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Chapter 1: Introduction and Background 

Section 1: Multiple sclerosis: an autoimmune disorder affecting the nervous system 

Multiple sclerosis (MS) is an autoimmune disease named for the characteristic multiple 

scars (sclera) caused by destruction of nerve-insulating myelin in the central nervous 

system. The loss of myelin around neuronal axons interrupts the saltatory conduction of 

the electrical signal necessary for normal neurological function. The eventual failure to 

replace damaged myelin coupled with inflammation-related axonal pathology leads to 

accumulated neurological disability (Hogan et al. 1995; Sim et al. 2002; Wujek et al. 

2002). Symptoms can include vision problems, pain, numbness, loss of balance, bladder 

and bowel dysfunction, muscle weakness, spasticity and paralysis. 

MS is one of the most common neurological diseases. An estimated 400,000 persons in 

the United States are living with MS, and approximately 2 million are living with the 

disease worldwide (National MS Society Sourcebook Online). Prevalence is much 

greater in areas above the 40th parallel than in lower latitudes, leading to the hypothesis 

that lower exposure to sunlight and lower vitamin D synthesis results in higher incidence 

ofMS (Brown 2006). More Caucasians, particularly those of northern European ancestry, 

suffer from MS than other ethnic groups. 

MS is two to three times more common in women than in men, similar to the gender bias 

of other autoimmune diseases. Most persons diagnosed with MS are between the ages of 

20 and 50, although some cases are diagnosed in young children and in older adults. An 
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individual's genetic background is thought to affect whether he or she will be susceptible 

to MS. Genes influencing susceptibility are believed to be linked to those of the major 

histocompatibility complex, which control antigen presentation to T cells (Gran and 

Rostami 2001). But the fact that the monozygotic twin of an MS patient has only a 1 in 4 

chance of developing the disease shows that genetic background is probably not the only 

factor influencing susceptibility (National MS Society Sourcebook Online). 

Etiology of MS 

The cause ofMS remains a mystery. There is ongoing debate as to whether the 

neuroinflammatory reaction is necessarily in response to antigen recognition in the 

immune system or in some cases could be initiated by events within the CNS itself. The 

immune-initiated disease hypothesis postulates that autoreactive T cells generated in the 

systemic compartment invade the CNS and induce an inflammatory cascade that injures 

previously normal neural tissues. This explanation has long been favored, and the 

induction of disease in the animal model for MS, experimental autoimmune 

encephalomyelitis (EAE), supports this hypothesis. EAE can be induced in na"ive animals 

by systemic immunization with neural auto-antigens or by transfer of CD4+ T cells 

reactive to neural antigens into a na"ive host (Zamvil et al. 1985; Owens et al. 2001 ). 

In contrast, the neural-initiated disease hypothesis postulates that lethal changes in neural 

cells, specifically the myelin-producing oligodendrocytes, could be the starting point of 

MS disease development. According to this model, in response to as-yet-unidentified 

insults, such as a virus, reactivated exogenous retrovirus, or intrinsic abnormalities, 
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oligodendrocytes undergo apoptosis and over time fail to be replaced. A precipitating 

oligodendrocyte injury could result in recruitment of an innate (microglia) and then 

adaptive (lymphocyte) immune response (Barnett and Prineas 2004; Prat and An tel 

2005). An example of disease possibly caused by this sequence of events is Theiler 

murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD), a chronic 

inflammatory demyelinating disease caused by a virus of the same name. Still, 

progression of this disease requires activation ofT cells to endogenous myelin epitopes 

(McMahon et al. 2005). 

It is generally hypothesized that an environmental trigger coupled with genetic 

susceptibility determines who falls prey to MS or similiar autoimmune diseases such as 

type I diabetes. The environmental trigger may be a viral infection, which could sensitize 

the immune system by inducing cross-reactivity to a virus-derived peptide(s) bearing 

similarity to myelin epitopes, a phenomenon known as molecular mimicry. The 

precipitating infection could occur years or even decades before the onset of autoimmune 

disease. Substantiating the argument that molecular mimicry occurs in vivo, Hemmer and 

co-workers showed, using synthetic peptide combinatorial libraries, that there is 

considerable flexibility and degeneracy in antigen recognition by the T cell receptor 

(Hemmer et al. 1997). They identified foreign antigen-derived ligands that can activate 

myelin-reactive T cells with much higher potency than myelin peptides themselves. If 

molecular mimicry is a common occurrence, as these results suggest, it appears that other 

factors, such as decreased costimulation requirements of autoreactive T cells, must be 

present for the induction of autoimmune disease (Gran et al. 1999; Hemmer et al. 1999). 



Somewhat reminiscent of molecular mimicry, epitope spreading occurs when T cells 

become reactive to epitopes distinct from and non-crossreactive with the disease-inducing . 

epitope (Vanderlugt and Miller 2002). This diversification ofT cell reactivity has been 

observed in relapsing forms ofEAE (R-EAE) (Lehmann et al. 1992; McRae et al. 1995; 

Yu et al. 1996; Vanderlugt et al. 2000) and in TMEV-IDD (Miller et al. 1997) as well as 

in individuals with MS (Tuohy et al. 1999). Indeed, T cells that have become reactive 

through epitope spreading have been shown to be the major functional cause of disease 

progression in R-EAE and TMEV-IDD (McRae et al. 1995; Tuohy et al. 1999; 

Vanderlugt et al. 2000; Neville et al. 2002). 

T cells which have become reactive to myelin via molecular mimicry, epitope spreading 

or an unidentified mechanism circulate through the CNS, and, finding their cognate 

antigen, proliferate and cause an autoimmune inflammatory response. While myelin­

reactive T cells are found at similar frequencies in the peripheral blood of MS patients 

and healthy individuals, myelin-reactive T cells from MS patients exhibit a memory or 

activated phenotype, while in healthy individuals they display a naive phenotype (Zhang 

et al. 1994; Lovett-Racke et al. 1998; Scholz et al. 1998). There are substantial 

differences in the cytokines secreted and the specific chemokine receptors expressed by 

cells from the two groups, indicating that myelin-reactive T cells from MS patients are 

relatively more inflammatory (Crawford et al. 2004; Kivisakk et al. 2004). 
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Section 2: Infiltration of CD4+ T cells and the Production of Proinjlammatory 

Cytokines are Important Early Events in MS Pathology 

The commonly held view of the progression ofMS begins with one or more CD4+ T 

cells recognizing a myelin epitope as a foreign, rather than self, antigen and becoming 

activated, leading to clonal expansion ofT cells ready to mount an attack against myelin 

(Martin and McFarland 1995; Frohman et al. 2006). This population ofT cells 

upregulates their expression of cell-surface adhesion molecules, which allows them more 

efficient passage out of the vasculature through the endothelial layer into the CNS 

parenchyma (Gran and Rostami 2001). Once inside the CNS, the T cells must re­

encounter their cognate antigen in order to recognize their target. The myelin antigen is 

presented to the primed T cells via CNS-resident microglia, astrocytes, or by vessel­

associated CD209+ dendritic cells, as shown by in vivo studies in mice (Gran and 

Rostami 2001; Greter et al. 2005; Heppner et al. 2005; McMahon et al. 2005). 

Following CNS infilitration and reactivation, CD4+ T cells flood the microenvironment 

with increased levels of pro inflammatory cytokines and chemokines. These soluble 

mediators recruit other effector cells such as lymphocytes and monocytes/macrophages in 

addition to doing direct damage to myelin. Reactive T cells also cause myelin damage by 

production of reactive oxygen species and nitric oxide (Gran and Rostami 2001). Other 

effector cells include CD8+ T cells and B cells which increase their production of 

proinflammatory cytokines in response to activation. Proliferating B cells produce 
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myelin-specific antibodies, augmenting myelin destruction. (Genain et al. 1999; Raine et 

al. 1999). 

CD4+ T cells are considered to be the primary mediators of MS and EAE. Experiments 

in EAE mice have shown that when encephalitogenic CD4+ T cells were blocked from 

entering the CNS the disease was suppressed (Yan et al. 2003). CD4+ T cells comprise 

two major functional subsets, T-helper type 1 (Thl) and T-helper type 2 (Th2). Thl cells 

are distinguished by their production of pro inflammatory cytokines such as interleukin 

(IL)-2, osteopontin, interferon-y (IFNy), and tumor necrosis factor-a (TNFa) (Mosmann 

et al. 1986; Coffman et al. 1991; Weber et al. 1996; Denhardt et al. 2001) (see Table 1). 

They mediate delayed type hypersensitivity reactions and macrophage activation 

(Murphy and Reiner 2002). Th2 cells produce anti-inflammatory, or immunoregulatory, 

cytokines such as IL-4, IL-5, and IL-13 and induce the production ofnoncomplement­

fixing antibodies as well as contribute to eosinophilic inflammation and allergic 

reactions. IL-l 0 is produced by Th2 cells in mice and by both Th 1 and Th2 cells in 

humans (Farrar et al. 2002). 
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Table 1: Major Actions of Selected Proinflammatory Cytokines 

Cytokine Source Effects 
IL-2 Naive Thlcells Stimulates proliferation ofT and 

some CD8+ T cells 8 cells 
Activates natural killer (NK) 
cells 

TNFa Thl cells (some Th2 and Local inflammation 
cytotoxic T lymphocytes) Endothelial cell activation 
Neutrophils Activates macrophages, induces 
8 cells NO production 
Macrophage Chemotaxis 
Dendritic cells Induces oligodendrocyte 
NK cells apoptosis 
Astrocytes 
Endothelial cells 

IFNy Thl cells Cell-mediated immune 
CTL responses to intracellular 

pathogens 
Activates of macrophages 
Induces nitric oxide synthase 
Terminal differentiation of Th I 
cells 

osteopontin Thl cells Costimulates T cell proliferation 
Macrophages Enhances IL-12 and IFNg 

promotes Thl differentiation 
IL-12 Macrophages Drives Th I differentiation 

Dendritic cells T cell expansion and 
proliferation 
IFNy production 
Activates NK cells 

IL-17 Th1L_ 17 cells (CD4+ memory cells) T cell costimulation 
Proliferation, maturation, 
chemotaxis of neutrophils 
Induction of pro inflammatory 
cytokines 

IL-23 Dendritic cells Proliferation of memory T cells 
Macrophages lFNy production 
T cells Induction of Th1L-I 1 cells 
8 cells 
Endothelial cells 

IL-27 Monocytes T cell expansion and 
Macrophages proliferation 
Dendritic cells Induces IL-12R 

lFNy production 
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A new subset ofTh cells named Th1L-I? cells, possibly distinct from either Th1 or Th2 

subsets, was recently described by Langrish et a/ (2005). The origin of these CD4+ T 

cells is unclear, but they can be generated by isolating T cells from EAE-susceptible SJL 

mice immunized with an encephalitogenic peptide and culturing them with IL-23. The 

authors of the study consider them to be a unique Th subset due to their production of IL-

17, IL-17F, IL-6, TNF a and low levels of IFNy (Langrish et al. 2005). It should be 

noted, however, that these cells continue to produce low levels ofiFNy, a hallmark 

cytokine of the Th 1 subset. 

