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ABSTRACT

As human thymocytes differentiate they either remain anchored to thymic stromal 

cells and extracellular matrix (ECM) components or, while at other stages of 

differentiation, thymocytes are migratory. Thus, both adhesion and motility receptors are 

required by thymocytes. To examine the function of the fibronectin (Fn)-binding 

integrins CC4 P 1 and (X5P 1 on ex vivo thymocytes, timelapse microscopy was used to record 

cell behavior and both adhesion to and motility on Fn assessed, ccjPi integrins mediated 

adhesion to Fn for non-migratory thymocytes while interactions of both cqPi and a 5 (3i 

integrins with Fn were required by motile cells along with the receptor for hyaluronan 

(HA) mediated motility (RHAMM). This suggested Fn-binding Pi integrins might 

interact with Fn at low avidity to provide traction for migratory' thymocytes. Consistent 

with this hypothesis, thymocytes stimulated with a pi integrin activating mAb were 

significantly more adhesive to Fn and motility was concomitantly decreased. This 

suggested low avidity binding of Pi integrins promoted locomotion for thymocytes.

To investigate how HA interactions with RHAMM promoted motility, the 

expression of RHAMM was examined. Most human thymocytes expressed intracellular 

RHAMM and a smaller proportion expressed cell surface RHAMM. HA redistributed 

intracellular RHAMM to the cell surface and the redistributed RHAMM mediated 

motility. The two distribution patterns suggested thymocytes expressed two RHAMM 

isoforms. Consistent with this hypothesis, thymocytes expressed full length isoforms of 

RHAMM (RHAMMfl), a splice variant o f RHAMM (RHAMM'48), but did not express a 

third RHAMM splice variant (RHAMM'147). To determine if RHAMM splice variants 

had different cellular distribution patterns than RHAMM0-, COS cells were transfected
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with plasmids expressing green fluorescent protein (GFP) fused to RHAMM. GFP- 

RHAMMFL and GFP-RHAMM ' 147 were intracellular proteins that co-localized with the 

microtubule cytoskeleton. GFP-RHAMM ' 48 was distributed intracellularly throughout 

the cytoplasm or in association with cell membranes. Thus, all three RHAMM isoforms 

were expressed intracellularly by an adherent cell line, whereas thymocytes, which are 

migratory cells, expressed cell surface RHAMM and intracellular RHAMM. These 

experiments indicated only migratory cells expressed cell surface RHAMM and 

redistribution of intracellular RHAMM might be required for surface expression. This 

implicates redistribution of intracellular RHAMM as a mechanism to stimulate motility.
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1

1 INTRODUCTION

1.1 How Cells Locomote

To function as mediators of immune responses leukocytes must have the ability to 

become locomotory when alerted to sites of infection or trauma within an organism. 

Numerous types of receptors, including adhesion, cytokine and chemokine receptors 

enable leukocytes to adapt to changes in the microenvironment by transducing signals 

following ligand binding (Damsky & Werb, 1992; Lafrenie & Yamada, 1996; Sanchez- 

Madrid & del Pozo, 1999). Signal transduction activates the intracellular and 

extracellular components required to mediate migratory behavior. Examination of these 

processes has revealed that locomotory behavior requires the activation and coordination 

of a large and complex array of components.

1.1.1 Assessment of cell locomotion 

Comparison of many highly divergent cell types indicates many of the basic 

mechanisms used to mediate locomotion are similar among cells (Stossel, 1993; 

Lauffenburger & Horwitz, 1996; Mitchison & Cramer, 1996). First a cell must become 

polarized and this generally occurs in response to an external stimulus. Morphologically 

polarization is apparent when the cell extends protrusions that create a ‘leading edge’. 

Second, the leading edge forms attachments to the substrate providing the cell with 

traction. Finally, the cell pulls itself forward requiring contraction and de-adhesion of the 

trailing edge of the cell. Repetition of this simple series of steps enables a cell to crawl 

forward. However, the cellular components involved in this process are numerous and 

their activity must be coordinately controlled to enable directional motility (Nabi, 1999; 

Sanchez-Madrid & del Pozo, 1999; Small et a!., 1999a; 1999b; Waterman-Storer &
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Salmon, 1999; Chen et al., 2000). Compared with adhesive cells like fibroblasts, 

leukocytes are migratory cells and might coordinate cell processes differently to 

accommodate rapid locomotion.

