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(Abstract)

 Immunotherapy with IL-2 is accompanied by severe toxicity leading to development of

vascular leak syndrome (VLS). Previous studies from our laboratory demonstrated that CD44

knockout mice exhibit marked decrease in IL-2 induced VLS, thereby suggesting a role for

CD44 in VLS. In the current study we tested whether use of mAbs against CD44 or hyaluronic

acid (HA), the ligand for CD44, can abrogate IL-2 induced VLS.  Administration of IL-2 (75,000

U/mouse, three times a day for 4 days) into C57BL/6 mice triggered significant VLS in the lungs

and liver. Interestingly, HA caused a marked increase in IL-2-induced VLS in the lungs and

liver.  In contrast, use of anti-CD44 mAbs reduced IL-2-induced VLS in the lungs and liver. The

change in VLS seen following HA or anti-CD44 mAbs treatment was not due to any defect in

lymphocyte migration or homing to various organs because histopathological studies in these

mice demonstrated significant and often greater perivascular infiltration of lymphocytes when

compared to mice treated with IL-2 alone. However, HA treatment exhibited a marked increase

in IL-2-induced lymphokine-activated killer (LAK) cell activity while anti-CD44 mAbs

treatment led to a significant decrease in IL-2-induced LAK cell activity. These studies

demonstrate that HA or anti CD44 mAbs may serve as a useful tool to selectively alter the LAK

activity as well as to prevent the toxicity induced by IL-2. Altering CD44-HA interactions in

vivo may offer a novel therapeutic approach to prevent endothelial cell injury by cytotoxic

lymphocytes in a variety of clinical diseases.
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 ABBREVIATIONS
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interferon-gamma; Ig, Immunoglobulin; IL-1, interfeukin-1; IL-2, interleukin-2; IL-4,
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Chapter 1:                             General introduction and Specific aims

Introduction

The immune system consists of a network of closely interacting cells and a variety of

molecules that they produce.  The main function of the immune system is to protect the host

from pathogens and cancer. Immunity is the immune response against foreign molecules called

antigen.  Immune response can be divided into innate immunity and adaptive or acquired

immune response.

Innate Immunity is the natural resistance.  Such resistance may be based on species, race,

strain etc. For example, humans are resistant to canine distemper whereas, dogs are resistant to

mumps.  A number of internal and external defenses contribute to innate immunity. For example,

lysozyme in tears and skin as a barrier are parts of innate immunity that prevent infections.

Phagocytosis is an important mechanism of innate immunity in which specialized cells called

phagocytes engulf and kill foreign objects such as bacteria. Examples of phagocytic cells include

monocytes, macrophages, and neutrophils.  These constitute first line of defense.  Innate

immunity is nonspecific (1).

   Adaptive or acquired immune response is specific and has memory. It is mediated by cells

called lymphocytes.  Because of specificity and memory, this response can generate life long

immunity. There are two important types of lymphocytes: T lymphocytes and B-lymphocytes. T

lymphocytes are called so because they originate in the thymus whereas, B cells originate in the

bone marrow.  These cells use distinct receptors to recognize an antigen.  The B cells express

immunoglobulin molecules (antibody) and use these as their receptors, whereas, T cells use a

distinct receptor called, T cell-receptor (TCR).  The main difference between the T and B cell

receptors is that the B cell receptor can directly bind to the antigen whereas the T cell receptor

binds to the antigen only after it is processed and presented by antigen presenting cells along

with specialized molecules encoded by the major histocompatibility complex (MHC) (1).
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       The immune response can also be divided into:

1) Humoral immunity: Contributed by B cells and the antibodies that they produce.

2) Cell-mediated immunity: Mediated by T cells.  There are two types of T cells: T- helper

cells (TH) which help either B cells or the phagocytic macrophages.  The second set of cells is

called T-cytotoxic cells whose function is to recognize a cancer cell or any cell infected with a

virus and destroy it.

     

In addition to the T cells, B cells and macrophages, there are natural killer (NK) cells. NK

cells constitute important cells involved in protection against viral infections and cancer.  Unlike

T and B cells, NK cells do not have any specific receptors.  Thus NK cells are considered to be

nonspecific (1).

Lymphocytes and other leukocytes express a large number of different molecules on their

surface which can be used to distinguish ('mark') cell subsets.  Many of these cell markers can

now be identified by specific monoclonal antibodies.  A systematic nomenclature has been

developed in which the term CD (Cluster Designation) refers to groups (clusters) of monoclonal

antibodies, each cluster binding specifically to a specific molecule.  The CD system derives from

analysis of monoclonal antibodies against human leukocyte antigens produced mainly in mice.

Monoclonal antibodies with similar characteristics are grouped together and given a CD number.

However, it is now customary to use the CD marker to indicate the molecule recognized by each

group of monoclonal antibodies.

Cytotoxic cells express a class of receptors, known as cytotoxic triggering molecules that

initiate lytic processes when they bind ligands expressed by a target cell. Not all surface

molecules on killer cells are cytotoxic triggers. The best-known triggering molecules are the

TCR and FcγRs on natural killer cells, monocytes, and granulocytes. However, under certain

conditions, adhesion molecules that are not directly related to antigen binding, such as CD2,

CD44, and CD69, can also serve as a cytotoxic triggers (3, 4).
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Studies from our lab and elsewhere have shown that CD44 is a triggering molecule on some

murine and human T cell clones and human NK cells (4). CD44 is a widely distributed cell

surface glycoprotein whose principal ligand has been identified as hyaluronic acid (HA), a major

component of the extracellular matrix (ECM).  Recent studies have demonstrated that activation

through CD44 leads to induction of effector function in T cells and macrophages (4). At sites of

chronic inflammation as seen in certain infections, autoimmune diseases, allograft rejection,

graft-versus-host (GVH) disease and treatment of cancer patients with high doses of interleukin-

2, significant damage to endothelial cells has been known to occur, which leads to the toxicity or

pathogenesis associated with the disease (5). Studies from our laboratory and elsewhere

demonstrated that cytotoxic lymphocytes mediate lysis of target cells when activated through

CD44. Cytotoxic T lymphocytes (CTL), double-negative (DN) T cells and NK cells upon

activation express high levels of CD44 and mediate efficient MHC-unrestricted TCR-

independent lysis following ligation of CD44.  Such CD44-mediated cytotoxicity may play an

important role in protection against viral infections and cancer.  However, it could also cause

non-specific tissue injury (5).  For example, dysregulation in the interaction between activated

cytotoxic lymphocytes expressing CD44 and endothelial cells bearing the appropriated ligand

such as the hyaluronic acid, could lead to endothelial cell lysis (5, 61). Studies from our

laboratory demonstrated that following IL-2 therapy, cytotoxic lymphocytes activated through

CD44 mediate lysis of endothelial cells leading to the induction of vascular leak syndrome

(VLS) (61).

Hypothesis:

  In the current study we tested the hypothesis that treatment of mice with HA or anti-CD44

mAbs would alter the severity of VLS induced by IL-2 by influencing the migration of

lymphocytes and/or cytotoxicity mediated against endothelial cells.
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Specific Aims:

1. To test whether treatment of mice with HA or anti-CD44 mAbs would alter IL-2

induced VLS.

2. To address whether such treatment would alter perivascular lymphocytic infiltration in

lungs and liver

3. To study whether treatment with HA or anti-CD44 mAbs would alter the cytotoxicity

mediated by NK/LAK cells.
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Chapter 2:                             Review of Literature

I. Adhesion Molecules

The vascular endothelium serves as an important “ gatekeeper,” regulating the movement of

blood-borne molecules and leukocytes into the tissues.  In order for circulating leukocytes to

enter inflammatory tissue or peripheral lymphoid organs, the cells must adhere to and pass

between the endothelial cells lining the walls of blood vessels, a process called extravasation.

Endothelial cells express leukocyte-specific cell-adhesion molecules (CAMs).  Some of these

membrane proteins are expressed constitutively, others are only expressed in response to

localized concentrations of cytokines produced during an inflammatory response. Recirculating

lymphocytes, monocytes, and granulocytes bear receptors that bind to CAMs on the vascular

endothelium, enabling these cells to extravasate into the tissues.

In addition to their role in leukocyte adhesion to vascular endothelial cells, many adhesion

molecules also serve to increase the strength of the functional interactions between cells of the

immune system.  Various adhesion molecules have been shown to contribute to the TH-antigen

presenting cells, TH-B cell, and CTL-target cell interactions. Adhesion molecules play an

important role in cell-cell and cell-extracellular matrix interactions (6). Such interactions are

crucial to all developmental processes (7).