The cytokine profile of myelin-specific T cells determines the ability of these cells to 

cause inflammation. Naive T cells differentiate into Th1 or Th2 effector cells upon 

recognition of antigen, and the relative size of the Th1 population versus the Th2 

population is a critical modulator of the immune response (Romagnani 1996; D'Elios and 

Del Prete 1998). The factors which drive naive T cells towards either Th 1- or Th2-

dominated populations include the type and amount of antigen, as well as the density and 

affinity of the peptide ligand, the nature of the antigen-presenting cells and their 

costimulants, the circulating hormones in the microenvironment, and, most importantly, 

the cytokines present in the cellular milieu at the time the naive T cell encounters its 

antigen (Romagnani 1996; D'Elios and Del Prete 1998; O'Garra 1998; O'Garra et al. 

1998; Kang and Kim 2006). IL-12 is known to be critical for differentiation of cells 

toward the Th 1 subtype and the initiation of cell-mediated responses (Dec ken et al. 

1998). The more recently-discovered cytokines IL-23 and IL-27 are closely structurally 
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related to IL-12 and share its functions of IFNy production and promotion ofT cell 

expansion (Oppmann et al. 2000; Pflanz et al. 2002). 

The Proinjlammatory Cytokines TNFa and IFNy Play Major Roles in MS and EAE 

Multiple sclerosis, like other organ-specific autoimmune diseases, is thought to be 

mediated by Thl cells (Ando et al. 1989; Simonet al. 1994; Steinman 2001; Pedotti et al. 

2003; Steinman and Zamvil2003), which produce IFNy and TNFa. There is convincing 

evidence of the involvement of these proinflammatory cytokines in the pathology ofMS 

and EAE. TNFa expression promotes T cell adhesion to the vascular endothelium and 

subsequent extravasation, as well as activation of macrophages and production of another · 

proinflammatory cytokine, IL-l (Kieseier et al. 2005). TNFa has been shown to be 

present in MS lesions and to cause damage in vitro to myelin and oligodendrocytes 

(Selmaj and Raine 1988; Selmaj and Raine 1988; Cannella and Raine 1995; Akassoglou 

et al. 1998; Bitsch et al. 1998; Raine et al. 1998). Patients with active MS show a 

correlation in TNFa levels and blood-brain barrier damage (Sharief et al. 1993). 

Transgenic TNFa-overexpressing mice display spontaneous inflammatory demyelination 

and increased severity ofEAE induced by immunization (Gran and Rostami 2001). 

Knockout models have shown that TNF-receptor I (TNFRl) signaling is critical for 

demyelination, although CNS inflammation can develop without TNFRl expression 

(Probert et al. 2000). 
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In contrast, some protective effects ofTNFa have been observed. TNFa and TNF 

receptor knockout mice show increased susceptibility to CNS inflammation and tissue 

injury. TNFRI knockout mice displayed a very severe form ofMOG-induced EAE 

(Probert et al. 2000). Disease resolution involving TNFa and its receptors (TNFRland 

TNFRII) is likely due to the induction of activation-induced cell death (AICD) in 

infiltrating T cells when TNFa binds to either of these receptors (Segal and Cross 2000; 

Zipp 2000), thereby reducing inflammation. 

The pathogenic effect of IFNy is largely due to its role in driving nai"ve T cells toward 

Thl differentiation by signaling through signal transducer of activated T cells (STAT-1), 

which in tum activates the T -box transcription factor T -bet, the key inducer of IFNy and 

Th1 cell differentiation (Afkarian et al. 2002; Neurath et al. 2002). IFNy is also a 

powerful inducer of nitric oxide synthase 2 (NOS2) expression, resulting in high levels of 

nitric oxide production by macrophages, astrocytes, and other cell types. Expression of 

NOS2 correlates with EAE disease activity and severity (Cross et al. 1994; Okuda et al. 

1995). In addition, both IFNy and TNFa have been shown to cause cell death in human 

oligodendrocyte cell lines by altering their gene expression (Selmaj and Raine 1988). 

Blood levels of IFNy are elevated in MS patients (Balashov et al. 1997; Becher et al. 

1999) and T cell clones from the cerebral spinal fluid of MS patients express higher 

levels ofiFNy than controls (Wolinsky et al. 2003). Treatment of relapsing-remitting MS 

patients with IFNy led to disease exacerbation, significant increases in the proliferative 

responses of peripheral blood leukocytes· and in natural killer cell activity against myelin. 

The conclusion from that study was that IFNy was unsuitable for use as a therapeutic 
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agent in MS and agents that specifically inhibit IFNy should be investigated (Panitch et 

al. 1987). 

On the other hand, Chu and coworkers found that IFNy-deficient mice were unable to 

suppress the expansion of the activated CD4+ T cell population and therefore had more 

severe EAE (Chu et al. 2000). Lack of IFNy not only worsened disease but permitted 

disease development in otherwise resistant mouse strains (Billiau et al. 1988; Willenborg 

et al. 1999). IL-12 is considered a critical cytokine for induction of IFNy and Th 1 

differentiation, yet IL-12 knockout mice are unusually susceptible to EAE (Becher et al. 

2003; Cua et al. 2003; Zhang et al. 2003). These data may suggest that a moderate level 

ofiFNy is protective in some way, or it may lend credence to the idea that the Thl/Th2 

paradigm does not neatly fit EAE and that the Th1L_ 17 population mentioned above is more 

important for the development of EAE. It may also highlight differences in EAE models 

and the human disease, MS. 

Demyelinated plaques develop as a result ofCNS inflammation, leading to axon loss 

and irreversible disability 

The intense perivascular infiltration of the CNS by activated T and B cells, neutrophils, 

monocytes and macrophages and their high levels of production of inflammatory 

mediators result in the demyelinated plaques characteristic of MS and EAE. Acute 

lesions show indistinct margins, indicating ongoing demyelination and the presence of 

many lymphocytes. Hypercellularity, myelin-laden macrophages, parenchymal edema, 
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degenerating axons and loss of myelin and oligodendrocytes are noted (Traugott et al. 

1981 ). Remyelination is seen occasionally (Prineas et al. 1993). Astrocytes become 

hypertropic but at this point there is little or no astroglial scarring (Frohman et al. 2006) 

(Figure 1a). 

Lesions of chronic active multiple sclerosis display hypocellular centers with naked 

(demyelinated) axons embedded in a matrix of fibrotic astrocytes known as the "glial 

scar." There are a few infiltrating leukocytes and virtually no oligodendrocytes. 

Inflammatory mediators, particularly TNFa, concentrated in MS and EAE lesions are 

toxic to oligodendrocytes and cause them to undergo apoptosis (Selmaj and Raine 1988; 

Selmaj and Raine 1988). Numerous macrophages are present, filled with lipids derived 

from phagocytosed myelin (Prineas and Graham 1981) (Figure 1 b). 
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Figure 1: Acute and chronic EAE or MS lesions. The acute lesion (a) shows numerous 
infiltrating lymphocytes (CD4+ T cells, B cells, NK cells). Some axons (shown in cross­
section) have lost their myelin sheath. Macrophages show phagocytosed myelin. 
Reactive astrocytes are hypertrophic. The chronic lesion (b) shows only a few infiltrating 
lymphocytes, all surviving axons have lost their myelin sheaths, and phagocytosed 
myelin is seen inside macrophages. Proliferative, hypertrophic astrocytes have formed a -
dense glial scar. 



Remyelination, while not as apparent as in acute MS and EAE lesions, is sometimes seen 

at the edges of chronic lesions, in areas termed "shadow plaques" (Frohman et al 2006). 

Remyelination in both types of lesions is likely mediated by oligodendrocyte precursor 

cells (OPCs) which are recruited to the lesion, mature and replace apoptotic 

oligodendrocytes (Scolding et al. 1998; Wolswijk 2000). While oligodendrocyte birth is 

nearly complete in the post-natal period, OPCs continue to be born throughout life and 

proliferate after CNS injury (Homer et al. 2000). 

Cells of the oligodendrocytes lineage differentiate through distinct phenotypic stages, 

which have been identified both in vivo and in vitro based on the expression of specific 

antigenic markers and the ability or inability to proliferate and migrate. The terms 

designating the early stages are used somewhat interchangeably, making it more precise 

to refer to the markers espressed by these cells (only a few selected markers will be 

discussed here). Early oligodendrocyte precursors derive from nestin-positive 

neuroepithelial stem cells of the ventricular zones during development and persist into 

adulthood (Baumann and Pham-Dinh 2001). These cells are migratory and mitotic, and 

express platelet-derived growth factor receptor-a (PDGFR-a), in addition to nestin and 

other earlier-stage markers. Oligodendrocyte progenitors continue to produce nestin and 

can be identified using the monoclonal antibody A2B5, which recognizes several 

gangliosides. They begin to extend processes and assume a bipolar morphology. 

Preoligodendrocytes show immunoreactivity to the monoclonal antibody 04, as well as 

retaining expression of earlier markers, with the exception of nestin (McDonald and 

Belegu 2006). They are more arborized than cells in the progenitor stage. Immature, 
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premyelinating oligodendrocytes are no longer mitotic or migratory, and begin to express 

RIP antigen, an unknown cytosolic epitope on oligodendrocytes. They are also positive 

for staining with 01, a monoclonal antibody that recognizes galactocerebrosides. While 

they are nearly fully arborized, they do not yet myelinate nearby axons. Mature, 

myelinating oligodendrocytes are commonly identified using antibodies to myelin 

component proteins, such as myelin basic protein (MBP), proteolipid protein (PLP), and 

myelin-associated glycoprotein (MAG) (Baumann and Pham-Dinh 2001, McDonald and 

Belegu 2006) and have many processes which myelinate nearby axons (Figure 2). 

Oligodendrocyte 
Precursor Cell 

Nest in 
PDGRFa 

\ 

Oligodendrocyte 
Progenitor Cell 

A2BS 
PDGRFa 
Nestin 

Pre-Oligodendrocyte 

A285 
PDGRFa 
04 

Terminally Mature 
Oligodendrocyte 

0 1 
RIP 
MBP 
PLP 
MAG 

Non-Myelinating Mature 
Oligodendrocyte 

01 
RJP 

Figure 2. Morphologic changes and differential expression of antigenic markers 
characterize progression of the oligodendrocyte lineage from oligodendrocyte precursor 
cells to terminally differentiated, myelinating oligodendrocytes. Only a few selected 
antigenic markers are shown (adapted from McDonald and Belegu, 2006).0 
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While remyelination continues for a time after onset of disease or injury, it eventually 

fails, possibly due to the inhibition of oliogodendrocyte precursor maturation into 

myelinating cells (Back et al. 2005; Frohman et al. 2006). A number of anti­

differentiation molecules are contained within the gliotic scar, including Nogo receptor­

interacting protein 1 (Mi et al. 2005), and high molecular weight hyaluronic acid 

produced by reactive astrocytes (Back et al. 2005). 

The loss of myelin and myelinating oligodendrocytes disrupts the functional relationship 

between the glial cell and the axons associated with it. Each oligodendrocyte sends out 

myelinating processes, which wrap sections of multiple axons. The length of the axon is 

wrapped in sections with small gaps between myelinated sections, termed nodes of 

Ranvier. The electrical signal from the neuronal cell body travels rapidly from node to 

node (saltatory conduction) along the axon. The myelin sheath also promotes neuronal 

survival and growth by protecting the axon from injury and contributing trophic factors 

(Wilkins et al. 2003). 