Leukocytes assume locomotory behavior to extravasate between cells lining blood 

vessels and to migrate through extracellular matrix (ECM) to reach sites of inflammation 

(Springer, 1994). Lymphocytes and thymocytes also migrate through lymphoid organs 

during their development. To understand how these processes are initiated and regulated, 

in vitro and in vivo assays have been developed to analyze cell migration. Migratory 

leukocytes have a particularly distinct appearance, so morphological analysis has been 

used as an indirect measure of motile behavior (del Pozo et al., 1995; Harris & Miyaska, 

1995; Cox et al., 1997). However, cell motility is more often measured directly rather 

than relying only on morphological observations. Random motility, directional 

locomotion and/or velocity refer to different aspects of cell locomotion that can be 

quantitated (Wilkinson, 1998). Random motility generally refers to spontaneous or 

stimulated locomotion in the absence of a chemotactic gradient. Directional locomotion 

refers to uniform directional movement usually toward a chemotactic factor and velocity 

or chemokinesis is a measure of distance traveled in a defined time period.

Leukocytes normally traffic through the body in the circulatory system. To 

migrate into tissue or lymphoid organs, they must first attach to endothelial cells lining 

blood vessels then extravasate between the adjacent cells to gain access to the underlying 

basement membrane and ECM (Springer, 1994). To study the receptor interactions and 

chemokines that stimulate this process, chemotaxis and transmigration assays have been 

developed. Chemotaxis and transmigration assays generally use Boyden-like chambers in
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3

which leukocytes are placed into an upper chamber containing a porous filter that is 

coated with ECM components or a layer of endothelial cells. A lower chamber contains 

the chemotactic stimulus. Cells migrating through the filters into the lower chamber are 

considered chemotactic and are quantitated by direct microscopic counting or by labeling 

cells then using radiometric or spectrophotometric methods as an indirect measure of cell 

number (Azzara, 1997). This type of in vitro model is commonly used to assess the 

potential contribution of adhesion or chemokine receptors expressed by neutrophils and 

monocytes that stimulate or mediate extravasation or migration through interstitial spaces 

(Campbell et al., 1996; Weber et al., 1996). This method can accommodate large sample 

numbers and is amenable to experimental manipulation such as treating cells with 

antibodies or pharmacologic agents. However, cross-sectional analyses of relatively thick 

cellulose ester filters frequently indicate a portion of migratory cells don’t migrate 

through the entire depth of the filter, so the number of chemotactic cells is underestimated 

(Azzara, 1997). It is also impossible to determine if inhibitors or antibodies block 

adhesion to the substrate or migration through the filter, since the outcome will be the 

same in either case.

Another drawback of modified Boyden chambers is that ex vivo lymphocytes are 

weakly adherent to thin polycarbonate filters and migrate poorly through the small pores 

of the filters (Ratner, 1992). Three-dimensional type I collagen gels or gels combined 

with other ECM components support lymphocyte migration more effectively and have 

been used to study lymphocyte motility (Southern et al., 1995; Friedl et al., 1995; Ratner 

et al., 1997). Migration into three-dimensional collagen gels is quantitated by 

microscopic examination. The distance of the ‘migration front’ or the number of cells

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

migrating a particular distance is determined. A criticism of this approach is the lack of 

homogeneity of cells at the migration front (Azzara, 1997). F or example, the leading 

front is set to the point at which an arbitrarily determined number of cells have migrated 

in response to a stimulus. The distance traveled by this fraction o f  cells is measured and 

presented as an indication of the behavior of cells in the entire pop-ulation. The relevance 

of the criticism is emphasized when assessing the effects of pharmacologic agents on 

leukocytes. A patient with a syndrome that attenuates normal polymorphonuclear (PMN) 

chemotaxis was treated with lithium carbonate (Azzara, 1997). Using the leading front 

method to assess chemotaxis indicates this therapy increases PM N chemotaxis to normal 

levels. However, assessment of multiple planes of the filter actually indicates the 

majority of cells are still poorly chemotactic.

