (147). A general overview

of the main intracellular signaling pathways are depicted in Fig. 1-3. The signal
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transduction pathways responsible for modulating CD44 expression and ligand binding
are not fully elucidated. As signaling pathways initiated by IL-4 and IL-13 as well as
LPS, and TNF-a are the focus of this study, a brief explanation of these molecules and

their signaling pathways is included below.

Signaling via IL-4 and IL-13: The JAK/STAT signaling pathway

IL-4 and IL-13 are 12-13 kDa pleiotropic cytokines sharing 30% homology at the
amino acid level. IL-4 is produced by T helper type II (Th2) cells, basophills, and mast cells
(148). The biological functions of IL-4 include stimulation of T and B cell proliferation,
induction of anti-CD40 dependent IgE class switching, and the upregulation of MHC-class
II and CD23 expression on B cells and macrophages (148-150). IL-13 is also produced by
activated Th2 cells and has overlapping but not identical biological functions when
compared to IL-4 (148,151-154). IL-13 induces most of the same responses as IL-4 with the
exception of IL-4-dependent induction of Th2 cells from ThO cells (155). IL-13 has been
suggested to play a distinct role in allergic inflammation (156).

The receptors for IL-4 and IL-13 are shown in Fig. 1-4A. The IL-4 receptor is
thought to consist of two receptor chains: the IL-4Ra and the Yy common chain (157). The
vy common chain is shared by receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21
(155,158-160). Two IL-13Ra chains have been identified, IL-13Ral was originally
cloned from mice (161) whereas IL-13Ra2 was cloned from a human renal cell

carcinoma cell line, Caki-1 and shares homology with the IL-5Ra chain (162). The IL-
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Fig. 1-3: General Intracellular Signalling pathways

There exist many different intracellular signalling pathways in different cell types. This
diagram illustrates some of the main signalling pathways and how they may be activated
in lymphocytic cells. Signals transduced via the membrane receptor tyrosine kinase
receptors can activate the phospholipase C (PLC)-mediated pathway that can result in the
activation of protein kinase C (PKC) and calcium-induced (Ca®™) signals. Signals
transduced through membrane receptor tyrosine kinase receptors can also induce the
activation of the phospho-inositol-3 kinase (PI3-k) pathway as well as induction of the
MAPK cascade. Signalling through the MAPK cascade is discussed in more detail in Fig.
1-5. The main cytokine-induced signalling pathway is the JAK/STAT pathway (see
Fig.1-4), but in addition to activation of that pathway, cytokines have also been shown to
induce PI3-k- and MAPK-induced signals.
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Fig.1-4: IL.-4 and IL-13 receptors and the JAK/STAT pathway.

A. The IL-4R is composed of two chains, the IL-4Ro, chain and the y common chain. B.
There is up to three different combinations for the IL-13R complex, all of which contain
the IL-13 binding receptor chain, IL-13Ral. The type I receptor is composed of the IL-
4Ra and IL-13Ra chains. In this case, both IL-4 and IL-13 are capable of binding this
receptor form. The Type II receptor is comprised of the IL-13Ral chain and the IL-
13R2. The type III receptor may be composed of the Type I receptor chains as well as
the y common chain. B. IL-4, upon binding to the IL-4Rq, receptor chain induces signals
that radiate from the IL-4Ra chain as well as the y common chain which is recruited upon
IL-4 binding. Once the receptor chains are activated by IL-4, JAK1, which associates
with the IL-4Ra chain, and JAK3, which associates with the Y common chain, are
activated and function to phosphorylate the transcription factor STAT6, which dimerizes
and translocates to the nucleus where is activates gene transcription via binding to the
INF-y associated sequence (GAS) found in STAT6-responsive genes.
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13Ra2 chain has a short cytoplasmic tail, indicating that it is most likely a non-signalling
entity. However, when expressed alone, it has a high binding affinity for IL-13 (163).
The IL-13Ral has a low binding affinity for IL-13 on its own, but when complexed with
the other receptor chains, IL-4Ra or IL-13Ra2, it acquires a high binding affinity for IL-
13 (156). Therefore, there are three potential receptors for IL-13: the type I is composed
of the IL-4Ra and IL-13Ral, the type II is composed of IL-13Ral and IL-13Ra2, and
the type III is composed of IL-4Ra., yc, and IL-13Ral (157,164-167). IL-4 is capable of
binding to the IL-13R type 1 in addition to the IL-4R.

The IL-4R composed of the IL-4Ra and yc chains is expressed on all
hematopoietic cells, including normal human monocytes, B, and T cells (167-169). Cell
lines such as THP-1, COS-7, MonoMac6, plasmacytoma B9, and renal carcinoma have
been shown to lack the yc chain expression, but still respond to IL-4 (169), suggesting a
potential existence of the type I IL-13R on these cells. In fact, non-hematopoietic cells
which lack the yc, have been shown to express the type 1 IL-13R as a functional IL-4R
(167).

The IL-13R system appears to be selectively expressed, depending on the cell
type. For example, no functional IL-13R has been found on the surface of human or
mouse T cells (153,170). However, the IL-13Ral chain has been found to be expressed
intracellularly in T cells, but the IL-13Ra2 has not been detected (170). Monocytes have
been shown to express the IL-13Ral chain as have tonsillar B cells, naive and memory B
cells (171). Expression of the IL-13Ra2 chain appears to be variable, but has been

shown to be expressed on non-hematopoietic cells, such as fibroblasts (157). The IL-
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13Ra2 chain has also been found to be expressed on colon cancer and ovarian cancer cell
lines (157,165).

The main signaling pathway induced in response to cytokines, including that for
IL-4 and IL-13, is the Janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway (172-176). This pathway involves activation of the JAK tyrosine
kinases, of which there are four family members: JAK1, JAK2, JAK3, and Tyk2. The
JAKs are present in the cytosol and normally are specifically associated with particular
cytokine receptor chains. The cytokine receptor chains in general have no intrinsic kinase
ability and are phosphorylated by tyrosine kinases, such as the JAKs. In the case of IL-
4R (Fig. 1-4B), JAK1 associates with the IL-4Ra and JAK3 associates with the yc chain
(174,177). Recently, JAK2 has been shown to associate with the IL-4Ro in monocytic
cells (178). The JAKs are autophosphorylated upon ligand binding and then proceed to
phosphorylate the STAT proteins. STAT proteins are a family of seven members
(STATIL, 2, 3, 4, 5a, 5b, and 6) that serve as transcription factors. STATG is specifically
activated by IL-4-induced JAK1 and JAK3 and has been shown to be activated by IL-13
(176).  Generally, after activation, the STAT proteins homo or heterodimerize by
association through src-homology (SH)-2 domains, translocate to the nucleus where they
site-specifically bind promoter regions of cytokine-responsive genes (173,176). STAT6
homodimerizes and binds to a consensus sequence found in the promoters of IL-4-
responsive genes such as CD23 and IL-4Ra. The IL-13 JAK/STAT signalling pathway
is not as clearly defined as that for IL-4; there is evidence for STAT 6 activation, as well

as for Tyk 2 phosphorylation in IL-13 stimulated B cells (179). In monocytic cells, IL-13
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has been shown to induce the activation of JAK2 and Tyk2, as well as STAT1a, STAT3,
STATS5a, STATSb and STAT6 (178).

Downregulation of the JAK/STAT pathway after ligand activation is also
important in the regulation of signalling. The protein phosphatase Src homology (SH)-2
containing phosphatase (SHP)-1 has been associated with the downregulation of IL-4
induced JAK/STAT activation (180,181). In addition, other cellular inhibitors are
responsible for the dephosphorylation of kinases and transcription factors of this
pathway. These include the JAK binding protein (JAB) and suppressor of cytokine
signalling (SOCS) family of inhibitors that affect activation of specific JAK and STAT
proteins (182).

MAP kinase signalling:

The mitogen-activated protein (MAP) kinases are a well-conserved family of
serine-threonine kinases that are activated in response to several different stimulants such
as growth factors and cytokines as well as cellular responses to stress. Activation of these
kinases affects gene expression which can then alter the rates of cell proliferation and
differentiation, as well as cell motility and apoptosis. In cases where aberrant activation
or down-regulation of the pathway occurs, malfunction of the cellular processes can
result. This is especially apparent during oncogenesis or infectious disease processes.

The MAP kinase (MAPK) signaling cascade is a three tiered system whereby the
MAPK are activated by dual phosphorylation via the MAPK kinases (MAPKK) and the
MAPKK are activated by the MAPKK kinases (MAPKKK) (183). Each of the MAPKs,
MAPKKs, and MAPKKKSs activate specific kinases as determined by distinct sequence

motifs (183). In order for activation of the MAPK to occur, they must be phosphorylated

29



at the typical threonine in the conserved activation loop as well as at a neighboring
tyrosine residue (147,184). The MAPKs are phosphorylated in the cytoplasm and
translocated to the nucleus to affect activation of other kinases, transcription factors, or
co-activators (185). A general outline of the MAPK cascade is illustrated in Fig. 1-5.

In general, activation of a receptor tyrosine kinase results in the association of the
adapter protein Grb2 with the cytoplasmic domain of the receptor. This association also
recruits the guanine nucleotide exchange factor protein son of sevenless (Sos) to Grb2,
which serves to activate Ras, a G-protein, by the exchange of GTP for GDP (183). Upon
Ras activation, Raf binds to Ras (a MAPKKXK), creating an anchor to the cell membrane
and activating MEK (a MAPKK) via serine phosphorylation, which, in turn, activates the
MAPK. There are 7 MEK kinases, MEK 1-7, and there are three main families of MAP
kinases, extracellular-related kinase (ERK)1/2, c-jun-N-terminal kinase (JNK), and p38
based on sequence homology (147,183).

Of the three family members of MAPKs, ERK1/ERK2, also known as p42/44, are
the best characterized. The ERK kinases are activated by several factors, for example,
cytokines and growth factors (183). ERK2 is considered to be the prototypic member of
the MAP cascade (147). Activation of these kinases mainly affects cell growth and
differentiation and several stimuli including growth factors, cytokines, viral antigens,
carcinogens, and G-protein-coupled receptors are known to activate this arm of the
MAPK pathway (183). The MAPKKK that serve to activate ERK1/ERK2 are members
of the Raf family (c-Rafl, B-Raf, and A-Raf) all of which can be activated by Ras. Once
those particular MAPKKKs are activated, the MAPKKs MEK1 and MEK2 serve to

activate the ERKs. ERK2 is responsible for activation of D-type cyclins as well as the
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Fig.1-5: The MAP kinase cascade.

The MAPK signaling cascade can be initiated upon ligand binding to a receptor tyrosine
kinase (RTK) receptor. Upon activation of the receptor the adaptor molecule Grb2
recruits Sos which in turn recruits small G-proteins such as Ras, Rac, and Cdc4?2 to the
inner plasma membrane. The small G protein is phosphorylated and activated upon the
exchange of GTP for GDP and subsequently activates a MAPKK (MEK1-7). The MEK
activated is specific to the activated upstream small G protein. For example, in the
p42/44 pathway, the small G protein Ras can activate the MAPKKKs cRaf-1, B-Raf, or
A-Raf which then activate the MEK1 and 2 responsible for p42/44 activation. The small
G proteins Rac and Cdc42 are responsible for inducing the activation of the MEK4 and
MEK?7 which activate the INK MAPKs. In addition to the activation of the JNK signaling
pathway, Rac can also activate the p38 MAPK pathway through the induction of
interaction of the adaptor protein TABI with the TAKI kinase which subsequently
activates the MEK3/6 upstream of p38.
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retinoblastoma protein leading to cell cycle progression (147). The family of JNK
MAPKs includes JNK1, JNK2, and JNK3 (186). JNK1 and JNK2 were originally
identified as the kinases responsible for the induction of AP-1 activity resulting from
their phosphorylation of c-jun (187). JNKI1 and JNK2 appear to be widely expressed,
however JNK3 expression seems to be limited to the brain. The JNK MAPKs are
activated mainly by environmental stress, radiation, and growth factors and are known to
play a key role in both apoptosis-related and cell survival-related events (187). These
opposite effects of INK may be explained as these events may be dependent on the
stimulant, cell type, and combination of other signaling pathways induced (187). There is
a wide range of upstream kinases responsible for the activation of the JNK MAPKs,
including MEKK’s, apoptosis signal-regulating kinase 1 (ASK1), TGF-[B-associated
kinase (TAK-1), and the serine/threonine kinase Tpl-2 (187). The best characterized
kinases known to activate the JINKs are MEK4 and MEK?7 (183). These dual-specific
kinases phosphorylate JNK on Thr 183 and Tyr185 (187). JNK has been shown to
activate several transcription factors including activating transcription factor -2 (ATF-2),
Elk-1, p53 and c-Myc (187).

The p38 MAPK family is comprised of p38a, B, vy, and 8. Of these, the p38a is
the best characterized. Activation of the p38 MAPKSs regulates the expression of a
number of cytokines, particularly those involved in inflammation, such as IL-10
(183,188). The p38 MAPKSs are activated by cytokines, hormones, stress, and G-protein-
linked receptors (183). It is known that MEK3 and MEK6 are responsible for the

activation of the p38 MAPKSs, however, it has been recently demonstrated that the
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scaffolding protein TAK-1 binding protein 1 (TAB1) can activate p38 through the
activation of TAK-1 (189).

Once activated, the MAP kinases translocate to the nucleus where they can affect
the activation of specific transcription factors. Down-regulation of the induced signaling
cascade is as critical to cell function as is activation of this pathway. Specific protein
phosphatases function to return the MAPK to inactive states. For example, the
phosphatase of activated cells 1 (PAC1) specifically associates with and down-regulates
the phosphorylation of p42 (190). Other negative regulators of the MAPK, such as the
protein phosphatase type 2C (PP2C) and MAPK phosphatase (MKP)-1 and MKP-2 have
been shown to affect the phosphorylation status of p38 and JNK (184,191,192) The
complexity of the MAPK pathway is also compounded by the fact that cross-talk occurs
between the members of the MAP kinase pathway and the members of the other
signaling pathways such that the control and specificity of the signals trasduced are
affected.

Signaling via LPS

LPS, a component of gram-negative bacterial cell walls, is a potent mitogen for
monocytic cells. LPS initially interacts with the soluble LPS-binding protein (LBP) and
this complex then interacts with the LPS receptor, CD14 on the surface of the cell
membrane (193). The signal transduction pathway activated by LPS is depicted in Fig. 1-
6. CD14 does not transmit signals, as it is a glycosylphosphatidylinsitol (GPI)-anchored
protein with no transmembrane domain. The signals are transduced through the Toll-like
receptor (TLR)-4 (see box 1-2) (193). The interaction with LPS and CD14 also results in

the necessary recruitment of a secreted accessory protein MD2 which interacts with the
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Fig.1-6: LPS mediated signals.

LPS stimulation activates several signaling pathways and transcription factors. LPS binds
to the serum LPS binding protein (LBP) and is transferred to the CD14 at the cell surface.
LPS then interacts with the signaling receptor Toll-like receptor (TLR)-4 and the
accessory protein MD-2. The TLR-4-associated MyD88 interacts with IRAK, resulting in
the hyperphosphorylation of IRAK. TRAK then interacts with the membrane associated
TAB2 protein and transports it to a complex consisting of activated TRAF6 and TAB?2
associatedTAK1 and TABI proteins. This signalosome can then induce the activation of
the NF-kB transcription factor. LPS-induced signals can also induce the activation of the
MAPK cascade either independently or dependently of MyD88 involvement. For
example, the Ras-activated ERK signaling pathway may be activated by TLR-4-induced
activation of Ras. Activation of the MEKs responsible for JNK and p38 activation may
occur through activation of PKC. MyD88-dependent activation of the p38 pathway is
known to occur via the activation of TAK1 as described for the MAPK signaling cascade
in Fig. 1-5. PI3-kinase may also be activated via TLR-4 through unknown intermediate
signaling kinases, as indicated by the encircled “?” .
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extracellular domain of the TLR4 (194,195). LPS interaction with CD14 promotes
dimerization of TLR and subsequent recruitment of MyD88, a myeloid differentiation

marker that functions as an adapter molecule (195,196). MyD88 associates via its c-

terminal toll homology domain with the
Box 1-2: Toll-like receptors:

TLR, and via its N-terminal death domain Toll-like receptors (TLRs) are a family of
cell surface reseptors that play an
important role in protection afainst viral,
bacterial, and protozoal infections. They
exist as type 1 transmembrane proteins in
animals and are found as cytoplasmic
proteins in plants. Up to 9 TLRs have been
interaction ~with MyD88, IRAK is | identified in humans. The human
prototypes of these proteins are the TLR2
hyperphosphorylated and is thought to | and TLR4. TLR4 is specific for generating
a signal as a result of its association with

interact with the TAK-1 binding protein 2 | LPS, CD14 and MD2.

with a serine-threonine protein kinase, IRAK

(IL-1R-associated kinase) (196). Upon

(TAB2), a membrane-associated adaptor protein (197). This complex results in TAB2
binding to the adaptor protein TNF-receptor-associated factor-6 (TRAF-6) (197). TRAF-
6 subsequently interacts with the TAB1, the activator for TAK-1 which leads to NF-xB
activation (197). TRAF-6 also activates the members of the MAPK signalling cascade,
p38, p42/44, and INK (198-200). Activation of p38 and JNK MAPKs can result in the
activation of NFkB (200,201). TRAF-6 activation is required for the induction of TLR4
signals as deletion of TRAF6 abrogates TLR4 signaling (197). In addition to MyD88-
dependent activation of LPS-mediated signals, other signaling pathways may be activated
independently of MyD88. For example, activation of the MAPK cascade may occur via
the activation of PKC isoforms PKCp and PKC{ (193).
TNF-a:

TNF-o is a proinflammatory cytokine that is produced by activated T cells,

monocytes/macrophages, and dendritic cells. Besides its inflammatory properties, TNF-a
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1s also responsible for the induction of apoptotic and anti-apoptotic signals (202). An
overview of TNF-a—mediated signaling is depicted in Fig. 1-7. TNF-a-induced signals
are generated when TNF-a, which exists as a homotrimer, interacts with the TNF-a
receptor units. There are more than 20 members of the TNF-aR superfamilly which can
be divided into two groups: those that contain a death domain, and those that do not
(202). Presence of the death domain leads to caspase activation and therefore the
induction of apoptosis. Thus, the presence of two different receptor types can explain the
differential roles of TNF-a in either the induction or prevention of apoptosis.

The two types of TNF-aR are called TNF-aR1 and TNF-aR2. The TNF-oR1
(CD120a) contains the death domain whereas TNF-aR2 (CD120b) does not. Upon
binding of TNF-a to TNF-aR1, an inhibitory protein, the silencer of death domains
(SODD) is released from the cytoplasmic domain of the receptor. Following the release
of SODD, the TNR-aR1 cytoplasmic domain becomes accessible to the TNF receptor-
associated death domain (TRADD) adaptor protein. The interaction of TRADD and
TNR-aR1 recruits other adaptor proteins to the complex, namely, the receptor-interacting
protein (RIP), TNF-aR-associated factor 2 (TRAF2) and Fas-associated death domain
(FADD) (203). These proteins function to recruit additional signaling kinases. The
recruitment of Caspase-8 by FADD leads to Caspase-3 activation and the induction of
apoptosis (202,204), whereas TRAF2 attracts the cellular inhibitor of apoptosis protein
(cIAP)-1 and -2 which inhibit Caspase-3 activation (203). The MAP kinase cascade is
also thought to be activated through TRAF2 by interacting with MEKSs and initiating the

rest of the MAP kinase cascade resulting in the activation of p38, p42/44, and JNK. From
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Fig.1-7: TNF-o mediated signals

TNF-a binds either the TNF-aR1 or TNF-oR? and the resulting signals affect many
intracellular signaling pathways. The signals initiated from the death domain (DD)-
containing TNF-aR1 are characterized by the release of the inhibitory protein SODD
which enables TRADD recruitment to the TNF-aR1. This interaction results in the
recruitment of FADD and TRADD-induced activation of FADD affects the activation of
Caspase-8 leading to Caspase-3 activation and the induction of apoptosis. The association
of TRADD to the TNFaR1 can also result in the recruitment of the adaptor protein RIP
as well as TRAF2 and FADD. The TRAF? kinase is responsible for the activation of p38,
p42/44, and JNK through the activation of MEKs which results in the activation of the
transcription factors AP-1 and NF-xB. TRAF? also affects the apoptotic pathways of the
cell by activating cIAP which functions to inhibit Caspase-3 activation. Binding of TNF-
o to the TNF-aR2 results in the activation of TRAF?2 only, as these receptors do not
contain the death domain, and thus, activation of signaling through this receptor only
affects the ultimate activation of AP-1 and NF-xB.
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this cascade the activation of the transcription factors NF-xB (205) and AP-1 (206-208)
has been demonstrated.

Signals transduced through the TNF-aR2 occur via the activation of TRAF2
whose activation serves to recruit the same MAPK signaling proteins as for the TNF-
oR1, but without the activation of the TRADD-dependent apoptosis (202). Therefore
activation of signaling through TNF-aR2 results in the regulation of NF-xB and AP-1
(209-211).

I, and others, have demonstrated that LPS and TNF-o have been shown to be
potent stimulants that induce CD44 expression and the generation of HA-adhesive CD44
in monocytic cells (139,212,213). In addition, I have shown that IL-4, a cytokine
involved in B cell activation and differentiation, induced CD44 expression and HA-
binding in B cell lines (110). Delineation of the signal transduction pathways that are
responsible for the regulation of CD44 expression as well as ligand binding are important
to gaining a better understanding of how this family of proteins exerts its functions.
Resolving the molecular mechanism behind the regulation of CD44 will lead to the
identification of key signal transduction proteins and this knowledge may then be used to
modulate CD44 expression in a therapeutic manner and may be used in concert with

other treatments for cancer or in cases of chronic inflammation.
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HYPOTHESIS, AIMS, AND OBJECTIVES

HYPOTHESIS and OVERALL AIM: Distinct signaling pathways are involved in the
regulation of CD44 expression as well as those proteins that regulate the generation of the
HA-adhesive, functionally active form of CD44. Thus, in a stimulus and cell-dependent
manner, specific signaling cascades are activated and affect CD44 expression and
activation.

The overall aim of my thesis research proposal is to delineate the molecular
mechanisms underlying the regulation of CD44 expression and the generation of
functionally active HA-adhesive CD44 in human monocytes and B cells in response
to cytokines and mitogens.

Rationale 1: LPS induces inflammatory responses that contribute to the pathogenesis of
sepsis, inflammation, and a number of autoimmune diseases including rheumatoid
arthritis. Although the mechanisms that lead to these inflammatory processes remain
largely unclear, mononuclear phagocytes play a major role in the pathogenesis of LPS-
induced syndromes. The induction of CD44 expression of the HA-adhesive CD44
phenotype in monocytes may play a critical role in inflammatory responses. LPS-
induced CD44 expression and HA-binding has been suggested to be mediated primarily
by TNF-a.. The mechanisms by which LPS/TNF-a induce CD44 expression and induce
adhesive CD44 remain unknown. I used purified human monocytes and promonocytic
THP-1 cells and show that LPS and TNF-a induced CD44 expression in both cell types.
The advantage of using the THP-1 cells is that they behave in a similar fashion as human
monocytes with respect to the effects of LPS/TNF-a on CD44. As a first objective of my

thesis, I investigated the role of MAP kinases, and transcription factors in the regulation
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of CD44 expression and in the generation of adhesive CD44 in LPS/TNF-a-stimulated
monocytic cells. The specific research objectives are as follows:

1. To study the role of intracellular signaling molecules, in particular the MAPKSs, in
the regulation of CD44 expression and in the induction of the adhesive CD44 phenotype

in LPS/TNF-a-stimulated human monocytic cells. Specifically;

A. To identify the MAPKs involved in LPS and TNF-a mediated effects on
CD44 expression in human monocytic cells
B. To investigate the role of MAPKs involved in the generation of functionally
active, HA-adhesive, CD44 in response to LPS and TNF-a in human
monocytic cells
Rationale 2: The regulation of CD44 expression and HA binding on human B cells has
not been well documented. Previous work from our laboratory indicated that CD44 is
differentially regulated in response to cytokines and mitogens in human B cells, EBV-
transformed human B cells, and on a series of Burkitt’s lymphoma cell lines. Therefore as
the second objective of my thesis, I investigated the effect of a panel of mitogens and
cytokines on the regulation of CD44 expression and binding in Burkitt’s lymphoma and
EVB-transformed B cells. Results from these experiments revealed that IL-4 and IL-13
have differential roles in the regulation of CD44 expression and binding. The specific
objectives are as follows:

2. To examine the role of cytokines and mitogens in the regulation of CD44
expression and HA-binding in human B cells, using Burkitt’s lymphoma and EBV-

transformed B cells as model systems. Specifically:
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A. To identify which cytokines and mitogens affect CD44 expression and
ligand binding in BL and B-LCL cells.

B. To identify the molecular mechanism involved in the differential
regulation of CD44 expression in response to IL-4 and IL-13 in Burkitt’s

lymphoma and EBV-transformed B cell lines.
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CHAPTER 2:

MATERIALS AND METHODS
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Cell lines and cell culture

Normal human B cells from different donors were transformed irn vitro with EBV
to generate the heterogeneous lymphoblastoid B cell lines (B-LCL), namely MK3.31,
MK4.15, and MK5.26, according to the standard protocol described elsewhere (111). The
Burkitt’s lymphoma cell line, BL30/B95-8, an EBV-negative BL30 cell line infected in
vitro with EBV, was kindly provided by Dr. E. Kieff (Brigham and Woman’s Hospital,
Boston, MA) and has been described in previous work (214,215). Raji, Jijoye, and EB3
are EBV-positive BL B cell lines that were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). The BL cell lines CA46, ST486, and Ramos are
EBV-negative BL cell lines that were also obtained from ATCC. All of the EBV-positive
and EBV-negative BL cell lines used in this study have the characteristic c-myc
translocation [t(8:14)]. P3HRI1 cells are BL cells infected with the EBNA-2 deleted strain
of EBV. The EBV-positive IM cell line was generated from peripheral blood
mononuclear cells (PBMC) of a patient diagnosed with infectious mononucleosis at the
Children’s Hospital of Eastern Ontario (CHEO), Ottawa, Ontario, Canada. Human
synovial fibroblasts were provided by Dr. H. Bimboim (Cancer Research Institute,
Ottawa, Ontario, Canada). Human erythroleukemic TF-1 cells were obtained from
ATCC. THP-1, a promonocytic cell line derived from a human acute lymphocytic
leukemia patient was obtained from the American Type Culture Collection (Manassas,
VA). All cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) (Sigma,
St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Gibco BRL,
Burlington, Ontario, Canada), penicillin (100 U/mL) and gentamicin (1 pg/mL). For a

summary of all the cell lines used in this study refer to Table 2-1.
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Table 2-1: Summary of cell lines used in this study.

Name Cell type/Origin Comments
MK3.31 Heterogeneous EBV" B95-8 EBV strain
MK4.15 lymphoblastoid B cell lines
MKS5.26
BL30/B95-8 Burkitt’s lymphoma cell line | EBV" B95-8 EBV strain
Raji EBV"
Jijoye
EB3 EBV”
CA46
ST486
Ramos
™M Derived from infectious EBV"
mononucleosis patient
TF-1 Human erythroleukemic cell IL-13-responsive
line
THP-1 Human promonocytic cell line | Non-responsive to IL-10

derived from an acute
lymphocytic leukemia patient
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Reagents

Recombinant human interleukin (IL)-2, IL-4, IL-5, IL-6, IL-10, IL-13, tumor necrosis
factor (TNF)-a, tumor growth factor (TGF)-B, and interferon (IFN)-y were purchased
from R&D Systems Inc. (Minneapolis, MN). IL-12 was a kind gift from Dr. Maurice
Gately (Hoffman LaRoche, Nutley, NJ). Phorbol 12-myristate 13-acetate (PMA) (Gibco
BRL), Staphylococcus aureus Cowan strain 1 (SAC) (Calbiochem La Jolla CA),
pokeweed mitogen (PWM) (Sigma), and Phytohemagglutinin (PHA) (Gibco) were also
purchased. PD98059 (Calbiochem, San Diego, CA), an inhibitor of MEK1 kinase,
selectively blocks the activity of ERK MAPK and has no effect on the activity of other
serine-threonine protein kinases including Raf-1, p38 and JNK MAPKs, or PKC and
PKA (216,217). The pyridinyl imidazole SB202190 (Calbiochem), a potent inhibitor of
p38 MAPK, has no significant effect on the activity of the ERK or JNK MAPK
subgroups (216,217). SB202474, an inactive analog of SB202190, was also purchased
from Calbiochem. Lipopolysaccharide (LPS) derived from E. coli 0111:B4 (Sigma-
Aldrich Canada Ltd., Oakville, ON, Canada), as well as human IL-10Ra and human
TNF-oR1 antibodies (R&D Systems) capable of neutralizing the biological activities of
IL-10 and TNF-a, respectively, were also purchased. Sialidase from Arthrobacter
ureafaciens, sialidase inhibitor, 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (2 Neu-
Ac), and all other chemicals used for Western blotting were purchased from Sigma-
Aldrich.

Isolation of human peripheral blood B cells

Human B cells were isolated from PBMC by employing anti-CD19 mAb-conjugated

immunomagnetic M-450, Pan-B Dynabeads (Dynal A.S., Oslo, Norway), as described
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previously (6). PBMCs were isolated from the blood of healthy adult volunteers
following approval of the protocol by the Ethics Review Committee of the Children's
Hospital of Eastern Ontario, Ottawa, Ontario, Canada. PBMCs were isolated by density-
gradient centrifugation over Ficoll-Hypaque (Amersham Biosciences, Piscataway, NJ) as
previously described (218,219). The B cells were purified by incubating PBMC for 30
min on ice with anti-CD19 antibody-conjugated immunomagnetic beads at a bead to
target cell ratio of 4:1. Detachment of B cells from beads was accomplished by
incubating the complexes for 1 hr at room temperature with 1 unit of CD19-
Detachabeads per 5x10° cells. The purity of the isolated cells was assessed by staining
with PerCP-conjugated mouse anti-human CD20 mAb for B cells, fluorescein
isothiocyanate (FITC)-conjugated mouse anti-human CD3 mAb for T cells,
phycoerythrin (PE)-conjugated mouse anti-human CD14 mAb for monocytes and mouse
anti-human CD16 mAb (all from Becton Dickinson, Mountain View, CA) for NK cells.
The purified B cells contained fewer than 2% T cells, NK cells, and monocytes. Isolation
of B cells by negative selection, described elsewhere, was found not to differ from
positively selected cells with respect to CD44 isoform expression after stimulation (220)

and therefore the positive selection method was used in this study.

Isolation of monocytes from PBMCs

Purified, non-activated monocytes were obtained by a negative selection procedure
involving depletion of T cells and B cells using magnetic polystyrene M-450 Dynabeads
(Dynal, Oslo, Norway) coated with antibodies specific for CD2 (T cells) or CD19 (B

cells), as described earlier (218,219). Briefly, PBMCs (10 x 10° /ml) isolated as described
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above were resuspended with CD2 and CD19 Dynabeads and were incubated for 30 min
on ice with constant mixing. Cells were incubated at 37°C for 2 hr following which non-
adherent cells were removed. The adherent mononuclear cells obtained contained less

than 1% CD2+ T cells and CD19+ B cells as determined by flow cytometry.

B Cell stimulation

Cells were serum-starved for 12 hr prior to stimulation, harvested and resuspended in
serum-free media followed by treatment with either IL-4 (40 ng/mL; R&D Systems,
Minneapolis, MN) or IL-13 (50 ng/mL; R&D Systems) for either 24 hr or for times ranging
from 30 sec to 1 hr. Cell stimulation for immunopreciptiation was stopped by placing
pelleted cells on ice, which were then washed and resuspended in lysis buffer before

centrifugation at 14,000 x g at 4° C for 20 min. The cell pellets were frozen at -80° C.

Monocytic cell stimulation and collection of culture supernatants

To determine the effects of p38 and p42/44 MAPK inhibitors on CD44 expression, CD44-
mediated HA-binding, and IL-10 and TNF-a production, purified human monocytes (1 x
10%ml) and THP-1 cells (0.5 x 10%ml) were incubated in 24-well culture plates (Falcon,
Becton Dickinson, Franklin Lakes, NJ). Cells were treated for 24 hr with either LPS (1
pg/ml), IL-10 (10 ng/ml), or TNF-a (10 ng/ml) in the presence or the absence of MAPK
inhibitors. Cell supernatants were frozen at —80° C and thawed at the time of analysis. Cells
were analyzed for CD44 expression and CD44-mediated HA-binding, and the supernatants

analyzed for IL-10 and TNF-a production by ELISA.
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B cell flow cytometry

Cells were assayed for CD23, IL-13Ral, and CD44 expression by flow cytometry
(6). Untreated or treated cells (2x10°) were resuspended in PBS, 0.1% sodium azide and
were incubated for 10 min at room temperature with either mouse anti-human CD44 mAb
(anti-human Leu-44, Becton Dickinson), mouse anti-human CD23 mAb (Becton
Dickenson), mouse anti-human IL-13Ral mAb (Cell Science Inc., Norwood, MA), or
isotype-matched control antibodies (Sigma); all antibodies were FITC-conjugated with the
exception of the anti-IL-13Rac1 antibodies. The IL-13Ral mAb were conjugated with bitoin
and were consequently detected with PE-conjugated streptavidin (Sigma). Cells were
analyzed for the expression of CD44 isoforms containing exons V3, V6, and V9
expression (30). These cells (2 x 10°) were incubated with primary mouse anti-human
CD44 V3 and CD44 V6 (R&D Systems Inc.) and mouse anti-human CD44 V9 (kindly
provided by Dr. M. Zoller, Heidelberg, Germany), as well as mouse IgG1, 1gG2a, and
IgG2b isotype matched control antibodies (Sigma) (5 pg/ml in PBS containing 0.1%
sodium azide for 10 min at room temperature). Following incubation, cells were washed
once in PBS-0.1% sodium azide and incubated with 5 pg/ml FITC-conjugated goat anti-
mouse antibodies (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) for 10
min at room temperature. Prior to staining, cell surface Fc receptors were blocked by
incubation with aggregated human gamma globulins at 5 mg/mL. The gates were set in
accordance with gates obtained with the isotype-matched control antibodies and mean
channel fluorescence (MCF) was determined. Data were acquired on a BD FACScan

Flow Cytometer and analyzed using the WinMDI version 2.8 software package (J.
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Trotter, Scripps Institute, San Diego, CA). Experiments shown were representative of at

least five different trials.

Monocytic cell flow cytometric analysis

CD44 expression on CD14+ monocytes and on THP-1 cells was determined by flow
cytometry (6,111,219). Briefly, cells were washed once at the time of harvesting with
PBS/0.1% sodium azide and aliquoted into polystyrene tubes (Falcon, Lincoln Park, NJ).
Cells were double-stained with PE-conjugated anti-CD14 mAbs (BD Biosciences, San
Jose, CA) and with FITC-conjugated anti-CD44 mAbs (BD Pharmingen).
Autofluorescence and isotype (IgG2b)-matched control antibodies (Becton Dickinson)
were also included. The gates were set in accordance with gates obtained with the
isotype-matched control antibodies and mean channel fluorescence (MCF) was
determined. Data were acquired on a BD FACScan Flow Cytometer and analyzed using
the WinMDI version 2.8 software package (J. Trotter, Scripps Institute, San Diego, CA).
Validity of comparisons in the expression levels of CD14 and CD44 between different
samples was ensured through the use of Calibrite™ Beads (BD Biosciences).