The adhesive interactions of cells with other cells and with the extracellular matrix are crucial

to all developmental processes, but have a central role in the functions of the immune system

throughout life. Three families of cell-surface molecules regulate the migration of lymphocytes

and the interactions of activated cells during immune responses: the immunoglobulin

superfamily (includes the antigen-specific receptors of T and B lymphocytes), the integrin family

(is important in dynamic regulation of adhesion and migration), and the selectins (are prominent

in lymphocyte and neutrophil interaction with vascular endothelium) (8).
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The integrin family of adhesion molecules serves as receptors for ICAM-1, ICAM-2, and

VCAM- 1. The integrins are heterodimeric proteins (consisting of an α and a β chain) that

facilitate leukocyte adherence to the vascular endothelium or other cell-to-cell interactions.

Different integrins are expressed by different populations of leukocytes, allowing these cells to

bind to different CAMs expressed on the vascular endothelium.  The importance of integrin

molecules in leukocyte extravasation is demonstrated by leukocyte-adhesion deficiency (LAD),

an autosomal recessive disease characterized by recurrent bacterial infections and impaired

healing of wounds.  The deficiency stems from abnormal synthesis of the chain of the integrin

heterodimer present on all leukocytes.  Leukocytes lacking integrin molecules cannot extravasate

from the blood vessels to the tissues.  As a result, an inflammatory response cannot develop in

the tissues, and affected individuals have more frequent and more severe bacterial infections than

normal individuals.

The selectin family of membrane glycoproteins have a characteristic extracellular structure

consisting of three domains: a lectin domain, a domain having homology to epidermal growth

factor, and a number of repeats related to complement-regulatory proteins.  These molecules are

sometimes referred to as LEC-CAMs in reference to their three domains. The selectin family

serves as adhesion molecules on vascular endothelial cells or as adhesion-molecule receptors on

circulating leukocytes.  Selectins bind to specific carbohydrate groups by means of their distal

lectin domain.

Adhesion molecules are a part of every process involving cell contact from thymic selection

to antigen priming, from antigen recognition to cell activation, from cytotoxicity to lymphocyte

recirculation (9).  Adhesion molecules work in a cooperative fashion and their activity can be

regulated by expression or modulated after display on the cell surface (10).  Adhesion molecules

are expressed by a wide variety of cells and these cell surface receptors are essential to the

interactions between the cytoskeleton and the extracellular matrix (11). Cell surface receptors

recognizing extracellular molecules are the principal mechanism used by cells to sense their

environment (12). During an immune response, several families of adhesion molecules
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participate in a cascade of binding events that lead to the binding of leukocytes, both to each

other and to other cell types (i.e. endothelium and epithelium) (13).

Recent studies have shown that the function of an adhesion receptor cannot be determined

from its expression alone.  Adhesion receptors are thought to be "selected" to perform distinct

effector functions based on their cell-background and factors present in the local environment

(13).  Therefore, adhesion receptors that are expressed on different cell types may be in different

states of "activation-readiness" and may continue to be selected by conditions in the surrounding

environment to bind to tissue-specific ligands and mediate leukocyte effector functions (13).

Some regions of vascular endothelium found in postcapillary venules of various lymphoid

organs are composed of specialized cells with a plump, cuboidal ("high") shape; such regions are

called high-endothelial venules, or HEVs. Each of the secondary lymphoid organs, with the

exception of the spleen, contains HEVS. High-endothelial venules express a variety of cell

adhesion molecules.  Like other vascular endothelial cells, HEVs express CAMs of the

immunoglobulin superfamily and selectin family.  In addition, HEVs express some adhesion

molecules that are distributed in a tissue-specific manner.  These tissue-specific adhesion

molecules have been called vascular addressins (VAs) because they serve to direct the

extravasation of different populations of recirculating lymphocytes to particular lymphoid

organs.  The tissue-specific distribution of these addressin molecules can be demonstrated by

differences in binding of monoclonal antibodies to HEVS.  For example, some monoclonal

antibodies bind only to vascular addressins in the HEVs of lymph nodes, whereas other

monoclonal antibodies bind selectively to vascular addressins of Peyer's patches.

The adhesion of lymphocytes to HEVs or regions of inflamed endothelium and their

subsequent extravasation is a multistep process involving a cascade of adhesion-molecule

interactions.  The first step usually involves the interaction of a homing receptor on a lymphocyte

with a tissue-specific vascular addressin.  Although this initial interaction is quite weak, the slow

rate of blood flow in postcapillary venules, particularly in regions of HEVS, reduces the

likelihood that the sheer force of the flowing blood will dislodge the tethered lymphocyte.  In the
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second step, cellular adhesion is strengthened by binding of an integrin receptor on the

lymphocyte with a CAM on the HEV.  This latter interaction might involve binding of the

integrin molecule VLA-4 to VCAM-1, or binding of the integrin LFA-1 to ICAM-1 or ICAM-2.

This generates an activating signal that causes the lymphocyte to up-regulate its expression of

integrin molecules. The increased expression of integrin provides multiple adhesion receptors,

strengthening the interaction between the lymphocyte and HEV. The final step in the adhesion

cascade is exravasation the lymphocyte through the endothelium into the tissue.  This step

requires a reduction in the strength of adhesion between the lymphocyte and endothelium so that

the lymphocyte can extravasate through the endothelium (1).

There has been a growing interest in lymphocyte interactions with extracellular matrix (ECM)

components.  Interaction of lymphocyte adhesion receptors with ECM has been shown to play a

central role in regulating the migration, differentiation, and functions of the cells of the immune

system (14).  The interplay between the cell-surface and matrix molecules that regulate

adherence, and chemoattractant gradients that direct cell migration, control the localization of

cells (8).  Thus the cells of the immune system depend on regulated interactions with other cells

to activate and direct the response to infection (8).  Recently, studies involving the interactions of

T lymphocytes with antigen-bearing cells has exposed both antigen-specific receptors and a

group of cell adhesion molecules.

Studies from our lab demonstrated that activated cytotoxic T lymphocytes (CTL) can mediate

efficient lysis of target cells when activated through adhesion molecule, CD44 (15).

Furthermore, similar observations were made using CD4-CD8- T cells found in MRL-Ipr/lpr

mice, (16) thereby suggesting that CD44 can serve as a signaling molecule.

II. Significance of the Extracellular Matrix (ECM)

  Leukocytes are mobile units of the immune system. The process of leukocytes migration

from blood vessels to inflamed tissues involves two major steps: (1) extravasation through the

vessel wall and (2) movement through the underlying basement membrane and ECM. The ECM
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is a complex macromolecular mesh composed of proteoglycans and adhesive glycoproteins, such

as collagen, laminin, and fibronectin (17). The proteoglycans consist of one or more

glycosaminoglycans –linear polymers of repeating disaccharides-covalently bound to a protein

core. Hyaluronic acid (HA) is a  glycosaminoglycan consisting of repeating disaccharide units of

(1-4)-D-glucuronic acid-beta-(1-3)-D-N-glycosaminoglycan. The components of the ECM serve

many roles.  They serve a mechanical role in supporting and maintaining tissue structure.  They

also are involved in a variety of cell functions including development, migration, and

proliferation (18).

There are a number of lymphocyte ECM receptors which have recently been identified.

These include members of the integrin family of adhesion molecules such as CD44 and CD26

(19). Lymphocytes have been found to interact with hyaluronic acid which is a major

glycosaminoglycan that forms the carbohydrate gel in which ECM glycoproteins are immersed.

Adhesion of many cell types to ECM components is a constitutive event.  Cells adhere to an

ECM ligand only if the correct receptor is expressed on the cell surface (19).  However, it has

been shown that despite the expression of the appropriate receptor(s), lymphocytes have revealed

minimal adhesion to ECM components. Like many cell adhesion receptors, CD44 is broadly

distributed, and its ligand, hyaluronan, is a common component of ECM and extracellular fluids.

Yet a great variety of responses have been reported to result from CD44 ligation. These include

cell adhesion, cell migration, induction (or at least support) of hematopoietic differentiation,

effects on other cell adhesion mechanisms, and interaction with cell activation signals (29). This

diversity of responses indicates that downstream events following ligand binding by CD44 may

vary depending on the cell type expressing CD44 and on the environment of that cell (29).

Lymphocyte differentiation can result in stable changes in the level of expression of adhesion

molecules that are associated with increased adhesion to ECM components.  Lymphocyte

activation has been shown to have rapid effects on adhesion to ECM (18). If the time period of

lymphocyte activation is increased the overall levels of receptor cell surface expression is

increased which results in ECM binding.
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 CD44 is expressed on cells in the early stages of hematopoiesis and has been shown to

participate in at least some aspects of the hematopoietic process. In mature lymphocytes, CD44

is upregulated in response to antigenic stimuli and may participate in the effector stage of

immunological responses. Along with other adhesion receptors that show alterations in

expression after activation, CD44 probably contributes to differences in the recirculation patterns

of different lymphocyte subpopulations. CD44 ligand-binding function on lymphocytes is strictly

regulated, such that most CD44-expressing cells do not constitutively bind ligand. Ligand-

binding function may be activated as a result of differentiation, inside-out signaling, and/or

extracellular stimuli (29). This regulation, which in some situations can be rapid and transient,

potentially provides exquisite specificity to what would otherwise be a common interaction.