Without the protective wrapping of myelin, the axon, and eventually the neuron itself, is 

vulnerable to damage from cytokines, nitric oxide, proteases, superoxides, CD8+ T cells, 

and glutamate excitotoxicity (Pitt et al. 2000). Remyelination, even if it were to occur, is 

obviously futile once the axon is compromised. Cumulative loss of axons, as a result of 

inflammatory demyelination and eventual transection, correlates with irreversible 

disability in MS patients. The number of axons dwindles as the disease progresses, with 
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old lesions sometimes showing an axonal loss of more than 80 percent (Bjartmar C 

2003). 

The progression of MS from its unknown starting point within the body involves many 

cells types, cytokines, and mediators of inflammation. One particular molecular that 

warrants discussion is CD44, a cell-surface receptor that plays a role in multiple 

physiological phenomena, including inflammation. 

Section 3: CD44, A Transmembrane Receptor Implicated in Inflammation 

The family of class I transmembrane glycoproteins designated CD44 is thought to 

mediate many cellular processes including the regulation of growth, survival, 

differentiation and motility (Ponta et al. 2003). The interactions between CD44 and its 

principal ligand, hyaluronic acid (HA) play a role in cancer, specifically in tumorigenesis 

and tumor metastasis. There is a wealth of evidence that CD44 is involved in 

autoimmune diseases such as multiple sclerosis and rheumatoid arthritis (Girgrah et al. 

1991; Haegel et al. 1993; Estess et al. 1998; Brocke et al. 1999; Fujii et al. 1999; Mikecz 

et aL 1999; Back et al. 2005). CD44' s specific contributions to inflammation include 

leukocyte recruitment, and its interactions with and metabolism of HA. 

An early step in the inflammatory cascade is the recruitment of inflammatory cells such 

as leukocytes. Leukocyte recruitment is mediated not only by local production of 

chemoattractants but also by cell-adhesion molecules including integrins, selectins, 

members of the immunoglobulin superfamily, and CD44. CD44 is constitutively 
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expressed on leukocytes and parenchymal cells including endothelial, epithelial and 

smooth muscle cells. CD44 expression is upregulated on activated T cells and assists in 

their extravasation through the epithelial wall of the blood vessel and into the 

parenchyma (Lesley et al. 1993; McHeyzer-Williams and Davis 1995; DeGrendele et al. 

1997; Estess et al. 1998). 

Studies in which anti-CD44 antibodies inhibited inflammation in EAE demonstrated a 

crucial role for CD44 in the pathogenesis of this disease. The onset of EAE was delayed 

and the severity of disease was decreased due to the inhibition of trafficking of activated 

leukocytes to sites of inflammation (Brocke et al. 1999). Similar studies in mouse 

models of inflammatory bowel disease (Wittig et al. 2000), collagen- and proteoglycan­

induced arthritis (Zeidler et al. 1995), cutaneous inflammation (Schall et al. 1993) and IL-

2 induced vascular leak syndrome (Rafi-Janajreh et al. 1999; Mustafa et al. 2002) add to 

the evidence ofCD44's importance in leukocyte recruitment. 

Structure of CD44 

CD44 family proteins represent alternatively spliced mRNA species and post­

translationally modified products of a single gene. They range from 80 to 250 kDa and 

can be extensively glycosylated, sulfated, and modified by the attachment of 

glycosaminoglycans. They are expressed on the surface of most vertebrate cells, with the 

most commonly expressed form being hematopoietic CD44 (CD44H), also referred to as 

standard CD44 (CD44s). This is the smallest CD44 isoform as it lacks the alternatively 
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spliced variant exons, which in other isoforms make up part of the stem structure of the 

molecule (Ponta et al. 2003) 

The molecule is composed of an extracellullar, HA-binding, amino-terminal domain, a 

membrane-proximal stem structure, a transmembrane region and a cytoplasmic tail 

region. The amino-terminal domain binds HA via two clusters of conserved basic 

residues, the BX7B motif, which is found in other HA-binding proteins. Two pairs of 

intra-molecular disulfide bonds are also essential for HA binding. This binding region is 

present in all CD44 isoforms, including the soluble, intracellular form of CD44. Soluble 

CD44 is formed mainly by proteolytic cleavage at the plasma membrane and possibly by 

differential splicing. (Peach et al. 1993; Bajorath et al. 1998). It is upregulated in the 

serum of individuals with malignant tumors (Cichy and Pure 2003). The membrane­

proximal stem region, containing the insertion site for the variant exons, is less well 

conserved, whereas the C-terminal transmembrane and cytoplasmic domains of CD44 are 

highly conserved, with the exception of soluble CD44. Several phosphorylation sites that 

regulate interaction of CD44 with the cytoskeleton are contained in the cytoplasmic 

domain (Peach et al. 1993; Lesley et al. 2000) (Figure 3). 
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Figure 3. Structural domains and HA binding sites of the CD44 receptor. TheN­
terminal HA binding sites are shown, along with intramolecular disulfide bonds. 10 
variable exons can be inserted in the extracellular domain. N-and 0-linked glycosylation 
occurs in the extracellular domain, along with chondroitin sulfate addition. Cytoplasmic 
phosphorylation sites, important for signaling through the cytoskeleton, are also shown. 
(Diagram provided by Larry Sherman) 

CD44-HA Binding Affinity 

The binding affinity of CD44 for HA is regulated. Most naive cells, which express low 

levels of CD44, do not bind HA, but can be induced to bind HA when these cells are 

activated with inflammatory stimuli, including proinflammatory cytokines. Binding 

requires the transition of CD44 from a low- to high-affinity binding state. In T cells, this 

transition can be induced by several stimuli: activation of the T cell receptor, the 

cytokines interleukin 2 (IL-2) and tumor necrosis factor (TNF), and chemokines 

including MIP-1 ~' IL-8, and RANTES (DeGrendele et al. 1997; Levesque and Haynes 

1997). Primarily via a TNFa-dependent mechanism, interleukin la (IL-l a), IL-l~, IL-3, 

granulocyte-macrophage colony stimulating factor (GM-CSF), IFNy, and 
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lipopolysaccharide each induce peripheral blood monocytes to bind HA via CD44. The 

anti-inflammatory cytokines IL-4 and IL-13 are potent inhibitors of binding, whereas IL­

l 0 induces HA binding when alone, but acts as an inhibitor in the presence of IL-l 

(Levesque and Haynes 1997). 

Rather than a simple conformational change in the molecule, the change from a low- to 

high- affinity binding state relies on slower mechanisms. Increased expression of CD44, 

which occurs upon activation ofT cells (Lesley et al. 1993; McHeyzer-Williams and 

Dav~s 1995; DeGrendele et al. 1997; Estess et al. 1998), variable glycosylation (Katoh et 

al. 1995; Lesley et al. 1995; English et al. 1998; Skelton et al. 1998), receptor clustering 

(Lesley et al. 1993; Lesley et al. 2000) glycosaminoglycan attachment (Sleeman et al. 

1997; Cichy and Pure 2000), phosphorylation (Pure et al. 1995), inclusion of variant 

exons (Sleeman et al. 1997), and sulfation (Maiti et al. 1998) can all enhance the binding 

of CD44 to HA. 

In light of the pleotropic effects of CD44, it is surprising that CD44 knock-out 

(CD44KO) mice display an almost normal phenotype (Schmits et al. 1997; Protin et al. 

1999; Stoop et al. 2001). One of their few defects is impaired lymphocyte homing to the 

lymph nodes and thymus (Protin et al. 1999). An experiment by Nedvetzki et al 

supported the hypothesis that other molecules can compensate for the absence of CD44. 

CD44KO mice were administered a single dose of type II collagen and developed 

collagen-induced arthritis (CIA) more quickly and more severely than WT mice. In WT 
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mice anti-CD44 antibodies ameliorated the disease, indicating the involvement ofCD44 

when it is present (Nedvetzki et al. 2004). 

One ·other possible explanation for the increase in disease severity in CD44KO mice is 

the fact that following binding of cell surface CD44 to HA, HA is internalized and 

digested by the cell (Culty et al. 1992). In the absence ofCD44, HA accumulates and 

could thereby intensify the inflammatory cascade. In the above-mentioned experiment, 

histochemical examination ofHA in the joint tissues ofWT and CD44KO mice revealed 

fourfold higher accumulation ofHA in the CD44KO mice, which may be in part 

responsible for their more severe disease. 

Even when CD44 is present and able to bind HA, an overabundance of HA can 

overwhelm CD44' s ability to bind and internalize HA, leading to HA accumulation. 

Demyelinated CNS lesions from animals with EAE and human MS patients show high 

levels of both CD44 and HA (Figure 4 ). This indicates the importance of each of these 

molecules and their interaction in the pathogenesis of EAE and MS. 

Figure 4. (Back et al. 2005) CD44 and HA are upregulated in demyelinated lesions from 
EAE mice. HA levels are higher in spinal tissues from mice with active EAE disease (b) 
compared to control mice (a). CD44 expression is also higher in EAE mice (d) compared 
to controls (c). 
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Section 4: Hyaluronic Acid is the Principle Ligand for CD44 

While CD44 binds to other components of the extracellular matrix (ECM) such as 

collagens (Turley and Moore 1984), fibronectin (Jalkanen and Jalkanen 1992), and 

chondroitin sulfate (Naujokas et al. 1993), its major ligand is HA. This nonsulfated, 

linear glycosaminoglycan is composed of alternating subunits of D-glucuronic acid and 

D-N-acetylglucosamine. The polymer ranges in molecular mass from roughly 200kDa to 

4000 kDa and beyond (Fraser et al. 1997). 

HA is synthesized as an unmodified polysaccharide by one of three related hyaluronan 

synthases, HAS 1, HAS2, and HAS3. These three enzymes produce different lengths of 

HA molecules; HAS 1 generates medium to longer chains of up to 2,000 kDa; HAS2 

generates molecules 2:: 4000 kDa , and HAS3 synthesizes the shorter forms of :::;250 kDa 

(Fra~er et al. 1997; Spicer and Nguyen 1999). As it is synthesized, the HA polymer is 

extruded through the plasma membrane onto the cell surface or into the ECM. (Fraser et 

al. 1997; Weigel et al. 1997; Spicer and Nguyen 19,99; Rilla et al. 2002; Toole 2004). 

HA is degraded by hyaluronidases, which maintain appropriate levels of HA in the body 

by regulating its turnover. The half-life ofHA varies from minutes to weeks depending 

on the tissue (Fraser et al. 1997). These degradative enzymes are encoded by six 

hyaluronidase genes and one psuedogene (Csoka et al. 1999; Sherman et al. 2002). They 

are expressed differentially in various adult tissues, and their expression levels change 

following injury or inflammation (Csoka et al. 1999; Sherman et al. 2002). 
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HA performs a number of physiological functions and is expressed in nearly all 

extracellular matrices (Fraser et al. 1997; Toole 2004). It possesses a remarkable 

viscosity and ability to retain water and therefore is important in tissue homeostasis and 

biomechanical integrity. As it binds many proteoglycan molecules, which are highly 

negatively charged and therefore repel each other, the HA backbone and its attached 

proteoglycans form a "bottlebrush" configuration (Figure 5). HA lubricates joints and 

stabilizes gel-like connective tissues by forming a kind of scaffold for proteoglycans and 

other extracellular macromolecules. It provides environmental cues to cells during 

development, tissue remodeling and cancer progression, and provides an adhesive 

substrate for migrating cells. Some forms of HA promote angiogenesis (West et al. 