Video timelapse microscopy is commonly used to assess random motility and 

chemotaxis. This approach provides a direct method to assess migratory responses of 

leukocytes because cells can be tracked over time by viewing the recorded images. Since 

cells are directly observed, random motility, persistence and velocity can be quantitated 

using this method. Surfaces are coated with different ECM components or endothelial 

cells to determine if cells bind to and migrate on these substrates. To study chemotactic 

responses, a stimulus is added directly to the chamber with a micropipette and migration 

toward the point of addition assessed by viewing the recorded images (Zigmond et al., 

1981; Servant et al., 2000). Alternatively, Dunn chemotaxis chambers (or variations of 

this design) can be used. These chambers are designed to accommodate the addition of 

chemotactic factors through a filling slit which simplifies addition of the stimulus and 

orientation of the field (Allen et al., 1998; Entschladen et al., 2000). Leukocytes
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migrating toward quadrants encompassing the filling slit are considered chemotactic. To 

reduce the qualitative aspect of discerning chemotaxis from random migration, 

calculation of the angle of the migration path using a virtual axis can be done to yield a 

numeric value (Allen et al., 1998). Based on a mathematical model, directionality can 

then be statistically determined.

Other experimental designs include pre-treating cells with pharmacologic reagents 

or antibodies and assessing the ability of these reagents to change cell behavior. Increases 

or decreases in motility or chemotaxis implicate the receptor or molecular component in 

the motile process. The contribution of intracellular components to polarization and 

motility of living cells has also been examined using video timelapse recording in 

conjunction with fluorescence microscopy (Parent & Devreotes, 1999; Servant et al., 

2000). Cells transfected with constructs containing the gene encoding green fluorescent 

protein (GFP) fused to the gene of interest were tracked and redistribution of the GFP- 

tagged intracellular component was directly observed.

A constraint of video timelapse methods is that conventional microscopic analysis 

requires cells be on a relatively flat surface. This means that a two-dimensional approach 

must be used to study a process that, in vivo, is three-dimensional. Since in vitro 

experiments are meant to give us insight into in vivo processes, the question arises; is the 

mechanism of motility essentially the same for cells migrating across surfaces compared 

with migration through three-dimensional tissues? Collagen gels are transparent, so can 

be used in conjunction with video timelapse microscopy to examine leukocyte migration 

through a three-dimensional matrix (Entschladen et al., 1997; Friedl et al., 1998). 

Random motility of neutrophils migrating in collagen gels alloyed with different ECM
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components indicates mesh size affects velocity (Kuntz & Saltzman, 1997). When the 

mechanical and structural properties of different alloys appear similar, cell velocity is 

affected by gel composition and velocity is inversely related to the strength of adhesion 

assessed using two-dimensional adhesion assays. This suggests that the way receptors 

function as cells migrate across two-dimensional substrates is related to the manner in 

which these receptors function in three-dimensional matrices and, by extrapolation, in 

tissues. This study validates the use of two-dimensional systems to study cell behavior.

The in vivo environment has been emulated even more closely by designing an in 

vitro model of neutrophil chemotaxis through three-dimensional amniotic tissues 

(Mandeville et al., 1997). Fluorophore-injected neutrophils were tracked by scanning 

through the tissue matrix at each time point followed by image reconstruction. 

Comparison of neutrophils chemotaxing across two-dimensional Filters and through tissue 

indicates the overall shape and distribution of F-actin and cell surface receptors is similar. 