CD44 is not a single molecule, but a diverse family of molecules generated by alternate splicing

of multiple exons of a single gene and by different posttranslational modifications in different

cell types (20). It is not yet clear how these modifications influence ligand- binding function. The

significance of the multiple isoforms of CD44 is not understood, but association of some

isoforms with malignancies has been observed (29).

Adhesion molecules play an important role in T cell recognition of antigen.  The adhesion

molecules facilitate the interaction of the T cells with other cells expressing foreign antigen and

they deliver necessary costimulatory signals that synergize with the primary activation signal

provided by the T cell receptor (22). It has also been proposed that the ECM plays an important

role in lymphocyte differentiation.  Studies have demonstrated the ability of CD44 mAb's to

inhibit B cell differentiation in long-term bone marrow cultures (23) Also, B cell adhesion to

bone marrow stromal cells is mediated by B cell CD44 binding to HA on stromal cells.  This

collectively suggests that the CD44-HA interactions may play a critical role to

lymphohemopoiesis in the bone marrow.  Since HA composes more than 40% of the total

glycosaminoglycan produced by thymic epithelial cells it is thought that CD44-HA interactions

may be important in thymic differentiation (24).
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III. Significance of CD44

CD44 is a ubiquitous multistructural and multifunctional cell surface adhesion molecule

involved in cell-cell and cell-matrix interactions (25). CD44 (also known as Pgp-1, Ly-24,

extracellular matrix receptor III and Hermes) is expressed on a wide variety of cell types,

including T cells, thymocytes, B cells, granulocytes, macrophages, erythrocytes, neural cells,

epithelial cells, and fibroblasts (26).

Twenty exons are involved in the genomic organization of this molecule. The first five and

the last 5 exons are constant, whereas the 10 exons located between these regions are subjected

to alternative splicing, resulting in the generation of a variable region (25). Differential

utilization of the 10 variable region exons, as well as variations in N- glycosylation, O-

glycosylation, and glycosaminoglycanation (by heparan sulfate or chondroitin sulfate), generate

multiple isoforms (at least 20 are known) of different molecular sizes (85-230 kDa)(25). The

smallest CD44 molecule (85-95 kDa), which lacks the entire variable region, is standard CD44

(CD44s)(25). Examination of the cDNA sequence of CD44 showed homology between the

amino-terminal portion of CD44 to chick and rat cartilage link proteins and provided evidence

that CD44 has an ECM ligand.  Subsequent studies have shown that HA is a ligand for CD44

(27). Hyaluronic acid, an important component of the extracellular matrix (ECM), is the

principal but by no means the only, ligand of CD44. Other CD44 ligands include the ECM

components collagen, fibronectin, laminin, and chondroitin sulfate. Mucosal addressin,

serglycin, osteopontin, and the class II invariant chain (Ii) are additional, ECM-unrelated, ligands

of the molecule (25). In many, but not in all cases, CD44 does not bind HA unless it is stimulated

by phorbol esters, activated by agonistic anti- CD44 antibody, or deglycosylated (e.g., by

tunicamycin)(25).

Both physically and functionally, the CD44 molecule can be separated into three main

regions: the cytoplasmic domain (mediates the interaction with the cytoskeleton), the middle

domain (responsible for the lymphocyte homing) and the amino-terminal domain (which binds to

HA) (28).  The amino terminal portion of CD44 is homologous to cartilage link proteins, which

promote proteoglycan- and collagen-dependent extracellular matrix adhesion.
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CD44 is a multifunctional receptor involved in cell-cell and cell-ECM interactions, cell

traffic, lymph node homing, presentation of chemokines and growth factors to traveling cells,

and transmission of growth signals. CD44 also participates in the uptake and intracellular

degradation of HA, as well as in transmission of signals mediating hematopoiesis and apoptosis.

After immunological activation, T lymphocytes and other leukocytes transiently upregulate

CD44 isoforms expressing variant exons (designated CD44v).

A CD44 isoform containing the last 3 exon products of the variable region (CD44V8-10, also

known as epithelial CD44 or CD44E), is preferentially expressed on epithelial cells. The longest

CD44 isoform expressing in tandem eight exons of the variable region (CD44V3-10) was

detected in keratinocyte (25). The influence of these modifications on ligand binding are not

fully understood and are still being studied.  In mature lymphocytes, CD44 is upregulated in

response to antigenic stimuli and may participate in the effector stage of immunological

responses (29).

The homing function of CD44 was extensively explored in the late 1980s and early 1990s.

Depletion of CD44+ cells from bone marrow by anti-CD44 mAb (using a "panning" procedure)

prevented their ability to reconstitute the thymus of irradiated mice (60).  This shows that CD44

is a homing receptor for migrating thymus progenitor cells.  In contrast, the migration of

lymphocytes into the lymph nodes and into other organs was normal, despite the removal of their

CD44 receptor by anti-CD44 mAb treatment (57).  Traffic of mouse lymphocytes to lymph

nodes and their adhesion to HEV, as indicated by examination of frozen lymph node sections,

was blocked, however, by Mel-14- or LFA-1-specific mAb treatment (60,57).  These findings

indicate that the HEV recognizing receptor of the mouse lymphocyte is selectin or integrin,

rather than CD44.  Unlike mouse lymphocytes, anti-CD44 mAb (e.g., Hermes-1) inhibits binding

of human lymphocytes to lymph node HEV, suggesting that CD44 is the homing receptor of

human cells (60).
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In addition to its adhesive function, the CD44 receptor also serves as an accessory molecule,

cooperating with other molecules in the transmission of growth signals delivered from the cell

membrane to the cell nucleus (reviewed by 29).  Several anti-CD44 mAbs (including V6- or V9-

specific mAbs), or their Fab fragments, act in conjunction with immobilized anti-CD2 or anti-

CD3 mAbs (usually at suboptimal levels) to enhance T-cell proliferation or IL-2 production

(4,29, 60).  Addition of anti-CD28 mAb to this assay system markedly augments these cellular

activities (49; 60).  The CD44-supported proliferative response is cyclosporin-A sensitive (60).

Other anti-CD44 mAbs promote T-cell proliferation of IL-2 production, even if they are the sole

stimulator in the in vitro assay system (4,29).  In some cases, the promoting effect is dependent

on the presence of macrophages in the in vitro system (29; 60).  On the other hand, some anti-

CD44 mAbs or their Fab fragments inhibit CD3-dependent cell proliferation or IL-2 production

(60,29).  The same anti-CD44 mAbs that inhibit the proliferation of CD3-activated T cells

induced palmitoylation of the ligated CD44, suggesting that lipid modification of this molecule

interferes with signaling pathways (60). Collectively, these findings emphasize the significance

of "crosstalk" between CD44 and other cell surface molecules, leading to positive or negative

growth-transducing signals.

Triggering of CTL or natural killer (NK) cell cytolytic activities with anti-CD44 mAbs has

been observed (29).  In this context, it was reported by our laboratory and others (3,4) that the

lytic activity of CTL against the Fcγ receptor-positive EL4 or P815 mouse cell lines is activated

by anti-CD44 mAb, used to link the CD44 receptor of the effector cell to the Fcγ receptor of the

target cells (a procedure known as redirected killing).  The anti-CD44 mAb triggers the CTL to

release the trypsin-like esterase granzyme.  Genestein, a protein tyrosine kinase inhibitor,

blocked both the CD44-dependent proliferation and the cytotoxic activity of the effector cells

(4).  It was also found that CD44 activation of CTL causes tyrosine phosphorylation of sevcral

proteins within the 70- to 150-kDa range, but not of the 21 -kDa ς chain of the T-cell receptor.

The same anti-CD44 did not trigger the cytotoxic activity of NK cells (4).  However, it has also

been reported that the CD44-dependent redirected killing of target cells with anti-CD44

bispecific mAb is conditional upon lL-2 or IL-12 co-stimulation of the NK cells (60).
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       It was further demonstrated that CD44 is a potent signaling receptor. Early studies using

anti-CD44 mAb to trigger the receptor in lieu of a physiological ligand established that CD44 is a

costimulatory molecule on T cells (49, 50, 51, 52, 53). It is now known that similar effects can be

triggered through CD44 following HA binding (45, 54, 55). The findings reported in one study

(37) added to our understanding of CD44 as a signaling receptor and further support the notion

that the function of CD44 as a signaling molecule is as important as its function as a cell adhesion

receptor (50, 56).