198~). More recently, it has been shown to play a number of roles in the immune 

response, which are discussed below. 

Figure 5. HA interacts with 
extracellular proteoglycans and CD44 
on the cell surface, forming a 
pericellular coat. HA is tethered to the 
cell surface by CD44 (and/ or other 

, receptors, not shown). Many 
proteoglycans attach to the HA 
backbone, forming a bottlebrush 
configuration due to mutual repulsion 
between the negatively-charged 
molecules. (from Toole, BP 2004) 
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HA Molecules of Various Sizes Have Different Effects on Cells 

While high molecular weight forms ofHA (1000 kDa and above) are found in nearly all 

healthy tissues, low molecular weight HA (LMWHA) accumulates at sites of injury and 

inflammation (Balazs et al. 1967; Bjermer et al. 1989; Gazzinelli et al. 1992; Noble et al. 

1993; McKee et al. 1996; McKee et al. 1997; Horton et al. 1998). At these sites, HA is 

degraded by hyaluronidases to low molecular weight forms as well as synthesized de 

novo in response to proinflammatory cytokines (Sampson et al. 1992; Mohamadzadeh et 

al. 1998). 

Degradation products ofHA ranging from 1.5 kDa (hexasaccharides) to 500 kDa have 

been shown to trigger the secretion by microglia and macrophages of various cytokines 

and chemokines, important mediators of tissue injury and repair (McKee et al. 1996; 

Hodge-Dufour et al. 1997; Horton et al. 1998) primarily via activation ofNF-KB (McKee 

et al. 1997). In cultured macrophages, proinflammatory mediators including TNFa, IL­

l~. chemokines, and inducible nitric oxide sythase (Noble et al. 1993; Boyce et al. 1997; 

McKee et al. 1997) were upregulated in response to LMWHA. In primary rat liver cell 

cultures, LMWHA directly stimulated the expression of iN OS in endothelial and Kupffer 

cells, and potentiated the interferon gamma (IFNy)-stimulated formation of iN OS in those 

cells (Rockey and Chung 1997). HA oligosaccharides are able to activate dendritic cells 

(Termeer et al. 2000; Termeer et al. 2002) and stimulate endothelial cell recognition of 

injury (Taylor et al. 2004). Through binding to CD44, HA delivers costimulatory signals 

toT cells and increases T cell proliferation (Lesley et al. 1993; Galandrini et al. 1994). 
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In contrast to LMWHA, high molecular weight HA (HMWHA) has a distinctive set of 

biological effects. It appears to be protective against chronic inflammation in its use as a 

therapeutic treatment for human inflammatory diseases such as osteoarthritis and 

rheumatoid arthritis (Goa and Benfield 1994; Brandt et al. 2000). HMWHA has been 

shown to inhibit NF-kB activation and subsequent cytokine expression (Neumann et al. 

1999) and was protective against T cell-mediated liver injury in mice by reducing 

proinflammatory cytokine levels (Nakamura et al. 2004). Overexpression ofHMWHA 

protected against acute lung injury in mice (Jiang et al. 2005). 

As with the inflammatory response in general, within the context of central nervous 

system (CNS) inflammation and demyelination, the effects ofHA depend on its 

molecular weight. Activated T cells infiltrating the CNS produce HA species ranging 

from 200-400 kDa, while CNS resident microglia produce similar species in response to 

inflammation (Back et al. 2005). This low molecular weight form of HA, as discussed 

above, potentiates the expression of pro inflammatory mediators in and around EAE and 

multiple sclerosis lesions. 

Astrocytes are the main source of HA in the CNS, although microglia also contribute 

(Bignami et al. 1991; Asher and Bignami 1992; Bignami et al. 1992; Eggli et al. 1992; 

Marret et al. 1994; Back et al. 2005). Under physiological conditions, the HA produced 

by astrocytes is a high molecular weight form (about 1000 kDa) which has been shown 

to keep oligodendrocyte precursors in a premature, pre-myelinating state (Marret et al. 
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1994; Back et al. 2005). Overproliferation of astrocytes in response to injury and 

inflammation (reactive gliosis) leads to a fibrotic scar and high accumulations of 

HMWHA, and the eventual failure of remyelination. 

HA Binds to Other Receptors in Addition to CD44 

In addition to CD44, there are a number of other proteins that bind HA on the cell 

surface, as well as some intracellular and extracellular proteins that contain HA-binding 

motifs (Hofmann et al. 1998; Huang et al. 2000). Proteins which bind extracellular HA 

include L YVE-1 (for lymphatic vessel endothelial hyaluronan 1) (Banerji et al. 1999), 

layilin (Borowsky and Hynes 1998; Bono et al. 2001), HARE (hyaluronan receptor for 

endocytosis (Zhou et al. 2000), and RHAMM (receptor for HA-mediated motility), the 

cell-surface form of which is designated CD 168 (Hoare et al. 1993; Assmann et al. 1998; 

Cheung et al. 1999). 

The Toll-like receptors 2 and 4 (TLR2, TLR4), receptor complexes associated with innate 

immunity and host defense against bacterial infection, are activated by HA 

oligosaccharides (Termeer et al. 2002; Taylor et al. 2004). Because HA is a repeating 

disaccharide structure with features of pathogen-associated molecular patterns, it is not 

surprising that some forms ofHA interact with the Toll-like receptors. The study by 

Termeer and coworkers found that small HA fragmentation products (sHA) produced by 

enzymatic digestion of HMWHA induce phenotypic and functional maturation of 

dendritic cells. Mice carrying mutant TLR-4 alleles were non-responsive to sHA. The 
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addition of anti-TL4 mAb to human monocyte-derived DCs blocked sHA-induced 

production ofTNFa. This suggests that the size of the HA molecule may determine the 

receptor it binds to, and adds to the evidence that lower molecular weight forms of HA 

can mediate inflammation. 

The study by Nedvetzki and colleagues discussed earlier (Nedvetzki et al. 2004) showed 

that CD44-knockout mice displayed more severe joint inflammation due to collagen­

induced arthritis than wild-type mice. By blocking RHAMM with anti-RHAMM mAb or 

using soluble peptide competition, they demonstrated that RHAMM acted as the major 

receptor mediating the effects of HA and promoting inflammation in the knockout mice. 

They hypothesized that joint inflammation in the CD44KO mice was exacerbated due the 

greater accumulation of HA in these mice. The HA accumulation was attributed to the 

inability of RHAMM to promote endocytosis of HA and subsequent lysosomal digestion 

(Naor et al. 1997). They concluded that RHAMM compensated for CD44 deficiency 

and, in fact, potentiated inflammation in the absence of CD44. 

The above discussion of CD44, HA, and their interaction has focused on the 

inflammatory aspect ofMS pathology. I now review the data pertaining to their role in 

demyelination and remyelination. 
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Section 5: A Possible Role for CD44 and HA in Demyelination and Remyelination 

Following demyelination in MS and EAE, substantial remyelination occurs, but the 

eventual failure of remyelination has long been an enigma. Most remyelination occurs in 

lesions that develop early in the disease process (Prineas et al. 1993) and in satellite areas 

of large lesions. Even in these lesions, remyelination appears to be transient, as there is 

little remyelination observed as the lesion itself grows older (Frohman et al. 2006). 

Remyelination is attributed to the recruitment and maturation of oligodendrocyte 

progenitor cells (OPCs) (Scolding et al. 1998; Wolswijk 2000). While recruitment of 

OPCs to the lesion appears to be normal in MS, their differentiation into mature myelin­

producing oligodendrocytes is insufficient to allow remyelination to continue as the 

disease progresses. Premyelinating OPCs have been shown to accumulate in 

demyelinated MS and EAE lesions (Scolding et al. 1998; Chang et al. 2000; Wolswijk 

2000; Peterson et al. 2002). Their differentiation may be impeded by molecules expressed 

by cells within these lesions, including CD44 and HA. 

In the CNS, CD44 is expressed by astrocytes, radial glia and microglia (Girgrah et al. 

1991; Akiyama et al. 1993; Moretto et al. 1993; Ikeda et al. 1996; Sherman et al. 2000; 

Liu et al. 2002). The observation that CD44 expression is highly and persistently 

upregulated in glial cells (microglia, astrocytes, and oligodendrocytes) following CNS or 

traumatic peripheral nerve injury, ischemic disease, and inflammatory demyelinating 

conditions such as MS and EAE raises questions regarding a role for elevated CD44 
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expression in demyelination (Haegel et al. 1993; Brennan et al. 1999; Brocke et al. 1999; 

Jones et al. 2000). 

Under physiological conditions, cells of the oligodendrocyte lineage express little or no 

CD44 (Moretto et al. 1993; Bouvier-Labit et al. 2002; Liu et al. 2002; Liu et al. 2004). 

As mentioned above, they can be induced to express significant levels of CD44 in vitro or · 

as a result of pathology (Moretto et al. 1993; Ito et al. 2001; Bouvier-Labit et al. 2002). 

Mice that chronically overexpressed CD44 in myelinating cells of the CNS and 

peripheral nervous system showed CNS dysmyelination and progressive demyelination in 

the absence of inflammation (Tuohy et al. 2004). This study also showed extensive 

reactive astrogliosis, suggesting not only that aberrant CD44 expression by OPCs and 

oligodendrocytes can cause demyelination, but that it can potentiate gliosis independent 

of an inflammatory response. 

Immature, premyelinating OPCs failed to mature when transfected with CD44 in vitro 

(Liu et al. 2004) suggesting involvement of CD44 in preventing remyelination. In a 

study by Back eta/ (2005), HA was found to accumulate around CD44-transfected OPCs 

and oligodendrocytes, as it does in early inflammatory demyelinating lesions. Similarly, 

HA accumulation was found around the CD44-overexpressing oligodendrocytes and 

OPCs in the transgenic mice used in the study by Tuohy and coworkers (2004). Although 

these cell types do not synthesize HA, they bound significant amounts of HA when 

induced to express CD44. The Back et a/ study also demonstrated that a high molecular 

weight form of HA is produced by reactive astrocytes and, in concert with chronically 
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elevated CD44 expression, inhibited OPC maturation. These data suggest that elevated 

expression of CD44 may alter the interaction with HA in and around demyelinating 

lesions and contribute to the failure of remyelination. 

What was not clear from these studies is how the LMWHA produced by infiltrating T 

cells in EAE and MS lesions might contribute to demyelination and remyelination. The 

following chapter will address this question. 

Summary 

Autoimmunity in MS is thought to be initiated by T cell recognition of the body's myelin 

as a foreign, rather than self, antigen. CD4+ cells of the Thl subset invade the CNS, 

proliferate in response to antigen recognition, and begin a cascade of inflammatory 

events. Inflammatory mediators attack myelin and oligodendrocytes, resulting in 

demyelinated plaques. These eventually fail to remyelinate, and permanent neurological 

disability results. 

CD44 and its principal ligand, HA, have been implicated in both the inflammatory and 

demyelinating components ofMS and its animal model, EAE. Via CD44's enhancement 

of leukocyte recruitment and its binding (or binding by other HA receptors) ofboth low 

and high molecular weight forms of HA, as well as the pro inflammatory effects of 

LMWHA itself, CNS inflammation is exacerbated and perpetuated. The accumulation of 

HMWHA in chronic lesions, combined with the increased levels of CD44 expression in 
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those lesions, impede the maturation of OPCs into myelinating oligodendrocytes and 

prevent remyelination. 