However, neutrophils migrating through tissue extend lateral pseudopods into tissue 

openings that presumably generate force to drive forward locomotion. Migration is 

interdependent on tissue architecture and the direction of the chemotactic gradient, since 

directionality is not wholly dictated by the chemotactic stimulus. This indicates the 

importance of cell contact with matrix components in guiding cell migration. A problem 

with this particular method is the potential for cellular damage as a result of exposure to 

high-energy excitation sources. In general, tracking cells through three-dimensional 

matrices is a powerful method to examine locomotion, since this approach emulates the 

in vivo microenvironment.
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Intravital microscopy is another powerful tool that can be used to study leukocyte 

extravasation and migration through ECM in vivo (Werr et al., 1998; 2000). The 

mesenteric microvasculature provides a good anatomic region for analysis, since portions 

of the intestine can be exposed for microscopic analysis. The permeability of intestinal 

tissue allows addition of chemotactic stimulants or antibodies to stimulate or inhibit 

migration. Digital images are recorded enabling quantitative assessment of velocity and 

migration. The obvious advantage of this design is the direct examination of an in vivo 

process without the need to try to recreate complex tissues. Disadvantages are inherent to 

this approach as well. It is a relatively complex surgical procedure, animal models must 

be used, a mixed cell population is examined and it is extremely labor intensive.

Motility assays allow questions to be asked about the function of receptors and 

stimulants in cell adhesion and migration and the way intracellular constituents are 

reorganized to accommodate locomotion. Since we are ultimately trying to understand 

how cells operate in vivo, in vitro methods must be critically evaluated with respect to the 

relevance of the data generated. When leukocytes crawl through filters does this 

accurately reflect the processes they use to extravasate through endothelial-lined venules? 

Does lateral migration across a two-dimensional substrate reflect the receptor interactions 

that occur as cells migrate through complex three-dimensional ECM? The increasing 

complexity of migration assays indicates these concerns are being addressed.

1.1.2 Actin filament assembly and protrusion formation

Before becoming locomotory, a cell becomes polarized. Polarization establishes a 

domain within the cell that is morphologically and functionally distinct from the rest of 

the cell (Lauffenburger & Horwitz, 1996; Nabi, 1999). Protrusions form in response to
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stimuli and the localized reorganization of F-actin and redistribution o f other components 

create a polarized area in the ce ll that becomes the leading edge. Small cylindrical 

filopodia and flat, broad lamellipodia are structures that characterize the leading front. 

Polarized leukocytes have a leadi ng edge characterized by an extended pseudopod and a 

distinct trailing edge called the ruropod that appears like a slim pseudopod (Sanchez- 

Madrid & del Pozo, 1999).

Morphological polarity is -related to directional locomotion for leukocytes. PMNs 

stimulated with the chemotactnc peptide _/MLP polarize in the direction of the 

chemoattractant and timelapse rraicroscopic analysis indicates they also migrate in this 

direction (Zigmond et al., 1981). Polarity is relatively stable, since PMNs resume moving 

along their original migratory pach in the absence of a chemotactic gradient even after a 

temporary cessation of locomotion induced by removal of the stimulus. Reversing the 

chemotactic gradient causes cells to reverse direction rather than reverse their polarity. If 

/M LP is removed for a sufficientliy long period to allow cells to round up before addition 

of fresh /MLP, morphological an>d functional polarity are lost. This indicates polarity is 

stable, but reversible, thus, is a dynamic process. Since morphological polarity predicates 

the direction of locomotion, components present in the leading edge are likely to be 

directly implicated in mediating motility. Extensive efforts have been made to identify 

these components and determine ttheir function.

Asymmetric redistributio*n of chemokine receptors has been suggested as a 

mechanism whereby leukocytes c a n  initiate or maintain directional motility (Nieto et al.,

1997). Chemokine receptors recListribute to the leading edge of chemokine-stimulated T 

lymphoblasts, but redistribution i s dependent on integrin-mediated adhesion. In contrast,
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directional sensing by the amoeboid form of the slime mold Dictyostelium is achieved by 

maintaining a non-polarized distribution of chemosensory receptors on the cell surface, 

even in the presence of a chemoattractant gradient (Parent & Devreotes, 1999). 

Chemoattractants do stimulate translocation of GFP-tagged intracellular proteins 

containing pleckstrin homology domains in Dictyostelium and in neutrophil cell lines 

(Servant et al., 2000). The redistribution is asymmetric, occurs within seconds of adding 

the stimulus and is toward the highest concentration of chemoattractant. This is evidence 

that redistribution of intracellular components either initiates the formation of or 

maintains a polarized domain in cells.