Recently, three groups have reported that anti-CD44 mAb have potent anti-inflammatory

activity in vivo. Administration of an anti-CD44 mAb (IM7) was found to prevent cutaneous

delayed-type hypersensitivity (DTH) responses (57). This same anti-CD44 mAb was found to

prevent the progression of ongoing collagen induced arthritis, blocking leukocyte infiltration and

tissue swelling (58, 59). In these two studies the investigators reported that the anti-CD44 mAb

mediated the rapid release of CD44 from the surface of CD44 positive leukocytes presumably

preventing the CD44-HA mediated recruitment of leukocytes. The findings by a study (37) and

those reported by others on the role of CD44 as a signaling molecule suggest that the potent anti-

inflammatory effects resulting from the mAb mediated shedding of CD44 from leukocytes may

prevent not only leukocyte recruitment but also prevent their activation. This dual effect might

account for the potent anti-inflammatory activity of this anti-CD44 mAb in vivo.

 Whereas lymph node homing of lymphocytes via CD44-dependent binding to HEV has been

observed in humans but not in mice, the ability of lymphocytes or lymphoma cells to adhere to

endothelial cells, in a CD44 dependent manner, has been demonstrated in both species (71,72).

According to one report (73), the binding of lymphocytes to endothelial cells is conditional upon

activation of the lymphocytes by anti-CD44 mAb.  Another report showed that the CD44-

dependent lymphocyte-endothelial cell interaction occurred only if the lymphocytes were

activated by both phorbol dibutyrate and ionomycin, and the endothelial cells were stimulated by

IL-1 (71).  This finding suggests that inflamed endothelium can activate the CD44-dependent

binding of lympho-cytes.  The interaction between cell surface CD44 and endothelium may be
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vital to the hematogeneic spread of tumors.  In addition to CD44, cell surface selectin and

integrins also are involved in the adherence of leukocytes to endothelial cells, an event that is

essential to intra- and extravasation, as well as to cell traffic along the blood vessels (74).

It is likely that expression of CD44 by leukocytes is also requisite for events following

endothelial adhesion, including penetration into the ECM of lymphoid tissues and subsequent

locomotion in the matrix.  It has been suggested that cell movement in the ECM is guided by

local chemotactic signals (62), while "stop signals" halt the movement of cells, anchoring them

to ECM components (63).  Cell surface adhesion molecules, especially ß1 integrins (64,65) and

HA binding proteins (including CD44) (63), are involved in cell adherence to ECM.  However,

HA receptors, including CD44, are used not only to anchor cells (such as chondrocytes,

fibroblasts, epithelial cells, and hematopoietic cells) to the ECM, but also to facilitate the

assembly and organization of the pericellular matrix (63).  In vitro experiments have revealed

that chondrocytes (63) and synovial cells (66) exploit the hyaturonan receptor to bind HA,

which, in turn, interacts with cartilage proteoglycan (aggrecan) to form the pericellular matrix.

This HA-mediated cell-proteoglycan interaction might be essential to the organization and

retention of aggrecan molecules within the cartilage ECM, and it could also protect tumor cells

from immune surveillance.

CD44 ligand-binding function on lymphocytes is strictly regulated, such that most CD44-

expressing cells do not constitutively bind ligand (29).  There is not a one-to-one correspondence

between the expression of CD44 on the cell surface and the ability to bind HA. CD44 ligand-

binding functions may be activated due to differentiation, inside-out signaling, and/or

extracellular stimuli (29). The affinity for hyaluronate can be experimentally controlled and

depends on the cytoplasmic domain of CD44 (10).

The hyaluronan binding function of CD44 has been assayed in cell lines and in fusion

proteins, termed CD44-Igs, consisting of the external domain of CD44 coupled to the hinge,

CH2 and CH3 regions of human IgG1. These studies have shown that hyaluronan binding by
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CD44 is regulated by the cells in which it is expressed, and that at least part of this regulation is

determined by cell specific posttranslational modifications, especially N- glycosylation, of CD44

itself (20). Variant isoforms of CD44 determined by alternative splicing of 11 optional exons in

the middle of the gene determine additional functions of CD44, as well as contributing to the

regulation of hyaluronan binding. (20)

Role of CD44 in tumor cell metastasis:

Many cancer cell types as well as their metastases express high levels of CD44. Whereas

some tumors, such as gliomas, exclusively express standard CD44, other neoplasms, including

gastrointestinal cancer, bladder cancer, uterine cervical cancer, breast cancer and non-Hodgkin's

lymphomas, also express CD44 variants. Hence CD44, particularly its variants, may be used as

diagnostic or prognostic markers of at least some human malignant diseases (25). Furthermore, it

has been shown in animal models that injection of reagents interfering with CD44-ligand

interaction (e.g., CD44s- or CD44v-specific antibodies) inhibit local tumor growth and

metastatic spread. These findings suggest that CD44 may confer a growth advantage on some

neoplastic cells and, therefore, could be used as a target for cancer therapy (25). Several lines of

evidence indicate that interaction between the hyaluronan receptor CD44, expressed on tumor

cells, and host tissue stromal hyaluronan can enhance growth and invasiveness of certain tumors.

Disruption of CD44-hyaluronan interaction by soluble recombinant CD44 has been shown to

inhibit tumor formation by lymphoma and melanoma cells transfected with CD44. Studies

indicate that hyaluronan oligomers injected at concentrations as low as 1 mg/ml can markedly

inhibit B16F10 melanoma growth, providing a potentially attractive reagent for the control of

local tumor development (32).  Many studies have investigated the pattern of CD44 distribution

in tumours and some observations suggest that certain cells do not use CD44 in tumorigenesis or

in the production of metastases. However, the data are extremely conflicting, and further studies

are needed to establish the prognostic value of CD44 and its variant isoforms. It is hoped that

identification of CD44 variants expressed on cancer but not on normal cells will lead to the

development of anti-CD44 reagents restricted to the neoplastic growth.
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Role of CD44 on macrophage functions:

Macrophages, which constitutively express CD44, are active phagocytic cells capable of

ingesting and digesting exogenous antigens. A number of antimicrobial and cytotoxic substances

produced by activated macrophages are responsible for the intracellular destruction of

phagocytosed microorganisms. In addition, these toxic substances can be released from

macrophages to mediate potent antitumor activity.

Macrophages bind Ab-coated tumor target cells and are responsible for Ab-dependent cell-

mediated cytolysis using FcγRII (CD32), which is constitutively expressed, and FcγRI (CD64),

which is induced by INFγ or granulocyte CSF. In addition, macrophages  can exhibit cytotoxic

activities in the absence of Abs, and cytokine –activated macrophages are able to mediate

spontaneous tumor cell lysis.

Studies have shown that murine bone marrow- derived macrophages are stimulated by HA to

synthesize mRNA for IL-1β and tumor necrosis factor α(29). This activity was inhibited by

CD44 –specific mAb suggesting that CD44-HA interaction on the macrophage cell surface might

initiate a cytokine cascade. Stimulation of macrophages with CD-44 specific Abs can result in

release of cytokines: TNF, IL-1 and macrophage colony stimulating factor (29). It is possible that

monoclonal antibody (mAb) 9F3, and IM7 directed against murine CD44 expressed on

macrophages, can trigger the lytic activity of macrophages and redirect macrophages-mediated

lysis to Fc receptor-positive target cells.

 It has been reported that lymphoid cell lines (31), B cell hybridomas (23), and IL 5-activated

B cells (33) have all been shown to bind to purified HA and the binding can be specifically

inhibited by anti-CD44 mabs.  More importantly it has been shown that the CD44 expressed on

the B cell hybridoma is involved in binding to HA present on the surface of the stromal cells in

vitro (23).  These results along with earlier data showing inhibition by anti-CD44 mAb's of B cell
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lymphopoiesis in long-term bone marrow cultures (23) suggests that the CD44-HA interaction

may be important in B cell differentiation.

 The role of CD44 as a hyaluronan receptor (43, 44, 45) has been known for many years and

is consistent with the hypothesis that CD44 is a cell adhesion molecule (46). In recent years many

studies designed to explore the role of CD44 as a cell adhesion receptor have given rise to a large

body of data demonstrating that this is a major function of CD44. For example, the results of two

recent studies provide evidence that CD44-HA interactions mediate the binding of lymphocytes

to cultured endothelial cells (47) and tonsilar stromal cells (48). These findings indicate that

CD44 significantly contributes to the recruitment of leukocytes to sites of inflammation and to

their migration through lymphatic tissues.

It is not possible to review in this short introduction the full complexity of the CD44 antigen:

its multiple isoforms, its multiple ligands, and its varied and complex biological activities. A

recent report has raised new and interesting questions regarding the function of CD44 (37). For

example, are all CD44 isoforms capable of binding HA fragments? Does the interaction between

CD44 and HA fragments in other cell types lead to a signaling event? In particular, are the

previously reported angiogenic properties of HA fragment mediated by CD44 molecules

expressed on vascular endothelial cells? Is the ability of CD44 to bind HA fragments regulated in

the same way as the interaction between CD44 and the HA polymer? It it important to point out

that much remains to be learned about the function of the CD44 antigen and one of its ligands,

HA.