Hyalruonan (HA) adhesion assay

CD44-mediated binding assays were performed as described previously (6,111).
Briefly, stimulated cells (2x10” cells/mL) were resuspended in IMDM-10% FBS and
were pulsed for 1.5 hr with ey (sodium chromate, Amersham, Buckinghamshire, UK) at
a concentration of 300 uCi/10° cells. After 3 washes, cells were aliquoted at a
concentration of 2x10° cells/mL into 96-well microtiter plates (NUNC, Denmark) which

had been coated overnight with 1 mg/mL of either human umbilical cord hyaluronan
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(Sigma) or, as a negative control, chondroitin sulfate C (Calbioshem-Novabiochem Corp.
San Diego, CA). Cells were incubated for 1.5 hr at 37°C and were washed 6 times with
warm IMDM-10% FBS to remove non-adherent cells. The adherent cells were lysed
with IN HCI and radioactive counts were measured by scintillation counting using a
Microbeta counter (Wallac, Turku, Finland). The percentage of adherent cells was
determined by the following equation:

adherent cells (% cpm total input) = cpm adherent -spontaneous release cpm x 100

total input cpm-spontaneous release cpm

B cell immunoprecipitation and western blot analysis

Immunoprecipitation and Western blot analysis were performed according to
standard procedure (188). IL-4- or IL-13-treated cell pellets were lysed for 30 min on ice
in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100,
1.5 mM MgCl,, 100 mM NaF and 1 mM EGTA pH 7.7) followed by centrifugation at
14000 x g at 4°C for 20 min. Protein concentrations were determined for the collected
supernatants with the Bio-Rad protein estimation kit (Bio-Rad, Hercules, CA) as
described by the manufacturer. Lysates were precleared for 1 hr at 4°C with protein A
sepharose 4B beads (Amersham Pharmacia Biotech, Uppsala, Sweden). Total protein
lysates (2 mg) were incubated for 2 hr at 4°C with protein A sepharose beads and

polyclonal rabbit antibodies specific for JAK1, JAK2, JAK3, Tyk2, or STAT6 (Santa

Cruz Biotechnology, CA). Immune complexes were washed with lysis buffer three times
by centrifugation at 14000 x g for 5 min at 4°C. After the washes, the complexes were

resuspended in Laemmli sample buffer (Bio-Rad) containing 5% beta-mercaptoethanol.
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The samples were boiled for 5 min and subjected to electrophoresis on 8% SDS-
polyacrylamide gels. The electrophoresed proteins were transferred to Immobilon™-P
membranes (Millipore, Bedford, MA) and the membranes were probed for
phosphorylated JAK1, JAK2, JAK3, Tyk2, and STAT6 proteins using the mouse anti-
phosphotyrosine monoclonal antibody 4G10 (Upstate Biotechnology, Lake Placid, NY).
Levels of phosphorylated protein where compared to total immunoprecipitated protein by
reprobing blots with the respective anti-JAK or anti-STAT6 antibodies. Proteins were

detected using gamma 1257 protein A (Mandel Scientific, Guelph, Ontario, Canada).

Monocytic cell western blot analysis

Phosphorylation of p38 or p42/44 ERK MAPKs in monocytic cells was determined by
Western blot analysis using phospho-MAPK-specific antibodies as previously described
(110,188,219). Cells were stimulated at 37°C for 0-15 min with either LPS, IL-10, or
TNF-a. Cells were then placed in ice and washed with cold PBS. Cell pellets were lysed
and protein concentration was determined following the same procedure as described for
the immunoprecipitation experiments. Total cell proteins (50ug) were subjected to
electrophoresis on 8% polyacrylamide SDS gels and the proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes (BioRad). The membranes were probed
with either rabbit anti-human-phospho-p38 mAb (New England Biolabs, Mississauga,
Ontario, Canada) or mouse anti-human-phosho-p42/44 mAb (Santa Cruz,
Biotechnologies, Inc., Santa Cruz, CA), followed by horseradish peroxidase conjugated
goat anti-rabbit or goat anti-mouse polyclonal antibodies (BioRad). The membranes were

stripped and reprobed with rabbit polyclonal antibodies specific for the unphosphorylated
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forms of either p38 or p42 MAPKs (Santa Cruz), as described earlier. These
immunoblots were visualized by enhanced chemiluminescence (ECL, Amersham, Baie

d’Urfe, PQ, Canada).

RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA from 2x10° cells was extracted using Tri Reagent (Molecular Research
Center, Inc. Cincinnati, OH), as described (111). Total RNA ( 1 pg) was reverse-
transcribed at 42°C for 1 hr in a 20 pL reaction mixture containing 2.5 uM random
hexamers, 5 mM MgCl,, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1 mM each of dGTP,
dATP, dTTP, and dCTP, 20 units of RNAse inhibitor, and 500 units of M-MLV reverse
transcriptase (Perkin Elmer, Foster City, CA). The cDNA equivalent to 100 ng of RNA
was added to standard PCR mixtures containing 100 pmol of oligonucleotide primers.
The primer sequences used were as follows: IL-13Ral: sense-5’GGA GCC AGC TCA
AAT TGT AG-3’; antisense-5’-ACA CGG GAA GTT AAA GGC A-3°; IL-13Ra2:
sense-5'-GGA GAG AGG CAA TAT CAA GG-3’; antisense-5’-GGC CAT GAC TGG
AAA CTG-3’ (221). The primers were synthesized at the Molecular Genetics Laboratory
(CHEO, Ottawa, Ontario, Canada). Amplification was carried out in a Perkin Elmer
DNA Thermal Cycler 480 using a hot start technique. Thirty cycles of 94°C for 1 min,
59°C for 1 min, and 72°C for 1 min 30 sec were performed. The amplified PCR products
were electrophoresed through 1.2% agarose gels and subjected to Southern transfer onto

a Hybond-N nylon membrane (Amersham). Sequential hybridization was performed
overnight at 65°C using **P-labeled oligonucleotide probes specific for IL-13Ral and IL-

13Ra2 chains in hybridization buffer (6X sodium chloride/sodium citrate (SSC), 5X
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Denhardt’s solution, 0.5% sodium dodecyl sulfate (SDS), 50 nM sodium phosphate, and
0.25 mg/mL salmon sperm DNA). Following washes in 2 X SSC, the membranes were

exposed to X-ray film for 1-7 days.

Measurement of monocyte IL-10 and TNF-o production in culture supernatants by
ELISA

IL-10 and TNF-a were measured by employing two different monoclonal antibodies
(mAb) recognizing distinct epitopes as described earlier. Briefly, the plates (Nunc
Immunomodules, Roskilde, Denmark) were coated overnight at 4°C with the primary
antibody (either anti-IL-10 mAb #18551D from BD Pharmingen, Mississuaga, Ontario,
Canada; final concentration of 5 pg/ml, or anti-TNF-oo mAb #AHC3712 from Biosource;
final concentration of 5 pg/ml) prepared in coating buffer (0.04 M Na,CO;, 0.06 M
NaHCO;, pH 9.6). The plates were washed with PBS/Tween 20 and blocked with
PBS/10% FBS. IL-10 or TNF-a were detected using a second biotinylated mAb prepared
in PBS/10% FBS (anti-IL-10 antibody #18562D from Pharmingen, final concentration of
4 ug/ml; anti-TNF-o0 antibody #AHC3419 from Biosource, final concentration of 4
pg/ml). Streptavidin-peroxidase was used at a final concentration of 1:1000 (Jackson
Immuno Research, West Grove, PA). The color reaction was developed by O0-
phenylenediamine (Sigma-Aldrich, Canada) and hydrogen peroxide, and the absorbance
was read at 450 nm. IL-10 (R&D Systems) and TNF-o (BioSource) were used as
standards and IL-10 and TNF-a concentrations in the culture supernatants were
calculated using the Microplate Manager 4.0 software (Bio-Rad Hercules, CA). The level

of sensitivity for both IL-10 and TNF-a production by ELISA was 16 pg/ml.
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Transient transfection

THP-1 cells were transfected with either a pcDNA-3 plasmid expressing a dominant-
negative (DN) mutant of MAPK kinase 4/stress-activated protein/Erk kinase 1 (MKK-
4/SEK1, provided by Dr. J. R. Woodget, Princess Margaret Hospital, Toronto, Ontario,
Canada) or a control pcDNA-3 plasmid (188). Prior to transfection, 10 pg of plasmid was
incubated with 10 pl of LIPOFECTAMINE reagent (Life Technologies Inc., Burlington,
ON) in 200 pl of OPTI-MEM I Reduced Serum Medium (Life Technologies) for 45 min
to allow formation of DNA-liposome complexes. These complexes were added to the cell
suspension (1.5 x 10° cells/ml) in each well and cultured for 24 hr. Cells were stimulated
with 1 pg/ml of LPS for another 24 hr followed by analysis for CD44 expression. Two
positive control vectors, pcDNA3.1/His/LacZ (Invitrogen™ life technologies, Carlsbad,
CA) and pSV-B-galactosidase (Promega) were employed for determination of
transfection efficiency by using a commercially available B-Gal Staining Kit
(Invitrogen™) as per the manufacturer’s instructions. An average of 18% cells were

found to be transfected.

Gel mobility shift assays.

Gel mobility assays were performed as per the standard technique and as described earlier
(188). Cells (1 x 107) were harvested in Tris-EDTA-saline buffer pH 7.8 and centrifuged at
200 x g for 5 min at 4°C. The cells were lysed for 10 min at 4°C with buffer A (10 mM
HEPES, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.5 mM PMSF, pH 7.9) containing
0.1% Nonidet P-40. The lysates were centrifuged at 20 000 x g for 10 min at 4°C. The

pellets containing the nuclei were suspended in buffer B (20 mM HEPES, 420 mM NaCl,
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1.5 mM MgCl,, 0.2 mM EDTA, 25% glycerol) at 4° C for 15 min. Both buffers A and B
contained the proteolytic inhibitors at 0.5 mM each of DTT, PMSF, and spermidine, as well
as 0.15 mM spermine, and 5 pg/ml each of aprotinin, leupeptin, and pepstatin. The
supernatants containing the nuclear proteins were collected and frozen at -80°C. Nuclear
proteins (5 pg) were mixed for 20 min at room temperature with **P-labeled Egr-1
oligonucleotide probes, and the complexes were subjected to non-denaturing 17 % PAGE
for 90 min. The gels were dried and exposed to X-ray film. The Egr-1 oligonucieotide
sequence used was: 5'-(GGA TCC AGG GGG GGC GAG CGG GGG CGA)-3' (Santa

Cruz).

Determination of sialidase activity

Measurement of endogenous sialidase activity in LPS- or TNF-a-treated THP-1
cells was performed according to optimal conditions (29). Cells (15 x 10% were washed
with PBS and resuspended in ice-cold buffer containing 0.25M sucrose, ImM EDTA,
and 0.2 mM PMSEF. The cell suspension was sonicated on ice for 10 sec on a low setting
(7% amplitude) (Vibracell™; Sonics and Materials Inc, Newtown, CT) followed by
centrifugation at 25 000 x g for 15 min at 4 °C. The resulting supernatant was used to
determine the lysosmal sialidase activity. Protein quantification of the supernatant was
performed using the BioRad protein determination kit as described above. For the
determination of lysosomal sialidase activity, 200 pg of total protein was mixed with 40
nmol of 4-methylumbelliferyl-a-N-acetyl-D-neuraminic acid (4-MU-NeuAc) (Sigma-
Aldrich), the lysosmal sialidase-specific substrate, 10 pmol sodium acetate buffer pH 4.6,

and 200 pg BSA in a total volume of 200 pl. The sialidase reaction was allowed to
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proceed for 1 hr at 37°C and was terminated by the addition of 0.25 M glycine NaOH pH
10.4. Released 4-MU was measured fluorometrically (Perkin Elmer) in a sodium
carbonate buffer at an excitation wavelength of 365 nm and emission wavelength of 448
nm as described previously (222). One unit of sialidase was defined as the amount of
enzyme which catalyzed the release of 1 nmol of sialic acid/hr. The measurement of
lysosmal sialidase activity was optimized using various concentrations of total protein
(25, 50, 100, 150, 200 pg). The maximal sialidase activity was detected when 200 ug of
total cellular proteins was used. Furthermore, the optimal incubation time for sialidase
reaction was determined to be 1 hr.

Lysosomal sialidase activity was determined in THP-1 cells stimulated with LPS
or TNF-a for varying periods of time. The sialidase activity for these experiments was
expressed as a measure of fluorescence intensity (FI). To determine the involvement of
MAPKSs in the LPS- or TNF-a-induced lysosomal sialidase activity, cells were treated
with MAPK inhibitors (SB202190 and PD98059) at concentrations ranging from 5 to 50
uM for 2 hr prior to stimulation with either LPS or TNF-o for 16 hr. The cells were
harvested and analyzed for sialidase activity. In order to clearly illustrate the changes
observed upon treatment with the inhibitors, the inhibition of sialidase activity by
SB202190 or PD98059 was measured as a percentage change (A) of the sialidase activity
(units) with respect to that observed with LPS or TNF-a stimulated cells. This was

calculated as follows:

Sialidase activity (unit) in cells treated with MAPK inhibitor + LPS or TNF-a
X 100

Sialidase activity (unit) in cells treated with LPS or TNF-o. alone
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For the determination of plasma membrane sialidase activity, 200 pg of total
cellular protein were mixed with 60 mmol of bovine mixed gangliosides type II (Sigma),
the membrane sialidase-specific substrate, 10 umol sodium acetate buffer pH 4.6, 0.2 mg
of Triton-X-100, and 200 ng BSA in a total volume of 200 pl. The mixture was incubated
at 37°C for 1 hr and the released sialic acid was measured by the Aminoff method (223).
Briefly, the reaction mixture was incubated with 0.2 ml of periodate reagent (25 mM
periodic acid in 0.125N H,SO,) for 30 min at 37°C followed by reduction with 0.2 ml
sodium arsenite (2% sodium arsenite in 0.5 N HCI) for 2 min. Following reduction 2 ml
of 0.1M thiobarbituric acid was added and the mixture was heated for 7.5 min. Following
cooling, 5 ml of acid butanol (butanol containing 5% v/v of 12 N HCI) was added to the
reaction mixture, mixed, and centrifuged to separate the aqueous and organic phases. The
color reaction in the butanol layer was measured by reading the absorbance in a
spectrophotometer at a wavelength 549 nm. Membrane sialidase activity was expressed
as ng of sialic acid released/ 200 pg of total protein. Purified sialic acid (Sigma) at
concentrations ranging from 0-40 pg was used to generate a standard curve using the
Aminoff method. The membrane sialidase activity was determined by comparing the
absorbencies obtained from the cell samples to the absorbencies measured from the
standard curve.

Analysis of soluble and membrane-associated lysosomal sialidase activity - To
determine whether the lysosomal sialidase was localized in the cell membrane or in the
soluble cytosol fraction, the cells were stimulated with LPS or TNF-a. for 16 hr. The cell
pellet was washed and treated with 1% digitonin for 45 min on ice followed by

centrifugation at 14,000 x g for 20 min at 4°C. The supernatant constituted the soluble
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cytosol fraction, whereas the pellet represented the membrane fractions. The membrane
fraction was solubilized in a non-ionic detergent, 1% NP-40. The lysosomal sialidase
activity was determined in both the cytosol and membrane fractions as per the methods

described above.

Statistical analysis

Means were compared using the two-tailed Student's t test. Results are expressed as mean

+ standard error of the mean (SEM).
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CHAPTER 3:

Studies on the regulation of CD44 expression and HA-binding by LPS and TNF-o in
monocytic cells
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INTRODUCTION

The lipopolysaccharide component of endotoxin, derived from Gram-negative
bacterial cell walls, induces inflammatory responses that contribute to the pathogenesis of
sepsis, inflammation, and a number of autoimmune diseases including rheumatoid arthritis.
Although the mechanisms that lead to these inflammatory processes remain largely unclear,
monocytic cells play a major role in the pathogenesis of LPS-induced syndromes. In
response to LPS, monocytes express large quantities of pro-inflammatory cytokines, as well
as several co-stimulatory/adhesion molecules including B7, ICAM-1, VCAM-1, and CD44
(62,224,225). The over-expression of pro-inflammatory cytokines, co-stimulatory and
adhesion molecules is a hallmark of inflammatory responses.

Modulation of expression and CD44-HA-binding in monocytic cells by
endotoxins and immunoregulatory cytokines may have profound effects on the migration
of monocytes to sites of inflammation and on the development of immune responses.
Several cytokines have been shown to influence CD44 expression in different cell types
(6,111,226). For example, in murine B cells, IL-5 enhances CD44-mediated binding to
HA (28), whereas IL-3 and GM-CSF mediate this effect on human hematopoietic
progenitor cells (136). The signal transduction events involved in CD44 upregulation are
not well understood. CD44 expression has been shown to be regulated via
calmodulin/Ca®" signaling pathways in PMA-stimulated T lymphoma cells (227),
whereas PI3-kinase and protein kinase C were shown to regulate CD44 expression in
neuroblastoma cells (228). Recently, Egr-1 was implicated in the transcription of CD44
in murine B cells (142) and in the endothelial cell line ECV304 (143).

The ability of CD44 to bind HA is a tightly regulated process and is highly

dependent on cell type, state of cell activation and differentiation (2,5,6,9,111). Although
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most cells express some form of CD44, not all cells constitutively bind HA (6,111,229).
Acquisition of the HA-binding ability of CD44 thus plays a vital role in determining CD44-
mediated biological effects. The HA-binding capacity of CD44 has been suggested to be
influenced by multiple factors that include structural variations in the CD44 extracellular
domain, oligomerization of CD44 on the cell membrane, and phosphorylation of its
cytoplasmic tail (2,9-11,16,20). It is also well documented that alterations in the N- and O-
linked glycosylation patterns of CD44 play a vital role in the regulation of its binding to HA
(10-12,28). Recently, an inducible sialidase was shown to influence CD44-HA-binding of
lipopolysaccharide (LPS)-stimulated human monocytic cells (29).

Peripheral blood monocytes express abundant cell surface CD44 yet do not bind
HA (62,230). TNF-a, a proinflammatory cytokine, was shown to be an important
positive regulator of LPS-induced CD44-HA interactions in these cells (62). Furthermore,
ligation of CD44 with HA has been shown to induce a number of proinflammatory
cytokines including TNF-a (231,232). Therefore, the acquisition of HA-binding capacity
by CD44 expressed on monocytic cells could be critical for their participation in
inflammatory responses. Hence, understanding the signaling pathways governing the
regulation of CD44 expression, and the synthesis of the HA-adhesive form of CD44, may
lead to the development of strategies for the treatment of autoimmune diseases and
cancer.

There is very little information available regarding the molecular mechanisms
involved in the regulation of CD44 expression and of HA adhesive, functionally active
CD44 expression (228). In this study, I examined the mitogen-activated protein kinase

(MAPK) transduction pathways involved in both the regulation of CD44 expression and
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the synthesis of the HA-adhesive, functionally active form of CD44 in LPS-stimulated
normal human monocytes and in promonocytic THP-1 cells. As discussed in Chapter 1,
the MAPKSs are serine-threonine protein kinases that include p38, p42/44 ERKs, and JNK
(233,234). LPS and TNF-a have been shown to induce the expression of several cellular
genes via activation of all three classes of MAPKs (188,219,233,235-237).

With respect to my first objective of understanding of the molecular mechanisms
involved in the regulation of CD44 expression, I demonstrate that CD44 expression is
upregulated in normal human monocytes following stimulation with LPS as well as with
IL-10 and TNF-a, which are produced endogenously following LPS stimulation. I
examined the MAP kinase signaling pathways induced by LPS, IL-10, and TNF-a in
normal human monocytes. My results revealed a partial role for p38 MAPK in LPS- and
TNF-a-induced expression of CD44 in monocytic cells. In contrast, IL-10-induced CD44
expression did not involve p38 or p42/44 MAPK activation. To further dissect the TNF-
o- and LPS-induced signaling pathways regulating CD44 expression independent of IL-
10-mediated effects, I utilized IL-10 refractory THP-1 cells as a model system. I provide
evidence that CD44 expression induced by the LPS pathway is mediated through JNK
signaling. Furthermore, my results suggest that CD44 expression consequent to LPS
treatment of human monocytes may require JNK-dependent activation of Egr-1.

The second objective of this study involved understanding the regulation of
hyaluronan-adhesive CD44 in human monocytic cells. My results show that LPS-induced
CD44-HA-binding in normal monocytes is regulated by endogenously produced TNF-a
and IL-10. Studies designed to delineate the role of MAPKs revealed that activation of

p38 was required for LPS- and TNF-a-induced expression of the HA-adhesive CD44. In
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contrast, IL-10-induced CD44-HA interactions were not mediated through either p38 or
p42/44 activation. To further dissect the TNF-a- and LPS-induced signaling pathways
independent of IL-10-mediated effects, I utilized IL-10 refractory promonocytic THP-1
cells as a model system. I show that production of TNF-a following LPS-stimulation of
THP-1 cells involves p42/44 MAPK activation, and endogenously produced TNF-o is
required for the induction of CD44-mediated HA binding. My results also show that
sialidase activation is required for the acquisition of HA-binding capacity by CD44 in
LPS- and TNF-a-stimulated monocytic cells. These results prompted me to investigate a
role for p38 and p42/44 in LPS- and TNF-a-induced sialidase activity resulting in the
synthesis of the HA-binding form of CD44. LPS-induced sialidase activity was
dependent on p42/44 MAPK-mediated TNF-o production. Blocking TNF-a. production
by PD98059, a p42/44 inhibitor, significantly reduced the LPS-induced sialidase activity
and CD44-HA binding. Subsequently, TNF-a-mediated p38 MAPK activation induced
sialidase activity and CD44-HA-binding. Taken together, my results suggest a key role
for TNF-a0 in regulating the synthesis of HA-adhesive CD44 by inducing sialidase
activity through p38 MAPK activation in LPS-stimulated monocytic cells.

I will present the results from these experiments in two sections; the first section
will deal with the data on the regulation of CD44 expression in monocytic cells and the

second section will deal with the data on the regulation of CD44-HA binding in

monocytic cells.
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RESULTS:

Objective 1 A: Role of MAPK in the Regulation of CD44 Expression by
Lipopolysaccharide (LPS) and Tumor Necrosis Factor-o in Human Monocytic Cells
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LPS, IL-10, and TNF-o upregulate CD44 expression on the surface of normal
human monocytes

Stimulation of normal human monocytes with LPS results in the release of pro-
and anti-inflammatory cytokines (IL-1, IL-6, TNF-o, IL-10), and induces the expression
of various cell surface receptors including CD44 (62,225,238). To confirm that
stimulation of normal human monocytes with LPS resulted in CD44 upregulation,
monocytes were isolated by negative selection as described in the materials and methods
section and the cells were cultured with LPS (1ug/ml) for 24 hr and analyzed for CD44
expression by flow cytometry (Fig. 3-1). As seen in Fig. 3-1, LPS induced enhanced
expression of CD44. The histogram shown is a representative from 5 different donors. It
has been suggested that TNF-o. and IL-10 are the major cytokines that regulate
interaction of CD44 with its ligand HA in human monocytes (26,62). Since TNF-a and
IL-10 are produced in response to LPS stimulation of these cells, the ability of
exogenously added cytokines to increase expression on monocytes was also investigated.
Cells were isolated as described above and were cultured with either TNF-o (10 ng/ml)
or IL-10 (10 ng/ml) for 24hr. Both TNF-a and IL-10 increased CD44 expression on
normal human monocytes. (Fig. 3-1). To determine whether LPS-induction of IL-10 and
TNF-o are responsible for the LPS-induced CD44 upregulation, antibodies specific for
human IL-10Ra (0.1 pg/ml) and human TNF-aR1 (5 pg/ml) as well as isotype-matched
control antibodies were added to cultures of monocytes in concert with LPS and the cells
were culture for 24 hr. These antibodies were capable of neutralizing the biological
activity of 1 ng/ml of IL-10 and TNF-a respectively, as recommended by the supplier

(R&D Systems). The results show that anti-IL-10Ro and anti-TNF-aR1 antibodies
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Fig. 3-1: LPS, IL-10, and TNF-a enhance CD44 expression in normal human monocytes.

A. Purified normal human monocytes (0.5 x 10%/ml) were stimulated with LPS (1 pg/ml),
IL-10 (10 ng/ml), or TNF-a (10 ng/ml) for 24 hr. and analyzed for CD44 expression by
flow cytometry. B. LPS treated normal human monocytes were treated with either anti-
IL-10Ra (0.1 pg/ml, upper panel) , anti-TNF-oR1 (5 pg/ml, middle panel), or by
anti-IL-10Ro  (0.1pg/ml) plus anti-TNF-oR1 (5 pg/ml) (lower panel) or with isotype
matches control antibodies. Shaded histograms represent untreated cells. Bold lines
indicate LPS-stimulated cells in the presence of control antibodies whereas broken lines
represent LPS-stimulated cells treated with anti-IL-10R and anti-TNF-oR antibodies. The
cells were double-stained with PE-labeled mouse anti-human CD14 antibodies and with
FITC-labeled mouse anti-human CD44 antibodies. CD44 expression was analyzed on
CD14+ monocytes by flow cytometry. The experiments shown are representative of five
different experiments.
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inhibited the LPS-induced CD44 expression but not by the control antibodies (Fig. 3-1).
In summary, these results indicate that LPS-induced CD44 upregulation is mediated by

the LPS-induced cytokines TNF-a and IL-10.

Role of p38 MAP kinases in LPS-induced upregulation of CD44 expression

The MAP kinases are known to play a major role in the LPS- and cytokine-mediated
induction of several cell surface molecules (188,239-242). It was, therefore, of interest to
identify the specific members of the MAP kinase family that are involved in the LPS, IL-
10, and TNF-a-induced regulation of CD44 expression in monocytic cells. First the
involvement of p38 and p42/44 ERK MAP kinases was investigated by examining their
activation following stimulation of monocytes with LPS. Isolated monocytes were
cultured in the presence of LPS (1pg/ml) for 10 min followed by Western blot analysis
using phospho-specific antibodies to either p38 or p42. LPS induced the phosphorylation
of both p38 and p42/44 (Fig. 3-2A). The role of p38 and p42/44 has been studied through
the use of specific kinase inhibitors: SB202190 for p38-, and PD98059 for p42/44-
mediated signaling (216,217). To confirm that SB202190 and PD98059 inhibited the
phosphorylation of p38 and ERKs respectively in this system, freshly isolated monocytes
were pretreated with these inhibitors for 2 hr followed by stimulation with LPS for 10
min. The lysates were then subjected to the same Western blotting conditions as
described above. The results show that prior incubation of monocytes with SB202190 or
PD98059 resulted in the inhibition of LPS-induced phosphorylation of p38 and p42/44

ERKSs, respectively, (Fig.3-2A).
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Fig. 3-2. Effect of LPS on normal human monocytes.

A. LPS stimulation induces p38 and p42/44 MAP kinase phosphorylation in purified
human monocytes. Purified normal human monocytes (1.0 x 10%ml) were pretreated with
either SB202190 or PD98059 at varying concentrations ranging from 0 to 50 uM for 2 hr
prior to LPS (1 pg/ml) stimulation for 10 min. Crude protein extracts (50 pg) were
subjected to SDS-PAGE followed by Western blot analysis. The membranes were blotted
with either anti-phospho-p38 (pp38) antibody or anti-phospho-p42 (pp42) antibody, and
to control for loading, the membranes were stripped and reprobed with either anti-p38
(p38) or anti-p42 (p42) respectively. The p38 MAP kinase inhibitor modulates LPS-
induced CD44 expression (B) and TNF-a and IL-10 production (C) in normal human
monocytes. Purified normal human monocytes (0.5 x 10%ml) were pretreated with either
SB202190 or PD98059 at varying concentrations ranging from 0 to 50 uM for 2 hr prior
to LPS (1 pg/ml) stimulation for 24 hr. CD44 expression was then analyzed by flow
cytometry. Supernatants were harvested and analyzed by ELISA for TNF-o and IL-10
production. The histogram shown is a representative of five different experiments
performed. ELISA results are represented as a mean + SD of five experiments.
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To determine the role of p38 and p42/44 MAP kinases in the LPS-mediated
induction of CD44, monocytes were treated with SB202190 or PD98059 at various
concentrations for 2 hr before stimulation with LPS for 24hr and analyzed for CD44
expression by flow cytometry. SB202190 partially inhibited CD44 expression at doses as
low as 10 uM (Fig. 3-2B). Complete inhibition was not observed even if 25 and 50 uM
of SB202190 were used (Fig. 3-2B). When cells from five donors were used in separate
experiments, variations in CD44 expression levels resulted ie, the data in Table 3-1 does
not show a significant inhibition at 10 pM; however, at doses of 25 and 50 pM, the
partial effect of SB202190 is significant (p<0.05). Treatment of cells with SB202474, an
inactive analogue of SB202190, for 2 hr prior to LPS stimulation did not influence CD44
expression (data not shown), thus confirming the specificity of SB202190. In contrast,
PD98059 did not inhibit CD44 expression even at doses of 50 uM (Fig. 3-2B, Table 3-1),
indicating that the p42/44 pathway is not directly involved in the regulation of LPS-
induced CD44 expression. Doses higher than 50 pM were not used as these
concentrations were cytotoxic as determined by the trypan blue exclusion test (data not
shown).

Role of TNF-a and IL-10 LPS-induced upregulation of CD44 expression

Because LPS stimulation of primary monocytes also results in the production of
cytokines such as IL-10 and TNF-a and because these cytokines affect CD44 expression,

it is possible that the downregulation of CD44 expression observed following treatment

with SB202190 may be due to the inhibition of endogenous IL-10 and/or TNF-o
production. Therefore, the effects of MAP kinase inhibitors on IL-10 and TNF-a

production in LPS-stimulated monocytes were evaluated. Preincubation with SB202190,
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Table 3-1: Effects of p38 and p42/44 MAPK inhibitors on LPS-, TNF-a.-, and IL-10-

induced CD44 expression in normal monocytes

CD44 expression (MCF) following stimulation in the presence of

Treatment  Media MAPK Inhibitors (LM)
0 2.5 5 10 25 50
LPS + 2063+  389.0+ 4102+ 4314+ 3548% 3157 264.7%
SB202190 50.0 50.1 * 26.7 26.3 48.6 35.6 * 62.2 *
LPS + 2063+ 389.0+ 406.1+ 3765+ 461.0+f 4220+ 4225+
PD98059 50.0 50.1 * 79.3 33.2 42.5 46.7 78.5
TNF-a + 3284+ 5293+ 5132+  536.8% 4992+  401.6+ 3452+
SB202190 47.5 118.6 * 12.5 43.7 84.4 52.1 % 40.2 *
TNF-a + 3284+ 5293+ 5491+ 5757+ 5357+ 6065+  5585%
PD98059 47.5 118.6 * 27.0 61.8 138.5 30.9 90.3
IL-10 + 281.8+  665.0% N.D. 6495+ 6575+ 6540+ 5510+
PD98059 45.3 69.4 * 24.7 16.3 60.8 22.6

Normal monocytes (1.0 x 10%ml) were pretreated with SB202190 or PD98059 for 2 hr at
the concentrations indicated prior to stimulation with either LPS (1 pg/ml), TNF-o (10
ng/ml), or IL-10 (10 ng/ml) for 24 hr. CD44 expression (MCF % SD; n=5) was analyzed
by flow cytometry. *,p  0.05; ND, not determined.
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but not PD98059, inhibited LPS-induced IL-10 as well as TNF-a production in a dose-
dependent manner (Fig. 3-2C). The same cells were used for CD44 expression as well as
IL-10 and TNF-o production analyses in the experiments shown in Fig 3-2B and 2C.
These results suggest that the partial inhibition of LPS-induced CD44 expression by
SB202190 may be, at least in part, due to the decreased endogenous production of TNF-o
and/or IL-10.
Role of p38 MAPK in TNF-a-induced CD44 expression

It is likely that IL-10 and/or TNF-a induced by stimulation of monocytes with
LPS may upregulate CD44 expression by activating either p38 or p42/44 MAPKs. To
clarify the role of p38 and p42/44 MAPKs in TNF-a-induced CD44 expression, the
effects of the MAPK inhibitors on TNF-o-induced CD44 upregulation were examined.
Isolated monocytes were pretreated with varying concentrations of either SB202190 or
PD98059 for two hr followed by treatment with LPS (1ug/ml) for 10 min. Lysates were
then subjected to Western blot analysis as before. Similar to the LPS-induced activation
of p38 and p42/44 (Fig. 3-2A), SB202190 and PD98059 significantly reduced TNF-a.-
induced phosphorylation of p38 and p42/44 ERK kinases, respectively, in normal
monocytes (Fig. 3-3A). Similar to the results obtained for LPS-induced CD44 expression
(Fig. 3-2A), neither SB202474 (data not shown) nor PD98059 influenced CD44
expression. SB202190 partially inhibited CD44 expression at doses as low as 10 uM
(Fig. 3-3B). Complete inhibition was not observed even if 25 and 50 pM of SB202190

were used (Fig. 3-3B). The results from five different donors are shown in Table 3-1.
Because of large variations in the level of CD44 expression on monocytic cells among

individuals, the data in Table 3-1 does not show a significant inhibition at 10 pM;
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Fig. 3-3. Effect of TNF-a on normal human monocytes

A. TNF-o induces p38 and p42/44 MAP kinase phosphorylation in purified human
monocytes. Purified normal human monocytes (1.0 x 10%ml) were pretreated with either
SB202190 or PD98059 at varying concentrations ranging from 0 to 50 pM for 2 hr prior
to TNF-a (10 ng/ml) stimulation for 10 min. Crude protein extracts (50 pg) were
subjected to SDS-PAGE followed by Western blot analysis. The membranes were blotted
with either anti-phospho-p38 (pp38) antibody or anti-phospho-p42 (pp42) antibody. To
control for loading, the membranes were stripped and reprobed with anti-p38 (p38) or
anti-p42 (p42) antibodies. B. Effect of p38 and p42/44 MAP kinase inhibitors on TNF-a.-
induced CD44 expression in normal human monocytes. Purified normal human
monocytes (0.5x10°/ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 pM for 2 hr prior to TNF-a (10 ng/ml) stimulation
for 24 hr. CD44 expression was then analyzed by flow cytometry. The experiment shown
is representative of five different experiments.
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however, at doses of 25 and 50 pM, the partial effect of SB202190 is significant
(p<0.05). These results suggest that LPS-induced CD44 expression may be partially
regulated by the enhanced production of TNF-a which is p38 MAP kinase-dependent.
Furthermore, although the interaction of TNF-a. with its receptor activated both the p38
and p42/44 MAPK pathways, p38 may play a partial role in TNF-a-induced CD44
expression.

IL-10-induced CD44 expression does not involve p38 or p42/44 activity

To determine the role of p38 and p42/44 MAP kinases in IL-10-mediated CD44
expression, it was first determined whether IL-10 could activate p38 or p42/44 ERK
MAP kinases. Stimulation of normal monocytes with IL-10 induced the phosphorylation
of p42/44, but not of p38 MAP kinase. Furthermore, IL-10-induced activation of p42/44
ERK was inhibited by PD98059 in a dose-dependent manner (Fig. 3-4A). However,
p42/44 ERK was not found to be involved in IL-10-induced CD44 expression since
incubation of monocytes with PD98059 did not affect IL-10-induced CD44 expression
(Fig. 3-4B, Table 3-1).

Role of p38 MAP kinase in LPS-and TNF-a-induced CD44 expression in THP-1
cells

LPS-induced CD44 expression in normal human monocytes is complex and regulated by
interaction of LPS with its CD14/Toll-like receptor complex as well as by the interaction

between IL-10 and TNF-a and with their corresponding receptor complexes. Because of
the inherent endogenous production of IL-10 in LPS-stimulated monocytic cells, the role
of p38 and p42/44 MAPK in LPS- and TNF-a-induced CD44 expression could not be

easily identified. To investigate the role of MAP kinases in LPS-induced CD44
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Fig. 3-4. Effect of IL-10 on normal human monocytes.

A. Effect of IL-10 on p38 and p42/44 MAP kinase phosphorylation in purified human
monocytes. Purified normal human monocytes (1.0 x 106/m1) were pretreated with either
SB202190 or PD98059 at varying concentrations ranging from 0 to 50 uM for 2 hr prior
to IL-10 (10 ng/ml) stimulation for 10 min. Crude protein extracts (50 pg) were subjected
to SDS-PAGE followed by Western blot analysis. The membranes were blotted with
either anti-phospho-p38 (pp38) antibody or anti-phospho-p42 (pp42) antibody. To control
for loading, the membranes were stripped and reprobed with anti-p38 (p38) or anti-p42
(p42) antibodies. B. The p42/44 ERK MAP kinase inhibitor does not prevent IL-10-
mediated down-regulation of CD44 expression in normal human monocytes. Monocytes
(1.0 x 10°/ml) were treated with 50 UM PD98059 for 2 hr prior to stimulation with IL-10.
After 48 hr, cells were analyzed by flow cytometry for the expression of CD44. The
experiment shown is representative of five different experiments.
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expression independent of IL-10, IL-10 refractory THP-1 cells were used as a model
system. THP-1 cells responded in a similar manner as monocytes with respect to CD44
induction following a 24hr stimulation with either LPS or TNF-a, but did not respond to
IL-10 (Fig. 3-5). When I investigated the role of MAP kinases in LPS-induced CD44
expression, my results revealed that LPS induced the activation of p38 and p42/44 ERK
MAP kinases; this activation was inhibited by their respective specific kinase inhibitors
(Fig. 3-6A). As for primary monocytes, treatment of THP-1 cells with low doses of
SB202190 (10 uM) prior to LPS stimulation resulted in only a partial inhibition of CD44
expression (Fig. 3-6B, Table 3-2, p < 0.05). Complete inhibition was not observed even if
25 and 50 uM of SB202190 were used (Fig. 3-2B, Table 3-2). In contrast, LPS-induced
CD44 expression in THP-1 cells was not inhibited by either SB202474, an inactive
analogue of SB202190 (data not shown), nor by the p42/44 inhibitor PD98059 (Fig. 3-
6B, Table 3-2), thereby eliminating the role of p42/44 signaling in LPS-induced CD44
expression and suggesting the involvement of p38, albeit in a partial manner.