The present study was designed to test the hypothesis that LMWHA increases 

proinflammatory cytokine production by immune cells in a CD44-dependent manner and 

upregulates CD44 expression by oligodendrocytes or oligodendrocyte progenitors, thus 

compounding the effects ofHMWHA on remyelination. Project aims were to 1) test 

whether LMWHA increases splenocyte proliferation, 2) test whether LMWHA increases 

proinflammatory cytokine production by immune cells, 3) determine whether CD44 is the 

required receptor for increased cytokine production, and 4) assess whether LMWHA or 

conditioned media containing proinflammatory cytokines increase CD44 expression in 

oligodendrocytes and oligodendrocyte progenitors. 
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Chapter 2: Materials and Methods 

Animals 

Different strains of mice were used for different experiments. Male (2-6 month-old) 

BlO.PL V~8.2 MBP Ac1_11 TCR transgenic mice, which carry a transgene specific for 

recognition of the acetylated N-terminal peptide of myelin basic protein (amino acids 1-

11) were utilized in the initial splenocyte culture studies outlined below. The transgene 

in these mice is inserted into the variable (V) region of the T cell receptor (TCR) ~ chain. 

Controls for these mice were B 1 O.Pl wild-type (WT) littermates. Male (3-6 months old) 

CD44-null C57BL/6: 129-CD44tmiHbg/J (CD44KO) mice, in which transcription from the 

CD44 gene has been completely ablated via a neomycin resistance/lac Z cassette inserted 

in exon 1, were used with age-matched C57/BL6129SF2/J WT control mice. Female (3-

6 month-old) C57 /BL6 mice were used for myelin oligodendrocyte glycoprotein (MOG)­

induced EAE splenocyte cultures (see below). All mice were from Jackson Labs. 

Flow cytometry 

We analyzed splenocytes from naive MBP Ac1_11-specific TCR transgenic male mice 

after dissociation (resting cells), or after 72-hr stimulation at 4 x 106 cells/ml in RPMI 

stimulation media (RPMI 1640 (Mediatech) with L-glutamine 4 mM, HEPES 25 mM, 

NA pyruvate 1mM, fetal bovine serum (FBS, Summit Biotechnology) 1%, and 2-

mercaptoethanol (Sigma) 5 x 1 o-s M) with 2 f.lg/ml MBP Ac 1-11 antigenic peptide. 

Culture conditions were 37 °C, 5% C02 in air. Cells were incubated with anti-CD69 and 

anti-CD25 antibodies to confirm activation ofT cells and anti-CD4, anti-CD44, and 
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biotinylated HA binding protein (HABP) for 30 minutes at 4 °C (all antibodies from BD 

Biosciences Pharmingen). Detection ofHABP was by Cy5-conjugated streptavidin. 

Staining was assessed by 3-color flow cytometry, using a FACScan instrument (Becton­

Dickenson) and analyzed by CellQuest software (Becton-Dickenson). Specificity of 

HABP binding was verified by pretreating cells with 20 U/ml hyaluronidase at 37 oc for 

2 hours prior to HABP and Cy5-conjugated streptavidin staining. For each experiment, 

cells were stained with isotype control antibodies to determine levels of non-specific 

staining and establish quadrant settings prior to calculating the percent positive cells. 

Intracellular Cytokine Staining 

Single cell suspensions from naive TCR transgenic mouse spleens were prepared and 

cultured at 10 x 106 cells/ml in RPMI stimulation media containing 0.2 J..tg/ml MBP Ac 1_ 

11 peptide and 100 ug/ml HA or vehicle for 24 hours at 3 7 °C in 5% C02• The last 5 

hours of culture were in the presence of Brefeldin A, to retain proteins in the endoplasmic . 

reticulum. The cells were then stained for 30 minutes at 4 °C with anti-V~8.2 mAb (BD 

Biosciences Pharmingen) to insure the presence of the TCR transgene and anti-CD4 PE­

Cy5 (BD Biosciences Pharmingen). Cells were fixed and permeabilized with 

Cytofix/Cytoperm solution (Pharmingen) and stained with anti-IFNy, anti-TNFa or IgG1 

isotype control antibodies labeled with phycoerythrin (Pharmingen) for 30 minutes at 4 

°C. Cells were washed twice in Perm/Wash buffer (Pharmingen) and once in F ACS 

staining buffer (PBS 1% BSA, 0.05% NaN3) prior to three-color flow cytometry analysis 

as described above. 
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Splenocyte cultures 

Spleens were harvested from naive TCR transgenic mice with WT controls from B 1 O.PL 

background, or C57/BL6129SF2/J CD44KO mice with WT controls from 

C57/BL6129SF2/J background. Spleens were crushed, cells dissocciated and passed thru 

a 70 J.lm filter. Cells were then centrifuged at room temperature for 10 minutes at 500 x 

g. Red blood cells were lysed by the addition of 5 ml ACK buffer (0.15 M N&Cl, 1 mM 

KHC03, l.lmM EDTA) for 5 minutes. Lysing action was quenched with RPMI 1640 

media (Mediatech) and cells were centrifuged as above. Cells were resuspended and 

again passed through a 70 J.lm filter, resuspended and counted. After a final 

centrifugation, resuspension at 4 x 106 cells/ml in RPMI stimulation media, and addition 

of either 0.2 J.lg/ml MBP Ac1-ll peptide for TCR transgenic cultures or 1.0 anti-CD3 mAb 

(BD Biosciences Pharmingen) for CD44KO or WT C57/BL6129SF2/J cultures, cells 

were plated and cultured for 3 days. HA or vehicle was added as described below. 

Hyaluronate suspensions 

High molecular weight HA of approximately 1600 kDa was purchased from Sigma. 

Medium molecular weight HA (~900 kDa) and low molecular weight HA (~400 kDa) 

was purchased from Hyaluron, Inc. HA suspensions were prepared by dissolving the 

lyophilized sodium salts in 10% ethanol in water (vehicle) at a concentration of8 mg/ml, 

followed by sterilization using a 0.2 J.lm syringe filter. 12.5 f.ll ofHA suspension or 

vehicle was used per 1 ml cell suspension for a final concentration of 100 f.!g/ml HA. 
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3 H-Thymidine Incorporation Assays 

Aliquots of the spleen cultures described above were cultured in 96-well plates with the 

same concentration of MBP Ac 1-11 antigenic peptide or anti-CD3 mAb and HA or 

vehicle as the aliquot cultured for analysis by ELISA (below). Splenocytes were plated 

at 2 x 106 cells/ml, and cultures were grown for 72 hours at 37 °C with 5% C02 in air. 

The last 18 hours in culture were in the presence of0.5 J.tCi/well of 3H-thymidine. Plates 

were harvested on to 96-well glass-fiber filter sheets and DNA incorporation of 

radioactivity was measured by liquid scintillation using a Wallac 13-counter. 

ELISAs 

Cytokine levels from splenocyte cultures were determined by enzyme-linked 

immunosorbent assay (ELISA) using commercially available kits (BD Biosciences 

Pharmingen). The limit of detection by ELISA for IFNy was 31.3 pg/ml, 15.6 pg/ml for 

TNFa, 31.3 pg/ml for IL-10, and 7.8 pg/ml for IL-4. Supernatants were cleared by 

centrifugation for 10 minutes at 2000 x g before loading into prepared wells. Four 

dilutions of each supernatant were assayed, with triplicate wells for each dilution. 

Absorbances were read at 450 nm with a BioRad microplate reader and, after subtraction 

ofbackground values, the readings were used to construct a standard curve. Cytokine 

concentrations were calculated using only dilutions that fell within the standard curve, on 

Excel software. 
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IM7 Antibody Purification 

The IM7.8.1 hybridoma (IgG2bK) was a gift from Dr. Jonathan Sleeman, 

Forschungszentrum Karlsruhe, Germany. Cultures were grown in Dulbecco's modified 

Eagle's medium with 10% fetal bovine serum at 37 °C in an atmosphere of5% C02. 

Supernatants were collected and cleared by centrifugation at 20,000 x g for 30 min. 

Saturated ammonium sulfate solution was added until supernatant turned cloudy, stirred 

overnight at 4 °C to precipitate proteins, and centrifuged for 1 hr at 20,000 x g. The 

precipitate was dissolved in a small volume of PBS and dialyzed against > 20 volumes 

PBS for 48 hours total at 4°C, with four changes of PBS. The supernatant was then 

diluted with an equal volume of binding buffer from the Immunopure (G) IgG 

Purification kit (Pierce Biotechnology) and loaded onto the equilibrated Protein G 

column. Samples were run through the column using a BioRad BioLogic low pressure 

liquid chromatography apparatus. After the sample had flowed through the column, the 

IM7 antibody was eluted with the kit's elution buffer (pH 2.8). Eluted fractions were 

neutralized, absorbances read on a Beckman spectrophotometer, and fractions with high 

absorbances were combined. Pooled fractions were dialyzed overnight in PBS and 

concentrations calculated from final 280 nm absorbance. 

Immunofluorescence Studies of Oligodendrocyte and Oligodendrocyte Progenitor Cells 

Rat oligodendrocytes and oligodendrocyte progenitor cells (OPCs) were generously 

provided by Dr. Stephen Back and his lab. Cells were cultured on coverslips at 37 oc in 

BDM/B104 media in 7% C02 in air. OPCs and mature oligodendrocytes were 
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differentiated using thyroxine and ciliary neurotrophic factor as previously described 

(Back et al. 2005). Cells were treated with 1:1 conditioned media from MOO-induced 

EAE splenocytes (see below), BDM/B104 media alone, or 1:1 BDM/B104: IL-2 

containing RPMI stimulation media for 24 hours. Cells were then washed twice with 

Hanks buffered saline solution, fixed in 4% paraformaldehyde for 10 minutes, washed 

three times in PBS and soaked overnight at 4 °C. Primary antibodies used were anti­

CD44 mouse hybridoma 508 supernatant (hybridoma provided by Dr. Jonathan 

Sleeman) at 1:10 dilution, and the OPC marker 01 at 1:100 dilution, or MBP at 1:50 

dilution to stain mature oligodendrocytes. The anti-CD44 secondary antibody used was 

Alexa 488 anti-mouse IgG ( 1 :500), the secondary antibody for 01 was Alexa 546 anti­

mouse IgM (1 :500), and the secondary for MBP was Alexa 546 anti-rabbit (1 :500), all 

from Molecular Probes. Primary antibody incubation was overnight at 4 °C; secondary 

antibody incubation was for 1 hour at room temperature. Cells were then washed and 

coverslips mounted on slides using Fluoromount mounting media. Images were 

captured using a Zeiss epifluorescent upright microscope (Carl Zeiss Microimaging, Inc.) 

with a digital CCD camera and AxioVision Software. 

Conditioned media from MOG-induced EAE splenocytes 

Four female C57 /BL6 mice were immunized with 200 J..tg per mouse MOG35_55 peptide 

and 400 J..tg per mouse complete Freund's adjuvant (CFA). On day 10 post-injection, 

animals were positive for EAE disease and were euthanized by C02 inhalation prior to 

splenectomy. Splenocytes were recovered and an aliquot was used in a proliferation 
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assay to determine whether the cells responded to the MOG antigen. The remainder of 

the cells was cultured at 4 x106 cells per ml in RPMI stimulation media with 20 1-1g/ml 

MOG3s-ss peptide for 72 hours. Media was then changed to RPMI growth media 

(contains IL-2 to select for cells expressing the IL-2 receptor) and cultured for 5 days. 