IV.  Hyaluronic Acid and its role in immunoregulation:

 Hyaluronic acid is one of a group of polysaccharides typically found in the connective tissues

of vertebrates, which were formerly known as acid mucopolysaccharides and are now designated

glycosaminoglycans.  Glycosaminoglycans are unbranched single-chain polymers of

disaccharide units containing N-acetylhexosamine and hexose.  The second sugar is a hexuronic
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acid in all except keratan sulphate, which contains galactose instead. Glycosaminoglycans other

than HA share several other characteristics.  All contain sulphate groups, and their

polysaccharide chains are relatively short (<50 kDa, commonly 15-20 kDa).  Their synthesis

takes place in the endoplasmic reticulum and Golgi bodies, and they are substituted in peptide

cores, often with a variety of other saccharides, to form proteoglycans.  Different kinds of

sulphated glycosaminoglycans can be joined to a common peptide core, which with

accompanying variations in the peptides and other saccharides provides for great variety in

proteoglycan structure and consequently, in their potential for reactivity with other components

of extracellular matrix and with various cells.  Most proteoglycans are notable for one or more

strong associations with fixed matrix structures or cells and are relatively immobile.

 HA is quite distinct from other glycosaminoglycans in most of these respects.  Its primary

structure contains a linear unbranched polysaccharide consisting of repeating disaccharide units

of (1-4)-D-glucuronic acid-beta-(1-3)-D-N-glycosaminoglycan.  HA is a major component of

connective tissue and differs from other glycosaminoglycans because it is not covalently linked

to a core protein (34), which is consistent with its synthesis in the plasma membrane rather than

the Golgi.  Although it consists of a single polysaccharide chain like other glycosaminoglycans,

its molecular weight (relative molecular mass; M,) usually reaches the millions; in normal

synovial fluid, for example, the weight-average is about 7 X 106, which if straightened would

extend to > 15 µm.  Its uniformity of structure would seem at first sight to restrict its biological

roles, but this limitation is overcome by the numbers of specific HA binding sites that have

evolved in other matrix molecules and on cell surfaces.  Moreover, it has other distinctive

attributes arising from its extraordinary molecular mass, which underlie its distinctive role in

extracellular matrix.

HA is a prominent molecule in the extracellular matrix and has recently been reported to serve

as a ligand for CD44.  The ECM fills the space between cells and the components of the ECM

perform a key role in the structure and organization of the ECM (35).  They also communicate

with the cell interior and thus modulate cell adhesion, proliferation, and differentiation (29).  HA

is enriched when there is rapid tissue proliferation, regeneration and repair (36).  The highest HA
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concentrations are found in typical connective tissues such as umbilical cord, synovial fluid, skin

and the vitreous body. Notable amounts are also present in lung, kidney, brain and muscle but

very little in liver.  The lowest concentration is found in blood serum. Hyaluronan is synthesized

in the plasma membrane by a membrane-bound protein whose genetic code has recently been

determined in bacteria, mouse and human (60).  This adds sugar units from nucleotide precursors

to the chain on the cytoplasmic aspect of the membrane and translocates the growing chain to the

pericellular space.  It is synthesized by fibroblasts, chondrocytes, and mesothelial cells (60).  The

production of HA by human lung fibroblasts is stimulated by cytokines TNF, IFN-γ, and IL-1

and further augmented by a combination of TNF and IFN-alpha, or of TNF and IL-1, as was

shown in an in vitro assay (60).  Hyaluronate is an important component of the ECM, filling the

intercellular spaces.  Within the ECM, HA noncovalently interacts with proteoglycans, the

binding stabilized by a link protein (60) Because of the striking physicochemical properties of

hyaluronan solutions, various physiological functions have been assigned to it, including

lubrication, water homeostasis, filtering effects and regulation of plasma protein distribution. In

addition, HA regulates cell-cell adhesion and the cell's spatial orientation and traffic, as well as

its growth and differentiation (60). Consequently, HA is involved in various biological processes

such as inflammation, wound healing, and tissue remodeling (60), as well as morphogenesis

(60).  Hyaluronan also interacts with the cell surface to form a "coat," which may act as a

protective cellular barrier (60).

Studies have presented evidence that the binding of low molecular weight fragments of

hyaluronan to alveolar macrophages via CD44 elicits the expression of a number of pro-

inflammatory chemokines (37). These observations extend earlier findings showing that HA

fragments are capable of activating NF- B (38) and induce the expression of insulin-like growth

factor-1 by murine macrophages (39). These studies bring together two disparate and previously

unconnected observations regarding the expression and biological activity of HA fragments. The

first observation is that HA fragments are present at abnormally high levels in the joints of

patients with rheumatoid arthritis (RA) and in other inflammatory conditions (40, 41). These HA

fragments are thought to arise primarily as a result of activated leukocyte driven extracellular

matrix degradation at sites of inflammation and their presence has been proposed as a biological

marker of disease. The second observation is that HA fragments but not HA polymers have
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angiogenic activity, a process which has been proposed to play a key role in the maintenance and

progression of RA and other chronic inflammatory diseases (42). The findings by Nobel and his

colleagues suggest that the high levels of HA fragments found in inflamed tissues bind to

leukocytes and other CD44 expressing cells and trigger a cascade of signaling events which are

involved in maintaining and/or amplifying the inflammatory response. It is of interest to note that

the biological activities elicited by the HA fragments are distinct from those elicited by the HA

polymers. While HA polymers are components of extracellular matrix and a substrate for CD44

mediated cell adhesion, HA fragments are signaling molecules which alert the immune system

that significant tissue damage has occurred at a site of inflammation.

 In addition, HA supports the migration of invasive tumors (60).  Indeed, tumor invasion is

sometimes observed in regions with high concentrations of HA, such as the medullary and

papillary interstitium of renal tissue, the submucosa of the gastrointestinal tract, around the

centrilobular veins, and beneath the capsule of the liver (60).  Some tumors synthesize and

release HA into their immediate environment (60), while others stimulate the production of HA

by surrounding fibroblasts (60).  Zhang and colleagues (1995) reported that intravenously

injected mouse melanoma cells (BI6-FI) expressing a high level of HA on their surfaces formed

a greater number of lung metastases than did melanoma cells bearing low amounts of surface

HA.  Collectively, these findings emphasize the central role of HA in metastasis.

  In animals and man, the half-life of hyaluronan in tissues ranges from less than 1 to several

days.  It is catabolized by receptor-mediated endocytosis and lysosomal degradation either

locally or after transport by lymph to lymph nodes which degrade much of it.  The remainder

enters the general circulation and is removed from blood, with a half-life of 2-5 min, mainly by

the endothelial cells of the liver sinuoids.
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V.  The role of hyaluronic acid and anti- CD44 antibodies in preventing Vascular Leak

Syndrome induced by Interleukin-2

The major dose-limiting toxicity of interleukin-2 (IL-2) which is used in the treatment of

cancer is vascular leak syndrome (VLS). VLS is characterized by an increase in vascular

permeability accompanied by extravasation of fluids and proteins resulting in interstitial edema

and organ failure (37). Previous studies from our laboratory and elsewhere demonstrated that

cytotoxic lymphocytes use CD44 in mediating endothelial cell injury. Cytotoxic T lymphocytes,

double-negative T cells and natural killer (NK) cells upon activation express high levels of CD44

and mediate efficient MHC –unrestricted TCR-independent lysis following ligation of CD44.

Such CD44-mediated cytotoxicity may play an important role in protection against viral

infections and cancer (5). However, dysregulation in the interaction between activated cytotoxic

lymphocytes expressing CD44 and endothelial cells bearing the appropriated ligand such as the

hyaluronate (HA) may cause endothelial cell injury.

We hypothesize that blocking CD44-HA interaction in vivo using exogenous anti-CD44

mAbs or exogenous hyaluronic acid may prevent endothelial cell injury by cytotoxic

lymphocytes. In the current study we tested this hypothesis.
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Chapter 3.

Agonistic effect of Hyaluronic acid and Antagonistic effect of anti-CD44 mAbs on IL-2

Induced vascular Leak Syndrome.