The dynamic assembly and disassembly of F-actin provides motile cells with a 

structural component able to rapidly adapt to shape changes of a motile cell. Actin 

filaments (F-actin) are polymers of G-actin monomers and filaments self-associate to 

form a double-stranded helix. Actin-binding myosin fragments bind to the helix and give 

the filament the appearance of having a barbed end (plus end) and a pointed end (minus 

end), thus F-actin has polarity (Stossel, 1993; Chen, 2000). ATP-bound G-actin 

monomers attach to plus ends preferentially and hydrolyze ATP after binding. ADP-actin 

is preferentially released from the minus end of the F-actin filament. Therefore, at steady 

state, addition to the plus end equals removal from the minus end and there is no net 

growth of actin filaments. However, cellular signaling cascades can alter the balance to 

favor either filament lengthening or shortening. Because it is inherently dynamic, the 

assembly-disassembly of F-actin has been proposed to be a driving force of cell 

locomotion (Condeelis et al., 1992; Stossel, 1993; Lauffenburger & Horwitz, 1996; 

Mitchison & Cramer; 1996).
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The actin cytoskeleton is a relatively rigid, cross-linked structure (gelled state), 

but disassembly of actin filaments produces a more flexible structure (sol state). Electron 

microscopic images of macrophages prepared to preserve the ultrastructure of the actin 

cytoskeleton demonstrate the leading edge of a polarized macrophage contains a cross- 

linked F-actin network, thus the actin cytoskeleton is associated with the polarized region 

of the cell (Stossel, 1993). F-actin is also predominantly localized to the leading front of 

T cells migrating through three-dimensional collagen matrices (Ratner et al., 1997). This 

suggests actin redistribution initiates or accompanies cell polarization. Mathematical 

analysis of phalloidin-stained /MLP-stimulated PMNs over time indicates asymmetric 

distribution of F-actin precedes the development of polarized cell morphology (Coates et 

al., 1992), indicating F-actin redistribution might regulate polarization.

Actin redistribution and membrane protmsions are associated, but what is the 

mechanical driving force? Assembly of F-actin in lipid vesicles causes vesicle 

deformation suggesting actin polymerization in cells can generate protrusive forces and 

there are models to propose how this occurs (Lauffenburger & Horwitz, 1996). The 

‘solation-expansion’ hypothesis suggests localized signals cause regional disruption of 

the cortical actin cytoskeleton by uncapping and severing actin Filaments creating a 

solated region in the actin cytoskeleton (Condeelis et al., 1992; Stossel, 1993; Mitchison 

& Cramer, 1996). Solation of actin presumably disrupts membrane-cytoskeletal cross

links as well, increasing membrane flexibility. As solated actin filaments are lengthened 

and reorganized into a network they return to the gel state creating an osmotic gradient 

and the forming gel becomes hydrated and swells. Localized osmotic swelling generates
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sufficient mechanical force to push against the membrane and form a protrusion. F-actin 

reassembly and cross-linking may further enlarge and stabilize the protrusion.

The ‘Brownian ratchet’ or thermal ratchet model suggests F-actin in the fluid 

phase ‘fluctuates due to Brownian motion’ (Stossel, 1993; Mitchison & Cramer, 1996). 

The fluctuation produces sufficient space for G-actin monomers to bind to filaments 

proximal to the membrane. Sustained filament growth forces the membrane to protrude. 

This mechanism requires actin filaments be cross-linked, as in iameliipodia, or bundled, 

as in filopodia, to generate sufficient rigidity to force membrane protrusions.

The third model suggests membrane-bound motor proteins such as myosin I, 

move antegrade to newly polymerizing actin filaments and ‘push’ out the membrane. 

This requires that motor proteins attach to a solid structure to generate the force necessary 

to cause membrane protrusion (Mitchison & Cramer, 1996). Actin polymerization then 

fills in the space produced by membrane protrusion. Each of these models favors the 

localized reorganization of actin as the means to generate protrusive forces rather than the 

transmission of force from the cell body.