Cells were then restimulated with anti-CD3 and anti-CD28 plate-bound antibodies (BD 

Biosciences Pharmingen). Conditioned media was collected from the cultures after 72 

hours. 

Western Blot 

Splenocytes from naive TCR transgenic mice were cultured 72 hours in the presence of 

cognate antigen and 100 ug/ml LMWHA or vehicle. Supernatants were collected after 72 

hours and added to OPC cultures at a ratio of 1: 1 with the OPC culture media 

(BDM/B104). OPCs were also treated with 1:1 RPMI stimulation media used for 

splenocyte culture or with 100 ug/ml LMWHA. After 24 hours, cells were lysed using 

RIPA buffer (10 mM Tris, pH 7.5, 1% Triton X-100, 1% sodium deoxycholate, 0.1% 

SDS, 158 mM NaCl, 1 mM EGTA, 1 mM PMSF) in the presence of protease inhibitors 

leupeptin, aprotinin, pepstatin, and Na V. Lysates were centrifuged for 10 minutes at 

1000 rpm, and Laemmli buffer added to supernatant. Samples were boiled 10 minutes 

before adding to 7% SDS polyacrylamide gel. Gel was electrophoresed at 25 rnA until 

dye marker ran off gel, then transferred to nitrocellulose membrane (Trans-Blot, BioRad) 

at 25 volts for 25 minutes. Membrane was blocked for 30 minutes in 5% blocking buffer 

(5% dry milk in PBS with 0.1% Tween) and incubated overnight at 4 °C with primary 

antibodies 5G8 (anti-rat CD44, 1: 100) and anti-goat J3-actin (1 :400) to determine equal 
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loading oflanes. Following three washes in blocking buffer, anti-mouse IgG horseradish 

peroxidase conjugate (BioRad) at 1:2000 dilution, and anti-goat IgG horseradish 

peroxidase conjugate (Santa Cruz Biotech) at 1:1000 were added. After a 1-hour 

incubation and three washes in blocking buffer, ECL Plus solution (Amersham 

Biosciences) was added for five minutes. Blots were developed on a Kodak film 

developer and bands were quantitated using NIH Image J. 
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Chapter 3: Experimental Results 

Activated but not resting T cells accumulate pericellular HA 

I began by testing whether activated T cells accumulate pericellular coats of HA, which, 

in conjunction with upregulated CD44 expression, may assist their extravasation through 

the blood-brain barrier. I harvested cultured splenocytes from a myelin basic protein Ac 1_ · 

11 T cell receptor transgenic mouse (MBP Ac1_11 TCR tg) on a B 1 O.PL background. 

Approximately 90% ofT cells from these mice are specific for the Ac1_11 epitope of 

myelin basic protein (MBP), making it possible to specifically activate T cells using the 

cognate antigen. CD4+ T cells within activated splenocyte cultures were identified by 

incubation with anti-CD4-FITC conjugated mAb, and their activation was confirmed by 

high levels of CD44 expression, detected by anti-CD44-PE-conjugated mAb. 

Biotinylated HA binding protein (HABP) with A vidin-Cy5 as a detection molecule was 

used to assess the level of pericellular HA accumulation, with A vidin-Cy5 used alone as 

a negative control. Flow cytometry data showed approximately 85% of CD4+/CD44 

high cells were positive for HA accumulation (Figure 6a). Hyaluronidase, which 

degrades pericellular HA, demonstrated the specificity of HA staining. While the same 

percentage (frequency) ofCD4+/CD44 high T cells were HABP positive following brief 

exposure to hyaluronidase, the mean fluorescence intensity of treated cells was roughly 

half that of untreated, confirming the specificity of the HABP binding (Figure 6b ). 
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Figure 6. Activated CD4+ T cells produce hyaluronic acid. CD4+ T cells were isolated 
fro~ MBP Ac 1-11 specific TCR transgenic mice and cultured 4 days in the presence of 
antigen. Cells were then stained with CD44-PE and hyaluronic acid binding protein 
(HABP) with avidin-Cy5, or CD44-PE and avidin-Cy5 alone. The frequency of positive 
cells and their mean fluorescence intensity was determined by 3-color flow cytometry. 

As previously published in Back et a! (2005), I examined the same cells as described in 

Figure 6 using confocal microscopy. This revealed resting CD4+ cells with low levels 

ofCD44 staining and undetectable levels ofHA staining (Figure 7a) and activated 

CD4+/CD44 high cells with prominent HA staining (Figure 7b ). This corroborated my 

flow cytometry results and others ' published reports that activated T cells express 

elevated CD44 and produce HA. 

A 
! 

(_ ()-l4 
1 

HA 

I .... 
I t .. 

merge 

0 ... I 
merge 

Figure 7. Activated T cells 
express high levels of CD44 
and accumulate pericellular 
HA. Confocal microscopy 
of fluorophore-conjugated 
antibodies reveal a 
representative CD4+ resting 
T cell with low levels of 
CD44 immunofluorescence 

and undetectable HA (a), and a representative CD4+ activated T cell with high CD44 
immunofluorescence and a pericellular coat of HA (b). The merged images show the 
combined immunofluorescence from labeled CD4, CD44, and HA binding protein. 
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HA t!oes not increase T cell proliferation in the presence of antigen 

I next tested the ability of exogenous HA to increase proliferation in splenocyte cultures. 

I used HA preps of "'400 kDa (low molecular weight HA; LMWHA), "'900 kDa (medium 

molecular weight HA; MMWHA) and"' 1.6 kDa (high molecular weight HA; HMWHA) 

in cultures from B 1 O.PL MBP Ac 1-11 TCR transgenic mice. Cultures were stimulated 3 

days in the presence of 100 ug/ml HA or an equal volume of vehicle. Proliferation was 

assessed at 72 hours following 18 hrs of 3H-thymidine treatment. None of the treatments 

increased proliferation compared to vehicle (Figure 8). This experiment was repeated 

numerous times, in this mouse strain (B10.PL) and in cells from B6129SF2/J mice. No 

significant differences in proliferation were observed. 
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Figure 8. Different-sized forms ofHA do not increase proliferation in the presence of 
antigen. MBP Ac1_11 -specific TCR transgenic splenocytes were cultured with cognate 
antigen for 48 hours, then for 18 hours in the presence of 3H-thymidine. Proliferation was 
measured by ~-scintillation counting. (High molecular weight HA: HMWHA, medium 
molecular weight HA: MMWHA, low molecular weight HA: LMWHA.) 

In contrast to its inability to affect proliferation, HA showed a marked effect on levels of 

proinflammatory cytokines in the same MBP Ac1_11 TCR Tg spleen cells tested for 
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proliferation. LMWHA, but not HMWHA, consistently increased IFNy and TNFa levels, 

in some cases dramatically. As expected, splenocyte cultures from different animals 

responded more or less robustly to antigen stimulation and HA treatment. ELISA 

measurement of IFNy concentrations in cell culture supernatants indicated between 200 

and 10,000 percent increase in response to LMWHA over vehicle treatment (Figure 9a). 

TNFa concentrations ranged from 160 to 1200 percent increases over vehicle (Figure 9b). 

The increase in LMWHA-treated cultures was not due to overall greater numbers of 

splenocytes in LMWHA-treated cultures, as proliferation assays showed no variation (see 

figure 8 above). I did not observe increases in the regulatory cytokines IL-l 0, IL-4 or 

TGFb (data not shown). 
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Figure 9. Low molecular weight HA increases splenocyte production ofTNFa and IFNy. 
Primary splenocytes from B10.PL MBP Ac1-11 TCR transgenic mouse spleens were 
treated with MBP Ac 1-11 peptide and HA or vehicle and cultured for 3 days. 
Supernatant levels of IFNy and TNF a were analyzed by ELISA. 
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CD44KO splenocytes proliferate more rapidly and produce higher levels of cytokines 

than WT splenocytes 

In the studies discussed above, I used TCR transgenic mice because of the ease of 

specific stimulation of the TCR by the cognate antigen, MBP Ac 1-11. In order to 

determine the role of CD44 in mediating the increase in cytokine levels in response to 

LMWHA, I used CD44 knockout (CD44KO) mice and compared those results with 

results from WT mice. The CD44KO and WT mice have a B6129SF2/J background, and · 

their T cells possess wild-type receptors that are not specific for a particular antigen. In 

order to activate T cells within splenocyte cultures from these animals, I used soluble 

anti-CD3 monoclonal antibodies (mAbs) to cause cross-linking of the TCR and induce 

activation. 

Before performing experiments to determine the necessity of CD44 expression in 

mediating the effects of LMWHA, I characterized the baseline proliferation and cytokine 

production levels of the CD44KO and congenic WT mice. I noted two differences in the 

response ofCD44KO splenocytes compared to WT: 1) CD44KO cells proliferate more 

rapidly than WT, and 2) cytokine levels were higher in CD44KO culture supemants. 

CD44KO cultures were more proliferative in response to non-specific stimulation of the 

T cell receptor (TCR) with anti-CD3 mAb. Proliferation levels, measured in counts per 

minute ( cpm), were consistently higher in CD44KO cultures compared to WT (Figure 

1 0). CD44KO splenocytes also displayed wider variation in proliferation levels per 

animal. This enhanced proliferation may be due to more robust activation or due to 

46 



increased resistance of CD44KO T cells to activation-induced cell death (McKallip et al. 

2002) 

Comparison of WT vs. CD44KO Splenocyte 
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Figure 10. Activated CD44KO 
splenocytes are more proliferative 
than WT splenocytes. The average 
of 5 separate experiments shows 
CD44KO proliferation is 
approximately 260,000 cpm in all 

• co44Ko treatment categories, whereas WT 
splenocytes showed an average 
55,000 cpm for all treatments. 
Proliferation was assessed after 72 
hrs in culture with 1.0 ug/ml anti­
CD3 mAb, with the final 18 hrs in 

untreated vehicle HMWHA - LMW~A _ --- the presence Of3H-thymidine. 

DNA incorporation of 3H-thymidine was assessed by f3-scintillation counting. 

As observed using splenocytes from TCR transgenic mice, neither HMWHA nor 

LMWHA increased proliferation in CD44KO or WT splenocyte cultures. The result was 

the same when CD4+ T cells from either genotype were cultured alone and activated by 

plate-bound anti-CD3 and anti-CD28 mAbs (data not shown). 

Activated CD44KO splenocyte cultures produced higher overall levels of 

proinflammatory cytokines than activated WT splenocytes, based on the calculated mean 

of 5 separate experiments (Figure 11a,b ). However, the wide variation in absolute 

cytokine levels between spleen cultures from individual animals obscured any statistical 

significance. Higher cytokine levels may be due to the higher proliferation of CD44KO 

cultures resulting in more cytokine-producing cells. The increased responsiveness of 
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CD44KO splenocytes to non-specific T cell stimulation suggests that the absence of 

CD44 may potentiate inflammation. 

a CD44KO vs WT IFNy Production b CD44KO vs WT TNFCI Production 

CD44KO 

Figure 11. CD44KO splenocyte cultures produce higher levels of proinflammatory 
cytokines than WT splenocytes. CD44KO and WT splenocytes were cultured in the 
pres~nce of 1.0 ug/ml anti-CD3 antibody to activate T cells within the cultures. 
Supernatants were collected after 72 hrs and analyzed by ELISA. Results were 
calculated as the mean of 5 separate experiments. 