 Abstract

 Immunotherapy with IL-2 is accompanied by severe toxicity leading to development of

vascular leak syndrome (VLS). Previous studies from our laboratory demonstrated that CD44

knockout mice exhibit marked decrease in IL-2 induced VLS, thereby suggesting a role for

CD44 in VLS. In the current study we tested whether use of mAbs against CD44 or hyaluronic

acid (HA), the ligand for CD44, can abrogate IL-2 induced VLS.  Administration of IL-2 (75,000

U/mouse, three times a day for 4 days) into C57BL/6 mice triggered significant VLS in the lungs

and liver. Interestingly, HA caused a marked increase in IL-2-induced VLS in the lungs and

liver.  In contrast, use of anti-CD44 mAbs reduced IL-2-induced VLS in the lungs and liver. The

change in VLS seen following HA or anti-CD44 mAbs treatment was not due to any defect in

lymphocyte migration or homing to various organs because histopathological studies in these

mice demonstrated significant and often greater perivascular infiltration of lymphocytes when

compared to mice treated with IL-2 alone. However, HA treatment exhibited a marked increase

in IL-2-induced lymphokine-activated killer (LAK) cell activity while anti-CD44 mAbs

treatment led to a significant decrease in IL-2-induced LAK cell activity. These studies

demonstrate that HA or anti CD44 mAbs may serve as a useful tool to selectively alter the LAK

activity as well as to prevent the toxicity induced by IL-2. Altering CD44-HA interactions in

vivo may offer a novel therapeutic approach to prevent endothelial cell injury by cytotoxic

lymphocytes in a variety of clinical diseases.

INTRODUCTION

A major drawback of immunotherapy with interleukin 2 (IL-2) is development of vascular

leak syndrome (VLS). Manifestations of VLS include fluid retention, increase in body weight,
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peripheral edema, pleural and pericardial effusions, ascites, anasarca and, in severe form, signs

of pulmonary and cardiovascular failure (1).

 Studies from our laboratory and elsewhere have suggested that IL-2 induced VLS may result

from actual damage to the endothelial cells caused by cytotoxic lymphocytes (2, 3). In contrast,

some types of endothelial cell damage may result from participation of neutrophils and

complement components (4). The fact that cytotoxic T lymphocytes are involved in the induction

of VLS was demonstrated in a recent study from our laboratory in which administration of a

CTL clone into a syngeneic irradiated mouse along with IL-2 led to a significant induction of

VLS in vivo (5). Furthermore, we demonstrated that CD44 knockout (KO) mice were more

resistant to IL-2 induced apoptosis and toxicity when compared to CD44 wild-type mice (6). IL-

2 administration increased the expression of CD44 on lymphocytes activated killer (LAK) cells

which in turn bind to the endothelial cells that express hyaluronic acid (HA) and mediate

cytoxicity (6, 7).

   Endothelial cell injury is one of the most widely noted phenomenons in a variety of clinical

diseases. For example, in murine lymphocytic choriomeningitis viral infection, massive delayed-

type hypersensitivity reaction occurs in the cerebrospinal fluid. It has been speculated that virally

activated CD8+ T cells kill the endothelial cells, leading to massive extravasation of monocytes

and CD4+ T cells via the subarachnoid space (8). In multiple sclerosis, damage to the blood-brain

barrier has been known to occur after injury to the endothelial cells by cytotoxic T cells (9).

Also, in autoimmune disease models involving vasculitides, the lesions have been associated

with infiltration of lymphocytes and macrophages at the vascular wall structure (10). Similarly,

in arteriosclerosis, endothelial cell damage and inflammatory cell activation have been shown to

contribute to the further development of the cardiovascular disease (11, 12). Moreover,

endothelial cell damage by host-derived lymphocytes is known to cause allograft rejection  (13,

14). Thus identification of mechanisms by which immune cells cause endothelial cell damage

may provide useful therapeutic modalities to prevent toxicity and pathogenesis in a wide range of

clinical diseases.
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 CD44 is a family of cell surface glycoproteins with proposed functions in extracellular matrix

(ECM) binding, cell migration, lymphopoiesis, and lymphocyte homing (15). The principal

ligand of CD44 has been identified as hyaluronic acid (HA), a major component of the ECM.

CD44 has been implicated in a variety of immunological functions including T cell (7, 16) and,

B cell (17) activation and functions. We and others have also shown that CD44 can serve as a

cytotoxic-triggering molecule on CTL and NK/LAK cells (7, 18). Thus, the interaction between

CD44 expressed on cytotoxic lymphocytes and HA expressed on endothelial cells may lead to

killing of the latter cells (19).

Having demonstrated that CD44 is involved in the endothelial cell injury during IL-2

treatment (6), we tested whether admistration of HA or anti-CD44 mAbs would abrogate

endothelial cell damage and vascular leak. In the current study we report that HA and anti-CD44

mAbs have opposite effects when administered with IL-2. While anti-CD44 mAbs block IL-2

mediated VLS, HA enhances the toxicity by increasing the vascular leak. These studies have

significant clinical impact in the treatment of vascular injury.

Materials and Methods

Mice

Adult female C57BL,/6 mice were purchased from the National Institutes of' Health

(Bethesda.  MD).

Interleukins and reagents

Recombinant IL-2 was kindly provided by Hoffmann-La Roche (Nutley, NJ) and by Dr. C.

Reynolds (National Institutes of Health, Bethesda, MD). HA from human umbilical cord was

purchased from Sigma Chemical Co. (St. Louis, MO)
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Quantitation of VLS

Vascular leak was studied by measuring the extravasation of Evans blue, which when given

i.v. binds to plasma proteins, particularly albumin, and following extravasation can be detected

in various organs as described previously (6, 20).  VLS was studied by injecting IL-2 as

previously described (3, 6).  Groups of five mice were injected i.p. with 75,000 U of rIL-2 or

PBS as a control, three times a day for 3 days.  On day 4, they received one injection of IL-2 in

the morning and 2 h later, were injected i.v. with 0.1 ml of 1% Evans blue in PBS.  After 2 h, the

mice were sacrificed, and the heart was perfused with heparin in PBS.  The lungs and liver,

where maximum extravasation is known to occur, were harvested and placed in formamide at

37°C overnight.  The Evan's blue in the organs was quantitated by measuring the absorbance of

the supernatant at 650 nm with a spectrophotometer.  The VLS seen in IL-2-treated mice was

expressed as the percent increase in extravasation compared to that seen in PBS-treated controls

and was calculated as: (µg of dye in the organ of IL-2-treated mice) - (µg of dye in the organ of

PBS-treated controls)]/(µg of dye in the organ of PBS-treated control) X 100.  Each mouse was

individually analyzed for vascular leak, and the data from five mice were pooled and expressed

as the mean ± SEM percent increase in VLS in IL-2-treated mice compared with that in PBS

treated controls.

Effect of HA in IL-2 induced VLS

C57BL/6 wild-type mice were treated with IL-2 as described above along with i.p. injections

of 2mg/mouse/day of human umbilical cord HA (mol. Wt. 5-8 million Dalton , Sigma Chemical

Co. St. Louis, MO) for a period of 4 days.  The control mice received IL-2 and for a similar

duration.  On day 4, the mice were studied for the degree of VLS as described above.

Use of anti-CD44 mAbs to block VLS

C57BL/6 wild-type mice were treated with IL-2 as described above along with 500 µg of anti-

CD44 (9F3) Abs/mouse/day for a period of 4 days.  The control mice received IL-2 and 500 µg

of normal rat IgG/mouse/ day for a similar duration.  The VLS seen in these IL-2-treated mice

was studied by extravasation of the dye as described above.
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Histology

For histopathological studies, groups of five separate mice were injected with IL-2 or PBS

and treated with HA or anti-CD44 mAbs as described earlier and on day 4, lungs and liver were

fixed in 10% buffered neutral formalin solution.  The organs were processed routinely,

embedded in paraffin, sectioned, and stained with hematoxylin and eosin.  Perivascular

infiltration was scaled by counting the number of lymphocytes infiltrating the vessel and

perivascular space and averaging the minimum and maximum range for each group (3).  Three

samples were used each for lung, and the liver.

Studies on NK/LAK cells

NK/LAK activity in mice undergoing IL-2 induced VLS was studied using YAC-1 cells as

targets. Wild-type mice were injected with IL-2 or IL-2 and treatment as described previously.

On day 4, spleen cells were passed over nylon wool and non-adherent cells were tested for

cytotoxicity against 3H-labeled YAC-1 target cells.

JAM TEST

  JAM test was used to study the ability of LAK cells to induce apoptosis in tumor cells.

DNA fragmentation was assessed by labeling the target YAC-1 cells with 3H thymidine as

described by Matzinger(21) and modified in our laboratory (22). Briefly, target cells consisting

of YAC-1 Cells were labeled with 5 µCi/mL of 3H-thymidine (ICN, Irvine, CA) by incubating in

a humidified atmosphere with 5% C02 at 37°C for 6 hours.  Excess 3H-thymidine was washed

off, and 10 x 103 target cells were mixed with varying numbers of effector LAK cells in 96-well

plates (Costar, Cambridge, MA).  The plates were incubated at 37°C for 12 hours, and the cells

were harvested onto glass-fiber filters using a semiautomatic cell harvester.  The filters were

dried and added to liquid scintillation fluid, and radioactivity was counted in a beta counter (Tm

analytical).
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The mean percentage of DNA fragmentation was calculated from triplicate culture using the

following formula: % DNA fragmentation = (S - E)/S x 100, where S is retained DNA in the

absence of killers (spontaneous) and E is experimentally retained DNA in the presence of killers.