Each model dictates that actin filaments must be bundled or cross-linked to give 

the re-assembling structure sufficient mechanical strength to cause membrane protrusion; 

therefore, G-actin and F-actin binding proteins and the factors that control their activity 

are of interest as regulators of membrane protrusion formation (Cunningham 1992; Chen 

et al., 2000). Although actin and myosin filaments might provide the structural 

components to polarize the cell, upstream events must initiate the localized rearrangement 

of the cytoskeleton. In a Dictyostelium model, chemosensory receptors and their 

associated G proteins remain uniformly distributed around the cell periphery (Parent &
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Devreotes, 1999), but chemokine receptors are redistributed to the cell front of 

lymphocytes (Nieto et al., 1997). Receptor redistribution would likely occur after signals 

generated by initial agonist binding. Therefore, activation of factors after agonist binding 

occurs and before actin reorganization must mediate the localized intracellular response 

that polarizes the cell. The Rho family of GTPases, Rac, Rho and Cdc42, have generated 

much interest because they appear to play a central role in cellular activities that link 

surface receptor-mediated signaling and reorganization of the actin cytoskeleton (Hall,

1998). In fibroblasts, activation of Rho is associated with the formation of actin stress 

fibers and focal adhesions (FAs). The reciprocal experiment indicates inactivation of 

Rho leads to the rapid dissolution of FAs and stress fibers (Nobes & Hall, 1995); 

therefore, Rho activity might be associated with sessile behavior. Rac activity is 

associated with focal complex formation, F-actin cross-linking and lamellipodia 

formation while Cdc42 activity is associated with F-actin bundling and formation of 

filopodia. Therefore, these two GTPases are associated with rearrangements of the actin 

cytoskeleton that correlate with locomotory behavior.

1.1.3 Rho family GTPases and leukocyte motility 

Much of what is known about the activities of Rho family GTPases comes from 

investigating their effects on cell spreading using adherent cell lines such as fibroblasts. 

This work suggests Cdc42, Rac and Rho are interdependent and act sequentially, but are 

spatially restricted from one another (Nobes & Hall, 1995; Hall, 1998, Small et al., 

1999a). Cdc42 activity establishes cell polarity then Rac is activated, lamellipodia are 

extended and focal complexes are formed. As the cell stretches forward, these contact 

sites come into proximity with Rho and activated Rho stimulates the formation of FAs
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and stress fibers that anchor the cell. In highly locomotory cells such as leukocytes that 

do not adhere strongly or form FAs, how do these GTPases function?

To investigate the morphological and functional effects of Rac, Rho and Cdc42 on 

leukocytes, constitutively active or dominant negative mutants of each Rho family 

GTPase has been microinjected into cells or inserted into plasmids used to transfect cell 

lines (Cox et al., 1997; Allen et al., 1998; D’Souza-Schorey, 1998; Weber et al., 1998; 

del Pozo et al., 1999). Random and directional motility in response to a CSF-1 gradient 

was assessed for a murine macrophage cell line, Bac, microinjected with each of the 

mutated proteins while cellular morphology and distribution of F-actin were assessed 

using confocal microscopy (Allen et al., 1998). CSF-1 stimulates Bac cells to become 

polarized and chemotactic. Injection of constitutively active Cdc42 inhibits the CSF-1 - 

stimulated chemotactic response and decreases random migration speed. 

Morphologically, macrophages remain relatively rounded with long filopodia around the 

entire cell periphery. F-actin is distributed around the periphery and in filopodial 

protrusions (Allen et al., 1998). In contrast, macrophages injected with dominant 

negative Cdc42 are highly motile, but not chemotactic and do not form filopodia. Cells 

remain relatively rounded with broad lamellipodial-type extensions and F-actin is 

distributed to protrusions around the periphery. Since cells remain motile in the absence 

of Cdc42 activity, but not chemotactic, Cdc42 activity must be associated with 

intracellular events that direct the cell toward a chemotactic stimulus. Constitutive 

activity of Cdc42 correlates with an inability to establish a morphologically polarized 

cellular region and subsequent chemotactic behavior. However, the mechanisms that
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mediate cell motility appear to be independent of Cdc42 activity, since cells expressing 

inactive Cdc42 are still motile.