Similar to normal human monocytes, LPS may induce CD44 expression in THP-1
cells via activation through either the CD14-mediated pathway or by endogenously
produced TNF-o.. LPS-induced TNF-a production has been shown to be mediated, at
least in part, via the activation of p38 MAP kinase in normal human monocytes [(241)
and Fig. 3-2]. It was, therefore, of interest to determine whether the inhibition of p38
MAP kinase by SB202190 would result in the loss of TNF-a production in THP-1 cells
concomitant with CD44 inhibition. The results show that SB202190 did not inhibit LPS-

induced TNF-a production in THP-1 cells (Fig. 3-6C, and Table 3-2).
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Fig. 3-5. LPS and TNF-a enhance CD44 expression in THP-1 cells.

THP-1 cells (0.5 x 10°/ml) were treated with LPS (1 pg/ml), IL-10 (10 ng/ml), or TNF-a
(10 ng/ml) for 24 hr. Following the stimulation, cells were examined for CD44 surface

expression by flow cytometry. The experiment shown is representative of five different
experiments.
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Fig. 3-6. Effect of LPS on THP-1 cells.

ALPS stimulation induces p38 and p42/44 MAP kinase phosphorylation in THP-1 cells.
Cells (1.0 x 10%ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 uM for 2 hr prior to LPS (1 pg/ml) stimulation for
10 min. Crude protein extracts (50 pg) were subjected to SDS-PAGE followed by
Western blot analysis. The membranes were blotted with either anti-phospho-p38 (pp38)
antibody or anti-phospho-p42 (pp42) antibody. To control for loading, the membranes
were stripped and reprobed with anti-p38 (p38) or anti-p42 (p42) antibodies. The western
blot shown is a representative of five different experiments. Effect of p38 and p42/44
MAP kinase inhibitors on LPS-induced CD44 expression (B) and TNF-a production (C)
in THP-1 cells. Cells (0.5 x 10%ml) were treated with various concentrations of either
SB202190 or PD98059 for 2 hr prior to stimulation with LPS. After 24 hr, cells were
analyzed by flow cytometry for the expression of CD44. Supernatants were harvested and
analyzed for TNF-a production by ELISA. ELISA data are represented as a mean + SD
of five different experiments.
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Table 3-2: Effects of p38 and p42/44 MAPK inhibitors on LPS- and TNF-o—induced
CD44 expression in THP-1 cells.

CD44 expression (MCF) following stimulation in the presence of

Treatment Media MAPK Inhibitors (uM)
0 5 10 25 50

LPS + 613+ 3093 £ 3954+ 265.0 = 1513+ 134.0 =
SB202190 12.1 50.0 * 4.7 77.8 13.1 % 142 *
LPS + 58.0+ 277.6 + 267.2 £ 280.0 £ 2578 2573 %
PD98059 10.7 15.9* 15.4 42.7 325 34.5
TNF-a + 463 + 86.3 83.5+ 78.0 £ 725+ 573 %
SB202190 8.8 12.3 * 4.5 12.1 9.6 * 11.5*
TNF-a + 37.8 £ 87.8 76.5 + 70.1 + 753 71.9 +
PD98059 53 10.6 * 3.5 39.8 3.4 4.1

THP-1 cells (0.5 x 10°ml) were pretreated with SB202190 or PD98059 for 2 hr at the
concentrations indicated prior to stimulation with either LPS (1 pg/ml) or TNF-a (10
ng/ml) for 24 hr. CD44 expression was analyzed by flow cytometry (MCF + SD; n=5). *,
p 0.05; ND, not determined.
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As for normal monocytes, it is likely that LPS-induced CD44 expression in THP-
1 cells may be regulated via the activation of the p38 and p42/44 MAP kinase following
interaction of endogenously produced TNF-o with the TNF-a receptor. To determine the
role of p38 and p42/44 MAP kinases in TNF-a-induced CD44 expression, it was first
demonstrated that TNF-o induced the phosphorylation of both p38 and p42/44 in THP-1
cells, and that this phosphorylation was inhibited by their respective inhibitors SB202190
and PD98059 in a dose-dependent manner (Fig. 3-7A). Treatment of THP-1 cells with 25
and 50 uM of SB202190 prior to stimulation with TNF-a. resulted in a partial inhibition
of CD44 expression (Fig. 3-7B, Table 3-2, p<0.05). In contrast, TNF-a-induced CD44
expression in THP-1 cells was not affected by either SB202474 (data not shown) or
PD98059 (Fig. 3-7B, Table 3-2). Taken together, these results suggest that both LPS and
TNF-o. enhance CD44 expression, at least in part, through the activation of p38 MAP

kinase in both primary monocytes and THP-1 cells.

JNK MAP kinase plays a distinct role in LPS-induced but not in TNF-o-induced
CD44 expression in THP-1 cells

The partial involvement of p38 and the lack of involvement of p42/44 MAP kinases in
LPS- and TNF-a-induced CD44 expression lead to the examination of the role of JNK,
the third major member of the MAP kinase family. To assess the role of JNK,
experiments using the glucocorticoid dexamethasone, an inhibitor of JNK activation
were performed (243). It was examined whether LPS or TNF-a could induce JNK
phosphorylation in THP-1 cells, and whether dexamethasone could inhibit its

phosphorylation. Both LPS and TNF-o induced the phosphorylation of INK in THP-1
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Fig. 3-7. Effect of TNF-oe on THP-1 cells.

A. TNF-a induces p38 and p42/44 MAP kinase phosphorylation in THP-1 cells. Cells
(1.0 x 10%ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 pM for 2 hr prior to TNF-a. (10 ng/ml) stimulation
for 10 min. Crude protein extracts (50 ng) were subjected to SDS-PAGE followed by
Western blot analysis. The membranes were blotted with either anti-phospho-p38 (pp38)
or anti-phospho-p42 (pp42) antibodies. To control for loading, the membranes were
stripped and reprobed with anti-p38 (p38) or anti-p42 (p42) antibodies respectively. B.
Effect of p38 and p42/44 MAP kinase inhibitors on TNF-a-induced CD44 expression in
THP-1 cells. Cells (0.5x10%ml) were pretreated with either SB202190 or PD98059 at
varying concentrations ranging from 0 to 50 uM for 2 hr prior to TNF-a (10 ng/ml)
stimulation for 24 hr. CD44 expression was then analyzed by flow cytometry. The
experiment shown is representative of five different experiments.
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cells and this activation was inhibited in a dose-dependent manner by pretreatment of the
cells with increasing doses of dexamethasone (Fig. 3-8A). Furthermore, treatment of
THP-1 cells with dexamethasone prior to stimulation with LPS resulted in complete
abrogation of CD44 expression in a dose-dependent manner (Fig. 3-8B). In contrast,
dexamethasone did not influence TNF-a-induced CD44 expression in THP-1 cells at any
concentration (Fig. 3-8B). These results show that JNK signaling may be necessary for
LPS-, but not for TNF-a-induced CD44 expression. Recently, a specific JNK inhibitor,
SP600125, has become commercially available (244). To confirm the involvement of
JNK, THP-1 cells were pretreated with varying concentrations of SP600125 prior to
stimulation with LPS or TNF-o.. SP600125 inhibited JNK  phosphorylation induced by
LPS and TNF-a in a dose dependent manner (Fig.3-9A). Consistent with the results
obtained with dexamethasone, SP600125 inhibited LPS-induced CD44 expression in a
dose dependent manner, whereas TNF-a-induced CD44 expression remained unaffected
(Fig 3-9B).

To further determine the role of JNK MAP kinase in LPS-induced CD44
expression, THP-1 cells were transiently transfected with either a dominant-negative
SEK1 plasmid (DN SEK1) or with a control plasmid pcDNA3. Activation of SEK1 is
responsible for the induction of the JNK signaling cascade and the presence of DN SEK1
effectively blocks JNK activation (245-247). The DN SEK1 kinase becomes activated
following stimulation of cells with either LPS or TNF-a, and would compete with the
endogenous SEK1 kinase for interaction with JNK, essentially blocking JNK activity.
Because the DN SEK1 is expressed in excess, endogenous SEK1 is out-competed for

JNK binding. THP-1 cells transfected for 12 hr with either the DN SEK1 or the control
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Fig. 3-8. Effect of dexamethasone on CD44 induction in THP-1 cells.

A. Dexamethasone inhibits LPS-induced and TNF-o-induced phosphorylation of JNK
kinase in THP-1 cells. THP-1 cells (1.0 x 106/m1) were treated with dexamethasone at
varying concentrations ranging from 0 to 50 nM for 2 hr prior to stimulation with LPS (1
pg/ml) or TNF-o. (10 ng/ml) for 10 min. Total cell proteins were analyzed for
phosphorylation of JNK MAP kinase using an anti-phospho-JNK rabbit polyclonal
antibody. To control for protein loading, the membranes were stripped and reprobed with
anti-JNK rabbit polyclonal antibodies. B. Dexamethasone inhibits LPS-induced but not
TNF-o-induced CD44 expression in THP-1 cells. Cells (0.5 x 106/ml) were treated with
various concentrations of dexamethasone ranging from 0 to 50 nM for 2 hr prior to
stimulation with LPS followed by flow cytometric analysis of CD44 expression. The
experiment shown is representative of five different experiments.
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Fig. 3-9. Effect of SP600125 on CD44 induction.

A. SP600125 inhibits LPS-induced and TNF-o-induced phosphorylation of JNK MAPK
in THP-1 cells. THP-1 cells (1.0 x 10%ml) were treated with SP600125 at varying
concentrations ranging from 0 to 50 pM for 2 hr prior to stimulation with LPS (1 png/ml)
or TNF-a (10 ng/ml) for 10 min. Total cell proteins were analyzed for phosphorylation of
JNK MAP kinase using an anti-phospho-JNK rabbit polyclonal antibody. To control for
protein loading, the membranes were stripped and reprobed with anti-JNK rabbit
polyclonal antibodies. B. SP600125 inhibits LPS-induced but not TNF-a-induced CD44
expression in THP-1 cells. Cells (0.5 x 10%ml) were treated with various concentrations
of SP600125 ranging from 0 to 50 UM for 2 hr prior to stimulation with LPS followed by
flow cytometric analysis of CD44 expression. The experiment shown is representative of
two different experiments.
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plasmid which does not contain any inserted DNA, were stimulated with LPS and
analyzed for JNK phosphorylation after 10 mins of stimulation and CD44 expression
after 24 hr of stimulation. The optimal time period of 12 hr post-transfection prior to
LPS-stimulation was chosen based on the results of a series of experiments in which cells
were stimulated with LPS 2, 4, 8, 12, or 24 hr post-transfection (data not shown). LPS
stimulation of THP-1 cells transfected with the DN SEK1 revealed reduced JNK
phosphorylation compared to that observed in cells transfected with the control plasmid
(Fig 3-10A). LPS stimulation of THP-1 cells transfected with the DN SEK1 plasmid
revealed significantly lower expression of CD44 compared to that of the LPS-stimulated
cells transfected with the control vector (Fig. 3-10B). In contrast, transfection of THP-1
cells with DN SEK1 did not impact TNF-a- induced CD44 expression (Fig. 3-10B). The
effect of DN SEK1 on CD44 expression was specific since the expression of surface
CD14 and IL-10 production remained unaffected following LPS stimulation (data not
shown). These results suggest a distinct role for JNK-mediated signals in LPS-induced
CD44 expression in THP-1 cells. In contrast, TNF-a-induced regulation of CD44
expression did not involve JNK activation in these cells.

Egr-1 binding to the CD44 promoter in LPS-stimulated THP-1 cells is regulated by
JNK MAPK

Egr-1 has been shown to play a role in CD44 expression in human B cells and endothelial
cells (248,249). Although the role of Egr-1 in the regulation of CD44 expression in
human monocytic cells has not been demonstrated, it was of interest to investigate
whether LPS and TNF-o induce Egr-1 activation in THP-1 cells and whether LPS-

induced Egr-1 activation can be inhibited by dexamethasone and a specific inhibitor of
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Fig. 3-10. Effect of DN SEK 1 transfection on CD44 induction.

A. JNK phosphorylation is inhibited by LPS stimulation in DN SEK1 transfected THP-1
cells. Cells were transfected with either a DN SEK] kinase or with control vector
followed by stimulation with LPS for 10 min. Crude protein extracts (50 pg) were
subjected to SDS-PAGE analysis followed by Western blot analysis. The membranes
were blotted with an anti-phospho JNK rabbit polyclonal antibody, and to control for
equal loading of proteins, the membranes were stripped and reprobed with anti-TNK
rabbit polyclonal antibody. B. A Dominant-negative mutant of MKK-4 selectively
inhibits LPS-induced, but not TNF-a-induced, CD44 expression in THP-1 cells. THP-1
cells were transfected with either a dominant-negative SEK1 kinase, or with a control
vector. Transfected cells were stimulated with either LPS (1 pg/ml) or TNF-a. (10 ng/ml)
for 24 hr. Following the incubations, cells were analyzed by flow cytometry for CD44
surface expression. The experiment shown is representative of three different
experiments.
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JNK. Cells were stimulated with LPS or TNF-a over a period of time ranging from 0 to
240 min and the nuclear extracts were analyzed for binding to the Egr-1 oligonucleotide
probe by a gel shift assay. Maximum binding of Egr-1 to the Egr-1 oligonucleotide
sequence occurred at 60 to 240 min following stimulation with LPS and TNF-a (Fig. 3-
11A, B). A major band was observed that corresponded to the Egr-1 DNA-protein
complex that was blocked by competition with cold Egr-1 oligonucleotides, indicating its
specificity. Incubation of THP-1 cells with dexamethasone or SP600125 for 2 hr prior to
stimulation with LPS inhibited Egr-1 binding to the oligonucleotide containing the Egr-1
sequence (Fig 3-11A). It was also shown that LPS stimulation of THP-1 cells transfected
with the DN SEKI1, in contrast to cells transfected with the control plasmid, showed
decreased binding of Egr-1 to the Egr-1 oligonucleotide sequence (Fig 3-11A). Since
treatment of THP-1 cells with dexamethasone, SP600125 as well as transfection with DN

SEK1 plasmid did not affect TNF-a-induced CD44 expression in my studies, the effect

of dexamethasone or SP600125 on TNF-a-induced Egr-1 binding activity was not
investigated. These results show that dexamethasone and SP600125 regulate LPS-
induced Egr-1 activation, suggesting a role for JNK in Egr-1 activation and possibly for

CD44 induction in monocytic cells following LPS stimulation.
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Fig. 3-11. Dexamethasone, dominant-negative SEK 1, and SP600125 inhibit LPS-
induced activation of the Egr-1 transcription factor in THP-1 cells.

THP-1 cells were stimulated with LPS (1 pg/ml) (A) or TNF-o (10 ng/ml) (B) for
various times ranging from 15 to 240 min followed by centrifugation and collection of
cell pellets. To determine the effects of dexamethasone and SP600125 on LPS-induced
activation of Egr-1, cells were treated with dexamethasone (50 nM) or SP600125 (10-
50uM) for 2 hr prior to stimulation with LPS (1 pg/ml). To determine the effect of INK
on Egr-1 activation, THP-1 cells were transfected with either a vector containing a DN
SEK1 or control vector, followed by treatment with LPS for 60 min. To perform the gel
shift assay, nuclear extracts were harvested from the cell pellets obtained at each time
point. Nuclear extracts containing 5 ug of protein were incubated for 1 hr with 32P-
labeled oligonucleotides corresponding to the consensus sequence for Egr-1. To
determine the specificity of Egr-1 transcription factor binding, the nuclear extracts were
incubated with 100 fold unlabeled oligonucleotides (cold competitor) corresponding to
the consensus sequence of Egr-1. The complexes were subjected to electrophoresis
followed by autoradiography. The experiment shown is representative of three
experiments.
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Objective 1 B: Role of MAPKSs in the generation of Functionally Active Hyaluronan-
Adhesive CD44 in LPS- and TNF-o-Stimulated Human Monocytic Cells

88



LPS-induced CD44-mediated HA-binding is regulated by endogenously produced
IL-10 and TNF-a in normal human monocytes

In the preceding section of my thesis, I demonstrated the role of JNK in the regulation of
CD44 expression in LPS-stimulated but not in TNF-a-stimulated monocytic cells. In this
section of my thesis, I investigated the role of MAPKSs in the generation of functionally
active HA-adhesive CD44 in LPS-stimulated monocytic cells. I confirmed that
stimulation of normal monocytes with LPS enhanced CD44-mediated HA-binding (Fig.
3-12). It has been suggested that TNF-o and IL-10 are the major cytokines that regulate
interaction of CD44 with HA in LPS-stimulated human monocytes (26). To determine
whether endogenously produced IL-10 and TNF-a regulate LPS-induced CD44-mediated
HA-binding, I employed antibodies specific for IL-10Ra (0.1 pg/ml) and TNF-aR1 (5
pg/ml). These antibodies are capable of neutralizing the biological activity of 1 ng/ml of
IL-10 and TNF-a, respectively, as described previously (139), and as recommended by
the manufacturer. Anti-IL-10Ra and anti-TNF-oR1 antibodies inhibited the LPS-induced
CD44-HA-binding (Fig. 3-12). Furthermore, stimulation of monocytes with exogenous
TNF-o and IL-10 enhanced CD44-HA-binding (Fig. 3-12) in a dose dependent manner
(data not shown). To determine whether the binding of cells to HA was mediated through
CD44, monocytic cells stimulated with either LPS, TNF-a, or IL-10 were cultured with
anti-CD44 antibodies prior to incubation with HA. Treatment of monocytic cells with

anti-CD44 antibodies inhibited LPS-, TNF-a-, and IL-10-induced HA-binding (Fig. 3-

12).
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Fig. 3-12. LPS, IL-10, and TNF-a enhance CD44-mediated HA-binding in normal
human monocytes.

Purified normal human monocytes (0.5 x 10%ml) were stimulated with LPS (1 pg/ml),
IL-10 (10 ng/ml), or TNF-a (10 ng/ml) for 24 hr. The LPS-treated normal human
monocytes were also incubated with either anti-TNF-aR1 (5 pg/ml), anti-IL-10Ra (0.1
pg/ml), or with anti-IL-10Ra (0.1pg/ml) and anti-TNF-oR1 (5 pg/ml) together for 24 hr.
As negative antibody controls, the cells were also incubated with isotype-matched control
antibodies. To control for the specificity of CD44-HA interactions, the cells were
incubated with anti-CD44 antibodies that block the CD44-HA interaction. Following
stimulation, the cells were analyzed for binding to HA-coated plates. % adherent cells are

presented as the mean of triplicate samples + SD. The results shown are representative of
three experiments.
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LPS- and TNF-a-induced CD44-mediated HA-binding involves the activation of p38
MAPK

The MAPKs play a major role in LPS- and cytokine-mediated induction of
several cell surface receptors including CD44 (139,188,233-237,242). It was, therefore,
of interest to identify the members of the MAPK family that are involved in LPS-, IL-10,
and TNF-a-induced regulation of CD44-HA-binding in monocytic cells. My results
revealed the involvement of p38 and p42/44 MAPKs by examining their activation
following stimulation of monocytes either with LPS, TNF-a, or IL-10. LPS and TNF-a
induced the phosphorylation of both p38 and p42/44 ERKs (Fig. 3-13 A, B). In contrast,
IL-10 enhanced the phosphorylation of p42/44 ERKs but had no effect on p38
phosphorylation (Fig. 3-13 C). As mentioned previously, the role of p38 and p42/44
ERKSs has been studied through the use of specific kinase inhibitors: SB202190 for p38-,
and PD98059 for p42/44-mediated signaling (217). To confirm that in this system
SB202190 and PD98059 inhibited the phosphorylation of p38 and ERKs, respectively,
freshly isolated monocytes were pretreated with these inhibitors for 2 hr followed by
stimulation with either LPS, TNF-o or IL-10 for 10 min. Prior treatment of monocytes
with SB202190 or PD98059 resulted in the inhibition of both LPS- and TNF-a-induced
p38 and p42/44 ERKs phosphorylation, respectively (Fig. 3-13 A, B). Similarly,
pretreatment of monocytes with PD98059 prior to IL-10 stimulation inhibited p42/44
phosphorylation in a dose-dependent manner (Fig. 3-13 C).

To determine the role of p38 and p42/44 MAPKs in LPS-induced CD44-HA-
binding, monocytes were pretreated with increasing doses of SB202190 or PD98059 for
2 hr before LPS stimulation for 24 hr. Cells were analyzed for CD44-mediated HA-

binding by the HA adhesion assay as described in the materials and methods chapter.
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Fig. 3-13. Activation of p38 and p42/44 MAPK phosphorylation in purified normal
monocytes in response to LPS, TNF-q, and IL-10.

Cells (1.0 x 10%ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 uM for 2 hr prior to (A.) LPS (1 pg/ml), (B.) TNF-a
(10 ng/ml), or (C.) IL-10 (10 ng/ml) stimulation for 10 min. Crude protein extracts (50
ng) were subjected to SDS-PAGE followed by Western blot analysis. The membranes
were blotted with either anti-phospho-p38 (pp38) antibody or anti-phospho-p42 (pp42)
antibody, and to control for protein loading, the membranes were stripped and reprobed
with either anti-p38 (p38) or anti-p42 (p42) antibodies respectively. The western blots
shown are representative of five different experiments.
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CD44-HA-binding was significantly inhibited at doses as low as 5 uM of SB202190 (Fig.
3-14). Treatment of monocytes with SB202474, an inactive analogue of SB202190, for 2
hr prior to LPS stimulation did not influence CD44-HA-binding (data not shown), thus
confirming the specificity of SB202190. PD98059 did not. inhibit CD44 binding at doses
up to 50 pM (Fig. 3-14), indicating that the p42/44 pathway is not involved in the
regulation of LPS-induced CD44-HA-binding.

To determine whether the inhibition of CD44-HA-binding observed following
treatment with SB202190 of LPS-stimulated monocytes was due to the inhibition of
endogenous IL-10 and/or TNF-o expression, I evaluated the effects of MAPKs inhibitors
on IL-10, and TNF-a production. SB202190, but not PD98059, inhibited LPS-induced
IL-10 as well as TNF-a production in a dose-dependent manner (Table 3-3). The same
cells were analyzed for HA-binding as well as for IL-10 and TNF-a production. These
results suggest that the inhibition of LPS-induced CD44-mediated HA-binding by
SB202190 may be, at least in part, due to the decreased endogenous production of TNF-o.
and/or IL-10.

It is likely that the IL-10 and TNF-o produced following LPS stimulation of
monocytes may upregulate CD44-HA-binding by activating either p38 or p42/44 in the
case of TNF-a or p42/44 in the case of IL-10. To determine whether p38 and p42/44
MAPKs play a role in TNF-a-induced CD44-HA-binding, monocytes were pretreated
with either p38 or p42/44 inhibitors for 2 hrs followed by TNF-a stimulation. Similar to

the results obtained for LPS-induced CD44-HA-binding (Fig. 3-14 A), neither SB202474
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Fig. 3-14. The p38 MAPK inhibitor modulates LPS- and TNF-o-induced CD44-mediated
HA-binding in purified normal monocytes.

Cells (0.5 x 10%ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 uM for 2 hr prior to (A) LPS (1 pg/ml), (B) TNF-a
(10 ng/ml), or (C) IL-10 (10 ng/ml) stimulation for 24 hr. CD44 mediated-HA-binding
was analyzed by the HA adhesion assay. % adherent cells are presented as the mean of
triplicate samples + SD. The results shown are representative of three experiments.
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Table 3-3: Effect of p38 and p42/44 MAPK inhibitors on LPS-induced TNF-a and IL-10
production (pg/ml) in normal human monocytes.

Cytokine production following LPS stimulation in the presence

Cytokine Treatment of MAPK Inhibitors (uM)
0 0.625 1.25 2.5 5 10 25
IL-10 LPS+ 2185 755+ 740+ 832% 641+ 6261 414+

SB202190 +13.4 7.8* 2.8% 42 % 1.4 % 2.8%* 5.7 %

LPS + 386.2 3485 3975 4015 435.0 4385 363.5
PD98059 +113 +£658 £587 148 127 *67.9 1544

TNF-a LPS+ 2445 763+ 957% 673+ 724t 661t 646+t
SB202190  £9.1 51*% 106* 68* 118* 156%* 7.1*%*

LPS + 467+ 6815 6625 5565 5585 485+ 4755
PD98059 156 +£374 +£559 +68.6 £4.9 80.6  +19.1

Normal human monocytes (1.0 x 10%ml) were pretreated with SB202190 or PD98059 for
2 hr at the concentrations indicated prior to stimulation with LPS (1 pg/ml) for 24 hr
followed by analysis of IL-10 and TNF-a production by ELISA (pg/ml + SD; n=5). *, p

0.05. Unstimulated cells produced less that 16 pg/ml of IL-10 or TNF-« in the culture
supernatants.
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(data not shown) nor PD98059 influenced TNF-a-induced CD44-HA-binding. In
contrast, SB202190 significantly inhibited CD44-HA-binding at doses as low as 5 uM
and complete inhibition was observed at doses of 25 uM (Fig. 3-14 B). Furthermore,
PD98059 did not inhibit IL-10-induced CD44-mediated HA-binding (Fig. 3-14 C). These
results suggest that p38 may play a role in both LPS- and TNF-a-induced CD44-
mediated HA-binding.

LPS-induced CD44-HA-binding in THP-1 cells is regulated by endogenously
produced TNF-a

LPS-induced CD44-HA-binding in normal monocytes is a complex process which
is regulated by the interaction of LPS with its CD14/Toll-like receptor (TLR-4) complex,
as well as by the interaction between IL-10 and TNF-o with their corresponding
receptors (218,225,250). Because of the inherent endogenous production of IL-10 in
LPS-stimulated monocytes, the role of p38 and p42/44 MAPK in LPS- and TNF-a-
induced CD44-HA-binding could not be easily distinguished. To investigate the role of
MAPKs in LPS-induced CD44-HA-binding independent of endogenous IL-10, I again
employed IL-10-refractory THP-1 cells as a model system. THP-1 cells responded in a
similar manner as monocytes with respect to CD44-HA-binding following stimulation
with either LPS or TNF-a (Fig. 3-15). Furthermore, treatment of LPS-stimulated THP-1
cells with anti-TNF-oR1 antibodies inhibited CD44-HA-binding, suggesting that LPS-
induced CD44-HA-binding is regulated by endogenously produced TNF-« (Fig. 3-15). In
addition, treatment of THP-1 cells with anti-CD44 antibodies inhibited LPS- and TNF-o.-

induced HA-binding (Fig. 3-15).
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Fig. 3-15. LPS and TNF-a enhance CD44-mediated HA-binding in THP-1 cells.

THP-1 cells (0.5 x 10%ml) were treated with LPS (1 pg/ml), IL-10 (10 ng/ml), or TNF-a
(10 ng/ml) for 24 hr. LPS-treated cells were also incubated with anti-TNF-oR1
antibodies (5 pg/ml). As negative antibody controls, the cells were also incubated with
isotype-matched control antibodies. To control for the specificity of CD44-HA
interactions, the cells were incubated with anti-CD44 antibodies that block the CD44-HA
interaction. Cells were then subjected to the HA adhesion assay. % adherent cells are

presented as the mean of triplicate samples + SD. The results shown are representative of
three experiments.
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LPS- and TNF-o-induced CD44-HA-binding in THP-1 cells involves differential
activation of p38 and p42/44 MAPKs

To examine the role of p38 and p42/44 MAPKs in LPS- and TNF-a-induced
CD44-HA-binding, my results show that SB202190 and PD98059 inhibited both the
LPS- and TNF-a-induced phosphorylation of p38 and p42/44 MAPKs, respectively (Fig.
3-16). In contrast to the normal monocytes (Fig. 3-14), treatment of LPS-stimulated THP-

1 cells with SB202190 did not inhibit CD44-HA-binding. However, PD98059
significantly inhibited CD44-HA-binding at doses as low as 10 uM (Fig 3-17 A).
Because LPS treatment of THP-1 cells results in the production of endogenous TNF-a,
we examined whether SB202190 or PD98059 affected TNF-a expression. Supernatants
from cells treated with either SB202190 or PD98059 obtained from the above-mentioned
experiments were analyzed for TNF-a production. The results show that in contrast to
SB202190, PD98059 significantly inhibited LPS-induced TNF-o production at doses as
low as 1 uM (Table 3-4).

The above results suggested that the induction of CD44-mediated HA-binding
observed in LPS-stimulated THP-1 cells is regulated by endogenously produced TNF-a
via the activation of p42/44 MAPK. This was confirmed by analysis of CD44-HA-
binding in LPS-stimulated cells in which TNF-a production was blocked by graded doses
of PD98059 followed by reconstitution with a constant concentration of TNF-a (10
ng/ml) (Fig. 3-17 B). Alternatively, LPS-stimulated cells in which TNF-a production was
blocked by pretreatment with a constant dose of 25 uM of PD98059, could bind HA

when exposed to increasing concentrations of TNF-o (0.01-10 ng/ml) (Fig. 3-17 B). The
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Fig. 3-16. LPS and TNF-o stimulation induce p38 and p42/44 MAPK phosphorylation in
THP-1 cells.

Cells (1.0 x 10%ml) were pretreated with either SB202190 or PD98059 at varying
concentrations ranging from 0 to 50 uM for 2 hr prior to (A) LPS (1 pg/ml) or (B) TNF-a
(10 ng/ml) stimulation for 10 min. Crude protein extracts (50 pug) were subjected to SDS-
PAGE followed by Western blot analysis. The membranes were blotted with either anti-
phospho-p38 (pp38) antibody or anti-phospho-p42 (pp42) antibody. To control for
protein loading, the membranes were stripped and reprobed with anti-p38 (p38) or anti-
p42 (p42) antibodies, respectively. The western blot shown is a representative of five
different experiments.
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Fig. 3-17. Role of p38 and TNF-a in LPS-induced CD44-HA binding

A. Effect of p38 and p42/44 MAPK inhibitors on LPS-induced CD44-mediated HA-
binding in THP-1 cells. Cells (0.5 x 10%ml) were treated with various concentrations of
either SB202190 or PD98059 for 2 hr prior to stimulation with LPS. After 24 hr, cells
were analyzed by the HA adhesion assay. % adherent cells are presented as the mean of
triplicate samples + SD. The results shown are representative of three experiments.

B. Effect of exogenous TNF-a on PD98059-and LPS-treated THP-1 cells. Left panel:
THP-1 cells (0.5x10%ml) were pretreated with PD98059 at varying concentrations
ranging from 0 to 50 pM for 2 hr prior to LPS (1 pg/ml) or TNF-a (10 ng/ml) stimulation
for 24 hr. CD44-HA-binding was analyzed by the HA adhesion assay. Right panel: THP-
1 cells (0.5x10°ml) were pretreated with 50 uM of PD98059 for 2 hr prior to LPS (1
pg/ml) and varying doses of TNF-a (0.01 to 10 ng/ml) stimulation for 24 hr. CD44-HA-
binding was then analyzed by the HA adhesion assay. % adherent cells are presented as
the mean of triplicate samples + SD. The results shown are representative of three
experiments. C. Effect of p38 and p42/44 MAPK inhibitors on TNF-o-induced CD44-
mediated HA-binding in THP-1 cells. Cells (0.5x10%ml) were pretreated with either
SB202190 or PD98059 at varying concentrations ranging from 0 to 50 uM for 2 hr prior
to TNF-a (10 ng/ml) stimulation for 24 hr. CD44-HA-binding was analyzed by the HA
adhesion assay. % adherent cells are presented as the mean of triplicate samples + SD.
The results shown are representative of three experiments.
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Table 3-4: Effects of p38 and p42/44 MAPK inhibitors on LPS-induced TNF-a.
production in THP-1 cells.

Treatment TNF-a production following LPS stimulation in the presence of
MAPK Inhibitors (uUM)
0 0.625 1.25 2.5 5 10 25

LPS + 17722 1428.6 17074 1837.6 2156.2 2006.8 2677.1
SB202190 +26.4 +138.5 £282.1 +£230.7 +£2256 +£1951 +364

LPS + 2293.6 9644+ 1096+ 721+ 739+ 698 + 661
PD98059 +207.1 29.6* 244* 106* 8.4 * 69.9 * 59*

THP-1 cells (0.5 x 10°/ml) were pretreated with SB202190 or PD98059 for 2 hr at the
concentrations indicated prior to stimulation with LPS (1 pg/ml) for 24 hr. TNF-a
production was analyzed by ELISA (pg/ml £ SD; n=5). *,p  0.05. Unstimulated cells
produced less that 16 pg/ml of TNF-a in the culture supernatants.
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results show that exogenous addition of TNF-o reversed the PD98059-induced inhibition
of CD44-HA-binding, suggesting that LPS-activated p42/44 MAPK may play a critical
role in TNF-a production which in turn may induce CD44-mediated HA binding.

Studies performed to delineate the involvement of MAPKs in TNF-a-induced
CDA44-HA-binding revealed that similar to the results observed in normal monocytes,
CD44-mediated HA binding in THP-1 cells was regulated by p38 MAPK. Treatment of
THP-1 cells with SB202190 prior to stimulation with TNF-o resulted in inhibition of
CD44-mediated HA-binding in a dose dependent manner (Fig. 3-17 C). In contrast, TNF-
o-induced CD44-HA-binding was not affected by either SB202474 (data not shown) or
PD98059 (Fig. 3-17 C). These results suggest that although LPS-induced CD44-HA-
binding is dependent on endogenously produced TNF-o via p42/44 activation, TNF-o-
induced CD44-mediated HA-binding requires the activation of p38 MAPK.

Involvement of sialidase in the regulation of LPS- and TNF-a-induced CD44-HA-
binding

It was recently shown that an inducible lysosomal sialidase could regulate LPS-
induced CD44-HA-binding in THP-1 cells (29). In view of my results suggesting the
involvement of p38 and p42/44 MAPK in TNF-a- and LPS-induced CD44-HA-binding
in THP-1 cells, respectively, I hypothesized that LPS- and TNF-a-induced CD44-HA-
binding is regulated by sialidase, whose activity may be influenced by the MAPK signal
transduction pathway. Therefore, I first investigated whether LPS- and TNF-a-induced
CD44-HA-binding requires the induction of sialidase activity. I treated normal
monocytes and THP-1 cells with increasing doses of purified sialidase in order to

determine if desialidation of the pre-existing surface CD44 could induce an increase in
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CDA44-HA-binding. The results show that doses as low as 0.1 U/ml of sialidase were
sufficient to induce CD44-HA-binding in both normal monocytes and in THP-1 cells
(Fig. 3-18 ). To determine the validity of the sialidase preparation, the sialidase enzyme
(0.8 U/ml) was boiled for 10 min prior to incubation with the >'Cr labeled monocytes as
well as THP-1 cells. The results show that the boiling of sialidase significantly inhibited
HA binding as compared to the binding observed with the native sialidase (Fig. 3-18).
We also treated both monocytes and THP-1 cells with 0.8 U/ml of sialidase in the
presence and absence of either anti-CD44 antibodies or isotype matched control
antibodies. Anti-CD44 antibodies inhibited HA binding induced by the treatment of cells
with sialidase suggesting that sialidase-induced HA binding is mediated via the CD44-
HA interactions (Fig.3-18). To determine that sialidase inhibitor could neutralize the
biological activity of the sialidase preparation, 0.8 U/ml of sialidase was treated with
either 0.25, 1.0 or 4.0 mM of sialidase inhibitor 2-Neu-Ac for 30 min followed by
incubation with normal monocytes and THP-1 cells. The results show that
concentrations as low as 0.25 mM of 2-Neu-Ac significantly neutralized HA binding in
both THP-1 cells (Fig. 3-18B) and monocytes (Fig. 3-18A) compared to the binding
observed following treatment of cells with the sialidase enzyme alone.

To demonstrate that LPS- and TNF-a-induced sialidase activity enhances CD44-
HA-binding, normal monocytes and THP-1 cells were treated with sialidase inhibitor,
2,3-dehydro-2-deoxy-N-acetylneuroaminic acid (2-Neu-Ac), for 2 hr prior to stimulation
with either LPS or TNF-a, followed by analysis of HA-binding. The sialidase inhibitor
prevented both LPS- and TNF-a-induced CD44-HA-binding in a dose-dependent manner

in both normal monocytes and THP-1 cells (Fig. 3-19).
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Fig. 3-18. Role of sialidase in LPS- and TNF-a-induced CD44-HA binding.