Statistical analysis

The VLS data in different strains of mice were compared using Student’s t test, and p < 0.05

was considered statistically significant.
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Results

The effect of HA on IL-2 induced VLS

To investigate the effect of HA on IL-2 induced VLS, groups of five C57BL/6 adult mice

were injected intraperitoneally with 75,000 U IL-2 or PBS as a control, three times a day for 4

days. In addition to IL-2, one group received one injection of hyaluronic acid (2mg/day for four

days). Two hours after the last injection, on the fourth day, all mice were injected with 0.1ml of

1% Evans blue dye in PBS, and the VLS was studied by determining the extravasation of evans

blue in the lungs and livers.

Fig.1A shows a representative experiment in which the wild-type (BL/6) mice displayed

significant VLS following IL-2 (75000 U) administration in the lungs and liver when compared

with the PBS-treated group.  However, in the HA+ IL-2 treated group, there was a statistically

significant increase in VLS in the lungs and livers when compared to the group treated with IL-2

alone. Similar results were observed with a lower dose of IL-2 (10,000 U) (Fig.1B). These

experiments were repeated three times with consistent results.  These data suggested that HA

aggravates IL-2 induced VLS in the lungs and liver.

Effect of mAbs against CD44 on IL-2 induced VLS

To investigate the effect of anti-CD44 mAbs on IL-2 induced VLS, groups of five C57BL/6

adult mice were injected intraperitoneally with 75,000 U IL-2 , three times a day for 4 days. In

addition to IL-2, these mice received injections of anti-CD44 mAbs  (500 ug /day for four days)

or the control antibodies consisting of similar concentrations of normal rat IgG. Two hours after

the last injection, on the fourth day, all mice were injected with 0.1ml of 1% Evans blue dye in

PBS, and the VLS was studied by determining the extravasation of Evans blue in the lungs and

livers.  As shown in Fig. 2A, injection of mAbs against CD44 significantly inhibited VLS in the

lungs and liver when compared to the VLS induced in mice injected with IL-2 + control Abs.

The inhibition caused by anti-CD44 mAbs in VLS was also noted with a lower dose of IL-2
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(10000U) as shown in Fig.2B.  These data suggested that anti-CD44 mAbs served as CD44

antagonist capable of blocking IL-2 induced VLS.

Histopathological studies in organs exhibiting VLS

Inasmuch as CD44 is involved in lymphocyte homing to organs, histopathologic studies were

conducted to investigate whether the decrease or the increase in VLS was due to the changes in

the ability of lymphocytes to migrate to the lungs and liver.  Mice were injected with PBS or IL-

2 in addition to the treatments with HA or anti-CD44 mAbs, as described in Fig.1 and 2

respectively. On day 4, the organs were harvested and processed for histopathological analysis

following staining with hematoxylin and eosin.

The PBS treated mice, the HA alone treated mice and the anti-CD44 mAbs treated mice did

not exhibit any perivascular lymphocytic infiltration in the lungs and liver (Fig. 3).  In contrast,

treatment with IL-2 alone at 10,000U (Fig. 4A, 5A) or 75,000U (Fig. 4B, 5B) caused significant

perivascular lymphocytic infiltration and increased edema in the lungs (Fig. 4A, B) as well as in

the liver (Fig. 5A, B), consistent with earlier studies (6). When HA was administered along with

10,000U of IL-2 (Fig. 4C, Fig. 5C) or 75,000U of IL-2 ( Fig. 4D, Fig. 5D), there was a marked

increase in the perivascular infiltration and edema in both the lungs (Fig. 4C, D) and the liver

(Fig. 5C, D).



38

A

0

50

100

150

200

Lung Liver
%

 In
cr

ea
se

 in
 V

L
S

IL-2

IL-2 + HA

B

0

20

40

60

80

100

Lung Liver

%
 In

cr
ea

se
 in

 V
L

S

IL-2

IL-2 + HA

FIGURE 1. Increased VLS in IL-2 treated mice following HA administration.  Groups of five C57BL/6 wild-type
mice were injected i.p. with 75,000 U of IL-2 alone three times daily for 3 days and once on day 4 or IL-2 and  2 mg
HA/mouse/day for 4 days (A). The control mice received PBS alone for a similar duration. Two hours later the mice
were injected with 1 % Evans blue, and VLS was studied by determining the extravasation of Evans blue dye in the
lungs and liver. B shows a similar experiment, except that the mice were treated with low dose of IL-2 (10,000U).
vertical bars represent the percent increase in VLS ± SEM seen following IL-2 alone or IL-2 and HA treatment
when compared to that seen in the PBS-treated controls as described in Materials and Methods.
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FIGURE 2. Effects of administration of mAbs against CD44 on VLS induction in wild-type mice.  In A, groups of
five C57BL/6  mice were injected with IL-2 (75,000 U) as described in Fig. 1. The IL-2 injected mice in addition
received 500 µg of anti-CD44 mAbs or normal rat IgG mouse/day for 4 days. Panel B shows a similar experiment,
except that the mice were treated with low dose of IL-2 (10,000 U) along with 500µg of anti-CD44 mAbs or normal
rat IgG /mouse/day for 4 days.  The VLS was determined as described in Fig. 1.
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   In contrast, administration of anti-CD44 mAbs along with 10,000U of IL-2 (Fig. 4E,

Fig.5E) or 75,000U of IL-2 (Fig. 4F, Fig. 5F) caused similar levels of perivascular infiltration as

mice treated with IL-2 alone. However, the anti-CD44 mAb + IL-2 treated groups had

significantly less edema therefore less toxicity both in the lungs (Fig. 4E, F) and liver (Fig. 5E,

F). The degree of infiltration was also measured by counting the number of lymphocytes

infiltrating each vessel and averaging the range for each group (Table 1).  These results showed

that HA + IL-2 treated mice had higher levels of perivascular infiltration and increase in edema

than mice treated with IL-2 (75,0000U) alone. In contrast, treatment with anti-CD44 mAbs + IL-

2 (75,000U) caused similar levels of perivascular infiltration as the mice treated with IL-2

(75,000U) alone. Together these data suggested that HA increases the VLS caused by IL-2

whereas anti-CD44 mAbs decrease the VLS.

LAK activity in mice undergoing VLS

To test the effect of HA or anti-CD44 mAb treatment on IL-2 induced LAK cytotoxicity and

to further corroborate the results noted in previous experiments, splenic T cells collected from

HA or anti-CD44 mAb treated mice undergoing IL-2 induced VLS were tested for cytolytic

activity against YAC-1 tumor targets. The data shown in Fig 6(A) indicated that PBS treated

mice exhibited spontaneous cytotoxicity against YAC-1 targets. This spontaneous cytotoxicity

was not altered when mice were injected with HA (Fig 6A).  After IL-2 administration, the mice

exhibited a significant increase in LAK activity (Fig. 6B). Furthermore, IL-2 + HA treatment led

to a significant increase in LAK cytotoxicity against YAC-1 targets when compared to treatment

with IL-2 alone. Similar results were noted using lower doses of IL-2 (10,000U) (Fig 6 C). In

contrast to treatment with HA, anti-CD44 mAbs treatment in IL-2 injected mice caused a

significant decrease in LAK cytotoxicity when compared to mice treated with IL-2 alone (Fig.

7B).
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Figure 3. Histopathologic studies on lungs and livers in mice. No edema or cellularity (lymphocytes) can be seen in
perivascular space in Lungs or liver from mice treated with PBS (A, B respectively) or HA alone (C, D) or anti-
CD44 mAbs alone (E, F). Lungs and livers were harvested and preserved in 10% formalin solution. Sections were

stained with hematoxylin and eosin. The sections were viewed at ×250 and representative images were captured as
shown.
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Figure 4. Histopathologic studies on lungs in mice. Edema and mild cellularity (lamphocytes) can be seen in
perivascular space in Lungs from mice treated with IL-2 (10,000U) alone (A) or IL-2 (75,000U) alone (B) and, to a
higher extent, in lungs from mice treated with IL-2 (10,000U) and HA (C) or IL-2 (75,000U) and HA (D). In
contrast, little or no edema and mild cellularity can be seen in perivascular space in lungs from mice treated with IL-
2 (10,000U) and 9F3 mAbs (E) or IL-2 (75,000U) and 9F3 mAbs (F).  Lungs were harvested and preserved in 10%

formalin solution. Sections were stained with hematoxylin and eosin. The sections were viewed at ×250 and
representative images were captured as shown. Perivascular infiltration, consisting mostly of lymphocytes, and
expansion of the perivascular space is indicated by arrows.
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Figure 5. Histopathologic studies on liver in mice. Livers from mice treated with IL-2 (10,000U)alone (A)
or IL-2 (10,000U) and HA (C) , IL-2 (10,000U) and 9F3 mAbs (E) , IL-2 (75,000U) alone (B) ,  IL-2
(75,000U) and HA (D),or IL-2 (75,000U) and 9F3 mAbs (F) were harvested and preserved in 10% formalin

solution. Sections were stained with hematoxylin and eosin. The sections were viewed at ×250 and
representative images were captured as shown. Perivascular infiltratration, consisting mostly of
lymphocytes, is indicated by arrows
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Table 1. Perivascular infiltration of lymphocytes in wild-type mice treated with IL-2 alone or IL-2 + HA or IL-2 + anti-CD44
mAbs .