Injection of constitutively active Rac causes extensive membrane ruffling and F- 

actin distribution around the entire cell periphery indicating active lamellipodial 

formation. However, the cells are not chemotactic and are pooriy migratory in response 

to CSF-I. In a model using Jurkat cells transfected with T7-tagged constitutively active 

Rac, Rac activity increases adhesion to Fn and cell spreading (D’Souza-Schorey et al.,

199S). Thus, decreased locomotion might be a result of increasing adhesion in a non

polarized manner. Injection of dominant negative Rac inhibits membrane ruffling and 

migration, but does not affect the formation of filopodia in monocytes (Allen et al.,

1998). This is consistent with the previously defined role of Cdc42 and Rac in filopodia 

and lamellipodia formation, respectively (Nobes & Hall, 1995). Macrophages injected 

with constitutively active Rho appear and behave similarly to cells injected with 

dominant negative Rac. The cells are non-motile and only extend filopodial-like 

protrusions. Injecting cells with C3 transferase to inhibit Rho causes the cells to spread 

and become highly deformed, but they remain non-polarized and non-migratory.

Constitutive activity of Cdc42 or Rac appears to enhance protrusive activity and 

F-actin assembly, but does not enhance chemotaxis or random motility. This indicates F- 

actin assembly and protrusion formation are not sufficient to mediate locomotion and 

suggests polarization is also required. It has been suggested a polarized shape is unlikely 

to occur without asymmetric F-actin distribution (Coates et al., 1992). In a fibroblast cell 

line, activation of a downstream target of Rac is dependent on the activation and 

translocation of Rac from the cytosol to the cytoplasmic membrane (del Pozo et al.,
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2000). This suggests activated Rac is normally localized to an area o f the cell that leads 

to the reorganization of actin in that region. Rac might also promote adhesion in 

localized cellular domains.

Constitutively active Rho decreases motility and protrusion formation consistent 

with its role in promoting strong adhesive interactions of cells with substrate. 

Morphologically, Bac cells appear small, rounded and project actin-rich filopodia or 

stress fibers. However, inhibition o f Rho activity does not promote motility, even though 

cells exhibit numerous filopodial and lamellipodial projections. This suggests Rho 

activity is required by highly locomotory cells. Inactivation of Rho ablates chemokine- 

stimulated triggered binding of macrophages and neutrophils (Laudanna et al., 1996; 

Weber et al., 1998) suggesting that adhesive contacts are required by migrating cells and 

both Rac and Rho function to stimulate integrin-mediated adhesion. Rac and Rho also 

facilitate adhesion of 0 4 0 7  to MAdCAM-1 in a murine T lymphoma cell line (Zhang et 

al., 1999).

Using different monocyte cell lines transfected either with constitutively active or 

dominant negative Cdc42 (Weber et al., 1998) or with dominant negative Cdc42 or Rac 

(Cox et al., 1997), produces morphological or functional defects similar to the 

observations of Allen et al. (1998). In the latter report, phagocytic activity was also 

decreased implicating Cdc42 and Rac in Fey receptor-mediated endocytosis (Cox et al.,

1997). A different approach was used to study the effects of constitutively active or 

dominant negative forms of Rho, Rac and Cdc42 in T cell lines that spontaneously 

polarize on fibronectin (Fn)-coated surfaces (del Pozo et al., 1999). Plasmids containing 

mutant forms of each GTPase fused to GFP were used to transfect T  cell lines. ICAM-1
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and ICAM-3 redistribute to uropods of polarized T cells (del Pozo et al., 1995; 1997; 

Serrador at al., 1997), so redistribution of ICAM-3 was used as an indicator of cell 

polarization. Consistent with the data using monocyte/macrophage cell lines, 

constitutively active Rho inhibits deformation of transfected cells while active Rac and 

Cdc42 cause extreme cell deformation or protrusion activity. However, ICAM-3 does not 

redistribute to the uropod in cells transfected with these constitutively active GTPases. 