Addition of exogenous sialidase enzyme induces CD44-mediated HA-binding in purified
normal monocytes (A) and THP-1 cells (B). Left panel: Unstimulated monocytes and
THP-1 cells (0.5 x 106/m1) were labeled with Cr’' as described in the experimental
procedures section following which the cells were treated with increasing doses of
sialidase enzyme (0.1-0.8 U/ml) for 30 min. The cells were washed prior to addition to
the HA-coated plate. In addition, sialidase treated cells were incubated in the presence of
either anti-CD44 antibodies or isotype matched control antibodies. Right Panel: To
determine the validity of the sialidase preparation, the sialidase enzyme (0.8 units/ml)
was boiled for 10 min prior to incubation with the °'Cr labeled cells. To determine that
the sialidase inhibitor could neutralize the biological activity of sialidase preparation, 0.8
units/ml of sialidase was treated with either 0.25, 1.0 or 4.0 mM of sialidase inhibitor 2-
Neu-Ac for 30 min. % adherent cells are presented as the mean of triplicate samples +
SD. The results shown are representative of three experiments.
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Fig. 3-19. Involvement of sialidase activity in THP-1 cells treated with LPS and TNF-a.

Treatment of purified normal monocytes (A) and THP-1 cells (B) with a sialidase
inhibitor reduces both LPS- and TNF-a-induced CD44-mediated HA-binding. Cells
were pretreated with varying doses of 2-Neu-Ac sialidase inhibitor (0.5-4 nM) for 2 hr
prior to addition of LPS (1 ug/ml) or TNF-a (10ng/ml). Following a 24 hr incubation,
HA-binding was analyzed by the HA adhesion assay. % adherent cells are presented as
the mean of triplicate samples + SD. The results shown are a representative of three
experiments.
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To further demonstrate that a sialidase activity was induced following stimulation
with LPS and TNF-a, I performed a fluorescence-based sialidase activity assay for
lysosomal sialidase. Because high numbers of cells are required for determining sialidase
activity (15x10° cells per time point), we could not analyze sialidase activity in normal
monocytes and so used THP-1 cells instead. THP-1 cells were stimulated with either LPS
or TNF-a for various times followed by measurement of sialidase activity. Induction of
sialidase activity was observed as early as 8 hr post-treatment but a statistically
significant increase was observed at 12 and 16 hr post-stimulation (Fig. 3-20 A). To
determine whether induction of sialidase activity is associated with HA-binding, THP-1
cells were treated with LPS or TNF-o for various times. The induction of sialidase
activity was concurrent with the time-dependent activation of CD44-HA-binding in
response to LPS or TNF-a (Fig. 3-20 B).

To determine whether the LPS- or TNF-a-induced lysosomal sialidase was
membrane-bound or in the soluble cytosol fraction, the cells were stimulated with LPS or
TNF-a for 16 hr. The cell pellet was treated with 1% digitonin. The resulting supernatant
constituted the soluble cytosol fraction, whereas the pellet represented the membrane
fractions. The membrane fraction was solubilized in a non-ionic detergent, 1% NP-40.
The lysosomal sialidase activity was determined in both the cytosol and membrane
fractions. The results show that the LPS- and TNF-o-stimulation of THP-1 cells induced
a significant increase in the lysosomal sialidase activity that was localized in the
digitonin-solubilized cytosol fraction (Fig. 3-20C). In contrast, the lysosomal sialidase
activity detected in the NP-40-solubilzed membrane fraction was not increased following

TNF-a stimulation of THP-1 cells, whereas this activity was reduced in THP-1 cell
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Fig. 3-20. Induction of sialidase activity in THP-1 cells by LPS and TNF-c.

A. LPS and TNF-a induce lysosomal sialidase activity in THP-1 cells. THP-1 cells were
treated with either LPS or TNF-o for times ranging from 0-20 hr. At each time point,
cells were pelleted, washed once in PBS and analyzed for lysosomal sialidase activity.
Results are presented as the mean fluorescence intensity of three separate experiments +
SD. The increase in activity at 12 and 16 hr was determined to be statistically significant
(p £0.01), and is indicated by *.

B. LPS and TNF-a induce a time-dependent induction of HA-binding in THP-1 cells.
THP-1 cells were treated with either LPS (1 pg/ml) or TNF-a (10 ng/ml) for times
ranging from 0-48 hr. Cells were analyzed for HA-binding by the HA adhesion assay. %
adherent cells are presented as the mean of triplicate samples + SD. The results shown are
representative of three experiments.

C. LPS- and TNF-a-induced lysosomal sialidase activity is localized in the cytosol. THP-
1 cells (15 x 10° cells/ml) were stimulated with LPS (1 pg/ml) or TNF-a (10 ng/ml) for
16 hr. The cell pellet was treated with 1% digitonin. Following centrifugation, the
supernatant constituted the soluble cytosol fraction, whereas the pellet represented the
membrane fractions. The membrane fraction was solubilized in a non-ionic detergent, 1%
NP-40. The lysosomal sialidase activity was determined in the cytosol and membrane
fractions by fluorometry. Results are presented as the mean fluorescence intensity of
three separate experiments + SD. The increase in activity in the digitonin-solubilized
fraction was determined to be statistically significant as indicated by *.

D. Membrane sialidases are not induced in LPS-stimulated THP-1 cells. THP-1 cells (15
x 10° cells/ml) were stimulated with LPS (1 pg/ml) for 16 hr. Cells were sonicated on ice
for 10 sec on a low setting followed by centrifugation. The resulting supernatant was
used to determine the membrane-bound sialidase activity as described in the materials
and methods section. The results are expressed as ng of sialic acid residues released/
200ng total protein.
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stimulated with LPS. These results suggest that LPS- and TNF-a-induced lysosomal
sialidase activity was localized in the cytosol fraction.

I also determined whether membrane sialidase were induced in response to LPS
or TNF-a stimulation of THP-1 cells by using the membrane sialidase-specific substrate,
bovine mixed gangliosides type Il as described in the experimental procedures section.
The results show that stimulation of THP-1 cells with LPS (Fig. 3-20D) or TNF-o (data
not shown) did not induce the membrane sialidase activity.

TNF-a-induced sialidase activity involves p38 MAPK activation in THP-1 cells

Because induction of sialidase activity was found to be associated with CD44-
mediated HA-binding, we determined whether LPS- and TNF-a-induced sialidase
activity involved the activation of p38 or p42/44 MAPKs. Cells were pretreated with
various concentrations of either SB202190 or PD98059 for 2 hr prior to stimulation with
LPS or TNF-a for 16 hr followed by measurement of sialidase activity. In LPS-

stimulated cells, PD98059 significantly reduced LPS-induced sialidase activity in a dose-
dependent manner, whereas SB202190 did not have any effect (Fig. 3-21 A). However,
in TNF-a-stimulated cells, SB202190 significantly reduced TNF-a-induced sialidase
activity in a dose-dependent manner, whereas PD98059, and SB202474, the inactive
analogue of SB202190, failed to inhibit sialidase activity (Fig. 3-21 B). Taken together,
these results suggest that both LPS and TNF-o induce lysosomal sialidase activity in
THP-1 cells. Furthermore, the LPS-induced sialidase activity and consequent CD44-HA-
binding may be regulated by endogenously produced TNF-a. through p42/44 activation.
In contrast, TNF-a-induced sialidase activity resulting in CD44-mediated HA-binding

may be dependent on p38 MAPK activation.
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Fig. 3-21. Effect of MAPK inhibitors on LPS- and TNF-a-induced sialidase activity.

A. LPS-induced sialidase activity in THP-1 cells is inhibited by PD98059. Cells were
pretreated for 2 hr with increasing doses of either SB202190 or PD98059 (5-50 uM) prior
to 16 hr incubation with LPS (1pg/ml). Cells were analyzed for sialidase activity and the
results presented are the mean change in sialidase activity of six separate experiments +
SD. *, indicates p < 0.01.

B. TNF-a-induced sialidase activity in THP-1 cells is inhibited by SB202190. Cells were
pretreated for 2 hr with indicated concentrations of either SB202190 or PD98059 (5-50
uM) prior to 16 hr incubation with TNF-a, (10 ng/ml). Cells were analyzed for sialidase
activity and the results presented are the mean change in sialidase activity of six separate
experiments + SD. *, indicates p <0.01.
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DISCUSSION
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It is well established that CD44-mediated hyaluronan interactions play a vital role
at multiple steps in cell migration and the generation of immune responses including
inflammation (3,4). LPS is a major inducer of CD44 expression and may modulate
CD44-mediated biological effects in monocytes during inflammation (62). One of the
main objectives of my thesis was to understand the molecular signaling pathways
involved in LPS-induced CD44 expression and in the synthesis of the functionally active
hyaluronan-adhesive form of CD44 in human monocytic cells. I primarily investigated
the role of MAP kinases in human monocytic cells stimulated with either LPS or the
cytokines produced endogenously following LPS stimulation that have been implicated in
the regulation of CD44 expression and CD44-HA interactions. I have used primary
human monocytes and the promonocytic THP-1 cell line as a model system to understand
the signaling pathways involved in CD44 expression and the induction of the HA-binding
form of CD44. The proinflammatory cytokine, TNF-a, has been shown to positively
regulate CD44 expression and CD44-HA interactions in human monocytic cells. I
confirmed these results in my model systems that TNF-o acts as the primary cytokine
that regulates LPS-induced CD44 expression and CD44-HA interactions in both primary
monocytes and THP-1 cells. Furthermore, my results suggest that CD44 expression and
the synthesis of the HA-binding form of CD44 are two independent events that are
regulated by two distinct MAPKs in LPS-stimulated monocytic cells. The results reveal
the distinct involvement of JNK MAP kinase in the LPS-mediated but not in the TNF-a.-
mediated pathway resulting in CD44 induction. In addition, I provided evidence for the

partial involvement of p38 MAP kinase in TNF-o-induced CD44 expression in both

normal monocytes and THP-1 cells. In contrast, TNF-a activated p38 MAPK played a
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critical role in the generation of LPS-induced HA-adhesive CD44. It was also
demonstrated that acquisition of the HA-binding form of CD44 involved sialidase
activation in both LPS- and TNF-a-stimulated monocytic cells. In addition, p38 MAPK
activation was required for TNF-a-induced sialidase activity and consequent CD44-HA-
binding. Taken together, the results suggest a key role for TNF-a in regulating the
generation of HA-adhesive CD44 by inducing sialidase activity through p38 MAPK
activation in LPS-stimulated monocytic cells. These results will be discussed in two
sections: first, the differential role of JNK MAPK in LPS- and TNF-a-induced CD44
expression followed by the role of TNF-a-induced p38 MAPK activation in LPS-induced

CD44-HA-binding and the activation of sialidase.

Differential role of JINK MAPK in LPS- and TNF-a-induced CD44 expression

LPS induces its biological effects through a complex process and may involve
signaling via a CD14/LPS/TLR complex as well as through the cytokines produced
endogenously following LPS stimulation. My results reveal that LPS-induced CD44-
expression is mediated primarily by endogenously produced IL-10 and TNF-a. I provide
evidence for the involvement of p38 MAP kinase, at least in part, in TNF-a-induced
(CD44 expression in both normal monocytes and THP-1 cells. In contrast, neither p38 nor
p42/44 MAP kinases were found to be involved in IL-10-induced CD44 expression in
monocytes. To dissect the TNF-o-/LPS-induced signaling pathway regulating CD44
expression independent of IL-10, we utilized IL-10 refractory THP-1 cells as a model
system. My results reveal the distinct involvement of JNK MAP kinase in the LPS-

mediated but not in the TNF-o-mediated pathway resulting in CD44 induction.
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LPS signaling through CD14 has been shown to involve Toll-like receptors-4
(TLR-4) which associate with CD14 (194,195). LPS interaction with CD14 promotes
dimerization of TLR and subsequent recruitment of MyD88, a myeloid differentiation
marker which functions as an adaptor molecule (194,196). MyD88 associates via its c-
terminal toll homology domain with TLR, and via its N-terminal death domain with the
serine-threonine protein kinase, IRAK (196). Upon interaction with MyD88, IRAK is
autophosphorylated and binds to TRAF-6. TRAF-6 subsequently activates TAK-1 and
MEKK, members of the MAP kinase signaling cascade (196,200,251). This interaction
activates the NFkB complex in addition to the p38 MAP kinase (200,252). The LPS-
mediated signaling pathway has been depicted in Fig 1-6 in Chapter 1.

I have shown that the p42/44 ERK MAP kinase was not involved in the regulation
of CD44 expression induced either by LPS, IL-10, or TNF-a. However, SB202190, a p38
inhibitor, partially prevented LPS-induced CD44 expression. Since SB202190 inhibited
LPS-induced IL-10 and TNF-a production, down regulation of CD44 expression may be
attributed to a block in the production of these cytokines. TNF-« is a pleiotropic cytokine
that has growth modulatory, cytotoxic and inflammatory activities (253). Interaction of
TNF-a with its receptor activates complex intracellular signaling pathways, including
protein tyrosine kinase-dependent cascades, leading to the activation of transcription
factors such as NFxB, AP1, etc. (236,254). TNF-o has been shown to activate all three
types of MAPKs in different cell types (236,237). The signaling pathway activated
following interaction of TNF-a with its receptors has been described in detail in Fig 1-7
in Chapter 1. However, the role of intracellular signaling molecules, especially the MAP

kinases, in TNF-a-induced CD44 expression remains largely unknown. My results
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consistently show partial inhibition of CD44 expression by the p38 inhibitor in both
monocytes and THP-1 cells. The partial inhibition of CD44 induction by SB202190 in
both cell types was observed at low doses of 10 uM, and a complete inhibition was not
observed even when concentrations of 25 and 50 pM of SB202190 were used.
Considering the complex mechanism underlying CD44 regulation, partial inhibition of
CD44 expression by SB202190 may be attributed to other signaling molecules that may
co-operate with the members of p38 MAPK pathway in TNF-o-induced CD44
expression. Since high concentrations of SB202190 may non-specifically inhibit some
kinases (255), the possible role of these kinases, howsoever minor, in the observed partial
inhibition of CD44 expression cannot be ruled out.

The signaling molecules that mediate the biological effects of IL-10, especially
those involved in IL-10-mediated CD44 upregulation, are not well understood. IL-10 has
been shown to mediate its inhibitory effects on murine macrophages through the
activation of STAT3 (256,257). Recently, IL-10 was shown to increase the expression of
the cell cycle inhibitor, cyclin-dependent kinase inhibitor p19™<*® in macrophages. IL-

10-induced expression of p19™<4P

was later shown to be dependent on STAT3 activation
(258). Herein, I show that IL-10 is capable of inducing p42/44 but not p38 activation.
Our lab has also shown that IL-10 can induce the activation of p42/44 but not p38 or JNK
in another human monocytic cell line, HL60, which expresses IL-10 receptors (data not
shown). The role of p42/44 in IL-10-meditated effects is not known. However, our
preliminary observations have suggested that it can act in concert with PI-3 kinase to

regulate IL-10-mediated effects (data not shown). p42/44 was not found to be involved in

IL-10-induced CD44 expression in THP-1 cells. At present, studies are ongoing to
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understand the involvement of PI3-kinase in association with p42/44 in CD44 expression.
Whether IL-10-induced CD44 expression is also mediated by STAT-3-dependent
activation of cyclin-dependent kinase inhibitors p19™**P needs to be investigated.

The role of MAPKs in LPS- and TNF-a-induced CD44 expression could not be
easily studied in normal human monocytes because endogenously produced IL-10
upregulates CD44 expression independent of p38 and ERK kinases. IL-10-refractory
THP-1 cells provide a useful model to study the LPS-mediated signaling events in CD44
expression without the additional effects of endogenously produced IL-10. The results
show the distinct involvement of JNK in LPS-induced CD44 expression. This conclusion
is based on results derived by using the specific JNK inhibitor, SP600125, as well as
following transfection of THP-1 cells with a dominant-negative (DN) SEK1 kinase. Two
MAPKKSs, MKK4 and MKK7, have been found to be the primary activators of JNK
(259,260). MKK4 is an essential component of the JNK signal transduction pathway and
disruption of the MKK4 gene blocks JNK activity (261). DN SEK1 has also been shown
to act as a specific inhibitor of the JNK signal transduction pathway (245-247). However,
it was recently shown that MKK4 can also activate p38 MAPK (260,262). Although p38
MAPK can be modulated by MKK4, the p38 MAPK inhibitor had only a partial effect on
CD44 expression. This is in contrast to the significant reduction of LPS-induced CD44
expression observed following transfection of DN SEK1. Furthermore, transfection of
THP-1 cells with DN SEK1 plasmid did not influence TNF-a-induced CD44 expression.
These results suggest a key role for JNK and/or its specific upstream kinases and

regulators in LPS-induced CD44 induction.
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To determine the role of JNK, dexamethasone, an anti-inflammatory
glucocorticoid and inhibitor of INK/SAPK activation (243) which mediates its biological
effects on cytokine production primarily by complexing with AP-1, thus downregulating
AP-1 activity was initially employed (263,264). Furthermore, dexamethasone has been
shown to inhibit AP-1 activity by interfering with JNK phosphorylation (243,265). In this
study, dexamethasone inhibited LPS- and TNF-o-induced phosphorylation of JNK.
However, dexamethasone treatment reduced CD44 expression to basal levels in LPS-
stimulated, but not in TNF-o-stimulated cells. Similar results were obtained by
employing SP600125, a specific JNK inhibitor. These results may also suggest a role for
JNK in LPS-, but not in TNF-a.-, mediated CD44 upregulation.

The JNK MAP kinase pathway includes JNK1, JNK2, and JNK3 (186). JNK1 and
JNK2 are widely expressed in several tissues, whereas JNK3 is more selectively
expressed in the brain, the testis, and the heart. The JNK3 gene has been shown to be
involved in neuronal cell death (266), whereas JNK1 and JNK2 have been implicated in
Th1/Th2 cell differentiation (267,268). JNK1 has also been shown to regulate the
development of T cell-mediated immunity against Leishmania major infections in an
experimental mouse model (269). Whether JNK1 or JNK2 regulate LPS-induced CD44
expression needs to be investigated.

The findings of this study raise the question of how activation of JNK and its
upstream regulators may serve to induce CD44 expression. To understand the signaling
events down stream of JNK MAPK activation responsible for CD44 gene transcription,
the identity of potential transcription factors was investigated. Recently, Egr-1 was

shown to be involved in PMA-induced CD44 expression in murine B cells (142) and also
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in IL-1o-induced CD44 expression in human endothelial cells (143). The Egr-1 gene is a
prototypic member of a gene family encoding transcription factors which share a
conserved zinc finger DNA-binding motif (270). This gene is induced rapidly and
transiently in response to B cell receptor cross-linking or treatment with PMA (271). It
has been shown that both p38 and INK MAPKSs are involved in Egr-1 activation (272).
Although the role of Egr-1 in the regulation of CD44 expression in human monocytic
cells has not been clearly demonstrated, the results suggest that both LPS- and TNF-a-
induce Egr-1 activation in THP-1 cells. Furthermore, treatment of cells with
dexamethasone, SP600125, or transfection of cells with DN SEK1 plasmids reduced Egr-
1 activation in LPS-stimulated THP-1 cells, suggesting a role for JNK in LPS-induced
Egr-1 activation. However, the molecular mechanism by which TNF-a induces Egr-1
activation, as well as the role of Egr-1 in CD44 expression in human monocytic cells

needs to be investigated.

The role of p38 MAPK activation in LPS- and TNF-o-induced CD44-HA-binding
The second component of my thesis involved studying the role of MAPKs
signaling pathways mediating the synthesis of the functionally active, HA-binding form
of CD44 in LPS-stimulated human monocytic cells. My results show that endogenously
produced TNF-a plays a vital role in LPS-induced CD44-mediated HA binding in human
monocytic cells. Furthermore, I show for the first time that TNF-a-activated p38 MAPK
plays a critical role in the generation of LPS-induced HA-adhesive CD44. We also
demonstrated that acquisition of the HA-binding form of CD44 involves sialidase

activation in both LPS- and TNF-a-stimulated monocytic cells. In addition, p38 MAPK
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activation was required for TNF-a-induced sialidase activity and consequent CD44-HA-
binding.

As discussed earlier, regulation of LPS-induced CD44-mediated HA-binding in
monocytic cells may involve a combination of signals delivered by the interaction of LPS
with the CD14/TLR complex as well as by the interaction of endogenously produced
cytokines with their cognate receptors. The results of this study suggest that LPS-induced
CD44-mediated HA-binding in primary monocytes may be regulated by the
endogenously produced TNF-a and IL-10. This was addressed by employing antibodies
specific for IL-10 and TNF-a receptors, as well as by the use of specific MAPK
inhibitors which blocked LPS-induced TNF-a and IL-10 production. Both the antibodies
and inhibitors effectively prevented LPS-induced CD44-HA-binding.

To understand the molecular mechanism underlying the regulation of CD44-HA-
binding in LPS-stimulated monocytic cells, the role of p38 and ERK MAPKs was
examined. The results consistently demonstrated a significant inhibition of LPS- and
TNF-a-induced HA-binding by the p38 inhibitor, SB202190, in normal monocytes. The
inhibition of HA-binding by SB202190 was specific as these effects were observed at
concentrations ranging from 5-10 puM, thus virtually excluding their non-specific effects
(273). However, IL-10-induction of the HA-binding form of CD44 did not involve either
p38 or p42/44 MAPK activation. As discussed in the preceding section, IL-10 has been
shown to mediate its inhibitory effects by inducing the expression of the cell cycle
inhibitor cyclin-dependent kinase inhibitor p19INK4D in macrophages through STAT3
activation (256-258). Whether IL-10-induced CD44-HA-binding is regulated by STAT3

activation needs to be investigated.
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As for the role of MAP kinases in CD44 expression, the role of MAPKs in LPS-
and TNF-a-induced CD44-HA interactions could not be precisely studied in normal
monocytes because endogenously produced IL-10 upregulated HA-binding
independently of p38 and ERKs. Therefore the THP-1 cells were again used as the model
system. In THP-1 cells, endogenously produced TNF-o was found to play a critical role
in LPS-induced CD44-mediated HA-binding. Contrary to the results obtained with
normal monocytes, LPS-induced TNF-o. production, as well as CD44-mediated HA-
binding in THP-1 cells, were regulated by p42/44 MAPK. Since LPS-induced TNF-a
production in these cells was inhibited by PD98059, a p42/44 inhibitor, the effects of this
inhibitor on LPS-induced HA-binding were attributed to the blockage of endogenously
produced TNF-a. This was confirmed by exogenous addition of TNF-a to the THP-1
cells in which LPS-induced TNF-a production was simultaneously blocked by PD98059.
The fact that exogenous TNF-a restored CD44-HA-binding suggested that LPS-induced
CD44-HA-binding observed in THP-1 cells is regulated by endogenously produced TNF-
o via the activation of p42/44 MAPK. Similar to the results obtained with normal
monocytes, TNF-o-induced CD44-HA-binding in THP-1 cells was found to be
dependent on p38 activation.

Activation of p38 MAPK has been shown to play a role in the regulation of

cellular and cytokine genes (236,237,274). For example, T cell activation with specific

antigen or staphylococcal antigens has been shown to induce p38 activation resulting in

TNF-a production (242). It has also been demonstrated that p38 MAPK regulates IL-1
(242), IL-6 (275), TNF-o. (242), and IL-10 (188) production in human monocytes

through the activation of the CD14 receptor. Differential involvement of p38 and p42/44
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MAPKs in LPS-induced TNF-o production in normal monocytes and THP-1 cells,
respectively was observed. The molecular mechanisms for the observed differences in
TNF-o regulation in THP-1 cells and primary monocytes are not clear at present.
However, both p38 and p42/44 MAPKSs have been shown to regulate TNF-a expression
depending on the cell types and stage of cell differentiation/maturation (276,277).

The CD44 molecule possesses several N- and O-linked glycosylation sites in its
extracellular domain (278) so that the biological functions of CD44 may be regulated by
post-translational modifications such as glycosylation (10-12,28). Sialidation of CD44
has been shown to regulate CD44-HA-binding of LPS-stimulated monocytic cells (29).
Sialidase is a key enzyme in the metabolism of glycoproteins and glycolipids.
Mammalian sialidases have been classified into three types depending on subcellular
localization and enzymatic properties. These types, located in the cytosol, in lysosomes
and in plasma membranes, have been cloned and characterized (279-281). Lysosomal
sialidases catalyze the intralysosomal degradation of sialoglycoconjugates by releasing
terminal sialic acids from their oligosaccharide chains (282). The desialidation of these
glycoconjugates is a crucial event leading to the modulation of cellular functions in
numerous physiological and pathological processes. Aberrant sialidation in cancer cells is
generally accepted as a characteristic feature associated with metastatic potential (283).
Human lysosomal sialidase has also been shown to be involved in two genetically distinct
lysosomal storage disorders, sialidosis and galactosialidosis (284,285).

In this study, it was shown that TNF-a-induced CD44-HA-binding might also
involve the activation of lysosomal sialidase in both normal monocytes and THP-1 cells.

I showed that LPS- and TNF-o-induced lysosomal sialidase activity resides in the cytosol
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fraction and not in the cell membranes. Furthermore, the ganglioside-specific membrane
sialidases are not induced in THP-1 cells following stimulation with either LPS or TNF-
o.. The role of MAPKSs in the regulation of cytokines/co-stimulatory molecules has been
documented (139,188,219,233-237,242). However, there is little information regarding
the involvement of signaling molecules, particularly MAPKs, in regulating sialidase
activity. Calcium activation has been shown to stimulate sialidase activity; for example,
chelators (EDTA) and certain metals (Cu?*/Zn**) have been shown to inhibit some
sialidases (63). Herein, we show for the first time that TNF-a-induced lysosomal
sialidase activity is regulated by p38 MAPK in THP-1 cells. In contrast, LPS-induced
sialidase activity was dependent on p42/44 MAPK-mediated TNF-o production.
Blocking TNF-a production by PD98059, a p42/44 inhibitor, significantly reduced the
LPS-induced sialidase activity and CD44-HA binding. Subsequently, TNF-a-mediated
p38 MAPK activation induced sialidase activity and CD44-HA-binding. Although the
data suggests a prominent role for sialidase activity in the generation of HA-adhesive
CD44, the contribution of other factors such as sulfation of CD44 (30,68) cannot be ruled
out in my model system, and needs to be investigated. Since a large number of molecules
undergo post-translational sialidation, it is not clear whether regulation of sialidation by
p38 is unique to the generation of HA-adhesive CD44, or whether the same signaling
pathways are involved in post-translational sialidation of other molecules as well.

My results from this study on CD44 induction and generation of a CD44 protein
capable of binding HA suggest that these are two independent events that are regulated
by distinct MAPK signaling pathways. This conclusion is based on the following

observations. First, low concentrations of SB202190 inhibited LPS- and TNF-a-induced
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CD44-HA-binding, but not CD44 expression, in normal monocytes. Second, PD98059
completely inhibited LPS-induced CD44-HA-binding in THP-1 cells without any effect
on the level of CD44 expression. Conversely, SB202190, a p38 inhibitor, partially
inhibited LPS-induced CD44 expression without any effect on HA binding. Whether JNK
activation is also involved in the generation of the HA-adhesive CD44 phenotype remains
to be investigated.

In summary, regulation of CD44 expression and HA-binding in LPS-stimulated
monocytic cells involves a complex sequence of intracellular signaling events (Fig 3-22).
The results reveal that the regulation of CD44 expression and HA binding in monocytic
cells involves cross-talk between the signals delivered by the interaction of LPS with the
CD14/Toll receptor complex and by the interaction of IL-10 and TNF-oo with their
respective receptor complexes. In this study, it was shown for the first time that there
exists a role for JNK in the LPS-mediated, but not in the TNF-a-mediated, signaling
pathway resulting in CD44 induction. In contrast, p38 MAP kinase was found to partially
regulate TNF-a-induced CD44 expression in both normal monocytes and in THP-1 cells.
It was also shown that activation of INK MAP kinase may result in the activation of Egr-
1, the transcription factor implicated in CD44 transcription. JNK MAPK, therefore,
represents an important and novel target for anti-inflammatory JNK inhibitors capable of
inhibiting CD44 expression. Additionally, my results show for the first time the
involvement of p38 MAPK in the generation of HA-adhesive, functionally active CD44
in LPS- and TNF-a-stimulated monocytic cells. Using THP-1 cells as a model system
evidence is provided that TNF-a-induced CD44-HA-binding may involve induction of

sialidase activity which is regulated by p38 MAPK. The signaling pathways involved in
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LPS-, IL-10-, and TNF-o-induced CD44 expression and the generation of the HA-
adhesive CD44 are depicted in Fig 3-22. Taken together, these results suggest that the
induction of CD44 and the generation of the HA-binding form of CD44 are two
independent events that are regulated by distinct signaling pathways. Induction of CD44
expression may involve the activation of INK MAPK whereas activation of p38 MAPK
may be required for the generation of HA-adhesive CD44 in LPS-stimulated human
monocytic cells. These studies provide a basis for the identification of molecular players
in CD44 induction and CD44-mediated HA-binding that may help in designing targeted

drug therapy for inflammatory diseases.
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Fig. 3-22. Overview of the signalling pathways responsible for the induction of CD44
expression and CD44-HA-binding in monocytic cells.

Treatment of monocytic cells with LPS induces the expression of CD44 and CD44-HA
binding in addition to the endogenous cytokines, IL-10 and TNF-a.. These two cytokines
are also capable of inducing CD44 expression and HA-binding. The signalling pathway
responsible for the LPS-induced expression of CD44 involves the activation of JNK
MAPK. However, the LPS-induced expression of TNF-a and IL-10 involves that
activation of p38 MAPK. TNF-o-induced CD44 expression partially involves p38
MAPK activation as indicated by the dashed line, whereas the IL-10 induced CD44
expression does not involve any of the three main MAPK members. Regulation of CD44-
HA binding induced by LPS is via the endogenously expressed TNF-o.. TNF-o induces
CD44-HA interactions via the activation of sialidase which occurs through the activation
of p38 MAPK.
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CHAPTER 4:

Studies on the regulation of CD44 expression and HA-binding in response to IL-4
and IL-13 in human B cells
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INTRODUCTION

In the previous chapter my results suggested the involvement of two distinct
MAPK signaling pathways in the regulation of LPS-induced CD44 expression and LPS-
induced CD44-HA binding in human monocytic cells. In this chapter, I extended
previous observations on the regulation of CD44 expression and binding in human B cell
lines using Epstein Barr virus (EBV) transformed lymphoblastiod B cell lines (B-LCL) as
well as EBV-negative and EBV-positive Burkitt’s lymphoma (BL) cell lines.

Burkitt’s lymphomas (BL) are classified as high-grade tumors of B cell origin
cytogenetically characterized by chromosomal translocations that place the c-myc
oncogene under the regulatory control of one of the immunoglobulin genes, resulting in
constant cell cycling (112). This disease, which involves localized tumor formation and
growth in extranodal sites, is regarded as one of the most rapidly growing human tumors
(112,115). EBV, a B cell-transforming herpes virus, is associated with the pathogenesis
of endemic BL and other pathologies including B cell lymphomas of immunosuppressed
individuals, nasopharyngeal carcinomas, Hodgkin’s disease, and infectious
mononucleosis (113,115). Infection of primary human B cells in vitro with EBV readily
results in the outgrowth of immortalized non-neoplastic lymphoblastoid B cells (B-LCL).
BL and B-LCL cells produce a number of cytokines that may act in an autocrine manner
to regulate their growth and differentiation.

The effect of cytokines and ECM molecules present in the microenvironment on
CD44-mediated adhesion of cells, in particular, BL and B-LCL cells, to HA remains

poorly understood. In human endothelial cells, TNF-o upregulated the expression of

CD44 while TNF-o and IFN-y modulated the expression of CD44 V6 and CD44 V9 on
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the promonocytic THP-1 and myelomonocytic U-937 cell lines (286). TNF-a has also
been shown to enhance binding of human monocytes to HA and this binding was
inhibited by IL-4 and IL-13 (62). In murine B cells, IL-5 enhanced CD44-mediated
binding of HA (287). These observations suggest that like CD44 isoform expression, the
recognition of HA by CD44 and its modulation by cytokines is dependent on cell type
and state of cellular activation.

The modulation of CD44-HA recognition by cytokines in human B cells has not
been well investigated. We have previously shown that EBV-negative, BL cells do not
express CD44 whereas many EBV-positive BL cells, and B-LCL cells express a number
of CD44 isoforms (220). Modulation of CD44-HA interactions especially by cytokines
may have implications with respect to the localization of leukemic B cells in target
tissues and formation of tumors. In the first part of this study, I examined the effect of
cytokines, particularly the ones involved in B cell activation on CD44 expression and
ligand binding using a series of B-LCL and EBV-positive BL cell lines. Among the
cytokines and mitogens tested, IL-4 alone or in conjunction with PMA induced CD44
expression and HA-binding in BL30 BL cells infected in vitro with EBV, designated as
BL30/B95-8 cells but not in the B-LCL cells. These observations are described in the
first part of the results section in this chapter.

IL-4, a pleiotropic immune regulatory cytokine, is produced by Th2 cells,
basophills, and mast cells (148). The biological functions of IL-4 include stimulation of T
and B cell proliferation, induction of anti-CD40 dependent IgE class switching, and the
upregulation of MHC-class II and CD23 expression on B cells and macrophages, (148-

150). IL-13, another pleiotropic cytokine, is also produced by activated Th2 cells and has
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overlapping but not identical biological functions when compared to IL-4 (148,151-
153,288). IL-4 and IL-13 share 25-30% amino acid homology and their similar biological
roles have been attributed to shared receptor components (153,289). The structure and
biological function of IL-4 and IL-13 receptors and the binding affinities of their
respective ligands have been described in detail in Fig.1-4 in Chapter 1. IL-4 and IL-13
mediate their biological effects through the activation of JAK/STAT signaling pathways
(172), the details of which have also been described in Fig.1-4 in Chapter 1(174-176).
The IL-13 signaling pathway is not as clearly defined as that for IL-4 but likely depends
on the cell type and the combination of IL-4 and IL-13 receptor chains present on the cell
surface.

The role of IL-4 and IL-13 in the in vivo function of normal B cells, as well as the
in vitro and in vivo behavior of B cell malignancies, is not well understood. There is
evidence to suggest that IL-4 modulates the expression of co-stimulatory molecules such
as CD23 and HLA-DR in normal human B cells and B-LCL cells (148-150,290-292). IL-
4 has also been suggested to participate in the survival and development of BL cells
(293). However, the role of IL-13 on BL and B-LCL growth and development is not
clear. To further clarify the differential roles of IL-4 and IL-13 observed in B-LCL and
BL30/B95-8 cells, I investigated the biological effects of IL-4 and IL-13 on these cells
using BL30/B95-8 cells and a B-LCL line, MK3.31, as model systems. IL-4 enhanced the
expression of CD23, CD44, and CD44-mediated binding to HA in BL30/B95-8 cells. In
MK3.31 B-LCL cells, IL-4 upregulated CD23 expression but did not affect CD44
expression or CD44-mediated HA binding. In contrast to IL-4, IL-13 did not influence

any of these biological responses in either BL30/B95-8 or MK3.31 B-LCL cells. To
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understand the molecular mechanism underlying the differential effects of IL-4 and IL-13
on BL and B-LCL B cells, I investigated the JAK/STAT signaling pathway. IL-4 induced
the activation of distinct JAK/STAT proteins in BL30/B95-8 BL and MK3.31 B-LCL
cells. In contrast, IL-13 failed to activate the JAK/STAT signaling pathway in BL30/B95-
8 cells. The failure of BL30/B95-8 cells to respond to IL-13 stimulation and activation of
JAK/STAT signaling was attributed to the loss of IL-13Ral expression, a finding that
was confirmed on a panel of EBV-infected and EBV negative BL cell lines. These

observations are described in the second part of the results section in this chapter.
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RESULTS

Objective 2 A: Differential regulation of CD44-HA interactions in Burkitt’s
lymphoma and EBV-transformed lymphoblastiod B cells by IL-4
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Differential CD44-HA Interactions in Burkitt’s Lymphoma and Normal Human B
Cells Transformed in Vitro with EBV

CD44 molecules must be activated in order to bind to their extracellular matrix
ligand, HA (2). Therefore, to study CD44-HA interactions in transformed human B
cells, EBV-positive BL-30/B95-8 BL cells and MK3.31 B-LCL cells were stimulated
with a series of mitogens including LPS, SAC, PMA, PHA, and PWM for 24 hr and
analyzed for their ability to recognize HA by the *'Cr-based cell adhesion assay as
described in the materials and methods chapter. Unstimulated cells did not exhibit
binding to HA in either cell line. Stimulation of both cell lines with LPS, SAC, or PWM
had no significant effect on the CD44-mediated HA recognition of these cells (Fig. 4-1).
In contrast, PMA stimulation induced strong CD44-mediated HA recognition in BL-
30/B95-8 cells (6.8 + 0.4% in unstimulated vs 46.2 + 8.4% in PMA stimulated cells) but
not in MK3.31 cells (5.0 = 1.2% in unstimulated cells vs 2.8 & 0.3% in PMA stimulated
cells). PHA stimulation also increased CD44-HA binding in only BL-30/B95-8 cells (6.8
+ 0.4% in unstimulated cells vs 17.0 + 0.9% in PHA stimulated cells, Fig. 4-1). However,
none of the mitogens tested enhanced CD44-mediated HA binding in the MK3.31 cell
line (Fig.4-1) and other B-LCL cell lines (data not shown).