Treatmenta

       Organ IL-2 alone        IL-2 + HA                IL-2 + anti-CD44 mAbs

        Lungb 3.06 ± 0.34    * 7.94  ± 0.44                                 3.65 ± 0.28

  Liverb    2.70 ± 0.23    * 4.12  ± 0.37                                 2.53 ± 0.22

aMice were injected with IL-2 (75000U) to induce VLS or IL-2 and HA or anti-CD44 mAbs and the organs were processed
for histopathological studies as described in Materials and Methods.
 The perivascular infiltration was measured by counting the number of lymphocytes infiltrating each vessel.

   b The number of lymphocytes infiltrating a venule.  The data represent the mean ± SEM obtained from three samples per
mouse (three mice were analyzed each organ). Asterix shows statistically significant difference when compared to the controls.
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 Similar results were seen using lower doses of IL-2 (10,000U) (Fig. 7C). Together these data

suggested treatment of IL-2 administered mice with HA caused an enhancement in LAK activity

while treatment with anti-CD44 mAbs caused a significant decrease in cytotoxic activity. These

data are consistent with increased and decreased VLS induced by HA and anti-CD44 mAbs

respectively in the lungs and liver.
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Figure 7. In panel A, mice injected with PBS alone or HA alone, were tested for NK activity against YAC-1. In panel
B, mice were injected with IL-2 alone (75,000U) or IL-2 +HA as described in Fig 2. Panel C is identical to panel B
except that lower concentrations (10,000U) of IL-2 were used. On day four, the LAK activity was tested against YAC-
1 targets. The data indicate mean percent cytotoxicity of triplicate cultures ± SEM.
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Figure 7. In panel A, mice were injected with anti-CD44 mAbs or rat IgG as described in Fig 2 and tested for NK
activity against YAC-1 targets. In panel B, mice were injected with IL-2 (75,000U) + anti-CD44 mAbs or IL-2 + rat
IgG as described in Fig 2. Panel C is identical to panel B except that lower dose of IL-2 (10,000U) was used. The
data indicate mean percent cytotoxicity of triplicate cultures ± SEM.
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Discussion

Administration of IL-2, although promising in the treatment of certain types of cancer,

triggers severe side effects in patients who develop a capillary leak syndrome resulting in

anasarca and multiorgan system dysfunction (23,24). Previous studies from our laboratory have

suggested that CD44 is actively involved in the induction of VLS by IL-2 (6). The principal

ligand of CD44 has been identified as hyaluronic acid (HA), a major component of the ECM. In

the current study we therefore tested whether administration of HA would suppress the VLS.

Contrary to our belief, we observed that IL-2-induced VLS in the lungs and liver was markedly

increased following HA treatment when compared to treatment with IL-2 alone.  Furthermore,

histopathological studies demonstrated that HA-treated mice exhibited more perivascular

lymphocytic infiltration and increased edema in the lungs and livers. Also, IL-2 +HA treated

mice exhibited increased LAK activity when compared to IL-2 alone treated groups. Others and

we have shown that activated CTL, NK cells from wild-type mice, and double-negative T cells

found in mice with the lpr mutation mediate efficient lysis of target cells when activated through

CD44 (7, 18).  Inasmuch as, endothelial cells express the ligands for CD44, it is likely that

dysregulated interaction between cytotoxic lymphocytes and endothelial cells can cause

endothelial cell lysis.  IL-2 treatment activates the LAK cells to express higher levels of perforin

and Fas ligand as well as CD44, which may account for their ability to migrate to various organs

and cause endothelial cell lysis (3, 25). The current study suggests that HA acts as agonist and

activates the LAK cells to mediate increased lysis of the target cells. The fact that treatment with

HA enhanced the cytotoxicity of NK/LAK cells from IL-2 injected but not from those mice that

did not receive IL-2, suggests that HA can influence only activated but not naïve NK/LAK cells.

The exact mechanism by which HA increases the cytolytic activity of LAK cells and causes

increased VLS is not clear. Previous studies presented evidence that the binding of low

molecular weight fragments of HA to alveolar macrophages via CD44 elicits the expression of a

number of pro-inflammatory chemokines (26). These observations extend earlier findings

showing that HA fragments are capable of activating NF- B (27) and induce the expression of

insulin-like growth factor-1 by murine macrophages (28). These studies have significant impact
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on the biological activity of HA fragments. Moreover, the role of HA in autoimmune diseases

has also been studied. It was shown that HA fragments are present at abnormally high levels in

the joints of patients with rheumatoid arthritis (RA) and in other inflammatory conditions (29,

30). These HA fragments are thought to arise primarily as a result of activated leukocyte driven

extracellular matrix degradation at sites of inflammation and their presence has been proposed as

a biological marker of disease. The second observation is that HA fragments but not HA

polymers have angiogenic activity, a process which has been proposed to play a key role in the

maintenance and progression of RA and other chronic inflammatory diseases (31). Studies have

suggested (27, 28) that the high levels of HA fragments found in inflamed tissues bind to

leukocytes and other CD44 expressing cells and trigger a cascade of signaling events which are

involved in maintaining and/or amplifying the inflammatory response. It is of interest to note that

the biological activities elicited by the HA fragments may vary based on their size. For example,

while high molecular weight HA polymers are components of extracellular matrix and a substrate

for CD44 mediated cell adhesion, processed lower molecular weight HA fragments may serve as

signaling molecules (32). It should be noted that in the current study we used high molecular

weight HA with a molecular weight of 5 to 8 million Da. In contrast, low molecular weight HA

had no significant effects on IL-2 induced VLS (data not shown).

In contrast to HA, in the current study, we noted that Abs against CD44 acted as antagonist,

thereby blocking IL-2 induced VLS.  We noted a significant inhibition of VLS in the lungs and

liver caused by anti-CD44 mAbs when compared to the controls. Interestingly, the inhibition was

not due to the inability of the lymphocytes to migrate to the lungs and liver but may have

resulted from decrease in LAK activity. This conclusion was supported by histological studies

and cytotoxicity. The decreased VLS seen following anti-CD44 mAbs treatment correlated with

a significant decreased in edema in the lungs and livers as seen from histological studies.

A number of studies have shown that treatment of T cells with antibodies specific for CD44 in

conjunction with other activation signals can result in either enhancement or inhibition of

lymphocyte response. Recent reports have described the effects of an antibody specific (IM7) for

CD44 that has beneficial effects in two murine models of autoimmune disease. Both
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experimental allergic encephalomyelitis (EAE) and collagen-induced arthritis were ameliorated

by treatment with anti-CD44 mAbs (33, 34). In contrast, the same antibodies failed to prevent

infiltration of T cells in the thyroid and in fact exacerbated experimental autoimmune thyroiditis

(35).

These studies together suggest that antibodies to CD44 may play varying roles in terms of

their ability to prevent lymphocyte homing and activation. This effect may be further

complicated by the fact that CD44 is expressed in a variety of isoforms and the binding of the

Abs to specific sites on CD44 may determine their ability to act as agonist/antigonist in

lymphocyte homing and activation. It is interesting to note that anti-CD44 mAbs or CD44-

receptor globulins have been shown to prevent the growth and metastasis of melanomas (36).

These studies combined with the data presented in the current research suggest that combination

therapy with IL-2 and anti-CD44 mAbs may greatly benefit tumor immunotherapy by reducing

IL-2 induced toxicity and preventing tumor metastasis. Such a possibility is currently being

tested in a murine melanoma model in our laboratory.
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ABBREVIATIONS

CTL, cytotoxic T lymphocytes; ECM, extracelfular matrix; HA, hyaluronic acid; IL-2,

interleukin-2; KO, knockout; LAK cell, lymphokine-activated killer cell. mAb,  monoclonal

antibody; NK, natural killer; TCR, T cell receptor; VLS, vascular leak syndrome.
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