CD44 is not required for proinjlammatory responses of immune cells to LMWHA 

To test ifCD44 is required for the effects ofLMWHA on cytokine production, I treated 

activated CD44KO and WT cells with LMWHA (various species ranging from 

approximately 400 to 900 kDa) and degraded HA (various species less than 400 kDa) 

(Figure 12). Both CD44KO and WT cultures showed an increased IFNy and TNFa 

cytokine levels in response to LMWHA but not degraded HA This implies that CD44 is 

not required for the observed LMWHA-induced immune cell response, and that HA of 

molecular weight between 400 and 900 kDa is capable of inducing proinflammatory 

cytokines, while lower molecular weight species of HA are not. I also observed that the 

average cytokine increase in LMWHA-treated cultures, calculated as the percent change 

compared to vehicle-treated cultures from the same animal, was greater in CD44KO than 
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WT. Together with my data on proliferation and absolute cytokine levels (Figures 10 and · 

11 ), ~his demonstrates the enhanced responsiveness of immune cells in the absence of 

CD44. 
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Figure 12. CD44 is not required for cytokine response to LMWHA. Three CD44KO and 
three WT spleens were harvested and cultured. Following 72 hrs non-specific TCR 
stimulation with 1.0 ug/ml anti-CD3 antibody and treatment with vehicle, 100 ug/ml 
LMWHA (including species 400-900 kDa) or HA including species< 400kDa, culture 
supernatants were collected and analyzed for IFNy (a) and TNFa (b) levels by ELISA. 
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To rule out the possibility that my results in the CD44KO animals were misleading due to 

compensation for the loss of CD44 by another HA receptor during the knock -out 

animals' development, I used the CD44 blocking antibody IM7 to inhibit CD44' s ability 

to bind HA. This antibody prevents HA from binding to the CD44 receptor presumably 

by steric hindrance and, consistent with previous reports, has been shown to effectively 

block and not activate CD44 (Brocke et al. 1999; Blass et al. 2001; McKallip et al. 2002; 

Termeer et al. 2003; Cabrera et al. 2004; Nedvetzki et al. 2004). A saturating dose of 30 

ug/ml was determined by assessing IM7 binding to CD44 via flow cytometry (Figure 

13a). The mean fluorescence intensity, a measure of the average number ofiM7 

molecules binding a single cell, showed the most IM7 Ab bound at a dose of between 10 

and 30 ug/ml, also consistent with published reports (Blass et al. 2001; McKallip et al. 

2002). In the presence ofiM7, there was a moderate decrease in LMWHA-induced IFNy 

levels which was not significant due to standard error (figure 13b), and no decrease in 

LMWHA-induced TNF a levels, suggesting that CD44 is not mediating the response to 

LMWHA (Figure 13c) in these cells. 
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Figure 13. CD44 blocking antibodies do 
not significantly reduce LMWHA-induced 
increases in IFNy (b) or TNFa levels (c). 
WT splenocyte cultures were treated with 
30 ug/ml IM7 antibody for 90 minutes 
before the addition of anti-CD3 mAb and 
LMWHA. Flow cytometry was performed 
on activated splenocytes to determine the 
saturating dose of blocking antibody. 
Mean fluorescence intensity of IM7+ cells 
shows the saturating dose of IM7 antibody 
is between 10 and 30 ug/ml (a). 
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T cells increase IFN'Y production in response to LMWHA 

The rise in cytokine levels observed with LMWHA treatment could be due to a rise in 

production by the CD4+ T cells believed to mediate inflammation in MS and EAE, or to 

cytolcine production by another cell type within the splenocyte culture. To test whether 

CD4+ cells were responsible for the increase, I performed intracellular staining of CD4+ 

T cells for IFNy and TNFa and analyzed the results by flow cytometry. The percentage 

of CD4+ T cells positive for IFNy immunostaining increased from 8% with vehicle 

treatment to 24% with LMWHA treatment (figure 14a). The mean fluorescence intensity 

per ~D4+ T cell was also increased in response to LMWHA, indicating increased 
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expression of IFNy on a per-ceil basis (data not shown). HMWHA and MMWHA 

showed no change compared to vehicle. This result suggests CD4+ T cells, which make 

up about 10% of the total population of cells in the splenocyte culture, may be at least 

partly responsible for the increase in IFNy levels. However, no significant increase was 

observed in the percentage ofCD4+ T cells positive for TNFa. staining (Figure 14b), 

indicating that one or more other cell types, possibly macrophage or dendritic cells, 

increase their expression ofTNFa. in response to LMWHA. This notion is consistent 

with-studies that showed LMWHA increases TNFa levels in cultured macrophage (Noble 

et al. 1993) and very low molecular weight forms ofHA induced TNFa. production by 

dendritic cells (Noble et al. 1993; Termeer et al. 2000; Termeer et al. 2002). 
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Figure 14. LMWHA increases the percentage ofCD4+ T cells expressing IFNy (a) but 
not TNFa (b). TCR transgenic splenocyte cultures were grown 72 hours in the presence 
of 1.0 ug/ml anti-CD3 antibody and various molecular weights ofHA or vehicle. 
Intracellular cytokine staining was performed after 5 hours of Brefeldin A treatment, and 
cytokine expression was analyzed by flow cytometry. 

In summary, I found that splenocytes from two different genetic backgrounds increase 

pro inflammatory cytokine production, but not proliferation, when treated with LMWHA. 

T ceps within these cultures express high levels of CD44, a major receptor for HA 

binding. However, I determined that CD44 is not required for the proinflammatory 
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response to LMWHA, as shown by my data in CD44KO cell cultures and by blocking 

antibodies to CD44. The increase in IFNy is due at least in part to an increase in the 

percentage of CD44 high/CD4+ T cells producing IFNy and a greater amount of IFNy 

produced per cell, while the increase in TNF a is not mediated by CD4+ T cells. 

Factors from activated T cells increase CD44 expression by oligodendrocytes and 

OPCs 

CD44 expression is known to be upregulated on glial cells during inflammatory 

demyelination such as occurs during EAE and MS (Haegel et al. 1993; Moretto et al. 

1993; Ito et al. 2001; Bouvier-Labit et al. 2002). In oligodendrocyte progenitor cells 

(OPCs) elevated CD44 can contribute to the accumulation ofHMWHA, which inhibits 

OPC maturation and may, therefore, influence remyelination failure (Back et al. 2005). I 

reasoned that the LMWHA found in acute demyelinating lesions may indirectly induce 

CD44 expression in OPCs by upregulating cytokine production by activated T cells. To 

test this hypothesis, I examined the effects of conditioned media from activated T cells on 

oligodendrocytes and OPCs. Oligodendrocytes were treated for 24 hours with 

conditioned media (CM) from activated T cell cultures isolated from EAE mice (see 

Materials and Methods). Anti-CD44 immunofluorescence revealed a marked increase in 

CD44 in CM-treated oligodendrocyte cultures compared to cultures treated with media 

only (Figure 15, a and b). I confirmed that cultures contained mature, myelinating 

oligodendrocytes by immunolabeling with an anti-myelin basic protein antibody (Figure 
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15, c, d, and e). 
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Figure 15. Factors from activated splenocytes increase CD44 expression by 
oligodendrocytes. Mature oligodendrocytes were treated for 24 hours with conditioned 
media (CM) from activated T cells. Immunofluorescence detection ofCD44 increased in 
resp<;>nse to conditioned media (a and b). Oligodendrocyte myelin marker MBP 
immunofluorescence levels were similar in both conditioned media-treated (c) and IL-2 
media-treated (d) cultures. The merged image (e) shows coexpression of CD44 and 
MBP. 
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Next, I investigated the effect of conditioned media on OPCs. These cells have been 

shown to accumulate around MS and EAE lesions and fail to differentiate into 

myelinating oligodendrocytes (Engel and Wolswijk 1996; Scolding et al. 1998; Maeda et 

al. 2001 ). I found that OPCs, like mature oligodendrocytes, increase CD44 expression in 

response to some factor or factors in the conditioned media from activated T cells. 

Untreated OPCs express low levels of CD44 (Figure 16a) and show an immature, bipolar 

morphology as detected by the OPC marker 01 (Figure 16b). OPCs treated 24 hours 

with conditioned media increase expression of CD44 and appear to have more elaborate 

. processes and some membrane ruffling (Figure 16, c and d), however, this is still an 

immature morphology. To determine whether the IL-2 contained in the culture media 

had an effect on CD44 expression or morphology, OPCs were treated with the same 

concentration (1: 1) of IL-2 media as cells treated with conditioned media (e) and (f). No 

increase in CD44 expression or change in morphology was observed compared to 

untreated preoligodendrocytes (Figure 16, a and b), indicating that these effects were due 

to factors produced by the T cells themselves. 
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Figure 16. OPCs increase CD44 expression in response to factors from activated T cells. 
Untreated OPCs (a) express low levels ofCD44 and show·an immature, bipolar 
morphology as shown by the OPC marker 01 (b). OPCs treated for 24 hr with 
conditioned media from activated T cells increase expression of CD44, as shown by anti­
CD44 immunofluorescence (c), and undergo morphological changes (d). No increase in 
CD44 expression or change in morphology was observed in OPCs treated with IL-2-
containing media compared to untreated OPCs (compare (e) and (f) with (a) and (b). 

To test if LMWHA further promoted the induction of CD44 in OPCs, I cultured OPCs 

with LMWHA, conditioned media (supernatant) from activated splenocyte cultures 

treat~d with LMWHA, or vehicle-treated conditioned media and performed Western blots 

on the OPC celllysates as a means of quantitating changes in CD44 expression. As 

shown in Figure 17, lane 2, supernatants from activated splenocytes grown in the 
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pres~nce ofLMWHA increased CD44 expression by OPCs to a greater degree (3.1 fold) 

than vehicle-treated supernatant (lane 1 ), which increased CD44 levels 1.9 fold over 

treatment with T cell media ("vehicle") alone (lane 3). OPCs treated with 100 ug/ml 

LMWHA alone did not show enhanced CD44 expression compared to controls (lane 4 ). 
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Figure 17. Supernatants from splenocyte cultures treated with LMWHA increase CD44 
expression by OPCs. Splenocytes were cultured with antigen and 100 ug/ml LMWHA or 
vehicle. Supernatants were collected after 72 hours and added to OPC cultures in a 1: 1 
ratio with the OPC culture media. After 24 hours, cells were lysed and Western blotting 
was performed on the lysate. As additional controls, OPCs were treated with vehicle 
(RPMI Stirn media used in splenocyte culture) or 100 ug/ml LMWHA. Bands were 
measured by by NIH Image J. 