PMA-induced adhesion of BL-30/B95-8 cells was dose dependent, reaching a
plateau at concentrations of 0.8 ng/ml of PMA (Fig. 4-2A). Kinetics experiments
revealed that optimal binding occurred between 12 and 24 h of stimulation (61.0 = 0.3%
67.0 £ 0.3%) and was reduced by 120 h post stimulation to nearly background levels (8.0
+ 1.2%, Fig. 4-2B). To determine whether the differential CD44-HA interactions
observed with this set of cell lines were applicable to normal human B cells, and other

BL and B-LCL cell lines, a panel of such cells were tested for HA binding in response to
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Fig. 4-1. Differential adhesion of BL-30/B95-8 BL and MK3.31 B-LCL cells to
hyaluronan following stimulation with mitogens.

Cells (1X106/m1) were stimulated for 24 h with LPS, SAC, PMA, PHA, and PWM
followed by analysis of cell adhesion to HA-coated plates as described previously.
Adherent cells (% cpm input) are presented as the mean of triplicate samples * standard
deviation (SD). The results shown are representative of at least three separate
experiments.
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Fig.4-2. PMA-induced adhesion of BL-30/B95-8 to HA is dose- and time-dependent.

Cells (1 x 10%ml) were stimulated for 24 h with increasing concentrations of PMA
(0.05-51.2 ng/ml) (A.) For time course experiments (B), cells were stimulated with 20
ng/ml of PMA. Cell adhesion to HA was performed as described in the legend to Fig. 1.
Adherent cells (% cpm input) are presented as the mean of triplicate samples * SD. The
results shown are representative of at least three separate experiments.
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PMA stimulation (Fig. 4-3). Normal purified B cells isolated from peripheral blood
following stimulation with PMA exhibited strong HA binding. The mean HA binding for
PMA stimulated normal human B cells from 13 different donors was 51.0 £ 8.3%. In
contrast, upon in vitro transformation with EBV (B-LCLs), HA binding could no longer
be induced in response to PMA stimulation. This was observed in all the B-LCLs tested,
including MK3.31, MK4.15, MK5.26, and MK6.1, all generated from different donors
(Fig.4-3), and also from several other similarly derived cell lines, the data for which are
not shown (3.6 £ 2.0% mean HA binding). However, variable results were obtained in
BL cell lines. Unlike in BL-30/B95-8 cells, PMA stimulation of EBV-positive BL cells
Jijoye and EBS3 failed to induce HA recognition when compared to unstimulated cells.
EBV-positive IM cells obtained from the PBMCs of a patient with infectious
mononucleosis strongly recognized HA in response to PMA (0.2 + 0.01% in
unstimulated cells vs 17.8 £ 2.4% in stimulated cells) (Fig 4-3). These results suggest
that in vitro transformation of normal human B cells with EBV abrogated their ability to
bind HA following PMA stimulation. In contrast, BL-30/B95-8 cells, which, like B-
LCLs, are infected with wild-type EBV and express the same set of CD44 isoforms
(220), bind HA following PMA stimulation. The inability of Jijoye and B-LCL cells to
bind HA was not due to the lack of CD44 expression as these cells expressed relatively

high levels of CD44 on their surface (Fig. 4-4).

IL-4 Induces CD44-Mediated Binding of HA in BL-30/B95-8 BL Cells
Further studies investigating the effect of cytokines involved in B cell activation,
proliferation, or differentiation on the regulation of HA recognition in these two cell

types were pursued. BL-30/B95-8 BL and MK3.31 B-LCL cells were stimulated with a
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Fig. 4-3. Adhesion of a panel of BL and B-LCL cells to HA.

Cells (1 x 10%ml) were stimulated for 24 h with 20 ng/ml of PMA. Cell adhesion to HA
was performed as described in the legend to Fig. 4-1. Adherent cells (% cpm input) are
presented as the mean of triplicate samples + SD. The results shown are representative of
at least three separate experiments. BL-30, the EBV-negative and CD44-negative BL cell
line (30), was used as a negative control. Values at least twofold above this background
level (5.1%) were considered significant in all adhesion experiments.
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Fig. 4-4. Analysis of total CD44 expression in BL, B-L.CL, and normal human B cells by
flow cytometry.

BL cell lines (BL-30, BL-30/B95-8, Jijoye, and EB3), IM, a B lymphoblastoid cell line
generated from a patient with infectious mononucleosis, the in vitro EBV transformed B-
LCL, MK3.31, and normal human B lymphocytes were stained with either anti-CD44 or
isotype-matched control antibodies. The histograms are identified by an arrow as Total
CD44 or Control, respectively.
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panel of cytokines, in the presence or in the absence of suboptimal concentrations (0.1
ng/ml) of PMA, as defined in Fig. 4-2. In contrast to the other cytokines tested, which
included IL-l1a, IL-1B, IL-2, IL-5, IL-6, IL-10, IL-12, IL-13, TNF-a, TGF-a, TGF-8,
and IFN-y, only IL-4 was able to induce strong HA binding in BL-30/B95-8 cells. This
effect was observed in the presence (26.5 + 4.4%) or in the absence (33.6 = 0.1%) of
suboptimal concentrations of PMA compared to cells suboptimally stimulated with PMA
alone (2.8 £ 0.2%) or unstimulated cells (7.2 + 0.4%), as illustrated in Figs. 4-5A and 4-
5B, respectively. The binding observed in BL-30/B95-8 cells was mediated by CD44, as
anti-CD44 antibodies inhibited this effect (37.1% in untreated cells versus 9.41% in
treated cells). IL-4-induced binding to HA in BL-30/ B95-8 cells was detectable as early
as 12 h following stimulation (Fig. 4-5D). Of particular note, IL-13, which shares
receptor components of its receptor with IL-4 (35, 36), was not able to induce CD44-
mediated adhesiveness to HA in any of the BL cells (Fig. 4-5B). IM cells exhibited a
responsiveness similar to that of BL-30/B95-8 cells with respect to HA recognition
following stimulation with IL-4 alone or in concert with suboptimal concentrations of
PMA (data not shown). None of the cytokines tested induced CD44-mediated binding to
HA in the MK3.31 cell line (Fig 4-5C).

PMA and IL-4 Upregulated CD44 Isoform Expression in BL-30/B95-8 Cells But Not
in B-LCL Cells

The detection of total CD44 expression may have masked the effects of IL-4 and
IL-13 on the ability to induce distinct CD44 isoforms. Therefore, in order to investigate

whether IL-13 was capable of inducing changes in CD44 isoform expression, I examined
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Fig. 4-5. Effect of mitogens and cytokine on CD44-HA binding in BL30/B95-8 and
MK3.31 cells.

BL30/B95-8 cells (1 x 10%ml) were stimulated for 48 h with a variety of cytokines in the
presence (A) or in the absence (B) of 0.1 ng/ml of PMA. MK3.31 cells were also treated
with a variety of cytokines in the absence of suboptimal doses of PMA(C). D. Time
course (048 h) for the adhesion of BL-30/B95-8 cells to HA following stimulation with
IL-4 (30 ng/ml) alone. Cell adhesion to HA was performed as described in the legend to
Fig. 4-1. Adherent cells (% cpm input) are presented as the mean of triplicate samples *
SD. The results shown are representative of at least three separate experiments.
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the expression levels of specific CD44 isoforms on IL-4- and IL-13-treated BL30/B95-8
and MK3.31 cell lines.

Unstimulated BL and B-LCL cells expressed low levels of CD44 isoforms as
detected by exon specific monoclonal antibodies (<5 median channel fluorescence (MCF)
values). Therefore, superimposition of flow cytometry histograms and the observation of
a cell population shift in log fluorescence with a change of greater than 3 MCF values
were regarded as significant in these cases. This is illustrated in the representative
histograms of Fig. 4-6C. Stimulation of BL30/B95-8 cells with IL-4 alone significantly
upregulated total CD44 (Fig 4-6A) and CD44 V3 and V6 expression (Fig. 4-6B and Fig.
4-6C). Interestingly, IL-13 (Figs 4-6A and 4-6C) was unable to upregulate total CD44
expression or isoform expression in BL30/B95-8 cells. Induction of novel CD44 isoforms
was also investigated by RT-PCR analysis and amplicons were detected by hybridization
with *?P-labelled oligonucleotides specific for exons V2-10, as described elsewhere
(220). Stimulation of cells with PMA, IL-4 or both did not induce the expression of a
novel CD44 isoform ((111) and data not shown). Furthermore, neither PMA nor IL-4 was
able to upregulate CD44 isoform expression on any of the B-LCLs tested, as detected by
flow cytometry (Fig. 4-6A and data not shown). Therefore, although IL-4 stimulation was
capable of inducing isoform expression, IL-13 treatment exhibited a complete lack of
effect on CD44 isoform expression further illustrating the starck contrast between the
effects of IL-4 and IL-13 as well as the differences between the BL and MK cell lines.

Taken together, these results show that there is a distinct difference between the

response of the BL.30/B95-8 and MK cells with respect to CD44 expression and HA
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Fig. 4-6. The effect of IL-4 and IL-13 on CD44 isoform expression

A. Modulation of CD44 isoform expression on BL-30/B95-8 cells by treated with IL-4,
IL-13, PMA, or PMA + IL-4. As indicated, CD44 exon-specific or isotype-matched
control monoclonal antibodies (control) were used. Median channel fluorescence (MCF)
values were used for comparison of CD44 expression levels and the results shown are
representative of at least three separate experiments. B. Modulation of CD44 varient 3
(v3), vd4/5, v6, v7, v7-8, v9, or v10 isoform expression in BL-30/B95-8 cells by IL-4 and
IL-13. BL-30/B95-8 cells were stimulated with IL-4 (40 ng/ml) or IL-13 (40 ng/ml) and
compared to unstimulated cells by flow cytometry. The MCF values corresponding to the
described stimulation condition are listed for comparison of expression levels. The results
shown are representative of at least three separate experiments. Representative
histograms of CD44v3, v6, and v9 expression in response to IL-4 or IL-13 in BL30/B95-
8 cells are shown in panel C.
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binding in response to two similar cytokines, IL-4 and IL-13. In the next series of
experiments, I investigated the molecular mechanism responsible for the differential
effect of IL-4 and IL-13 on BL and B-LCL cells with respect to CD44 expression and

CD44-mediated HA binding.
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Objective 2 B: Molecular mechanisms to understand the differential effect of 1L-4
and IL-13 on CD44 expression on BL30/B95-8 and B-L.CL cell lines
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Differential effects of IL-4 and IL-13 on CD23 and CD44 expression in EBV-
transformed normal human B cells and BL30/B95-8 BL cells

The results from the previous section suggested that although IL-4 and IL-13
exhibit similar biological effects on B cell biology, IL-4 and IL-13 exhibited differential
effects on CD44 expression and CD44-mediated HA binding in BL B cells. Furthermore,
IL-13 failed to induce CD44 expression on any of the BL or B-LCL cell lines. These
observations suggest that normal human B cells either following EBV-transformation or
during the generation of BL malignancies may loose IL-13-mediated biological effects.

In order to more fully investigate the differential effect observed between IL-4
and IL-13 and because it is well established that both IL-4 and IL-13 induce CD23
expression in normal human B cells, I measured the induction of CD23 as a positive
control for cytokine activity and cell responsiveness. Therefore, human B cells were
isolated as described in the materials and methods section and were treated for 24 hr with
IL-4 or IL-13 followed by flow cytometric analysis for CD23 expression. Fig. 4-7 shows
a representative histogram obtained from one of five different donors. Both IL-4 and IL-
13 induced the expression of CD23 in these cells. The induction of CD23 and CD44 by
these cytokines on B cells transformed in vitro with EBV (MK cells) and on EBV-
infected BL30/B95-8 BL cells was then analyzed (Fig 4-8). Cells were treated with either
IL-4 or IL-13 for 24 hr followed by analysis of CD23 and CD44 expression by flow
cytometry analysis. IL-4, but not IL-13, induced CD23 expression on the B-LCLs.
However, none of the B-LCL cells exhibited CD44 upregulation upon stimulation with
IL-4 or IL-13. Representative flow cytometric results from MK3.31 cells are shown in

Fig. 4-8A. The effects of IL-4 and IL-13 on BL-30/B95-8 BL cells was examined next.
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Fig. 4-7: CD23 expression is increased in response to IL-4 and IL-13 in normal human B
cells.

Human B cells were isolated from a healthy donor by using positive selection with
CD19+ magnetic beads as described in the materials and methods chapter. The cells (0.5
x 10% were either left untreated or were treated with IL-4 (40 ng/mL) and IL-13 (50
ng/mL) for 48 hr. Cells were then harvested and analyzed for CD23 expression by flow
cytometry. The histogram shown is a representative of one of five different donors.
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Fig. 4-8: IL-4 and IL-13 exert differential effects on CD23 and CD44 expression in BL
and B-LCL cell lines.

MK3.31 and BL30/B95-8 cell lines were stimulated with IL-4 (40 ng/mL) and IL.-13 (50
ng/mL) for 24 hours. CD23 and CD44 expression were measured by flow cytometry and
the histograms shown are representative of at least five different experiments. A. MK3.31
cells: upper panel CD23 expression; lower panel: CD44 expression. B. BL30/B95-8 cells:
upper panel CD23 expression; lower panel: CD44 expression.
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IL-4 enhanced both CD23 and CD44 expression on BL30/B95-8 cells, whereas 1L-13
failed to influence the expression of either of these surface molecules (Fig. 4-8B).

In summary, normal human B cells responded to IL-13 with increased expression
of CD23, but after EBV transformation there is a loss of IL-13-mediated effects on
expression of this molecule. At the same time IL-4 mediated effects were preserved with
respect to CD23 expression. In BL30/B95-8 BL cells, IL-4 induced increased expression
of both CD23 and CD44 expression, but as with EBV-transformed cells, IL-13 failed to
elicit any effects. These results are summarized in Table 4-1.

Effect of IL-4 on the activation of the JAK/STAT pathway in BL30/B95-8 and
MK3.31 cells

Next, the possibility that the distinct effects of 1L-4 on BL30/B95-8 BL and
MK3.31 B-LCL cells were due to distinct signaling pathways was investigated. The main
pathway induced by cytokine signaling involves the activation of JAK and STAT
proteins (172-176). Therefore, the tyrosine phosphorylation status of JAK1, JAK2, JAK3,
Tyk2, and STAT6 in response to IL-4 in BL30/B95-8 and MK3.31 cells was examined.
BL30/B95-8 cells were cultured in serum-free media overnight followed by stimulation
with IL-4 (40 ng/ml) for 3 min. Lysates were prepared and immunoprecipitated with
antibodies specific to the above-mentioned members of the JAK/STAT pathway.
Subsequent Western blot analysis was performed using an antibody directed against
phosphorylated tyrosine. IL-4 induced tyrosine phosphorylation of JAK1 and JAK3 in
BL30/B95-8 cells (Fig. 4-9A and C). A basal level of JAK3 phosphorylation was

observed in unstimulated cells (Fig. 4-9C). In contrast, IL-4 did not induce
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Table 4-1: Summary Flow Cytometry Results from Figures 4-7 and 4-8.

Cell type Stimulation CD23 CD44
responsiveness responsiveness

Normal human B 1L-4 Up-regulation N/A

cells IL-13 Up-regulation N/A

BL30/B95-8 1L.-4 Up-regulation Up-regulation
IL-13 No effect No effect

MK3.31 IL-4 Up-regulation No effect
IL-13 No effect No effect
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Fig. 4-9: IL-4 activates the JAK/STAT pathway in BL30/B95-8 cells.

Cells were treated with IL-4 (40 ng/mL) for the time points indicated. Cell lysates were
immunoprecipitated with antibody specific for JAK1 (A), JAK2 (B), JAK3 (C), Tyk2
(D), and STAT6 (E). Membranes were initially blotted with anti-phosphotyrosine (opy)
mAb, then stripped and reprobed with antibody homologous to the immunoprecipitating
antibody to control for the amount of protein immunoprecipitated. “Ab” denotes a
control immunoprecipitation reaction consisting of protein A sepharose beads, Ab, and
lysis buffer, in the absence of lysate. Arrows indicate phosphorylated proteins. “*”
indicates the point of migration of unphosphorylated kinase.

148



A. IP: JAK1 B. IP: JAK2 C. IP: JAK3 D. IP: Tyk2
3’ Ab L0 3’ Ab 0 3’ Ab

Blot: apy
Blot:aJAK1 Blot:aJAK2 Blot:aJAK3 Blot:aTyk2

E. IP: STATG
0 0.5’ 1’

Blot:a-py

Blot:aSTAT6



phosphorylation of JAK2 (Fig. 4-9B). Tyk2, on the other hand, was constitutively
phosphorylated and its phosphorylation was not augmented in response to IL-4 (Fig.4-
9D). STAT® is the major JAK substrate activated by IL-4 in B cells (173,176). Therefore,
the activation of STAT6 in response to IL-4 in the BL.30/B95-8 cells was investigated.
STAT6 was phosphorylated in response to IL.-4 as early as 30 sec and decreased 1 hr
post-stimulation (Fig. 4-9E). In MK3.31 cells, IL-4 induced phosphorylation of JAK3
(Fig. 4-10C) but did not affect the activation status of JAK1 and JAK2, which remained
unphosphorylated (Fig. 4-10A and B). Similar to the results obtained for BL30/B95-8
cells, Tyk2 was constitutively phosphorylated and IL-4 did not further enhance its
phosphorylation (Fig. 4-10A-D). Furthermore, in the MK3.31 cells, STAT6 was also

strongly phosphorylated in response to IL-4 (Fig. 4-10E).

Effect of IL-13 on the activation of the JAK/STAT pathway in BL30/B95-8 and
MK3.31 cells

The failure of IL-13 to induce CD23 and CD44 expression and HA binding in
BL30/B95-8 and MK3.31 cells was also investigated at the level of the JAK/STAT
pathway. Similar to the experiments with IL-4, I cultured the cells in serum-free media
overnight followed by treatment with IL-13 (50 ng/ml) for 3 min. The lysates were then
subjected to the same immunoprecipitation conditions as described for the IL-4
experiments. IL-13 treatment of BL30/B95-8 cells did not result in phosphorylation of
JAK1, JAK2, JAK3, Tyk2, or STAT6 (Fig. 4-11A-E). To demonstrate that the IL-13 was

biologically active and capable of activating STAT6, phosphorylation of STAT6 in an
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Fig. 4-10: IL-4 activates JAK3 and STAT6 in MK3.31 cells.

MK3.31 cells were stimulated with IL-4 (40 ng/mL) for various time points. Cell lysates
were immunoprecipitated with antibody specific for JAK1 (A), JAK2 (B), JAK3 (C),
Tyk2 (D), and STAT6 (E). Blots were probed with anti-phosphotyrosine, then stripped
and reprobed with antibodies homologous to the immunoprecitiating antibody (lower
panels). “*” indicates the point of migration of unphosphorylated kinase.
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Fig. 4-11: IL-13 activates STAT6 in TF-1 cells but not in BL30/B95-8 cells.

BL30/B95-8 cells were treated with IL-13 (50 ng/mL) for various time points.
Membranes were treated as described for Fig. 4. BL30/B95-8 lysates were
immunopreciptated with antibodies specific for JAK1 (A), JAK2 (B), JAK3 (C), Tyk2
(D), and STAT6 (E+F). TF-1 cell lysates (F) were used as a positive control for IL-13
biological activity. “*” indicates the point of migration of unphosphorylated kinase.
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IL-13 responsive cell line, TF-1 (Fig. 4-11F) was examined (179). Similar to the results
in the BL30/B95-8 cells, IL-13 stimulation of MK3.31 cells also failed to induce tyrosine
phosphorylation of JAK1, JAK2, JAK3, or Tyk2 kinases (Fig. 4-12 A-D). As was
observed in the case of IL-4-stimulated BL30/B95-8 and MK3.31 cells, Tyk2 was
constitutively phosphorylated in MK3.31 cells, with no further increase in
phosphorylation in response to IL-13 (Fig. 4-12D). Furthermore, low levels of
constitutive STAT6 phosphorylation were observed in MK3.31 cells and when the
STAT6 antiphosphotyrosine blot was overexposed for 7 days, no increase above the basal
levels of phosphorylation was apparent after 15 min of stimulation (Fig. 4-12E). Similar
results were observed for MK4.15 and MK5.26 cells (data not shown).

Expression of IL-13 receptor in BL. and B-LCL cells

The absence of phosphorylation of the JAK/STAT proteins in BL30/B95-8 and MK3.31
cell lines in response to IL-13 suggested the presence of a defect in IL-13 receptor
expression or function. Expression of IL-13Ral and IL-13Ra2 message in both cell
lines was examined by RT-PCR analysis using IL-13Ral and IL-13Roa2-specific
primers. PHA-stimulated PBMCs were used as a positive control. A band of 509 bp
corresponded to the IL-13Ral and a band of 1088 bp corresponded to the IL-13Ra2.
BL30/B95-8 cells did not show IL-13Ral or IL-13Ra2 specific bands (Fig. 4-13A-B).
However, IL-13Ral message was detected in MK3.31 cells, whereas IL-13Ra2 was not.
Similar results were obtained for MK4.15 and MK5.26 (data not shown). To further
investigate whether the absence of IL-13 receptor chains was not restricted to BL30/B95-
8 cells, other BL cells were examined for the expression of IL-13Ra1 and IL-13Ra2.

None of the BL cells examined including EBV-negative CA46, ST486 and Ramos, and
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Fig. 4-12: IL-13 does not activate JAK1, JAK2, JAK3, Tyk2, or STAT6 in MK3.31 cells.

Cells were treated with IL-13 (50 ng/mL) for various time points. Cell lysates were
immunoprecipitated with antibodies specific for: JAK1 (A), JAK2 (B), JAK3 (C), Tyk2
(D), and STAT6 (E). The STAT6 blot anti-phosphotyrosine blot (E) was overexposed (7

days). “*” indicates the point of migration of unphosphorylated kinase.
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Fig. 4-13: IL-13Ral is expressed in MK3.31 cells and neither IL-13Ral nor 2 are
expressed in BL cell lines.

Cellular RNA was subjected to RT-PCR analysis. A. Cells were analyzed for IL-13Ral

expression. B. Cells were analyzed for IL-13Ra2 expression. Corresponding B-actin
blots are shown in the lower panels.
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EBV-positive Raji, Jijoye, EB3, P3HR1 and IM cells expressed either IL-13Ral or IL-

13Ra2 (Fig. 4-13A-B). Because IL-13Ral expression was demonstrated in the MK3.31
cell line by RT-PCR analysis, the expression of the protein on the surface of the three
EBV-transformed B-LCL cell lines MK3.31, MK4.15, and MK5.26 was examined by
flow cytometry. Cells were stained with a commercially available antibody specific to
the IL-13Ral chain. This antibody was able to detect IL-13Ra1 expression on CD14+
normal human monocytes (data not shown) however, the MK series of B-LCL cell lines
were negative (Fig. 4-14). Taken together, the results show that neither EBV positive nor
EBV negative BL cells express either of IL-13R al or a2 chains. In contrast, the MK
series of B-LCL cells express IL-13Ral mRNA, but they do not express IL-13Ral on

their cell surface membrane.
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Fig. 4-14. The IL-13Ral chain is not expressed at the surface of MK series of B-LCL
cells.

Cells were stained with a biotin conjugated primary mouse anti-human IL-13Ra1 mAb
and counterstained with streptavidin-conjugated with PE (solid line). The dashed line
indicates staining with isotype matched control antibody.
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157



Differential effect of I1L.-4 and IL-13 on CD44 induction and CD44-mediated HA
interactions in BL and B-LCL cells

In this study, we investigated the regulation of CD44-HA interactions in
transformed human B cells. The results show that the ability of CD44 to recognize HA is
dependent on the mode of activation and state of transformation of human B cells.
Amongst the mitogens, PMA, and amongst the cytokines, IL-4 alone induced strong HA
recognition in the EBV-positive BL cells, BL-30/B95-8 and in vivo transformed B (IM)
cells. In contrast, in vitro EBV-transformed normal human B cells (B-LCL) failed to
recognize HA following PMA stimulation, highlighting the stark contrast between
BL30/B95-8 and B-LCL B cells.

IL-4 is a pleuripotent cytokine that plays a central role in B cell activation, growth
and differentiation (294). In addition, IL-4 induces the expression of a number of cell
surface molecules including CD23 and HLA class II molecules on B cells (294), and a
VCAM-1 like adhesion molecule on endothelial cells (295,296). In EBV-positive BL and
B-LCL cells, IL-4 induces the expression of IgE germ line transcripts without inducing
IgE synthesis (292), and expression of CD23, class II molecules and adhesion molecules
LFA-1 and LFA-3 (290,291). In this report, we describe the novel effect of IL-4 on CD44
expression and CD44-mediated HA adhesion in human BL-30/B95-8 BL cells. Keeping
in view the important role of CD44 in the ability of Burkitt's lymphoma cells to form
tumors in nude mice (297), IL-4 induced CD44-HA interactions in BL30/B95-8 cells
may have implications with respect to tumorigenesis in individuals exhibiting
immunosuppression and a predominance of Th2 cytokines. This hypothesis is further

supported by the observation that B-LCL cells, which fail to recognize HA even after
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stimulation with the potent mitogen PMA, or IL-4, do not induce tumors in nude mice
(298).

Cytokines have been reported to modulate CD44 expression and CD44 mediated
HA binding in various cell types,(5,62,136,286). Adhesive interactions between CD34+
hematopoietic progenitor cells were regulated by GM-CSF, IL-3 and stem cell factor
(136). Interestingly, these cytokines enhanced CD44-mediated adhesive interactions
within 15 minutes of stimulation, a phenomenon similar to that described for certain anti-
CD44 antibodies (1,299), indicating alterations in the structure/conformation of CD44
molecules. IL-4-induced CD44 expression and CD44-mediated HA binding in
BL30/B95-8 cells was observed 12 hrs after stimulation, a time sufficient to allow cell
surface expression of newly synthesized CD44 molecules. It has been shown in our
laboratory that IL-4 induces CD44 proteins with slightly reduced molecular weight,
indicative of a reduction in their glycosylation ((111) and data not shown). Whether IL-4
induces alterations in the glycosylation of other cell surface and secretory molecules is
not understood. There is, however, one report demonstrating that IL-4 reduces the
complexity of N-glycosylation of secretory IgA when used in conjunction with IL-5
(300), strengthening our contention that it may effect similar modifications to CD44 in
BL-30/B95-8 cells and possibly to other molecules. IL-4 and IL-13 exert similar
biological effects on B cells such as the enhancement of proliferative responses to IgM
and CD40 cross-linking, upregulation of MHC class II and CD23 expression, and anti-
CD40 dependent IgE class switching (288,301-303). This has been attributed, at least in
part, to the shared IL-4a and y. components of their receptors (304,305). Yet unlike IL-4,

IL-13 neither upregulated CD44 expression nor induced HA adhesion in BL30/B95-8
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cells at days 1, 2, and 4 post-stimulation, even at concentrations of up to 200 ng/mL (data
not shown). PMA or IL.-4 also did not enhance CD44 expression or CD44-mediated HA
binding in B-LCL cells even though BL30/B95-8 and B-LCL cells are infected with wild
type EBV and express similar CD44 isoforms (220). I investigated the molecular
mechanism for the distinct effects of IL-4 and IL-13 in terms of CD44 expression and
CDA44 mediated HA adhesion in BL and B-LCL cells and is discussed in the following
section. However, the molecular mechanism by which B-LCL cells, in contrast to BL
cells, fail to bind HA following stimulation with PMA remains to be investigated. It is
possible that in vitro EBV transformation of B cells inactivates a vital element in the
intracellular signalling pathway such as the transcription factor Egr-1 which has been
shown to mediate CD44 induction following PMA stimulation of murine B cells (142).
Alternatively, the c-myc translocation not found in B-LCLs, may contribute to CD44-
mediated HA adhesion. Transfection of an activated c-myc gene into B-LCL cell lines has
been shown to yield cells with many of the phenotypes attributed to BL cells including
CD10 and CD38 expression and the propensity to undergo apoptosis (306). However,
PMA and IL-4 were able to induce CD44 expression and CD44-HA binding in IM cells,
the in vivo transformed human B cells. The status of IM cells with respect to c-myc
translocation and other genetic alterations is being investigated.

CD44-mediated HA binding may be attributed in part to the level of CD44
expression (1). A minimum threshold level of CD44 expression that is necessary for cells
to bind HA has been suggested (307). This may explain at least in part the variability in
binding of various BL cells to HA. Although EB3, Raji, and BJAB/B95-8 BL cells are

infected with EBV, these BL cells did not express CD44. Enhanced expression of CD44
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H by PMA and/or IL-4 was correlated with CD44-mediated HA binding. However, the
adhesion of BL cells to HA may not exclusively depend upon the level of CD44
expression as BL cells such as Jijoye and B-LCL cells constitutively express relatively
high levels of CD44 (220) yet do not exhibit spontaneous binding to HA. These cells may
express a predominantly inactive form of CD44 molecule and stimulation with PMA or
IL-4 may induce the expression of active CD44 molecules on the cell surface. This is
evident by the detection of new CD44 mRNA synthesis within 4 hrs of stimulation by
RT-PCR analysis and alterations in the molecular weight of CD44 (111) and data not
shown). The induction of CD44 isoforms containing specific variable exons may also be
a determinant for binding to HA. For example, V6 and V9 expression may be required
for recognition of HA by activated human T cells (308). Whether induction of novel
isoforms by BL cells following stimulation with either PMA or IL-4 plays any role in
binding to HA remains to be investigated.

Increases in the complexity of N-linked glycosides, addition of sialic acid and
keratan sulfate to CD44 have generally been found to reduce HA recognition
(11,12,25,28-30,62). It has been previously shown that IL-4 induced alterations in the
elctrophoretic mobility of CD44 (6), and enhanced binding to HA following treatment of
BL30/B95-8 cells with tunicamycin, an agent that inhibits N-linked glycosylation ((111)
and data not shown), further suggest that alterations in CD44 glycosylation status may be
important in the induction of HA binding in these cells. Clustering and homodimerzation
of CD44 molecules on the cell surface induced by PMA as observed in a recent study
(309) may also enhance HA recognition by BL cells. However, we cannot rule out the

involvement of other mechanisms such as the interaction with elements of the
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cytoskeleton via the cytoplasmic domain, phosphorylation of the cytoplasmic domain and
interaction with other ligands either extracellular or at the cell surface (1,2).

In summary, the present data suggest that CD44 expression and CD44-mediated
binding to HA in BL30/B95-8 BL cells is upregulated by the B cell differentiation
cytokine, IL-4, through a mechanism that may include a combination of increased CD44
expression levels, or a reduction in CD44 H glycosylation. This mechanism does not
come into play for B-LCL cells. Although we have not observed this phenomenon in all
BL cell lines, the results obtained with BL30/B95-8 and IM cells may be representative
of BL cell lines transformed in vivo and may have implications in the establishment of
tumors. Furthermore, the novel effect of IL-4 on CD44-HA interactions in BL30/B95-8
cells provides a model system to further study the molecular mechanisms responsible for
the regulation of CD44 expression and CD44-mediated HA binding in human B cells.
Taken together, these findings suggest that IL-4 in addition to its role in B cell activation,
proliferation and differentiation may in parallel influence the adhesive interactions
between transformed B cells and ECM molecules, which may affect their traffic and

localization within different tissues and organs.
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Loss of IL-13 receptors may account for the loss of IL-13-mediated biological effects
including CD44 expression and CD44-mediated HA interactions in BL and B-LCL
cells.

Transformation of normal human B cells with EBV and the infection of BL B
cells with EBV is accompanied by the altered expression of several cell surface
molecules (310-314) and this may result in distinct biological effects in response to
cytokines. As mentioned earlier, IL-4 and IL-13 exhibit similar biological effects on B
cell growth and regulation such as the upregulation of CD23 and MHC-II expression as
well as the induction of IgE production (148-150,153,154). I studied the effect of IL-4
and IL-13 on a B lymphoblastoid cell line (B-LCL), MK3.31, and on an in vitro EBV-
infected BL B cell line, BL30/B95-8. IL-4 induced CD23 and CD44 expression as well as
CD44-mediated binding to HA on BL30/B95-8 cells, and CD23 expression on MK3.31
cells. In contrast, [L-13 failed to exhibit these biological effects on either BL30/B95-8 or
the MK series of B-LCL cells (Fig.4-8). To understand the molecular mechanisms
underlying the differential effects of the two cytokines, the activation of the JAK/STAT
signaling pathway in the two B cell lines was compared. It was shown that IL-4 induced
the phosphorylation of JAK3 and STATG6 in both BL30/B95-8 and MK3.31 cell lines, yet
induction of JAK1 phosphorylation occurred only in the BL30/B98-5 cells and not in the
MK3.31 cells. In addition, IL-13 failed to induce the phosphorylation of any JAK kinases
or STAT6 proteins in either of these cell lines. The inability of BL30/B95-8 cells to
respond to IL-13 may, at least in part, be due to the loss of expression of the IL-13R

subunit a1, a finding confirmed for a number of other BL cell lines examined (Fig 4-13).

A summary of these results is presented as a model in Fig 4-15.
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Fig. 4-15. Model of IL-4/IL-13 responses in BL and B-LCL cells.

Normal human B cells express both IL-4 and IL-13 receptors and respond to both
cytokines as indicated by the increase in CD23 expression. The effect of [L-4 and IL-13
on CD23 expression in human B cells is well documented as is the involvement of the
JAK/STAT pathway, particularly that for STAT6. Transformation of human B cells with
EBV results in, among other things, a loss of expression of the IL-13 receptor, and
therefore a lack of IL-13 effects on CD23 expression. The IL-4 receptor remains intact, as
does the response of the cells to IL-4 with respect to CD23 expression. B. Treatment of
both BL and B-LCL cells with IL-4 results in activation of the JAK/STAT pathway,
however only the BL cell line responded with respect to an increase in CD44 expression
and HA binding. Both cell types did not respond to IL-13, as there are no IL-13 receptors
expressed on either cell types.

164



A.
6 Exposure to EBV

CD23 expression CD23 expression

upregulation

CD44 expression
No effect

No effect
—2C

Loss of IL-13 receptor expression CD44 expression

No effect

-4
<
1113
BN




B-LCL cells, in contrast to BL cells, do not form tumors in humans or in
experimental animals (298). The lack of tumorigenicity of B-LCL cells may be explained
at least in part by their inability to bind HA. Since HA, a component of the ECM, is a
natural ligand for the CD44 receptor (2), CD44-HA interactions may play an important
role in cell-cell and cell-ECM interactions and functions as an adhesive protein in such
events as lymphopoiesis, leukocyte extravasation into inflammatory sites, and
tumorigenesis (2,70,71,315). CD44 has also been suggested to play a vital role in in vivo
Burkitt's lymphoma (BL) tumor growth and dissemination in a nude mouse model
(93,316). In this study, I confirmed previous observations that IL-4 enhanced CD44
expression and CD44-mediated HA binding in BL30/B95-8 BL cells, but not in MK B-
LCL cells (111). In view of the critical role of CD44 in the ability of BL cells to form
tumors in nude mice (316), IL-4-induced CD44-HA interactions in BL30/B95-8 cells
may have implications with respect to tumorigenesis in individuals exhibiting
immunosuppression and a predominance of Th2 cytokines.

This is the first report showing that IL-4, but not IL-13, induces the activation of
the JAK/STAT pathway in BL30/B95-§ BL cells. IL-4 induced the tyrosine
phosphorylation of distinct JAK proteins in BL30/B95-8 BL and MK3.31 B-LCL cells. A
subtle difference between the two cell lines was observed in that IL-4 induced
phosphorylation of JAK1 in the BL30/B95-8 cells but not in the MK3.31 cells. My
results are in agreement with previous reports which show that IL-4 induces
phosphorylation of JAK3 proteins in B-LCL cells (317,318). Whether differences in IL-
4-induced activation of JAK1 in these two cell types may account for the differences in

IL-4-induced CD44 expression and CD44-mediated HA binding is not clear. In view of
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the variable response of IL-4 with respect to JAK1 phosphorylation observed in different
B-LCL cell lines (317), this pathway alone may not account for differential CD44
expression, and alternate signaling proteins may be involved in the differential regulation
of CD44 in these cell lines. Increased phosphorylation of Tyk2 in either BL30/B95-8 or
MK cell lines was not observed in contrast to some reports that show that IL-4 induces
Tyk2 phosphorylation in B-LCL cells (317). A constitutive phosphorylation of Tyk2 in
BL30/B95-8 and MK3.31 cells was observed, however, and is in agreement with
previous reports demonstrating this in B-LCL cells (317,318). The significance of
constitutive phosphorylation of the Tyk2 kinase in B-LCL cells is not known. Recently, it
was suggested that the JAK/STAT pathway is activated in response to transformation of
T cells with HTLV (319,320). In addition, the EBV latent membrane protein- (LMP)-1
has been shown to interact with JAK3, leading to enhanced tyrosine
auto/transphosphorylation of JAK3 (321). Therefore, it is possible that EBV
transformation of B cells may induce constitutive Tyk2 phosphorylation in these cells. It
is also possible that Tyk2 phosphorylation is dependent on cell type and state of cell
activation.

In this study I also show that transformation of normal human B cells with EBV
results in the loss of IL-13-mediated effects, such as CD23 expression, while at the same
time preserving the biological effects of IL-4. This was also evidenced by the failure of
IL-13 to activate the JAK/STAT signaling pathway in the MK series of B-LCL cells and
the lack of expression of an IL-13 receptor. The existence of other IL-13 receptor chains
has been suggested, but none so far have been identified. IL-13 mediates its biological

effects by activating JAK/STAT signaling molecules in normal human B cells,
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monocytes, and several other cell types including renal cell carcinoma, ovarian cell
carcinoma, B9 mouse plasmacytoma, and human colon carcinoma cell lines (322).
However, IL-13 exposure did not result in the phosphorylation of JAK1, JAK2, JAK3, or
STAT6 in MK cells. The molecular mechanism for the failure in the activation of
JAK/STAT signaling proteins in B-LCL cells is not clear. Although the MK3.31 cells
expressed IL-13Ral mRNA, none of the MK series of B-LCL cells expressed IL-13Ral
protein on their cell surface as determined by flow cytometry. It is likely that very few
IL-13Ral molecules are present on the cell surface membrane but are not evident as they
are below the threshold of detection by flow cytometric analysis. Since IL-13 did not
induce the activation of any of the JAK proteins or of STAT6 in MK3.31 cells, it is
reasonable to conclude that IL-13 receptors on the MK series of B-LCL cells are non-
functional, even though a small number may be expressed. This is akin to T cells, which
characteristically do not respond to IL-13 even though these cells express IL-13Ra
mRNA (148,153,171). IL-13Ra has been shown to exist as a soluble protein in T cells,
but it is not expressed on the cell surface (171). It is possible that EBV transformation of
B cells affects either the expression pattern or the processing of the IL-13R proteins; the
receptor in such cases may exist as a message, cytoplasmic protein, or as a non-functional
entity on the cell surface. It is also possible that the presence of IL-13Ral alone may not
confer IL-13 responsiveness; another receptor or intercellular component may be required
in order to activate the JAK/STAT signaling pathway. These results are in contrast to
some previously published reports showing IL-13-induced activation of STAT6 in some
B-LCL cells (317,318). The reason for the differences in the IL-13 signaling pathways of

different B-LCL cells is not clear, but may be due to the differences in the generation of
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B-LCL cells. Nonetheless, these findings are consistent with the observations that IL-13
has not been shown to influence the biological effects including the expression of any cell
surface markers on B-LCL cells.

Most B cell malignancies consist of a clonal expansion of B cells arrested at a
particular stage in their development and differentiation. BL cells, which resemble
germinal center B cells, are characterized by a chromosomal translocation placing the c-
myc gene under the control of the immunoglobulin gene promoter. While oncogenic
activation due to translocations involving c-myc or other B cell receptor genes may give
survival or proliferative advantages to malignant cells, various B cell growth and
differentiation factors such as IL-4 and IL-13 may participate in the development of
Burkitt’s lymphomas. IL-4 has been suggested to play a vital role in the survival of BL B
cells (293). IL-13, which is produced by various malignant B cell types including non-
Hodgkin’s lymphoma, chronic B cell leukemia, follicular lymphoma, and Burkitt's
lymphoma B cells (323,324), induces proliferative responses in lymph node B cells from
non-Hodgkin’s lymphoma (325) and protects B cells from chronic lymphocytic leukemia
(326). My results show for the first time that IL-13 does not induce the phosphorylation
of any of the JAK kinases or STAT6 proteins in BL30/B95-8 cells, resulting from a loss
of the IL-13R complex. These results were further confirmed using several BL cells lines
including EBV-negative (CA46, ST-486, Ramos) and EBV-positive (Raji, EB3, Jijoye,
P3HR-1, Daudi) cells, none of which expressed IL-13 Ral or IL-13 Ra2 mRNA.
Whether the loss of IL-13R complex subunits in BL cells is a consequence of their
transformation is not clear. It has been suggested that immature B cells do not express IL-

13 receptors (150). In view of the observations that EBV-negative BL cells did not
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express IL-13R, it is likely that loss of IL-13R expression may have occurred during B
cell development and differentiation. Loss of IL-13R in BL cells may not, therefore, be a
consequence of B cell transformation, and BL cells may represent transformed, immature
IL-13R-negative B cells arrested during development.

In summary, I have demonstrated that Burkitt's lymphoma B cells lack IL-13
receptor al and a2 chains, findings which may account for the lack of IL-13-mediated
effects including induction of CD23 and CD44 expression. The absence of tyrosine
phosphorylation of the JAK and STAT6 proteins in response to IL-13 also excludes the
possibility of the presence of an unidentified I[L-13 receptor subunit that may associate
with the IL-4Ra chain to form a functional IL-13 receptor in BL cells. In contrast, EBV-
transformed B cells expressed the IL-13Ral message but not detectable surface protein,
an observation that explains the absence of IL-13-mediated effects in these cells. The
results of this section have been summarized in a model in Fig. 4-15. The significance of
the specific loss of IL-13-mediated effects in BL and B-LCL cells in the maintenance of
the transformed phenotype is not clear. These results suggest that IL-13, in contrast to IL-
4, may not play a role in the growth and differentiation of BL and B-LCL B cells. The
capacity of IL-4 alone to induce changes in CD44 expression or CD44-mediated HA
binding in BL cells may further suggest its vital role in the development and localization

of BL B cells within different tissues and organs.
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CHAPTER §:
CONCLUDING REMARKS, SIGNIFICANCE, AND FUTURE DIRECTIONS
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The interactions of the glycoprotein, CD44, and its ligand hyaluronan (HA) have
been shown to play a major role in cell migration during the inflammatory response as
well as during tumorigenesis and metastasis. The ability of CD44 to bind HA is the
crucial mechanism underlying the biological functions attributed to CD44. One of the
most important questions is what are the possible cellular and biochemical signaling
pathways that determine both the regulation of CD44 expression and how CD44 acquires
the potential to bind HA. This constituted the central theme of my thesis research using
human monocytic cells and B cells as a model system.

LPS, a bacterial cell wall endotoxin, plays a major role in bacterial infections
leading to the generation of an inflammatory response as well as sepsis. CD44 is believed
to be an important cell surface receptor responsible for the migration of lymphocytes to
the site of inflammation. To understand the molecular mechanism underlying the
regulation of CD44 expression in human monocytic cells, which constituted the first
objective of my research proposal, I used normal human primary monocytic cells and
demonstrated that in response to LPS, CD44 expression is induced. Furthermore, the
LPS-induced CD44 expression was mediated by the endogenously produced IL-10 and
TNF-a. Because of the inherent difficulties in using normal monocytes as a model
system because endogenously produced TNF-o and IL-10 can upregulate CD44
expression in an autoregulatory manner, I used the promonocytic THP-1 cell line as a
model system. The THP-1 cells responded similarly to normal human monocytes with
respect to LPS-induced CD44 expression. My results revealed for the first time a distinct
role for the INK MAPK activation in the LPS-induced but not in TNF-a-induced CD44

expression. However, my results did provide evidence for a partial role of p38 MAPK in
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both LPS- and TNF-a-induced CD44 expression. Lower concentrations of p38 MAPK
inhibitors did partially inhibit LPS- and TNF-a-induced CD44 expression consistently,
but this inhibition was never complete even when high concentration of inhibitors were
employed. The role for p38 in the induction of CD44 expression by LPS and TNF-a is
not clear from my studies, however it may cooperate with other signaling pathways to
affect CD44 expression.

I further investigated the involvement of transcription factors that may be
activated by JNK MAPK resulting in CD44 induction. My results suggest that LPS-
induced CD44 expression may involve the Egr-1 transcription factor through JNK
MAPK activation. These results suggest that distinct signaling pathways may be involved
in LPS and TNF-a-induced CD44 expression in human monocytic cells.

These observations raise a number of questions regarding the role of signaling
molecules in LPS- and TNF-a-induced CD44 expression. First, what signaling pathways
are involved in TNF-a-induced CD44 expression in human monocytic cells? Our
preliminary results do suggest that PI3-kinase may be involved in both LPS- and TNF-c-
induced CD44 expression (data not shown). Second, although Egr-1 activation has been
shown to be involved in the induction of CD44 expression in B cells and endothelial
cells, whether LPS- and TNF-a-induced CD44 expression also involves Egr-1 activation
in human monocytic cells remains to be investigated. This question assumes significance
in view of our preliminary observations that a transcription factor other than Egr-1 is
involved in IL-4-induced CD44 expression in Burkitt’s lymphoma B cells. Furthermore,
AP-1 activation has also been implicated in CD44 induction in a number of cell types. In

order to clarify the role of transcription factors in the regulation of CD44 expression, I

172



have generated a series of CD44 promoter constructs. I am in the process of identifying
the transcription factors and their cognate binding sites responsible for CD44 induction in
response to stimulation with LPS and TNF-a in human monocytic cells and in response
to stimulation of BL cells with IL-4.

The molecular signaling pathways governing the regulation and generation of the
HA-binding form of CD44 in human monocytic cells as well as any other cell type are
not known. This question constituted the second objective of my thesis. Similar to the
results obtained with LPS-induced CD44 expression, I observed that endogenously
produced TNF-o was involved in the generation of the HA-binding form of CD44 in
primary human monocytic cells as well as THP-1 cells. In contrast to the results obtained
for CD44 induction, the TNF-a-induced p38 MAPK activation was found to regulate
LPS-induced CD44-mediated HA-binding. These results clearly demonstrated for the
first time that CD44 induction and the generation of HA-adhesive form of CD44 are two
independent events that are regulated by distinct signaling pathways.

My studies did not identify the signaling pathways responsible for either IL-10-
induced CD44 expression or CD44-mediated HA binding in monocytic cells, however,
the results do suggest that none of the MAPKs are involved. Whether the JAK/STAT
pathway is activated following interaction of IL-10 with its receptor and this regulates
CD44 expression or CD44-mediated HA binding needs to be investigated.

I further investigated the role of TNF-a-induced p38 MAPK underlying the
generation of HA-adhesive CD44 isoform following stimulation of monocytic cells with
LPS. Desialidation of the CD44 receptor is one of the post-translational mechanisms

known to induce CD44-HA binding. My results revealed that in human monocytic cells,
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both LPS and TNF-a can induce lysosomal sialidase activity that is both necessary and
sufficient to induce the generation of the HA-binding form of CD44. I have also
demonstrated that LPS- and TNF-a-induced sialidase activity resided in the soluble
cytoplasmic component and not in the membrane component of the cells (data not
shown). Furthermore, my results suggested a novel role for p38 MAPK in the TNF-a-
mediated induction of sialidase activity that resulted in the generation of HA-adhesive
form of CD44. Taken together, these results suggest for the first time the pivotal role for
TNF-a-induced p38 MAPK activation in the induction of lysosomal sialidase activity and
the generation of HA-adhesive functionally active CD44 phenotype in LPS-stimulated
human monocytic cells. Whether this is the case for all cell types, including the IL-4-
induction of CD44 expression and HA-binding in the BL30/B95-8 cells, needs to be
addressed.

In addition to the role played by lysosomal sialidases in the generation of HA-
adhesive CD44, the other post-translational modifications of CD44 such as sulfation and
N- and O-linked glycosylation may also be involved. Further experiments are necessary
in order to determine whether the addition of sulfation or modulation of N- or O-linked
glycosylation are involved in the generation of HA-adhesive CD44 and whether these
effects are modified by the MAPK pathways in monocytic cells.

It will also be interesting to determine if the p38 MAPK is involved in biological
functions attributed to CD44 such as cell migration, inflammation and autoimmune
diseases. This could be potentially determined by using p38 knockout mice. These
observations could be applied to animal models of autoimmune disease, such as

rheumatoid arthritis, in which CD44-HA interactions have been previously implicated.
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Thus, my studies, designed to understand the signaling pathways underlying LPS-
and TNF-a-induced CD44 expression and generation of HA-adhesive CD44 phenotype,
in effect have opened a number of avenues and directions that may provide important
new insights into the role of CD44 in vivo. Further delineation of the biochemical
signaling pathways regulating CD44 induction and the generation of HA-adhesive
phenotype, by employing human monocytic cell lines and CD44 and specific MAPKs
knock out animal models, may suggest novel strategies and provide novel targets for
therapeutic modulation of CD44. Although anti-CD44 antibodies that specifically target
the HA-binding site and inhibit HA-binding have been successfully used in experimental
animal models to treat a number of autoimmune and inflammatory disorders, strategies
designed to develop novel small molecule inhibitors based on these studies could provide
a more feasible approach for the long term treatment of chronic inflammatory disorders.

CD44 has also been shown to play a role in the pathogenesis of human cancers, in
particular, in the tumorigenesis of Burkitt’s Lymphomas (BL). Cytokines present in the
microenvironment of the tumors may affect tumor growth, formation, and metastasis. The
first objective of this chapter of my thesis was to investigate the effects of various
mitogens and cytokines on CD44 expression and binding in normal human B cells, EBV-
transformed lymphoblastoid B cells and EBV-infected BL B cell lines. I observed that in
response to PMA, CD44 expression and HA binding were increased in EBV-infected
Burkitt's lymphoma, BL30/B95-8, cell line. Of a panel of cytokines tested, I identified
IL-4 as one cytokine that could induce both CD44 expression and HA-binding in
BL30/B95-8 cells. However, EBV-transformed B-LCL cells were found to be refractory

to the CD44-inducing effects of PMA and IL-4. In contrast, IL-13 a cytokine sharing
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similar characteristics with IL-4, did not induce CD44 expression or CD44-HA binding
in either cell type. Therefore, these results demonstrated a differential role for IL-4-
induced CD44 expression and HA binding in EBV-infected BL30/B95-8 and B-LCL cell
lines. In addition, none of these cell lines were found to respond to the biologically active
IL-13. Taken together, these results suggested that EBV-transformation of normal human
B cells results in the preferential loss of IL-13-mediated biological effects. Furthermore,
B-LCL cells responded to stimulation with IL-4 but, unlike BL30/B95-8 cells, selectively
lost the ability to induce CD44 expression or CD44-mediated HA binding.

To understand the differential effects on CD44 expression and HA binding
observed within the two cell lines, as well as within the two similar cytokines, as the
second objective of Chapter 4 of my thesis, I examined the signaling pathways induced
by IL-4 and IL-13 in the BL30/B95-8 and MK3.31 cell lines. IL-4-induced activation of
JAK3, and STAT6 in both cell types, suggesting that the defect in CD44 induction in B-
LCL cells by IL-4 could not be explained at the level of the JAK/STAT pathway. Further
studies are needed to investigate the molecular mechanism regulating the differential
induction of CD44 expression and CD44-mediated HA binding in B-LCL cells and
BL30/B95-8 cells. It is tempting to speculate that other IL-4-induced pathways may be
affecting the activation of CD44 expression and binding in these cell lines. For example,
similarly to TNF-a-induced CD44 expression, IL-4-induced activation of PI3-kinase may
be involved. IL-4 had been shown to induce the activation of this kinase and currently
studies are underway to determine if PI3-k plays a role in IL-4-induced CD44 expression
in human B cells. Additionally, STAT6 activation may not be sufficient to induce CD44

expression and may require the activation of other transcription factors that may not be
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present or active in the B-LCL cell line but are functional, or active in the BL cell line. It
may also be possible that the control of CD44 transcription is altered in some way in the
B-LCL cell line that is not present in the BL cell line. Studies have shown that
methylation of the CD44 promoter region is responsible for the down-regulation of CD44
expression in neuroblastoma and prostate cancer cells. Thus it is possible that in the
MK3.31 cells that the CD44 promoter may be affected in this way.

The absence of IL-13-mediated effects on CD44 expression and CD44-HA
binding in the BL.30/B95-8 and MK3.31 cell lines was characterized by the lack of IL-13-
induced JAK/STAT signals. Because I was unable to detect any activation of this
pathway, I examined the expression levels of IL-13 receptor chains present in these cells.
The lack of both receptor chains on the BL30/B95-8, as well as on a panel of BL cell
lines, explained the inability of these cells to respond to IL-13. Although the MK series
of cell lines expressed mRNA levels of the IL-13Ra1 chain, this receptor component was
not expressed on the cell surface, explaining why these cells also did not respond to IL-
13. With respect to the ability of IL-13 to induce CD44 expression and HA binding, it
would be interesting to examine if, upon transfection of the IL-13 receptor components,
the BL30/B95-8 and MK3.31 cells would then respond to IL-13 with induced CD44
expression and HA binding.

In summary, diverse effects of stimulants on CD44 expression and ligand binding
exist and are dependent on the signaling pathways induced in the cells. These studies may
provide a basis for further investigations in the regulation of CD44 expression versus
CD44-mediated HA-binding in other cell types and model systems. The understanding of

the molecular mechanisms of the regulation of CD44 expression and ligand binding may
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lead to the development of anti-cancer or anti-inflammatory strategies by targeting

various aspects of CD44-mediated actions.

178



10.

11.

12.

Reference List

Lesley, J., R. Hyman, and P. W. Kincade. 1993. CD44 and its interaction with
extracellular matrix. [Review]. Adv Immunol 54:271-335.

Naor, D., R. V. Sionov, and D. Ish-Shalom. 1997. CD44: structure, function,
and association with the malignant process. [Review] [489 refs]. Adv Cancer
Res 71:241-319.

Pure, E. and C. A. Cuff. 2001. A crucial role for CD44 in inflammation.
Trends. Mol Med.7:213-221.

Siegelman, M. H., H. C. DeGrendele, and P. Estess. 1999. Activation and
interaction of CD44 and hyaluronan in immunological systems. J.Leukoc.Biol.
66:315-321.

Murakami, S., K. Miyake, C. H. June, P. W. Kincade, and R. J. Hodes. 1990.
IL-5 induces a Pgp-1 (CD44) bright B cell subpopulation that is highly enriched
in proliferative and Ig secretory activity and binds to hyaluronate. J Immunol
145:3618-3627.

Kryworuchko, M., F. Diaz-Mitoma, and A. Kumar. 1999. Interferon-gamma
inhibits CD44-hyaluronan interactions in normal human B lymphocytes.
Exp.Cell Res. 250:241-252.

Siegelman, M. H., H. C. DeGrendele, and P. Estess. 1999. Activation and
interaction of CD44 and hyaluronan in immunological systems. J. Leukoc.Biol.
66:315-321.

Liu, D., D. Zhang, H. Mori, and M. S. Sy. 1996. Binding of CD44 to hyaluronic
acid can be induced by multiple signals and requires the CD44 cytoplasmic
domain. Cell Immunol. 174:73-83.

Liu, D., T. Liu, R. Li, and M. S. Sy. 1998. Mechanisms regulating the binding
activity of CD44 to hyaluronic acid. Front.Biosci. 3:D631-6.:D631-D636.

Lesley, J., N. English, A. Perschl, J. Gregoroff, and R. Hyman. 1995. Variant
cell lines selected for alterations in the function of the hyaluronan receptor
CD44 show differences in glycosylation. J Exp Med 182:431-437.

Takahashi, K., I. Stamenkovic, M. Cutler, A. Dasgupta, and K. K. Tanabe.
1996. Keratan sulfate modification of CD44 modulates adhesion to hyaluronate.
J.Biol.Chem. 271:9490-9496.

Bartolazzi, A., A. Nocks, A. Aruffo, F. Spring, and I. Stamenkovic. 1996.
Glycosylation of CD44 is implicated in CD44-mediated cell adhesion to
hyaluronan. J.Cell Biol. 132:1199-1208.

179



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Johnson, P., A. Maiti, K. L. Brown, and R. Li. 2000. A role for the cell adhesion
molecule CD44 and sulfation in leukocyte-endothelial cell adhesion during an
inflammatory response? Biochem.Pharmacol. 59:455-465.

Goodfellow, P. N., G. Banting, M. V. Wiles, A. Tunnacliffe, M. Parkar, E.
Solomon, R. Dalchau, and J. W. Fabre. 1982. The gene, MIC4, which controls
expression of the antigen defined by monoclonal antibody F10.44.2, is on
human chromosome 11. Eur J Immunol 12:659-663.

Colombatti, A., E. N. Hughes, B. A. Taylor, and J. T. August. 1982. Gene for a
major cell surface glycoprotein of mouse macrophages and other phagocytic
cells is on chromosome 2. Proc Natl Acad Sci U S A 79:1926-1929.

Jackson, D. G., J. Buckley, and J. I. Bell. 1992. Multiple variants of the human
lymphocyte homing receptor CD44 generated by insertions at a single site in the
extracellular domain. J Biol Chem 267:4732-4739.

Screaton, G. R., M. V. Bell, D. G. Jackson, F. B. Cornelis, U. Gerth, and J. I.
Bell. 1992. Genomic structure of DNA encoding the lymphocyte homing

receptor CD44 reveals at least 12 alternatively spliced exons. Proc Natl Acad
Sci USA 89:12160-12164.

Screaton, G. R., M. V. Bell, J. I. Bell, and D. G. Jackson. 1993. The
identification of a new alternative exon with highly restricted tissue expression
in transcripts encoding the mouse Pgp-1 (CD44) homing receptor. Comparison

of all 10 variable exons between mouse, human, and rat. J Biol Chem
268:12235-12238.

Stamenkovic, 1., M. Amiot, J. M. Pesando, and B. Seed. 1989. A lymphocyte
molecule implicated in lymph node homing is a member of the cartilage link
protein family. Cell 56:1057-1062.

Gunthert, U., M. Hofmann, W. Rudy, S. Reber, M. Zoller, I. Haussmann, S.
Matzku, A. Wenzel, H. Ponta, and P. Herrlich. 1991. A new variant of

glycoprotein CD44 confers metastatic potential to rat carcinoma cells. Cell
65:13-24.

Perschl, A., J. Lesley, N. English, I. Trowbridge, and R. Hyman. 1995. Role of
CD44 cytoplasmic domain in hyaluronan binding. Eur.J. Immunol. 25:495-501.

Isacke, C. M. and H. Yarwood. 2002. The hyaluronan receptor, CD44.
Int.J.Biochem.Cell Biol. 34:718-721.

Day, A. J. and G. D. Prestwich. 2002. Hyaluronan-binding proteins: tying up the
giant. J.Biol. Chem. 277:4585-4588.

Isacke, C. M. and H. Yarwood. 2002. The hyaluronan receptor, CD44.
Int.J Biochem.Cell Biol. 34:718-721.

180



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

English, N. M,, J. F. Lesley, and R. Hyman. 1998. Site-specific de-N-
glycosylation of CD44 can activate hyaluronan binding, and CD44 activation
states show distinct threshold densities for hyaluronan binding. Cancer Res
58:3736-3742.

Levesque, M. C. and B. F. Haynes. 1999. TNFalpha and IL-4 regulation of
hyaluronan binding to monocyte CD44 involves posttranslational modification
of CD44. Cell Immunol. 193:209-218.

Catterall, J. B., L. M. Jones, and G. A. Turner. 1999. Membrane protein
glycosylation and CD44 content in the adhesion of human ovarian cancer cells
to hyaluronan. Clin. Exp.Metastasis 17:583-591.

Katoh, S., Z. Zheng, K. Oritani, T. Shimozato, and P. W. Kincade. 1995.
Glycosylation of CD44 negatively regulates its recognition of hyaluronan.
J.Exp.Med. 182:419-429.

Katoh, S., T. Miyagi, H. Taniguchi, Y. Matsubara, J. Kadota, A. Tominaga, P.
W. Kincade, S. Matsukura, and S. Kohno. 1999. Cutting edge: an inducible
sialidase regulates the hyaluronic acid binding ability of CD44-bearing human
monocytes. J.Immunol. 162:5058-5061.

Maiti, A., G. Maki, and P. Johnson. 1998. TNF-alpha induction of CD44-
mediated leukocyte adhesion by sulfation. Science 282:941-943.

Jackson, D. G., J. Buckley, and J. I. Bell. 1992. Multiple variants of the human
lymphocyte homing receptor CD44 generated by insertions at a single site in the
extracellular domain. J Biol Chem 267:4732-4739.

Screaton, G. R., M. V. Bell, D. G. Jackson, F. B. Cornelis, U. Gerth, and J. .
Bell. 1992. Genomic structure of DNA encoding the lymphocyte homing

receptor CD44 reveals at least 12 alternatively spliced exons. Proc Natl Acad
Sci USA 89:12160-12164.

Guo, Y.J., S. C. Lin, J. H. Wang, M. Bigby, and M. S. Sy. 1994. Palmitoylation
of CD44 interferes with CD3-mediated signaling in human T lymphocytes.
Int.Immunol. 6:213-221.

Ponta, H., L. Sherman, and P. A. Herrlich. 2003. CD44: from adhesion
molecules to signalling regulators. Nat.Rev.Mol.Cell Biol. 4:33-45.

Foger, N., R. Marhaba, and M. Zoller. 2001. Involvement of CD44 in
cytoskeleton rearrangement and raft reorganization in T cells. J.Cell Sci.
114:1169-1178.

Bourrguignon, L. Y., N. Iida, C. F. Welsh, D. Zhu, A. Krongrad, and D.
Pasquale. 1995. Involvement of CD44 and its variant isoforms in membrane-

181



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

cytoskeleton interaction, cell adhesion and tumor metastasis. [Review] [44 refs].
Journal.of Neuro-Oncology. 26:201-208.

Legg, J. W., C. A. Lewis, M. Parsons, T. Ng, and C. M. Isacke. 2000. A novel
PKC-regulated mechanism controls CD44 ezrin association and directional cell
motility. Nat.Cell Biol.4:399-407.

Turley, E. A., P. W. Noble, and L. Y. Bourguignon. 2002. Signaling properties
of hyaluronan receptors. J. Biol. Chem. 277:4589-4592.

Bourguignon, L. Y., H. Zhu, A. Chu, N. [ida, L. Zhang, and M. C. Hung. 1997.
Interaction between the adhesion receptor, CD44, and the oncogene product,

p185HER2, promotes human ovarian tumor cell activation. J.Biol. Chem.
272:27913-27918.

Bourguignon, L. Y., H. Zhu, L. Shao, and Y. W. Chen. 2001. CD44 interaction
with c-Src kinase promotes cortactin-mediated cytoskeleton function and

hyaluronic acid-dependent ovarian tumor cell migration. J.Biol. Chem.
276:7327-7336.

Bourguignon, L. Y., H. Zhu, L. Shao, D. Zhu, and Y. W. Chen. 1999. Rho-
kinase (ROK) promotes CD44v(3,8-10)-ankyrin interaction and tumor cell
migration in metastatic breast cancer cells. Cell Motil.Cytoskeleton 43:269-287.

Bourguignon, L. Y., P. A. Singleton, F. Diedrich, and H. Zhu. 2003.
Hyaluronan-mediated CD44 interaction with RhoGEF and Rho-kinase promotes
Gab-1 phosphorylation and PI3 kinase signaling leading to cytokine (M-CSF)
production breast tumor progression. J. Biol. Chem. ..

Singleton, P. A. and L. Y. Bourguignon. 2002. CD44v10 interaction with Rho-
kinase (ROK) activates inositol 1,4,5-triphosphate (IP3) receptor-mediated
Ca2+ signaling during hyaluronan (HA)-induced endothelial cell migration.
Cell Motil.Cytoskeleton 53:293-316.

Oliferenko, S., I. Kaverina, J. V. Small, and L. A. Huber. 2000. Hyaluronic acid
(HA) binding to CD44 activates Racl and induces lamellipodia outgrowth.
J.Cell Biol. %20;148:1159-1164.

Zhu, D. and L. Y. Bourguignon. 2000. Interaction between CD44 and the repeat
domain of ankyrin promotes hyaluronic acid-mediated ovarian tumor cell
migration. J.Cell Physiol 183:182-195.

Zhu, D. and L. Y. Bourguignon. 1998. The ankyrin-binding domain of CD44s is
involved in regulating hyaluronic acid-mediated functions and prostate tumor
cell transformation. Cell Motil. Cytoskeleton 39:209-222.

182



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lokeshwar, V. B., N. Fregien, and L. Y. Bourguignon. 1994. Ankyrin-binding
domain of CD44(GP85) is required for the expression of hyaluronic acid-
mediated adhesion function. J.Cell Biol. 126:1099-1109.

Bourguignon, L. Y., H. Zhu, L. Shao, and Y. W. Chen. 2000. CD44 interaction
with tiam1 promotes Racl signaling and hyaluronic acid-mediated breast tumor
cell migration. J.Biol. Chem. 275:1829-1838.

Martin, T. A., G. Harrison, R. E. Mansel, and W. G. Jiang. 2003. The role of the
CD44/ezrin complex in cancer metastasis. Crit Rev.Oncol. Hematol. 46:165-186.

Lesley, J., R. Schulte, and R. Hyman. 1990. Binding of hyaluronic acid to
lymphoid cell lines is inhibited by monoclonal antibodies against Pgp-1.
Experimental Cell Research 187:224-233.

Miyake, K., C. B. Underhill, J. Lesley, and P. W. Kincade. 1990. Hyaluronate
can function as a cell adhesion molecule and CD44 participates in hyaluronate
recognition. J Exp Med 172:69-75.

Aruffo, A., I. Stamenkovic, M. Melnick, C. B. Underhill, and B. Seed. 1990.
CD44 is the principal cell surface receptor for hyaluronate. Cell 61:1303-1313.

Knudson, C. B. 1993. Hyaluronan receptor-directed assembly of chondrocyte
pericellular matrix. J Cell Biol 120:825-834.

Jalkanen, S. and M. Jalkanen. 1992. Lymphocyte CD44 binds the COOH-
terminal heparin-binding domain of fibronectin. J Cell Biol 116:817-825.

Romaris, M., A. Bassols, and G. David. 1995. Effect of transforming growth
factor-beta 1 and basic fibroblast growth factor on the expression of cell surface
proteoglycans in human lung fibroblasts. Enhanced glycanation and fibronectin-
binding of CD44 proteoglycan, and down-regulation of glypican. Biochem J
310:73-81.

Wayner, E. A. and W. G. Carter. 1987. Identification of multiple cell adhesion
receptors for collagen and fibronectin in human fibrosarcoma cells possessing
unique alpha and common beta subunits. J Cell Biol 105:1873-1884.

Faassen, A. E., D. L. Mooradian, R. T. Tranquillo, R. B. Dickinson, P. C.
Letourneau, T. R. Oegema, and J. B. McCarthy. 1993. Cell surface CD44-
related chondroitin sulfate proteoglycan is required for transforming growth
factor-beta-stimulated mouse melanoma cell motility and invasive behavior on
type I collagen. Journal of Cell Science 105:501-511.

Toyama-Sorimachi, N. and M. Miyasaka. 1994. A sulfated proteoglycan as a
novel ligand for CD44. Journal of Dermatology 21:795-801.

183



59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Toyama-Sorimachi, N., H. Sorimachi, Y. Tobita, F. Kitamura, H. Yagita, K.
Suzuki, and M. Miyasaka. 1995. A novel ligand for CD44 is serglycin, a
hematopoietic cell lineage-specific proteoglycan. Possible involvement in
lymphoid cell adherence and activation. J Biol Chem 270:7437-7444.

Miyake, K. and P. W. Kincade. 1990. A new cell adhesion mechanism
involving hyaluronate and CD44. Current Topics in Microbiology &
Immunology 166:87-90.

Cichy, J. and E. Pure. 2000. Oncostatin M and transforming growth factor-beta
1 induce post-translational modification and hyaluronan binding to CD44 in
lung-derived epithelial tumor cells. J.Biol. Chem. 275:18061-18069.

Levesque, M. C. and B. F. Haynes. 1997. Cytokine Induction of the Ability of
Human Monocyte CD44 to Bind Hyaluronan is Mediated Primarily by TNF-o
and is Inhibited by IL-4 and IL-13. J Immunol 159:6184-6194.

Achyuthan, K. E. and A. M. Achyuthan. 2001. Comparative enzymology,
biochemistry and pathophysiology of human exo-alpha-sialidases
(neuraminidases). Comp Biochem.Physiol B Biochem.Mol.Biol. 129:29-64.

Monti, E., A. Preti, B. Venerando, and G. Borsani. 2002. Recent development in
mammalian sialidase molecular biology. Neurochem.Res. 27:649-663.

Uhl, J.,, R. Penzel, C. Sergi, J. Kopitz, H. F. Otto, and M. Cantz. 2002.
Identification of a CTL4/Neul fusion transcript in a sialidosis patient. FEBS
Lett. %19;521:19-23.

Pretzlaff, R. K., V. W. Xue, and M. E. Rowin. 2000. Sialidase treatment
exposes the betal-integrin active ligand binding site on HL60 cells and
increases binding to fibronectin. Cell Adhes.Commun. 7:491-500.

Delcommenne, M., R. Kannagi, and P. Johnson. 2002. TNF-alpha increases the
carbohydrate sulfation of CD44: induction of 6-sulfo N-acetyl lactosamine on
N- and O-linked glycans. Glycobiology 12:613-622.

Brown, K. L., A. Maiti, and P. Johnson. 2001. Role of sulfation in CD44-
mediated hyaluronan binding induced by inflammatory mediators in human
CD14(+) peripheral blood monocytes. J Immunol. 167:5367-5374.

Camp, R. L., A. Scheynius, C. Johansson, and E. Pure. 1993. CD44 is necessary
for optimal contact allergic responses but is not required for normal leukocyte
extravasation. J Exp Med 178:497-507.

Brocke, S., C. Piercy, L. Steinman, I. L. Weissman, and T. Veromaa. 1999.
Antibodies to CD44 and integrin alpha4, but not L-selectin, prevent central
nervous system inflammation and experimental encephalomyelitis by blocking
secondary leukocyte recruitment. Proc.Natl.Acad.Sci.U.S.A. 96:6896-6901.

184



71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

&5.

DeGrendele, H. C., P. Estess, and M. H. Siegelman. 1997. Requirement for
CD44 in activated T cell extravasation into an inflammatory site. Science
278:672-675.

Gunthert, U. 1999. Importance of CD44 variant isoforms in mouse models for
inflammatory bowel disease. Curr. Top.Microbiol. Immunol. 246:307-12;
discussion 313:307-312.

Lesley, J. and R. Hyman. 1998. CD44 structure and function. Front Biosci.
3:D616-30.:D616-D630.

Naor, D., S. Nedvetzki, I. Golan, L. Melnik, and Y. Faitelson. 2002. CD44 in
cancer. Crit Rev.Clin.Lab Sci. 39:527-579.

Pure, E. and C. A. Cuff. 2001. A crucial role for CD44 in inflammation. Trends
Mol Med. 7:213-221.

Drillenburg, P. and S. T. Pals. 2000. Cell adhesion receptors in lymphoma
dissemination. Blood 95:1900-1910.

Lesley, J., R. Hyman, N. English, J. B. Catterall, and G. A. Turner. 1997. CD44
in inflammation and metastasis. Glycoconj.J. 14:611-622.

Estess, P., H. C. DeGrendele, V. Pascual, and M. H. Siegelman. 1998.
Functional activation of lymphocyte CD44 in peripheral blood is a marker of
autoimmune disease activity. J.Clin.Invest. 102:1173-1182.

Gowans, J. and E. Knight. 1964. The route of recirculation of lymphocytes in
the rat. Proc.R.Soc.Lond.Biol. 10:561.