The conditioned media from splenocyte cultures that had been grown in the presence of 

LMWHA was assayed by ELISA and found to contain high levels of IFNy and TNF a ; 

1.52 ug/ml and 0.186 ug/ml, respectively. The upregulation ofCD44 expression may be 

due to the presence of these pro inflammatory cytokines, however, in a single attempt to 

determine this, antibody inhibition ofiFNy and TNFa did not have an effect. This 

experiment should be repeated for confirmation. The question remains whether other 

cytokines may be more important in inducing CD44 expression in cells of the 

oligodendroycte lineage. 
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Chapter 4: Discussion 

The results presented in this thesis indicate that exogenous LMWHA increases the 

production of pro inflammatory cytokines IFNy and TNF a by activated T cells and other 

cells within splenocyte cultures. Activated T cells, expressing high levels of CD44 and 

pericellular LMWHA, infiltrate the CNS during inflammatory demyelinating diseases 

such as MS and EAE. The increase in LMWHA production by T cells may occur due to 

signals from receptors on the activated T cells themselves, or signals from APCs to T 

cells~ which upregulate de novo production of LMWHA via HA synthases HAS 1 and 

HAS 3 (Spicer and Nguyen 1999). Alternatively, or in addition, high or medium 

molecular weight HA may undergo degradation by hyaluronidases, which are 

constitutively expressed by T cells but are also known to be more highly expressed in 

pathological states (Sampson et al. 1992; Mohamadzadeh et al. 1998; Csoka et al. 1999). 

The increased LMWHA made by CNS-infiltrating cells could then induce the production 

of factors that elevate CD44 expression by oligodendrocytes and OPCs, making them 

more susceptible to damage and cell death. A diagram outlining these ideas and how 

LMWHA may contribute to inflammatory demyelinating diseases, including MS, is 

shown in Figure 18. 

59 



activated T cell 

periphery CNS 

activated 
microglia 

reactive 
astrocyte 

CD44 

oligodendrocyte 
or 

OPC 

HMWHA 
accumulation 

1 
inhibition of 

OPC maturation 

1 
failure of 

remyelination 

Figure 17. Proposed model for the sequence of events leading to failure of remyelination 
in MS and EAE. Activated T cells enter the CNS and produce proinflammatory 
mediators: IFNy, TNFa, LMWHA, and other factors. These mediators activate 
microglia and increase HMWHA production by astrocytes, as well as upregulating CD44 
expression in oligodendrocytes and OPCs. The interaction of CD44 and HMWHA 
inhibits OPC maturation, contributing to the failure ofremyelination. 

The LMWHA used in this study is similar to that produced by infilitrating T cells in MS 

and EAE lesions. I did not observe an increase in proinflammatory cytokines with forms 

of HA substantially higher than 800 kDa or lower than 300 kDa, indicating that only HA 

molecules in this specific size range are proinflammatory under the conditions tested. 

The increase in cytokines is not due to higher proliferation in cultures treated with 

LMWHA as none of the forms of HA tested enhanced proliferation. However, a study by 

Galandrini eta/ (2002) found that plate-immobilized HA of undefined molecular weight 

was costimulatory for anti-CD3 mAb-triggered peripheral blood T cell proliferation. 

This discrepancy could be explained by the difference in the action of soluble HA versus 
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plate-bound HA molecules, in which multimeric HA binding may be able to induce 

greater CD44 clustering and thereby enhance the proliferative signal. It is also possible 

that different sizes of HA can induce T cell proliferation under certain conditions. 

My intracellular staining data for IFNy and TNFa shows a significant increase in the 

percentage ofCD4+ T cells producing IFNy, implying that CD4+ T cells could be 

primarily responsible for the increase in IFNy. The other cell type within the splenocyte 

culture that expresses IFNy is the natural killer T cell (Sague et al. 2004), which may also 

increase IFNy production in the presence of LMWHA. In the study by Sague et al, 

LMWHA (molecular weight range not specified) did not increase IFNy in primary NK 

cell cultures except when IL-2, IL-12, or IL-18 was added. These cytokines are almost 

certainly present in activated splenocyte cultures, making it possible for NK cells to 

contribute to IFNy levels under the conditions tested in my experiments. 

The percentage ofCD4+ T cells producing TNFa did not change with LMWHA 

treatment, although TNFa levels in the culture increased. This could indicate that the 

production ofTNFa per CD4+ T cell increases with LMWHA treatment, or it could 

suggest that TNFa production is upregulated by another cell type within the culture. The 

most likely cell types would be macrophages and dendritic cells, as LMWHA with an 

average molecular weight of 250 kDa has been shown to activate monocytes and 

macrophages, which then produce TNFa (Noble et al. 1993; Rodge-Dufour et al. 1997). 

Also, HA oligosaccharides have been shown to induce maturation of human monocyte-
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derived dendritic cells, with TNFa production being a hallmark of dendritic cell 

maturation (Termeer et al. 2000; Termeer et al. 2002). 

My results suggest CD44 is not required to mediate the proinflammatory effects of 

LMWHA. Both CD44KO and WT splenocytes responded to treatment with LMWHA by 

increasing levels of IFNy and TNFa. In CD44KO cultures, however, proliferation was 

roughly 5 times that of WT splenocytes, and overall levels of cytokines were higher in 

cultures from CD44KO mice, possibly due to greater proliferation. The increased 

responsiveness of CD44KO splenocytes to non-specific T cell stimulation suggests that 

the absence of CD44 may enhance inflammation. This may be due to the role of CD44 as 

a positive regulator of activation-induced cell death (McKallip et al. 2002), or to 

overcompensation by another receptor, whose expression is upregulated or whose 

signaling is potentiated in the absence ofCD44 (Nedvetzki et al. 2004). 

I also used CD44 blocking antibodies to determine the requirement for CD44 in the 

proinflammatory response to LMWHA. Using this approach, I found that blocking the 

CD44 receptor did not significantly inhibit LMWHA's ability to stimulate cytokine 

production, strengthening my conclusion that signaling through CD44 is not essential for 

LMWHA to increase the production of pro inflammatory cytokines. 

That upregulation ofTNFa and IFNy expression persists even in the absence ofCD44 

suggests signaling through another HA receptor may be involved. In the case ofiFNy, it 

may be that RHAMM compensates for the loss of CD44, as suggested by a study of 
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collagen-induced arthritis (CIA) in CD44KO mice. In this study, inflammation was 

exacerbated in the knock-out animals, although IFNy levels were not tested (Nedvetzki et 

al. 2004). Other HA receptors expressed by T cells may also potentiate IFNy production. 

Lyve-1, TLR2 and TLR4 are not expressed by T cells, and therefore would not be 

candidates for HA signaling in splenocyte cultures. It is unclear whether layilin is 

expressed by T cells (Bono et al. 2001 ). 

The increase in TNFa levels observed in splenocyte cultures, but not in CD4+ T cell 

cultures (data not shown), could be due to HA binding and signaling through TLR4 or 

TLR2 on macrophage or dendritic cells. Earlier reports showed LMWHA can induce 

TNFa production by macrophages and dendritic cells (Rodge-Dufour et al. 1997; 

Termeer et al. 2000; Termeer et al. 2002) and a recent study showed LMWHA of 

approximately 200 kDa induced macrophage activation and TNFa production via a 

combination ofTLR4 and TLR2 signaling (Jiang et al. 2005). In order to determine 

which cell type is responsible for the increase in TNFa seen in my splenocyte cultures, it 

should be tested whether LMWHA species of 400 kDa average molecular weight are 

capable of activating macrophages and dendritic cells, and assessing the relative 

contribution by these cell types to TNFa levels by intracellular staining and flow 

cytometry analysis. Blocking antibodies to TLR2 and TLR4, siRNA, and/or knockout 

mice could be used to determine whether these receptors are involved. 

Cytokine-containing supernatants from splenocyte cultures induced CD44 expression in 

cells of the oligodendrocyte lineage, which normally express very little CD44 in situ. My 

63 



immunofluorescence studies demonstrated an increase in CD44 expression by 

oligodendrocytes and their progenitor cells when treated with supernatants from activated 

T cells isolated from EAE mice. These T cells (as a component of splenocyte cultures) 

had been further stimulated with anti-CD3 and anti-CD28 antibodies to enhance levels of 

IFNy and TNFa in the supernatants. Western blot analysis of oligodendrocyte progenitor 

cells treated with supernatants from splenocyte cultures grown in the presence of 

LMWHA increased CD44 expression compared to treatment with supernatants from 

splenocytes grown in the presence of vehicle. The supernatants were assayed by ELISA 

and shown to contain high levels ofiFNy and TNFa. It is possible that these cytokines 

have a role in increasing CD44 expression in oligodendrocytes and OPCs, given that they 

are present in EAE and MS lesions in higher-than-normal concentrations (Cannella and 

Raine 1995; Akassoglou et al. 1998; Bitsch et al. 1998; Raine et al. 1998) and that CD44 

expression is induced in glial cells in EAE and MS ( Girgrah et al. 1991; Haegel et al. 

1993) (Girgrah N 1991, Haegel H 1993). This possibility should be explored in future 

experiments, both in vitro and by use of siRNA inhibition ofiFNy and TNFa in vivo. 

Upregulation of CD44 in oligodendrocytes and their precursors would likely enhance 

binding of HA and therefore the effects of its accumulation in the CNS in MS, EAE, and 

other neuroinflammatory states. CD44 expression may alter the uptake and degradation 

ofHA in the lesion microenvironment. HMWHA has been shown to keep OPCs in an 

immature, premyelinating state (Back et al. 2005) by an as-yet unidentified mechanism, 

and the effect ofLMWHA on this cell type has not been fully explored. My treatment of 

OPCs with LMWHA did not increase CD44 expression, indicating that other mechanisms 
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induce CD44 in OPCs. These would be interesting and important questions for additional 

research. 

Taken together, these results imply that inhibiting the synthesis ofLMWHA or 

degradation of HMWHA to LMWHA could reduce inflammation and the subsequent 

upregulation of CD44 expression on oligodendrocytes and OPCs, making them less 

susceptible to injury and apoptosis. HA synthases and hyaluronidases may be 

appropriate therapeutic targets in the treatment of MS and related diseases. 
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Summary and Conclusions 

The major findings of this study include the following: 

1) Activated T cells accumulate pericellular coats of HA coincident with elevated 

levels of CD44. 

2) Neither LMWHA nor HMWHA increase proliferation of activated T cells. 

3) LMWHA enhances the expression of proinflammatory cytokines by splenocytes. 

4) Both CD44KO and WT splenocytes increase levels ofiFNy and TNFa in 

response to LMWHA. 

5) Blocking antibodies to CD44 do not inhibit the proinflammatory effects of 

LMWHA. 

6) CD44KO T cells proliferate more rapidly in response to non-specific stimulation 

of the T cell receptor than WT T cells. 

7) CD44KO splenocytes show a more pronounced increase in proinflammatory 

cytokines in response to LMWHA than WT splenocytes. 

8) Factors from activated T cells and other immune cells increase CD44 expression 

by oligodendrocytes and OPCs, an effect that is enhanced when T cells are grown 

in the presence of LMWHA. 

This study has demonstrated a role for LMWHA in the production of pro inflammatory 

cytokines IFNy and TNF a, and shown that the CD44 receptor is not required to mediate 

the effects of LMWHA on cytokine production by immune cells. These data also suggest 

the inflammatory response is potentiated in the absence of CD44 on immune cells. In 

regards to the effects of immune cell activation on CNS-resident cells, I conclude that 
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factors expressed by activated splenocytes in response to LMWHA upregulate CD44 

expression in oligodendrocytes and OPCs. Increased CD44 levels may increase binding 

by HMWHA, shown to be abundant in the lesions ofMS and EAE, making OPCs more 

responsive to the maturation-inhibiting effects of CD44-HA interactions and impeding 

remyelination. 
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