Butcher, E. C. and L. J. Picker. 1996. Lymphocyte homing and homeostasis.
[Review] [57 refs]. Science 272:60-66.

Picker, L. J. and E. C. Butcher. 1992. Physiological and molecular mechanisms
of lymphocyte homing. Annu.Rev.Immunol. 10:561-591.

Springer, T. A. 1994. Traffic signals for lymphocyte recirculation and leukocyte
emigration: the multistep paradigm. Cell 76:301-314.

Salmi, M. and S. Jalkanen. 1997. How do lymphocytes know where to go:
current concepts and enigmas of lymphocyte homing. Adv.Immunol. 64:139-
218.:139-218.

Williams, A. F. and A. N. Barclay. 1988. The immunoglobulin superfamily--
domains for cell surface recognition. Annu.Rev.Immunol. 6:381-405.

Hynes, R. O. 1992. Integrins: versatility, modulation, and signaling in cell
adhesion. Cell 69:11-25.

185



86.

&7.

&8.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Kansas, G. S. 1996. Selectins and their ligands: current concepts and
controversies. Blood 88:3259-3287.

DeGrendele, H. C., P. Estess, L. J. Picker, and M. H. Siegelman. 1996. CD44
and its ligand hyaluronate mediate rolling under physiologic flow: a novel
lymphocyte-endothelial cell primary adhesion pathway. J Exp Med 183:1119-
1130.

Clark, R. A., R. Alon, and T. A. Springer. 1996. CD44 and hyaluronan-
dependent rolling interactions of lymphocytes on tonsillar stroma.
Journal.of.Cell Biology. 134:1075-1087.

Alon, R., P. D. Kassner, M. W. Carr, E. B. Finger, M. E. Hemler, and T. A.
Springer. 1995. The integrin VLA-4 supports tethering and rolling in flow on
VCAM-1. J.Cell Biol. 128:1243-1253.

Berlin, C., R. F. Bargatze, J. J. Campbell, U. H. von Andrian, M. C. Szabo, S.
R. Hasslen, R. D. Nelson, E. L. Berg, S. L. Erlandsen, and E. C. Butcher. 1995.

alpha 4 integrins mediate lymphocyte attachment and rolling under physiologic
flow. Cell 80:413-422.

Bartolazzi, A., R. Peach, A. Aruffo, and 1. Stamenkovic. 1994. Interaction
between CD44 and hyaluronate is directly implicated in the regulation of tumor
development. J Exp Med 180:53-66.

Lesley, J., R. Hyman, N. English, J. B. Catterall, and G. A. Turner. 1997. CD44
in inflammation and metastasis. Glycoconj.J. 14:611-622.

Sy, M. S., D. Liu, R. Schiavone, J. Ma, H. Mori, and Y. Guo. 1996. Interactions
between CD44 and hyaluronic acid: their role in tumor growth and metastasis.
[Review] [150 refs]. Current. Topics.in Microbiology.& Immunology 213:129-
153.

Thomas, L., H. R. Byers, J. Vink, and I. Stamenkovic. 1992. CD44H regulates
tumor cell migration on hyaluronate-coated substrate. J Cell Biol 118:971-977.

Knudson, C. B. and W. Knudson. 1993. Hyaluronan-binding proteins in
development, tissue homeostasis, and disease. [Review] [57 refs]. FASEB J
7:1233-1241.

Ponta, H., J. Sleeman, P. Dall, J. Moll, L. Sherman, and P. Herrlich. 1994.
CD44 isoforms in metastatic cancer. Invasion Metastasis 14:82-86.

Hart, I. R., M. Birch, and J. F. Marshall. 1991. Cell adhesion receptor
expression during melanoma progression and metastasis. Cancer Metastasis
Rev. 10:115-128.

186



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Sy, M. S., Y. J. Guo, and L. Stamenkovic. 1991. Distinct effects of two CD44
isoforms on tumor growth in vivo. J Exp Med 174:859-866.

Wallach-Dayan, S. B., V. Grabovsky, J. Moll, J. Sleeman, P. Herrlich, R. Alon,
and D. Naor. 2001. CD44-dependent lymphoma cell dissemination: a cell
surface CD44 variant, rather than standard CD44, supports in vitro lymphoma
cell rolling on hyaluronic acid substrate and its in vivo accumulation in the
peripheral lymph nodes. J.Cell Sci. 114:3463-3477.

Wallach, S. B., A. Friedmann, and D. Naor. 2000. The CD44 receptor of the
mouse LB T-cell lymphoma: analysis of the isoform repertoire and ligand
binding properties by reverse-transcriptase polymerase chain reaction and
antisense oligonucleotides. Cancer Detect.Prev. 24:33-45.

Givehchian, M., S. M. Woerner, J. Lacroix, M. Zoller, P. Drings, H. Becker, K.
Kayser, R. Ridder, and M. von Knebel Doeberitz. 1996. Expression of CD44
splice variants in normal respiratory epithelium and bronchial carcinomas: no
evidence for altered CD44 splicing in metastasis. Oncogene 12:1137-1144.

Washimi, O., R. Ueda, Y. Ariyoshi, M. Suyama, T. Seki, and T. Takahashi.
1994. Expression of CD44 variant isoforms in normal and neoplastic cells of the
lung. Japanese Journal of Cancer Research 85:1112-1116.

Seelentag, W. K., U. Gunthert, P. Saremaslani, E. Futo, M. Pfaltz, P. U. Heitz,
and J. Roth. 1996. CD44 standard and variant isoform expression in human
epidermal skin tumors is not correlated with tumor aggressiveness but down-
regulated during proliferation and tumor de-differentiation.
International . Journal.of. Cancer 69:218-224.

Seiter, S., W. Tilgen, K. Herrmann, D. Schadendorf, E. Patzelt, P. Moller, and
M. Zoller. 1996. Expression of CD44 splice variants in human skin and
epidermal tumours. Virchows Archiv. 428:141-149.

Simon, J. C., K. H. Heider, A. Dietrich, C. Wuttig, E. Schopf, G. R. Adolf, H.
Ponta, and P. Herrlich. 1996. Expression of CD44 isoforms in human skin
cancer. European.Journal.of-Cancer 32A:1394-1400.

Shtivelman, E. and J. M. Bishop. 1991. Expression of CD44 is repressed in
neuroblastoma cells. Mol Cell Biol 11:5446-5453.

Pals, S. T., P. Drillenburg, T. Radaszkiewicz, and E. Manten-Horst. 1997.
Adhesion molecules in the dissemination of non-Hodgkin's lymphomas. Acta
Haematol. 97:73-80.

Rioux-Leclercq, N., J. L. Epstein, J. Y. Bansard, B. Turlin, J. J. Patard, A.
Manunta, T. Chan, M. P. Ramee, B. Lobel, and J. P. Moulinoux. 2001. Clinical
significance of cell proliferation, microvessel density, and CD44 adhesion
molecule expression in renal cell carcinoma. Hum.Pathol. 32:1209-1215.

187



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Tacyildiz, N., A. O. Cavdar, G. Yavuz, S. Gozdasoglu, E. Unal, U. Ertem, F.
Duru, A. Ikinciogullari, E. Babacan, I. Kuzu, and S. Cin. 2001. Serum levels
and differential expression of CD44 in childhood leukemia and malignant

lymphoma: correlation with prognostic criteria and survival. Pediatr.Int.
43:354-360.

Gee, K., M. Kozlowski, M. Kryworuchko, F. Diaz-Mitoma, and A. Kumar.
2001. Differential effect of IL-4 and IL-13 on CD44 expression in the Burkitt's
lymphoma B cell line B130/B95-8 and in Epstein-barr virus (EBV) transformed
human B cells: loss of IL-13 receptors on Burkitt's lymphoma B cells. Cell
Immunol. 211:131-142,

Kryworuchko, M., K. Gee, F. Diaz-Mitoma, and A. Kumar. 1999. Regulation of
CD44-hyaluronan interactions in Burkitt's lymphoma and Epstein-Barr virus-
transformed lymphoblastoid B cells by PMA and interleukin-4. Cell Immunol.
194:54-66.

Aisenberg A.C. 1991. Nodal B-cell lymphoma: presentation and natural
history. In Malignant lymphoma: biology, natural history, and treatment. Lea
and Febiger, Philadelphia, pp. 111-161.

Aisenberg A.C. 1991. Non-Hodgkin's lymphoma in states of impaired
immunity; role of the Epstein-Barr virus. In Malignant lymphoma: biology,
natural history, and treatment. Lea and Febiger, Philadelphia, pp. 357-377.

Aisenberg A.C. 1991. Hodgkin's disease. In Malignant lymphoma: biology,
natural history, and treatment. Lea and Febiger, Philadelphia, pp. 1-86.

Klein, G. 1994. Epstein-Barr virus strategy in normal and neoplastic B cells.
[Review] [25 refs]. Cell 77:791-793.

Herrlich, P., H. Morrison, J. Sleeman, V. Orian-Rousseau, H. Konig, S. Weg-
Remers, and H. Ponta. 2000. CD44 acts both as a growth- and invasiveness-
promoting molecule and as a tumor-suppressing cofactor. Ann.N.Y.Acad.Sci.
910:106-18; discussion 118-20.:106-118.

Bartolazzi, A., D. Jackson, K. Bennett, A. Aruffo, R. Dickinson, J. Shields, N.
Whittle, and 1. Stamenkovic. 1995. Regulation of growth and dissemination of a
human lymphoma by CD44 splice variants. J Cell Science 108:1723-1733.

DeGrendele, H. C., P. Estess, and M. H. Siegelman. 1997. Requirement for
CD44 in activated T cell extravasation into an inflammatory site. Science
278:672-675.

Mohamadzadeh, M., H. DeGrendele, H. Arizpe, P. Estess, and M. Siegelman.

1998. Proinflammatory stimuli regulate endothelial hyaluronan expression and
CD44/HA-dependent primary adhesion. J. Clin.Invest 101:97-108.

188



120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

DeGrendele, H. C., M. Kosfiszer, P. Estess, and M. H. Siegelman. 1997. CD44
activation and associated primary adhesion is inducible via T cell receptor
stimulation. J.Immunol. 159:2549-2553.

Gal, I, J. Lesley, W. Ko, A. Gonda, R. Stoop, R. Hyman, and K. Mikecz. 2003.
Role of the extracellular and cytoplasmic domains of CD44 in the rolling
interaction of lymphoid cells with hyaluronan under physiologic flow.

J.Biol. Chem. 278:11150-11158.

Hanada, T. and A. Yoshimura. 2002. Regulation of cytokine signaling and
inflammation. Cytokine Growth Factor Rev. 13:413-421.

Bradbury, J. 2002. A therapeutic future for CD44 in inflammation? Lancet
359:2008.

Estess, P., H. C. DeGrendele, V. Pascual, and M. H. Siegelman. 1998.
Functional activation of lymphocyte CD44 in peripheral blood is a marker of
autoimmune disease activity. J.Clin.Invest 102:1173-1182.

Mikecz, K., K. Dennis, M. Shi, and J. H. Kim. 1999. Modulation of hyaluronan
receptor (CD44) function in vivo in a murine model of rheumatoid arthritis.
Arthritis Rheum. 42:659-668.

Brennan, F. R., K. Mikecz, T. T. Glant, P. Jobanputra, S. Pinder, C. Bavington,
P. Morrison, and G. Nuki. 1997. CD44 expression by leucocytes in rheumatoid
arthritis and modulation by specific antibody: implications for lymphocyte
adhesion to endothelial cells and synoviocytes in vitro. Scand.J. Immunol.
45:213-220.

Mikecz, K., F. R. Brennan, J. H. Kim, and T. T. Glant. 1995. Anti-CD44
treatment abrogates tissue oedema and leukocyte infiltration in murine arthritis.
Nat.Med. 1:558-563.

Brocke, S., C. Piercy, L. Steinman, I. L. Weissman, and T. Veromaa. 1999.
Antibodies to CD44 and integrin alpha4, but not L-selectin, prevent central
nervous system inflammation and experimental encephalomyelitis by blocking
secondary leukocyte recruitment. Proc.Natl.Acad.Sci.U.S.4 96:6896-6901.

Weiss, L., S. Slavin, S. Reich, P. Cohen, S. Shuster, R. Stern, E. Kaganovsky,
E. Okon, A. M. Rubinstein, and D. Naor. 2000. Induction of resistance to

diabetes in non-obese diabetic mice by targeting CD44 with a specific
monoclonal antibody. Proc.Natl. Acad.Sci.U.S.A 97:285-290.

Stoop, R., I. Gal, T. T. Glant, J. D. McNeish, and K. Mikecz. 2002. Trafficking

of CD44-deficient murine lymphocytes under normal and inflammatory
conditions. Eur.J. Immunol. 32:2532-2542.

189



131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

Stoop, R., H. Kotani, J. D. McNeish, I. G. Otterness, and K. Mikecz. 2001.
Increased resistance to collagen-induced arthritis in CD44-deficient DBA/1
mice. Arthritis Rheum. 44:2922-2931.

Teder, P., R. W. Vandivier, D. Jiang, J. Liang, L. Cohn, E. Pure, P. M. Henson,
and P. W. Noble. 2002. Resolution of lung inflammation by CD44. Science
296:155-158.

Wang, Q., P. Teder, N. P. Judd, P. W. Noble, and C. M. Doerschuk. 2002.
CDA44 deficiency leads to enhanced neutrophil migration and lung injury in
Escherichia coli pneumonia in mice. Am.J. Pathol. 161:2219-2228.

Dallaire, M. J., C. Ferland, S. Lavigne, J. Chakir, and M. Laviolette. 2002.
Migration through basement membrane modulates eosinophil expression of
CD44. Clin.Exp.Allergy 32:898-905.

Hathcock, K. S., H. Hirano, S. Murakami, and R. J. Hodes. 1993. CD44
expression on activated B cells. Differential capacity for CD44-dependent
binding to hyaluronic acid. J Immunol 151:6712-6722.

Legras, S., J. P. Levesque, R. Charrad, K. Morimoto, C. Le Bousse, D. Clay, C.
Jasmin, and F. Smadja-Joffe. 1997. CD44-mediated adhesiveness of human
hematopoietic progenitors to hyaluronan is modulated by cytokines. Blood
89:1905-1914.

Ariel, A., D. Novick, M. Rubinstein, C. A. Dinarello, O. Lider, and R.
Hershkoviz. 2002. IL-12 and IL-18 induce MAP kinase-dependent adhesion of
T cells to extracellular matrix components. J. Leukoc.Biol. 72:192-198.

Reid, S. D. and A. G. Pockley. 2000. Cytokine regulation of CD44 expression
on rat intestinal epithelial cells. Immunol.Invest 29:271-286.

Gee, K., W.Lim, Wei Ma, F.Diaz-Mitoma, and M.Kozlowski and Ashok
Kumar. 2002. Differential role of CD44 expression by LPS and TNF-a in
human monocytic cells: Distinct involvement of C-jun-N-terminal kinase in
LPS-induced CD44 expression. J.Immunology 169: 5660

Ladeda, V., P. Frankel, L. A. Feig, D. A. Foster, J. E. Bal de Kier, and J. A.
Aguirre-Ghiso. 2001. RalA mediates v-Src, v-Ras, and v-Raf regulation of
CD44 and fibronectin expression in NIH3T3 fibroblasts.
Biochem.Biophys.Res. Commun. 283:854-861.

Fichter, M., R. Hinrichs, G. Eissner, B. Scheffer, S. Classen, and M. Ueffing.
1997. Expression of CD44 isoforms in neuroblastoma cells is regulated by PI 3-
kinase and protein kinase C. Oncogene 14:2817-2824.

190



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Maltzman, J. S., J. A. Carman, and J. G. Monroe. 1996. Role of EGR1 in
regulation of stimulus-dependent CD44 transcription in B lymphocytes.
Mol.Cell Biol. 16:2283-2294.

Fitzgerald, K. A. and L. A. O'Neill. 1999. Characterization of CD44 induction
by IL-1: a critical role for Egr-1. J.Immunol. 162:4920-4927.

Lamb, R. F., R. F. Hennigan, K. Turnbull, K. D. Katsanakis, E. D. MacKenzie,
G. D. Birnie, and B. W. Ozanne. 1997. AP-1-mediated invasion requires
increased expression of the hyaluronan receptor CD44. Mol.Cell Biol. 17:963-
976.

Foster, L. C., P. Wiesel, G. S. Huggins, R. Panares, M. T. Chin, A. Pellacani,
and M. A. Perrella. 2000. Role of activating protein-1 and high mobility group-
I(Y) protein in the induction of CD44 gene expression by interleukin-1beta in
vascular smooth muscle cells. FASEB J. 14:368-378.

Stapleton, G., A. Malliri, and B. W. Ozanne. 2002. Downregulated AP-1
activity is associated with inhibition of Protein-Kinase-C-dependent CD44 and
ezrin localisation and upregulation of PKC theta in A431 cells. J.Cell Sci.
115:2713-2724.

Lew, J. 2003. MAP kinases and CDKs: kinetic basis for catalytic activation.
Biochemistry 42:849-856.

Chomarat, P. and J. Banchereau. 1998. Interleukin-4 and interleukin-13: their
similarities and discrepancies. Int.Rev.Immunol. 17:1-52.

Davey, E. J., J. Thyberg, D. H. Conrad, and E. Severinson. 1998. Regulation of
cell morphology in B lymphocytes by IL-4: evidence for induced cytoskeletal
changes. J Immunol. 160:5366-5373.

Punnonen, J., B. G. Cocks, and J. E. de Vries. 1995. IL-4 induces germ-line IgE
heavy chain gene transcription in human fetal pre-B cells. Evidence for

differential expression of functional IL-4 and IL-13 receptors during B cell
ontogeny. J Immunol. 155:4248-4254.

McKenzie, G. J., P. G. Fallon, C. L. Emson, R. K. Grencis, and A. N.
McKenzie. 1999. Simultaneous disruption of interleukin (IL)-4 and IL-13
defines individual roles in T helper cell type 2-mediated responses. J. Exp.Med.
189:1565-1572.

McKenzie, G. J., C. L. Emson, S. E. Bell, S. Anderson, P. Fallon, G. Zurawski,
R. Murray, R. Grencis, and A. N. McKenzie. 1998. Impaired development of
Th2 cells in IL-13-deficient mice. Immunity. 9:423-432.

191



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Zurawski, G. and J. E. de Vries. 1994. Interleukin 13, an interleukin 4-like
cytokine that acts on monocytes and B cells, but not on T cells. Immunol. Today
15:19-26.

Punnonen, J., G. Aversa, B. G. Cocks, A. N. McKenzie, S. Menon, G.
Zurawski, M. de Waal, and J. E. de Vries. 1993. Interleukin 13 induces

interleukin 4-independent IgG4 and IgE synthesis and CD23 expression by
human B cells. Proc.Natl.Acad.Sci.U.S.A. 90:3730-3734.

Mueller, T. D., J. L. Zhang, W. Sebald, and A. Duschl. 2002. Structure, binding,
and antagonists in the IL-4/IL-13 receptor system. Biochim.Biophys.Acta
1592:237-250.

Andrews, A. L., J. W. Holloway, S. M. Puddicombe, S. T. Holgate, and D. E.
Davies. 2002. Kinetic analysis of the interleukin-13 receptor complex.
J.Biol. Chem. 277:46073-46078.

Murata, T., N. L. Obiri, and R. K. Puri. 1998. Structure of and signal
transduction through interleukin-4 and interleukin-13 receptors (review).
Int.J Mol.Med. 1:551-557.

Zurawski, S. M., P. Chomarat, O. Djossou, C. Bidaud, A. N. McKenzie, P.
Miossec, J. Banchereau, and G. Zurawski. 1995. The primary binding subunit of

the human interleukin-4 receptor is also a component of the interleukin-13
receptor. J.Biol. Chem. 270:13869-13878.

Galizzi, J. P., B. Castle, O. Djossou, N. Harada, H. Cabrillat, S. A. Yahia, R.
Barrett, M. Howard, and J. Banchereau. 1990. Purification of a 130-kDa T cell
glycoprotein that binds human interleukin 4 with high affinity. J. Biol. Chem.
265:439-444,

Russell, S. M., A. D. Keegan, N. Harada, Y. Nakamura, M. Noguchi, P. Leland,
M. C. Friedmann, A. Miyajima, R. K. Puri, and W. E. Paul. 1993. Interleukin-2

receptor gamma chain: a functional component of the interleukin-4 receptor [see
comments]. Science 262:1880-1883.

Hilton, D. J., J. G. Zhang, D. Metcalf, W. S. Alexander, N. A. Nicola, and T. A.
Willson. 1996. Cloning and characterization of a binding subunit of the

interleukin 13 receptor that is also a component of the interleukin 4 receptor.
Proc.Natl. Acad.Sci.U.S.A. 93:497-501.

Caput, D., P. Laurent, M. Kaghad, J. M. Lelias, S. Lefort, N. Vita, and P.
Ferrara. 1996. Cloning and characterization of a specific interleukin (IL)-13

binding protein structurally related to the IL-5 receptor alpha chain.
J.Biol.Chem. 271:16921-16926.

Feng, N., S. M. Lugli, B. Schnyder, J. F. Gauchat, P. Graber, E. Schlagenhauf,
B. Schnarr, M. Wiederkehr-Adam, A. Duschl, M. H. Heim, R. A. Lutz, and R.

192



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Moser. 1998. The interleukin-4/interleukin-13 receptor of human synovial

fibroblasts: overexpression of the nonsignaling interleukin-13 receptor alpha2.
Lab.Invest. 78:591-602.

Murata, T., N. I. Obiri, W. Debinski, and R. K. Puri. 1997. Structure of IL-13
receptor: analysis of subunit composition in cancer and immune cells.
Biochem.Biophys.Res.Commun. 238:90-94.

Murata, T., N. I. Obiri, and R. K. Puri. 1997. Human ovarian-carcinoma cell
lines express IL-4 and IL-13 receptors: comparison between IL-4- and IL-13-
induced signal transduction. Int.J.Cancer 70:230-240.

Murata, T., J. Taguchi, and R. K. Puri. 1998. Interleukin-13 receptor alpha' but
not alpha chain: a functional component of interleukin-4 receptors. Blood
01:3884-3891.

Murata, T., J. Taguchi, R. K. Puri, and H. Mohri. 1999. Sharing of receptor
subunits and signal transduction pathway between the IL-4 and IL-13 receptor
system. Int.J. Hematol. 69:13-20.

Obiri, N. I, P. Leland, T. Murata, W. Debinski, and R. K. Puri. 1997. The IL-13
receptor structure differs on various cell types and may share more than one
component with IL-4 receptor. J Immunol. 158:756-764.

Reichel, M., B. H. Nelson, P. D. Greenberg, and P. B. Rothman. 1997. The IL-4
receptor alpha-chain cytoplasmic domain is sufficient for activation of JAK-1
and STAT6 and the induction of IL-4-specific gene expression. J Immunol.
158:5860-5867.

Gauchat, J. F., E. Schlagenhauf, N. P. Feng, R. Moser, M. Yamage, P. Jeannin,
S. Alouani, G. Elson, L. D. Notarangelo, T. Wells, H. P. Eugster, and J. Y.
Bonnefoy. 1997. A novel 4-kb interleukin-13 receptor alpha mRNA expressed
in human B, T, and endothelial cells encoding an alternate type-II interleukin-
4/interleukin-13 receptor. Eur.J. Immunol. 27:971-978.

Graber, P., D. Gretener, S. Herren, J. P. Aubry, G. Elson, J. Poudrier, S.
Lecoanet-Henchoz, S. Alouani, C. Losberger, J. Y. Bonnefoy, M. H. Kosco-
Vilbois, and J. F. Gauchat. 1998. The distribution of IL-13 receptor alphal
expression on B cells, T cells and monocytes and its regulation by IL-13 and IL-
4. Eur.J. Immunol. 28:4286-4298.

Leonard, W.J. and J. J. O'Shea. 1998. Jaks and STATs: biological implications.
Annu.Rev.Immunol. 16:293-322:293-322.

O'Shea, J. J. 1997. Jaks, STATS, cytokine signal transduction, and

immunoregulation: are we there yet? [published erratum appears in Immunity
1997 Sep;7(3):following 444]. Immunity. 7:1-11.

193



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Taylor, N., F. Candotti, S. Smith, S. A. Oakes, T. Jahn, J. Isakov, J. M. Puck, J.
J. O'Shea, K. Weinberg, and J. A. Johnston. 1997. Interleukin-4 signaling in B
lymphocytes from patients with X-linked severe combined immunodeficiency.
J.Biol.Chem. 272:7314-7319.

Chen, E., M. Gadina, M. Chen, and J. J. O'Shea. 1999. Advances in cytokine
signaling: the role of Jaks and STATs. Transplant.Proc. 31:1482-1487.

Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M. Minami, S. Kashiwamura,
K. Nakanishi, N. Yoshida, T. Kishimoto, and S. Akira. 1996. Essential role of
Stat6 in IL-4 signalling. Nature 380:627-630.

Oakes, S. A., F. Candotti, J. A. Johnston, Y. Q. Chen, J. J. Ryan, N. Taylor, X.
Liu, L. Hennighausen, L. D. Notarangelo, W. E. Paul, R. M. Blaese, and J. J.
O'Shea. 1996. Signaling via IL-2 and I1.-4 in JAK3-deficient severe combined
immunodeficiency lymphocytes: JAK3-dependent and independent pathways.
Immunity. 5:605-615.

Roy, B., A. Bhattacharjee, B. Xu, D. Ford, A. L. Maizel, and M. K. Cathcart.
2002. IL-13 signal transduction in human monocytes: phosphorylation of

receptor components, association with Jaks, and phosphorylation/activation of
Stats. J. Leukoc.Biol. 72:580-589.

Keegan, A. D., J. A. Johnston, P. J. Tortolani, L. J. McReynolds, C. Kinzer, J. J.
O'Shea, and W. E. Paul. 1995. Similarities and differences in signal transduction

by interleukin 4 and interleukin 13: analysis of Janus kinase activation.
Proc.Natl. Acad.Sci.U.S.A. 92:7681-7685.

Hanson, E. M., H. Dickensheets, C. K. Qu, R. P. Donnelly, and A. D. Keegan.
2003. Regulation of the dephosphorylation of Stat6. Participation of Tyr-713 in
the interleukin-4 receptor alpha, the tyrosine phosphatase SHP-1, and the
proteasome. J. Biol. Chem. 278:3903-3911.

Haque, S. J., P. Harbor, M. Tabrizi, T. Yi, and B. R. Williams. 1998. Protein-
tyrosine phosphatase Shp-1 is a negative regulator of IL-4- and IL-13-dependent
signal transduction. J.Biol. Chem. 273:33893-33896.

Imada, K. and W. J. Leonard. 2000. The Jak-STAT pathway. Mol.Immunol.
37:1-11.

Johnson, G. L. and R. Lapadat. 2002. Mitogen-activated protein kinase
pathways mediated by ERK, JNK, and p38 protein kinases. Science 298:1911-
1912.

Chen, Z., T. B. Gibson, F. Robinson, L. Silvestro, G. Pearson, B. Xu, A.
Wright, C. Vanderbilt, and M. H. Cobb. 2001. MAP kinases. Chem.Rev.
101:2449-2476.

194



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Hazzalin, C. A. and L. C. Mahadevan. 2002. MAPK-regulated transcription: a
continuously variable gene switch? Nat.Rev.Mol. Cell Biol. 3:30-40.

Gupta, S., T. Barrett, A. J. Whitmarsh, J. Cavanagh, H. K. Sluss, B. Derijard,
and R. J. Davis. 1996. Selective interaction of JNK protein kinase isoforms with
transcription factors. EMBO J. 15:2760-2770.

Lin, A. 2003. Activation of the INK signaling pathway: breaking the brake on
apoptosis. Bioessays 25:17-24.

Ma, W., W. Lim, K. Gee, S. Aucoin, D. Nandan, M. Kozlowski, F. Diaz-
Mitoma, and A. Kumar. 2001. The p38 Mitogen Activated Kinase Pathway
Regulates the Human IL-10 Promoter via the Activation of Sp1 Transcription

Factor in Lipopolysaccharide-Stimulated Human Macrophages. J. Biol. Chem.
276(17):13664.

Ge, B., H. Gram, F. Di Padova, B. Huang, L. New, R. J. Ulevitch, Y. Luo, and
J. Han. 2002. MAPKK-independent activation of p38alpha mediated by TAB1-
dependent autophosphorylation of p38alpha. Science 295:1291-1294.

Farooq, A., O. Plotnikova, G. Chaturvedi, S. Yan, L. Zeng, Q. Zhang, and M.
M. Zhou. 2003. Solution Structure of the MAPK Phosphatase PAC-1 Catalytic
Domain. Insights into Substrate-Induced Enzymatic Activation of MKP.
Structure.(Camb.) 11:155-164.

Meskiene, 1., E. Baudouin, A. Schweighofer, A. Liwosz, C. Jonak, P. L.
Rodriguez, H. Jelinek, and H. Hirt. 2003. Stress-induced Protein Phosphatase
2C Is a Negative Regulator of a Mitogen-activated Protein Kinase. J. Biol. Chem.
278:18945-18952.

Bey, P., A. B. Gorostizaga, P. M. Maloberti, R. C. Lozano, C. Poderoso, F. C.
Maciel, E. J. Podesta, and C. Paz. 2003. Adrenocorticotropin induces mitogen-

activated protein kinase phosphatase 1 in Y1 mouse adrenocortical tumor cells.
Endocrinology 144:1399-1406.

Guha, M. and N. Mackman. 2001. LPS induction of gene expression in human
monocytes. Cell Signal. 13:85-94.

Takeuchi, O., K. Hoshino, and S. Akira. (2000). Cutting edge: TLR2-deficient
and MyD88-deficient mice are highly susceptible to staphylococcus aureus
infection J. Immunol.2000. 165:5392-5396.

Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K.
Takeda, and S. Akira. 1999. Differential roles of TLR2 and TLR4 in recognition
of gram-negative and gram-positive bacterial cell wall components. Immunity.

- 11:443-451.

195



196. Muzio, M., G. Natoli, S. Saccani, M. Levrero, and A. Mantovani. 1998. The
human toll signaling pathway: divergence of nuclear factor kappaB and

JNK/SAPK activation upstream of tumor necrosis factor receptor-associated
factor 6 (TRAF6). J Exp.Med. 187:2097-2101.

197. Martin, M. U. and H. Wesche. 2002. Summary and comparison of the signaling
mechanisms of the Toll/interleukin-1 receptor family. Biochim.Biophys.Acta
1592:265-280.

198. Ninomiya-Tsuji, J., K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao, and K.
Matsumoto. 1999. The kinase TAK1 can activate the NIK-I kappaB as well as
the MAP kinase cascade in the IL-1 signalling pathway. Nature 398:252-256.

199. Muzio, M., G. Natoli, S. Saccani, M. Levrero, and A. Mantovani. 1998. The
human toll signaling pathway: divergence of nuclear factor kappaB and

JNK/SAPK activation upstream of tumor necrosis factor receptor-associated
factor 6 (TRAF6). J Exp Med 187:2097-2101.

200. Yang, R. B., M. R. Mark, A. L. Gurney, and P. J. Godowski. 1999. Signaling
events induced by lipopolysaccharide-activated toll-like receptor 2. J.Immunol.
163:639-643.

201. Ninomiya-Tsuji, J., K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao, and K.
Matsumoto. 1999. The kinase TAK1 can activate the NIK-I kappaB as well as
the MAP kinase cascade in the [L-1 signalling pathway. Nature 398:252-256.

202. Garg, A. K. and B. B. Aggarwal. 2002. Reactive oxygen intermediates in TNF
signaling. Mol. Immunol. 39:509-517.

203. Chen, G. and D. V. Goeddel. 2002. TNF-R1 signaling: a beautiful pathway.
Science 296:1634-1635.

204. Roy, N., Q. L. Deveraux, R. Takahashi, G. S. Salvesen, and J. C. Reed. 1997.
The c-1AP-1 and c-IAP-2 proteins are direct inhibitors of specific caspases.
EMBO J. 16:6914-6925.

205. Baeuerle, P. A. and D. Baltimore. 1996. NF-kappa B: ten years after. Cell
87:13-20.

206. Westwick, J. K., C. Weitzel, A. Minden, M. Karin, and D. A. Brenner. 1994.
Tumor necrosis factor alpha stimulates AP-1 activity through prolonged
activation of the c-Jun kinase. J. Biol. Chem. 269:26396-26401.

207. Karin, M., Z. Liu, and E. Zandi. 1997. AP-1 function and regulation.
Curr.Opin.Cell Biol. 9:240-246.

208. Karin, M. 1995. The regulation of AP-1 activity by mitogen-activated protein
kinases. J. Biol. Chem. 270:16483-16486.

196



209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Rothe, M., S. C. Wong, W. J. Henzel, and D. V. Goeddel. 1994. A novel family
of putative signal transducers associated with the cytoplasmic domain of the 75
kDa tumor necrosis factor receptor. Cell 78:681-692.

Arch, R. H., R. W. Gedrich, and C. B. Thompson. 1998. Tumor necrosis factor
receptor-associated factors (TRAFs)--a family of adapter proteins that regulates
life and death. Genes Dev. 12:2821-2830.

Arch, R. H. and C. B. Thompson. 1998. 4-1BB and Ox40 are members of a
tumor necrosis factor (TNF)-nerve growth factor receptor subfamily that bind
TNF receptor-associated factors and activate nuclear factor kappaB. Mol.Cell
Biol. 18:558-565.

Levesque, M. C. and B. F. Haynes. 1997. Cytokine induction of the ability of
human monocyte CD44 to bind hyaluronan is mediated primarily by TNF-alpha
and is inhibited by IL-4 and IL-13. J.Immunol. 159:6184-6194.

Levesque, M. C. and B. F. Haynes. 1999. TNFalpha and IL-4 regulation of
hyaluronan binding to monocyte CD44 involves posttranslational modification
of CD44. Cell Immunol. 193:209-218.

Kumar, A., R. N. Kurl, M. Kryworuchko, F. Diaz-Mitoma, and S. Sharma.
1995. Differential effect of heat shock on RNA metabolism in human Burkitt's
lymphoma B-cell lines. Leukemia Research.1995.Nov. 19:831-840.

Kumar, A., T. Rogers, A. Maizel, and S. Sharma. 1991. Loss of transforming
growth factor beta 1 receptors and its effects on the growth of EBV-transformed
human B cells. J Immunol 147:998-1006.

Dudley, D. T., L. Pang, S. J. Decker, A. J. Bridges, and A. R. Saltiel. 1995. A
synthetic inhibitor of the mitogen-activated protein kinase cascade.
Proc.Natl. Acad.Sci.U.S.A. 92:7686-7689.

Lee, J. C. and P. R. Young. 1996. Role of CSB/p38/RK stress response kinase
in LPS and cytokine signaling mechanisms. J. Leukoc.Biol. 59:152-157.

Daftarian, P. M., A. Kumar, M. Kryworuchko, and F. Diaz-Mitoma. 1996. IL-
10 production is enhanced in human T cells by IL-12 and IL-6 and in
monocytes by tumor necrosis factor-alpha. J. Immunol. 157:12-20.

Lim, W., W. Ma, K. Gee, S. Aucoin, D. Nandan, F. Diaz-Mitoma, M.
Kozlowski, and A. Kumar. 2002.Distinct role of p38 and c-Jun N-terminal
kinases in IL-10-dependent and IL-10-independent regulation of the
costimulatory molecule B7.2 in lipopolysaccharide-stimulated human
monocytic cells. J Immunol. 168:1759-1769.

Kryworuchko, M., F. Diaz-Mitoma, and A. Kumar. 1995. CD44 isoforms
containing exons V6 and V7 are differentially expressed on mitogenically

197



221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

stimulated normal and Epstein-Barr virus-transformed human B cells.
Immunology 86:41-48.

Ogata, H., D. Ford, N. Kouttab, T. C. King, N. Vita, A. Minty, J. Stoeckler, D.
Morgan, C. Girasole, J. W. Morgan, and A. L. Maizel. 1998. Regulation of

interleukin-13 receptor constituents on mature human B lymphocytes.
J.Biol.Chem. 273:9864-9871.

Miyagi, T. and S. Tsuiki. 1985. Purification and characterization of cytosolic
sialidase from rat liver. J Biol Chem 260:6710-6716.

Aminoff D. Methods for the Quantitative Estimation of N-Acetylneuraminic
Acids and their Application to Hyrolysates of Sialomuciods. 81, 384-391. 1961.

Si, Z. and P. Hersey. 1994. Immunohistological examination of the relationship
between metastatic potential and expression of adhesion molecules and
'selectins' on melanoma cells. Pathology 26:6-15.

Verhasselt, V., C. Buelens, F. Willems, D. De Groote, N. Haeffner-Cavaillon,
and M. Goldman. 1997. Bacterial lipopolysaccharide stimulates the production
of cytokines and the expression of costimulatory molecules by human
peripheral blood dendritic cells: evidence for a soluble CD14-dependent
pathway. J Immunol. 158:2919-2925.

Favrot, M. C., V. Combaret, and C. Lasset. 1993. CD44--a new prognostic
marker for neuroblastoma [letter]. New England Journal of Medicine 329:1965.

Sionov, R. V. and D. Naor. 1998. Calcium- and calmodulin-dependent PMA-
activation of the CD44 adhesion molecule. Cell Adhes. Commun. 6:503-523.

Fichter, M., R. Hinrichs, G. Eissner, B. Scheffer, S. Classen, and M. Ueffing.
1997. Expression of CD44 isoforms in neuroblastoma cells is regulated by PI 3-
kinase and protein kinase C. Oncogene 14:2817-2824.

Nandi, A., P. Estess, and M. H. Siegelman. 2000. Hyaluronan anchoring and
regulation on the surface of vascular endothelial cells is mediated through the
functionally active form of CD44. J Biol. Chem. 275:14939-14948.

Levesque, M. C. and B. F. Haynes. 1996. In vitro culture of human peripheral
blood monocytes induces hyaluronan binding and up-regulates monocyte
variant CD44 isoform expression. J Immunol 156:1557-1565.

Webb, D. S., Y. Shimizu, G. A. Van Seventer, S. Shaw, and T. L. Gerrard.
1990. LFA-3, CD44, and CD45: physiologic triggers of human monocyte TNF
and IL-1 release. Science 249:1295-1297.

198



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Noble, P. W., C. M. McKee, M. Cowman, and H. S. Shin. 1996. Hyaluronan
fragments activate an NF-kappa B/I-kappa B alpha autoregulatory loop in
murine macrophages. J. Exp.Med. 183:2373-2378.

Lewis, T. S., P. S. Shapiro, and N. G. Ahn. 1998. Signal transduction through
MAP kinase cascades. Adv.Cancer Res. 74:49-139:49-139.

Seger, R. and E. G. Krebs. 1995. The MAPK signaling cascade. FASEB J.
9:726-735.

Hambleton, J., S. L. Weinstein, L. Lem, and A. L. DeFranco. 1996. Activation
of c-Jun N-terminal kinase in bacterial lipopolysaccharide-stimulated
macrophages. Proc.Natl. Acad.Sci.U.S.A. 93:2774-2778.

Hatzoglou, A., J. Roussel, M. F. Bourgeade, E. Rogier, C. Madry, J. Inoue, O.
Devergne, and A. Tsapis. 2000. TNF receptor family member BCMA (B cell
maturation) associates with TNF receptor-associated factor (TRAF) 1, TRAF2,
and TRAF3 and activates NF-kappa B, elk-1, c-Jun N-terminal kinase, and p38
mitogen-activated protein kinase. J Immunol. 165:1322-1330.

Darnay, B. G. and B. B. Aggarwal. 1997. Early events in TNF signaling: a story
of associations and dissociations. J. Leukoc.Biol. 61:559-566.

Heinzelmann, M., H. C. J. Polk, A. Chernobelsky, T. P. Stites, and L. E.
Gordon. 2000. Endotoxin and muramyl dipeptide modulate surface receptor
expression on human mononuclear cells. Immunopharmacology. 48:117-128.

Arrighi, J. F., M. Rebsamen, F. Rousset, V. Kindler, and C. Hauser. 2001. A
critical role for p38 mitogen-activated protein kinase in the maturation of human
blood-derived dendritic cells induced by lipopolysaccharide, TNF-alpha, and
contact sensitizers. J Immunol. 166:3837-3845.

De Cesaris, P., D. Starace, G. Starace, A. Filippini, M. Stefanini, and E. Ziparo.
1999. Activation of Jun N-terminal kinase/stress-activated protein kinase
pathway by tumor necrosis factor alpha leads to intercellular adhesion
molecule-1 expression. J Biol Chem 274:28978-28982.

Foey, A. D., S. L. Parry, L. M. Williams, M. Feldmann, B. M. Foxwell, and F.
M. Brennan. 1998. Regulation of monocyte IL-10 synthesis by endogenous IL-1
and TNF-alpha: role of the p38 and p42/44 mitogen-activated protein kinases.
J Immunol. 160:920-928.

Lee, J. C., J. T. Laydon, P. C. McDonnell, T. F. Gallagher, S. Kumar, D. Green,
D. McNulty, M. J. Blumenthal, J. R. Heys, and S. W. Landvatter. 1994. A

protein kinase involved in the regulation of inflammatory cytokine biosynthesis.
Nature 372:739-746.

199



243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

Hirasawa, N., Y. Sato, Y. Fuyjita, S. Mue, and K. Ohuchi. 1998. Inhibition by
dexamethasone of antigen-induced c-Jun N-terminal kinase activation in rat
basophilic leukemia cells. J.Jmmunol. 161:4939-4943.

Bennett, B. L., D. T. Sasaki, B. W. Murray, E. C. O'Leary, S. T. Sakata, W. Xu,
J. C. Leisten, A. Motiwala, S. Pierce, Y. Satoh, S. S. Bhagwat, A. M. Manning,
and D. W. Anderson. 2001. SP600125, an anthrapyrazolone inhibitor of Jun N-
terminal kinase. Proc.Natl. Acad.Sci.U.S.A. 98:13681-13686.

Whitmarsh, A. J., P. Shore, A. D. Sharrocks, and R. J. Davis. 1995. Integration
of MAP kinase signal transduction pathways at the serum response element.
Science 269:403-407.

Zanke, B. W., K. Boudreau, E. Rubie, E. Winnett, L. A. Tibbles, L. Zon, J.
Kyriakis, F. F. Liu, and J. R. Woodgett. 1996. The stress-activated protein
kinase pathway mediates cell death following injury induced by cis-platinum,
UV irradiation or heat. Curr.Biol. 6:606-613.

Verheij, M., R. Bose, X. H. Lin, B. Yao, W. D. Jarvis, S. Grant, M. J. Birrer, E.
Szabo, L. I. Zon, J. M. Kyriakis, A. Haimovitz-Friedman, Z. Fuks, and R. N.
Kolesnick. 1996. Requirement for ceramide-initiated SAPK/JNK signalling in
stress-induced apoptosis. Nature 380:75-79.

Maltzman, J. S., J. A. Carman, and J. G. Monroe. 1996. Role of EGR1 in
regulation of stimulus-dependent CD44 transcription in B lymphocytes.
Mol.Cell Biol. 16:2283-2294,

Fitzgerald, K. A. and L. A. O'Neill. 1999. Characterization of CD44 induction
by IL-1: a critical role for Egr-1. J Immunol. 162:4920-4927.

de Waal, M., J. Abrams, B. Bennett, C. G. Figdor, and J. E. de Vries. 1991.
Interleukin 10(IL-10) inhibits cytokine synthesis by human monocytes: an
autoregulatory role of IL-10 produced by monocytes. J. Exp.Med. 174:1209-
1220.

Ninomiya-Tsuji, J., K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao, and K.
Matsumoto. 1999. The kinase TAK1 can activate the NIK-I kappaB as well as
the MAP kinase cascade in the IL-1 signalling pathway. Nature 398:252-256.

Ninomiya-Tsuji, J., K. Kishimoto, A. Hiyama, J. Inoue, Z. Cao, and K.
Matsumoto. 1999. The kinase TAK1 can activate the NIK-I kappaB as well as
the MAP kinase cascade in the IL-1 signalling pathway. Nature 398:252-256.

Smith, C. A., T. Farrah, and R. G. Goodwin. 1994. The TNF receptor
superfamily of cellular and viral proteins: activation, costimulation, and death.
Cell 76:959-962.

200



254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Rothe, M., V. Sarma, V. M. Dixit, and D. V. Goeddel. 1995. TRAF2-mediated
activation of NF-kappa B by TNF receptor 2 and CD40. Science 269:1424-
1427.

Davies, S. P., H. Reddy, M. Caivano, and P. Cohen. 2000. Specificity and
mechanism of action of some commonly used protein kinase inhibitors.
Biochem.J. 351:95-105.

O'Farrell, A. M., Y. Liu, K. W. Moore, and A. L. Mui. 1998. IL-10 inhibits
macrophage activation and proliferation by distinct signaling mechanisms:
evidence for Stat3-dependent and -independent pathways. EMBO J. 17:1006-
1018.

Takeda, K., B. E. Clausen, T. Kaisho, T. Tsujimura, N. Terada, 1. Forster, and S.
Akira. 1999. Enhanced Th1 activity and development of chronic enterocolitis in
mice devoid of Stat3 in macrophages and neutrophils. Immunity. 10:39-49.

O'Farrell, A. M., D. A. Parry, F. Zindy, M. F. Roussel, E. Lees, K. W. Moore,
and A. L. Mui. 2000. Stat3-dependent induction of p19INK4D by IL-10

contributes to inhibition of macrophage proliferation. J Immunol. 164:4607-
4615.

Tournier, C., A. J. Whitmarsh, J. Cavanagh, T. Barrett, and R. J. Davis. 1997.
Mitogen-activated protein kinase kinase 7 is an activator of the c-Jun NH2-
terminal kinase. Proc.Natl.Acad.Sci.U.S.A. 94:7337-7342.

Derijard, B., J. Raingeaud, T. Barrett, I. H. Wu, J. Han, R. J. Ulevitch, and R. J.
Davis. 1995. Independent human MAP-kinase signal transduction pathways
defined by MEK and MKK isoforms. Science 267:682-685.

Yang, D., C. Tournier, M. Wysk, H. T. Lu, J. Xu, R. J. Davis, and R. A. Flavell.
1997. Targeted disruption of the MKK4 gene causes embryonic death,
inhibition of c-Jun NH2-terminal kinase activation, and defects in AP-1
transcriptional activity. Proc.Natl.Acad.Sci.U.S.A. 94:3004-3009.

Guan, Z., S. Y. Buckman, A. P. Pentland, D. J. Templeton, and A. R. Morrison.
1998. Induction of cyclooxygenase-2 by the activated MEKK1; SEK1/MKKA4;
p38 mitogen-activated protein kinase pathway. J. Biol. Chem. 273:12901-12908.

Jonat, C., H. J. Rahmsdorf, K. K. Park, A. C. Cato, S. Gebel, H. Ponta, and P.
Herrlich. 1990. Antitumor promotion and antiinflammation: down-modulation
of AP-1 (Fos/Jun) activity by glucocorticoid hormone. Cell 62:1189-1204.

Schule, R., P. Rangarajan, S. Kliewer, L. J. Ransone, J. Bolado, N. Yang, I. M.
Verma, and R. M. Evans. 1990. Functional antagonism between oncoprotein c-
Jun and the glucocorticoid receptor. Cell 62:1217-1226.

201



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Shalom-Barak, T., J. Quach, and M. Lotz. 1998. Interleukin-17-induced gene
expression in articular chondrocytes is associated with activation of mitogen-
activated protein kinases and NF-kappaB. J.Biol. Chem. 273:27467-27473.

Yang, D. D., C. Y. Kuan, A. J. Whitmarsh, M. Rincon, T. S. Zheng, R. J. Davis,
P. Rakic, and R. A. Flavell. 1997. Absence of excitotoxicity-induced apoptosis
in the hippocampus of mice lacking the Jnk3 gene. Nature 389:865-870.

Yang, D. D., D. Conze, A. J. Whitmarsh, T. Barrett, R. J. Davis, M. Rincon, and
R. A. Flavell. 1998. Differentiation of CD4+ T cells to Thl cells requires MAP
kinase JNK2. Immunity. 9:575-585.

Dong, C., D. D. Yang, C. Tournier, A. J. Whitmarsh, J. Xu, R. J. Davis, and R.
A. Flavell. 2000. JNK is required for effector T-cell function but not for T-cell
activation. Nature 405:91-94.

Constant, S. L., C. Dong, D. D. Yang, M. Wysk, R. J. Davis, and R. A. Flavell.
2000. JNK1 is required for T cell-mediated immunity against Leishmania
major infection. J Immunol165:2671-2676.

Cao, X. M., R. A. Koski, A. Gashler, M. McKiernan, C. F. Morris, R. Gaffney,
R. V. Hay, and V. P. Sukhatme. 1990. Identification and characterization of the
Egr-1 gene product, a DNA-binding zinc finger protein induced by
differentiation and growth signals. Mol.Cell Biol. 10:1931-1939.

Seyfert, V. L., S. McMahon, W. Glenn, X. M. Cao, V. P. Sukhatme, and J. G.
Monroe. 1990. Egr-1 expression in surface Ig-mediated B cell activation.
Kinetics and association with protein kinase C activation. J Immunol. 145:3647-
3653.

Lim, C. P., N. Jain, and X. Cao. 1998. Stress-induced immediate-early gene,
egr-1, involves activation of p38/INK1. Oncogene 16:2915-2926.

Davies, S. P., H. Reddy, M. Caivano, and P. Cohen. 2000. Specificity and
mechanism of action of some commonly used protein kinase inhibitors.
Biochem.J. 351:95-105.

Saccani, S., S. Pantano, and G. Natoli. 2002. p38-Dependent marking of
inflammatory genes for increased NF-kappa B recruitment. Nat.Immunol. 3:69-
75.

Beyaert, R., A. Cuenda, W. Vanden Berghe, S. Plaisance, J. C. Lee, G.
Haegeman, P. Cohen, and W. Fiers. 1996. The p38/RK mitogen-activated

protein kinase pathway regulates interleukin-6 synthesis response to tumor
necrosis factor. EMBO J. 15:1914-1923.

202



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

Shi, L., R. Kishore, M. R. McMullen, and L. E. Nagy. 2002.
Lipopolysaccharide stimulation of ERK1/2 increases TNF-alpha production via
Egr-1. Am.J. Physiol.Cell Physiol. 282:C1205-C1211.

Mancuso, G., A. Midiri, C. Beninati, G. Piraino, A. Valenti, G. Nicocia, D. Teti,
J. Cook, and G. Teti. 2002. Mitogen-activated protein kinases and NF-kappa B
are involved in TNF-alpha responses to group B streptococci. J.Immunol.
169:1401-1409.

Nottenburg, C., G. Rees, and T. St John. 1989. Isolation of mouse CD44 ¢cDNA:
structural features are distinct from the primate cDNA.
Proc.Natl.Acad.Sci.U.S.A 86:8521-8525.

Miyagi, T., T. Wada, A. Iwamatsu, K. Hata, Y. Yoshikawa, S. Tokuyama, and
M. Sawada. 1999. Molecular cloning and characterization of a plasma

membrane-associated sialidase specific for gangliosides. J Biol Chem 274:5004-
5011.

Pshezhetsky, A. V., C. Richard, L. Michaud, S. Igdoura, S. Wang, M. A.
Elsliger, J. Qu, D. Leclerc, R. Gravel, L. Dallaire, and M. Potier. 1997. Cloning,
expression and chromosomal mapping of human lysosomal sialidase and
characterization of mutations in sialidosis. Nat. Genet. 15:316-320.

Miyagi, T. and S. Tsuiki. 1985. Purification and characterization of cytosolic
sialidase from rat liver. J.Biol. Chem. 260:6710-6716.

Bonten, E. J. and A. d'Azzo. 2000. Lysosomal neuraminidase. Catalytic
activation in insect cells is controlled by the protective protein/cathepsin A.
J.Biol.Chem. 275:37657-37663.

Sawada, M., S. Moriya, S. Saito, R. Shineha, S. Satomi, T. Yamori, T. Tsuruo,
R. Kannagi, and T. Miyagi. 2002. Reduced sialidase expression in highly
metastatic variants of mouse colon adenocarcinoma 26 and retardation of their
metastatic ability by sialidase overexpression. Int.J.Cancer 97:180-185.

Vinogradova, M. V., L. Michaud, A. V. Mezentsev, K. E. Lukong, M. El Alfy,
C. R. Morales, M. Potier, and A. V. Pshezhetsky. 1998. Molecular mechanism
of lysosomal sialidase deficiency in galactosialidosis involves its rapid
degradation. Biochem.J. 330:641-650.

Pshezhetsky, A. V., C. Richard, L. Michaud, S. Igdoura, S. Wang, M. A.
Elsliger, J. Qu, D. Leclerc, R. Gravel, L. Dallaire, and M. Potier. 1997. Cloning,
expression and chromosomal mapping of human lysosomal sialidase and
characterization of mutations in sialidosis. Nat. Genet. 15:316-320.

Mackay, C. R., H. J. Terpe, R. Stauder, W. L. Marston, H. Stark, and U.
Gunthert. 1994. Expression and modulation of CD44 variant isoforms in
humans. J Cell Biol 124:71-82.

203



287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

Murakami, S., K. Miyake, R. Abe, P. W. Kincade, and R. J. Hodes. 1991.
Characterization of autoantibody-secreting B cells in mice undergoing
stimulatory (chronic) graft-versus-host reactions. Identification of a CD44hi
population that binds specifically to hyaluronate. J Immunol 146:1422-1427.

Punnonen, J., G. Aversa, B. G. Cocks, A. N. McKenzie, S. Menon, G.
Zurawski, R. de Waal Malefyt, and J. E. de Vries. 1993. Interleukin 13 induces
interleukin 4-independent IgG4 and IgE synthesis and CD23 expression by
human B cells. Proc Natl Acad Sci USA 90:3730-3734.

Laman, J. D., P. Racz, K. Tenner-Racz, M. Klasmeier, M. J. Fasbender, C.
Neelen, N. D. Zegers, M. Dietrich, W. J. Boersma, and E. Claassen. 1991.
Immunocytochemical determination of antigen and epitope specificity of HIV-
1-specific B cells in lymph-node biopsies from HIV-1-infected individuals.
AIDS 5:255-262.

Rousset, F., M. Billaud, D. Blanchard, C. Figdor, G. M. Lenoir, H. Spits, and J.
E. de Vries. 1989. IL-4 induces LFA-1 and LFA-3 expression on Burkitt's
lymphoma cell lines. Requirement of additional activation by phorbol myristate
acetate for induction of homotypic cell adhesions. J Immunol 143:1490-1498.

Rousset, F., R. W. Malefijt, B. Slierendregt, J. P. Aubry, J. Y. Bonnefoy, T.
Defrance, J. Banchereau, and J. E. de Vries. 1988. Regulation of Fc receptor for
IgE (CD23) and class II MHC antigen expression on Burkitt's lymphoma cell
lines by human IL-4 and IFN-gamma. J Immunol 140:2625-2632.

Gauchat, J. F., H. Gascan, R. de Waal Malefyt, and J. E. de Vries. 1992.
Regulation of germ-line epsilon transcription and induction of epsilon switching
in cloned EBV-transformed and malignant human B cell lines by cytokines and
CD4+ T cells. J Immunol 148:2291-2299.

Levens, J. M., J. Gordon, and C. D. Gregory. 2000. Micro-environmental
factors in the survival of human B-lymphoma cells. Cell Death.Differ.. 7:59-69.

Brown, M. A. and J. Hural. 1997. Functions of IL-4 and control of its
expression. [Review] [257 refs]. Critical Reviews in Immunology 17:1-32.

Schleimer, R. P., S. A. Sterbinsky, J. Kaiser, C. A. Bickel, D. A. Klunk, K.
Tomioka, W. Newman, F. W. Luscinskas, M. A. Gimbrone, Jr., B. W.
MclIntyre, and B. S. Bochner. 1992. IL-4 induces adherence of human

eosinophils and basophils but not neutrophils to endothelium. Association with
expression of VCAM-1. J Immunol 148:1086-1092.

Issekutz, T. B. 1990. Effects of six different cytokines on lymphocyte adherence

to microvascular endothelium and in vivo lymphocyte migration in the rat. J
Immunol 144:2140-2146.

204



297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Sy, M. S., Y. J. Guo, and 1. Stamenkovic. 1992. Inhibition of tumor growth in
vivo with a soluble CD44- immunoglobulin fusion protein. J Exp Med 176:623-
627.

Gurtsevitch, V. E., G. T. O'Conor, and G. M. Lenoir. 1988. Burkitt's lymphoma
cell lines reveal different degrees of tumorigenicity in nude mice. International
Journal of Cancer 41:87-95.

Lesley, J., P. W. Kincade, and R. Hyman. 1993. Antibody-induced activation of
the hyaluronan receptor function of CD44 requires multivalent binding by
antibody. Eur J Immunol 23:1902-19009.

Chintalacharuvu, S. R. and S. N. Emancipator. 1997. The glycosylation of IgA
produced by murine B cells is altered by Th2 cytokines. J Immunol 159:2327-
2333.

Cocks, B. G., R. de Waal Malefyt, J. P. Galizzi, J. E. de Vries, and G. Aversa.
1993. IL-13 induces proliferation and differentiation of human B cells activated
by the CD40 ligand. Int Immunol 5:657-663.

Minty, A., P. Chalon, J. M. Derocq, X. Dumont, J. C. Guillemot, M. Kaghad, C.
Labit, P. Leplatois, P. Liauzun, B. Miloux, C. Minty, P. Casellas, G. Loison, J.
Lupker, D. Shire, P. Ferrara, and D. Caput. 1993. Interleukin-13 is a new human
lymphokine regulating inflammatory and immune responses. Nature 362:248-
250.

McKenzie, A. N., J. A. Culpepper, R. de Waal Malefyt, F. Briere, J. Punnonen,
G. Aversa, A. Sato, W. Dang, B. G. Cocks, S. Menon, J. E. de Vries, J.
Banchereau, and G. Zurawski. 1993. Interleukin 13, a T-cell-derived cytokine
that regulates human monocyte and B-cell function. Proc Natl Acad Sci USA
90:3735-3739.

Rolling, C., D. Treton, S. Pellegrini, P. Galanaud, and Y. Richard. 1996. IL4
and IL13 receptors share the gamma ¢ chain and activate STAT6, STAT3 and
STATS proteins in normal human B cells. FEBS Lett 393:53-56.

Lin, J. X., T. S. Migone, M. Tsang, M. Friedmann, J. A. Weatherbee, L. Zhou,
A. Yamauchi, E. T. Bloom, J. Mietz, S. John, and et al. 1995. The role of shared
receptor motifs and common Stat proteins in the generation of cytokine
pleiotropy and redundancy by IL-2, IL- 4, IL-7, IL-13, and IL-15. Immunity
2:331-339.

Cutrona, G., M. Ulivi, F. Fais, S. Roncella, and M. Ferrarini. 1995. Transfection
of the c-myc oncogene into normal Epstein-Barr virus-harboring B cells results
in new phenotypic and functional features resembling those of Burkitt
lymphoma cells and normal centroblasts. .J Exp Med 181:699-711.

205



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Perschl, A., J. Lesley, N. English, I. Trowbridge, and R. Hyman. 1995. Role of
CD44 cytoplasmic domain in hyaluronan binding. Eur J Immunol 25:495-501.

Galluzzo, E., N. Albi, S. Fiorucci, C. Merigiola, L. Ruggeri, A. Tosti, C. E.
Grossi, and A. Velardi. 1995. Involvement of CD44 variant isoforms in
hyaluronate adhesion by human activated T cells.

European.Journal.of Immunology 25:2932-2939.

Liu, D. and M. S. Sy. 1997. Phorbol Myristate Acetate Stimulates the
Dimerization of CD44 Involving a Cysteine in the Transmembrane Domain. J
Immunol 159:2702-2711.

Zhang, Q., L. Brooks, P. Busson, F. Wang, D. Charron, E. Kieff, A. B.
Rickinson, and T. Tursz. 1994. Epstein-Barr virus (EBV) latent membrane
protein 1 increases HLA class IT expression in an EBV-negative B cell line.
Eur.J Immunol. 24:1467-1470.

Wang, F., H. Kikutani, S. F. Tsang, T. Kishimoto, and E. Kieff. 1991. Epstein-
Barr virus nuclear protein 2 transactivates a cis-acting CD23 DNA element.
J.Virol. 65:4101-4106.

Henderson, S., M. Rowe, C. Gregory, D. Croom-Carter, F. Wang, R.
Longnecker, E. Kieff, and A. Rickinson. 1991. Induction of bcl-2 expression by
Epstein-Barr virus latent membrane protein 1 protects infected B cells from
programmed cell death. Cell 65:1107-1115.

Gordon, J., M. J. Millsum, M. Finney, J. A. Cairns, G. R. Guy, C. D. Gregory,
S. D. Abbot, A. B. Rickinson, F. Wang, and E. Kieff. 1988. Altered growth
phenotype of a Burkitt's lymphoma line following the introduction and stable
expression of the EBNA 2A gene. Curr.Top.Microbiol. Immunol. 141:149-
56:149-156.

Scala, G., I. Quinto, M. R. Ruocco, A. Arcucci, M. Mallardo, P. Caretto, G.
Forni, and S. Venuta. 1990. Expression of an exogenous interleukin 6 gene in
human Epstein Barr virus B cells confers growth advantage and in vivo
tumorigenicity. J.Exp.Med. 172:61-68.

Charrad, R. S., Y. Li, B. Delpech, N. Balitrand, D. Clay, C. Jasmin, C.
Chomienne, and F. Smadja-Joffe. 1999. Ligation of the CD44 adhesion

molecule reverses blockage of differentiation in human acute myeloid leukemia
[see comments]. Nat.Med. 5:669-676.

Sy, M. S., Y. J. Guo, and I. Stamenkovic. 1992. Inhibition of tumor growth in
vivo with a soluble CD44- immunoglobulin fusion protein. J Exp Med 176:623-
627.

Murata, T. and R. K. Puri. 1997. Comparison of IL-13- and IL-4-induced
signaling in EBV- immortalized human B cells. Cell Immunol 175:33-40.

206



318.

319.

320.

321.

322.

323.

324.

325.

326.

Izuhara, K., T. Heike, T. Otsuka, K. Yamaoka, M. Mayumi, T. Imamura, Y.
Niho, and N. Harada. 1996. Signal transduction pathway of interleukin-4 and
interleukin-13 in human B cells derived from X-linked severe combined
immunodeficiency patients. J Biol. Chem. 271:619-622.

Danial, N. N., A. Pernis, and P. B. Rothman. 1995. Jak-STAT signaling induced
by the v-abl oncogene. Science 269:1875-1877.

Takemoto, S., J. C. Mulloy, A. Cereseto, T. S. Migone, B. K. Patel, M.
Matsuoka, K. Yamaguchi, K. Takatsuki, S. Kamihira, J. D. White, W. J.
Leonard, T. Waldmann, and G. Franchini. 1997. Proliferation of adult T cell
leukemia/lymphoma cells is associated with the constitutive activation of
JAK/STAT proteins. Proc.Natl. Acad.Sci.U.S.A. 94:13897-13902.

Gires, O., F. Kohlhuber, E. Kilger, M. Baumann, A. Kieser, C. Kaiser, R.
Zeidler, B. Scheffer, M. Ueffing, and W. Hammerschmidt. 1999. Latent
membrane protein 1 of Epstein-Barr virus interacts with JAK3 and activates
STAT proteins. EMBO J. 18:3064-3073.

Murata, T., P. D. Noguchi, and R. K. Puri. 1996. IL-13 induces phosphorylation
and activation of JAK2 Janus kinase in human colon carcinoma cell lines:
similarities between IL-4 and IL-13 signaling. J.Immunol. 156:2972-2978.

Fior, R., N. Vita, M. Raphael, A. Minty, M. C. Maillot, M. C. Crevon, D. Caput,
P. Biberfeld, P. Ferrara, and P. Galanaud. 1994. Interleukin-13 gene expression
by malignant and EBV-transformed human B lymphocytes. Eur.Cytokine.Netw.
5:593-600.

Skinnider, B. F., A. J. Elia, R. D. Gascoyne, L. H. Trumper, F. von Bonin, U.
Kapp, B. Patterson, B. E. Snow, and T. W. Mak. 2001. Interleukin 13 and
interleukin 13 receptor are frequently expressed by hodgkin and reed-sternberg
cells of hodgkin lymphoma. Blood. 97:250-255.

Billard, C., D. Caput, N. Vita, P. Ferrara, M. Orrico, P. Gaulard, L. Boumsell,
A. Bensussan, and J. P. Farcet. 1997. Interleukin-13 responsiveness and
interleukin-13 receptor expression in non-Hodgkin's lymphoma and reactive
lymph node B cells. Modulation by CD40 activation. Eur. Cytokine. Netw. 8:19-
27.

Chaouchi, N., C. Wallon, C. Goujard, G. Tertian, A. Rudent, D. Caput, P.
Ferrera, A. Minty, A. Vazquez, and J. F. Delfraissy. 1996. Interleukin-13
inhibits interleukin-2-induced proliferation and protects chronic lymphocytic
leukemia B cells from in vitro apoptosis. Blood 87:1022-1029.

207



Katrina Gee

849 Matheson Dr.
Smith Falls, ON
K7A 5B8

Telephone: (613)-283-9023 Email: kgee@uottawa.ca
EDUCATION:
1997-2003 Doctor of Philosophy

Faculty of Medicine,

Department of Immunology, Microbiology, and Biochemistry

University of Ottawa
1993-1997 Bachelor of Science

Faculty of Science,

Department of Microbiology

University of Manitoba

Major: Microbiology
WORK EXPERIENCE:
April 2003- Research Associate
present Children's Hospital of Eastern Ontario
September 1999- Freelance Dressage Instructor
present Ottawa, Ontario

September 1998- Dressage Instructor

September 2000 Greenbelt Riding School
Ottawa, Ontario

CERTIFICATION:

NCCP Level 2 Coaching Certificate

St Johns Ambulance First Aid Certificate



Awards:

1)
2)
3)
4)
5)

1997 Petro-Canada Sports Scholarship

1999 K.M.Hunter/CHIR Doctoral Research Award

1999 Awards in the Strategic Areas of Development (SAD) Award
2000 Awards in the Strategic Areas of Development (SAD) Award
2002 Ontario Graduate Studies Award

Publications:

1)

2)

3)

4)

3)

6)

7

8)

Kyrworuchko, M., K.Gee, F.Diaz Mitoma, and A.Kumar.1999. Regulation of CD44-
hyaluronan Interactions in Burkitt’s Lymphoma and Epstein Barr-transformed
Lymphoblastiod B Cells by PMA and Interleukin-4. Cellular Immunology.: 194:54-
66.

Kyrworuchko, M., K.Gee, F.Diaz Mitoma, and A.Kumar. 1998. Regulation of CD44-
hyaluronan Interactions in Burkitt’s Lymphoma and Epstein Barr-transformed
Lymphoblastiod B Cells by PMA and Interleukin-4./ 0" International Congress of
Immunology:361-365.

Gee K., M. Kozlowski, M. Kryworuchko, F.Diaz-Mitoma, and A. Kumar. 2001.
Differential effect of IL-4 and IL-13 on CD44 expression in the Burkitt's lymphoma
B cell line BL30/B95-8 and in Epstein-Barr virus (EBV) transformed human B cells:
loss of IL-13 receptors on Burkitt's lymphoma B cells. Cellular Immunology:
211(2):131-42

Ma W., W. Lim, K. Gee, S. Aucoin, D. Nandan, M. Kozlowski, F. Diaz-Mitoma, and
A. Kumar. 2001. The p38 mitogen-activated kinase pathway regulates the human
interleukin-10 promoter via the activation of Sp1 transcription factor in
lipopolysaccharide-stimulated human macrophages. The Journal of Biological
Chemistry: 276(17):13664-74

Lim, W., W. Ma, K. Gee, S. Aucoin, D. Nandan, F. Diaz-Mitoma, M.Kozlowski, and
A.Kumar. 2001. Distinct Role of p38 and c-Jun N-Terminal Kinases in IL-10-
Dependent and IL-10-Independent Regulation of the Costimulatory Molecule B7.2 in
Lipopolysaccharide-Stimulated Human Monocytic Cells. Journal of Immunology:
168: 1759-1769.

Gee, K., W. Lim, W. Ma, D. Nandan, F.Diaz-Mitoma, M.Kozlowski, and A. Kumar.
2002. Differential Regulation of CD44 Expression by Lipopolysaccharide (LPS) and
TNF-a in Human Monocytic Cells: Distinct Involvement of c-Jun N-Terminal Kinase
in LPS-Induced CD44 Expression. Journal of Immunology: 169: 5660-5672.

Gee K., M. Kozlowski, and A. Kumar. 2003. TNF-o Induces Functionally Active
Hyaluronan-Adhesive CD44 by Activating Sialidase Through p38 Mitogen-Activated
Protein Kinase in LPS-Stimulated Human Monocytic Cells. The Journal of Biological
Chemistry:278: 37275-37287.

Gee, K., M. Kryworuchko, and A. Kumar. 2003. Recent Advances in the Regulation
of CD44 Expression and its Role in Inflammation and Autoimmune Diseases. Arch
Immunol Ther Exp. In press.

Submitted Manuscripts:

1)

Ma, W. K. Gee, W. Lim, S. Aucoin, D. Nandan, M. Kozlowski, F. Diaz-Mitoma, and
A. Kumar. 2003. Involvement of c-Jun-NOterminal kinase (JNK) and the Activation



Protein (AP-1) in Human IL-12p40 Gene Transcription in the Lipopolysaccharide-
Stimulated Monocytic Cells. The Journal of Immunology.

Presentations:

1)
2)

3)

Differential Regulation of CD44 expression by Interleukin-4 and Interleuikin-13 in
Human B Cell Lines. Departmental Seminar, October 23, 1998.

Differential Regulation of CD44 Expression by Lipopolysaccharide (LPS) and TNF-
o in Human Monocytic Cells: Distinct Involvement of c-Jun N-Terminal Kinase in
LPS-Induced CD44 Expression. Departmental Seminar, November 18, 2000.

TNF-a Induces Functionally Active Hyaluronan-Adhesive CD44 by Activating
Sialidase Through p38 Mitogen-Activated Protein Kinase in LPS-Stimulated Human
Monocytic Cells Departmental Seminar, January 17,2003

Abstracts:

1)

2)

3)

4)

5)

6)

7

8)

K.Gee, M. Kozlowski, and A Kumar. Differential Regulation of CD44 Expression by
IL-4 and IL-13 in Human B Cell Lines. Department of Immunology, Microbiology
and Biochemistry, University of Ottawa. April 9, 1999.

Kryworuchko, M., K.Gee, F.Diaz-Mitoma, and A Kumar. Regulation of CD44-
hyaluronan Interactions in Burkitt’s Lymphoma and Epstein Barr-transformed
Lymphoblastiod B Cells by PMA and Interleukin-4. Department of Pathology,
University of Ottawa, April 30, 1999.

K.Gee, M. Kozlowski, M. Kryworuchko, S. Aucoin , F.Diaz-Mitoma, and A Kumar.
Regulation of CD44 by IL-4 and IL-13 in B cell lines. Ottawa Life Sciences
Conference, November 1-3, 1999.

Gee, K., M. Kozlowski, S. Aucoin, F. Diaz-Mitoma, and A. Kumar. 1999. Regulation
of CD44 expression by IL-4 and IL-13 in B cell lines. Seventh Annual Conference of
the International Cytokine Society, December 5-9, 1999.

Creery, WD., S.Aucion, K Gee, W Weiss, DW Cameron, F Diaz-Mitoma, M
Kozlowski, and A Kumar. HIV nef, IL-10 and LPS enhance CD14 expression on
human monocytes by activating distinct MAP kinase pathways. Seventh Annual
Conference of the International Cytokine Society, December 5-9, 1999.

K.Gee, M. Kozlowski, M. Kryworuchko, S. Aucoin , F.Diaz-Mitoma, and A Kumar.
EBV-transformation of normal human B cells abrogates CD44 regulation by altering
Egr-1 expression. Department of Immunology, Microbiology and Biochemistry,
University of Ottawa. April 3, 2000.

Gee K., M. Kozlowski, and A. Kumar. TNF-a Induces Functionally Active
Hyaluronan-Adhesive CD44 by Activating Sialidase Through p38 Mitogen-Activated
Protein Kinase in LPS-Stimulated Human Monocytic Cells. The American
Association of Immunologists 90™ Anniversary Annual Meeting, Colorado
Convention Centre, Denver Colorado. May 6-10, 2003.

Gee, K., W. Lim, W. Ma, D. Nandan, F.Diaz-Mitoma, M.Kozlowski, and A. Kumar.
Differential Regulation of CD44 Expression by Lipopolysaccharide (LPS) and TNF-
o in Human Monocytic Cells: Distinct Involvement of c-Jun N-Terminal Kinase in
LPS-Induced CD44 Expression. Third Annual Meeting of the Federation of Clinical
Immunology Societies, La Maison de la Chimie, Paris, France. May15-19, 2003.