Cells transfected with wild-type forms of Rho, Rac or Cdc42 redistribute ICAM-3 to the 

uropod, indicating the GFP tag does not impair cell polarization. This suggests that 

locomotory defects in cells expressing hyperactive forms of each GTPase might be due to 

an inability to polarize.

Cells transfected with the dominant negative forms of Rho-, Rac- or Cdc42-GFP 

appear morphologically similar to each other and redistribute ICAM-3 and the ezrin- 

radixin-moesin (ERM) protein moesin to the uropod, thus these transfectants polarize 

normally (del Pozo et al., 1999). Both cell deformation and ICAM-3 redistribution are 

Fn-dependent, since transfected cells remain non-polarized on poly-L-lysine (PLL)-coated 

plates. Constitutive activity of all three GTPases decrease stem cell-derived factor-1 

(SDF-l)-stimulated chemotaxis of transfected cells as does expression of dominant 

negative Cdc42. This is consistent with previous reports using macrophage cell lines 

(Allen et al., 1998; Weber et al., 1998). However, in contrast to the inhibitory effects of 

microinjected dominant negative Rac and inactivated Rho on macrophage chemotaxis 

(Allen et al., 1998), T cells transfected with dominant negative Rac or Rho do not 

significantly decrease chemotactic responses to SDF-1 (del Pozo et al., 1999). Injection 

of dominant negative Rho, Rac and Cdc42 might result in sufficiently high expression
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levels to effectively sequester their respective GTP exchange factors from endogenous 

GTPases, whereas endogenous activity may still occur in transfected cell lines due to 

lower expression levels of transfected genes.

The observations using transfected T cell lines are consistent with the requirement 

that cells must polarize to locomote and that normal activity levels of Cdc42 are required 

for chemotactic responses. All of these groups demonstrate Cdc42 and Rac hyperactivity 

promote actin reorganization and cell deformation, but inhibit chemotaxis. The data 

suggest localized Cdc42, Rac or Rho activity is required to initiate or maintain cell 

polarity and subsequent chemotaxis. In a model system examining chemokine-stimulated 

cell polarization of a neutrophil cell line transfected with a gene encoding a pleckstrin 

homology domain of the AKT protein kinase fused to GFP (PHAKT-GFP), intracellular 

PHAKT-GFP fusion proteins translocate to the cell membrane nearest the chemotactic 

stimulus (Servant et al., 2000). Inhibition of actin polymerization by sequestering actin 

monomers by treatment of cells with latrunculin B did not inhibit polarized translocation 

of PHAKT-GFP toward the chemotactic stimulus. This suggests cellular asymmetry is 

established before actin reassembly occurs and that GTPase activity and subsequent actin 

reassembly must be localized to maintain the asymmetry.

1.1.4 Microtubules and cell polarity 

Microtubules (MTs) are also polymeric macromolecules comprised of monomeric 

subunits of a  and P tubulin. The tubulin subunits form heterodimers that polymerize into 

strands called protofilaments. Thirteen protofilaments associate such that adjacent 

strands are staggered with respect to the a  and P subunits and the sheet of associated 

protofilaments coils to form a hollow ring structure. MTs are also polarized structures
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with a plus and minus end and have dynamic instability, but hydrolyze GTP during 

assembly rather than ATP.

Early studies indicated an intact MT cytoskeleton was required to maintain 

persistence and directional motility of fibroblasts (Vasiliev, 1991) and leukocytes 

(Anderson et al., 1984). However, another group reported human PMNs treated with the 

MT depolymerizing agent colchicine maintained their polarized morphology toward a 

chemotactic gradient suggesting an intact MT cytoskeleton was not required for the 

polarization or locomotion of leukocytes (Zigmond et al, 1981). Subsequently, it was 

shown that highly locomotory fish epidermal keratocytes do not appear to require a MT 

cytoskeleton for directional locomotion (Euteneuer & Schliwa, 1984). Portions of 

locomoting cells can ‘break away’ and these fragments maintain directional motility in 

the complete absence of the MT cytoskeleton and the MT organizing center (MTOC). 

Thus, it was concluded the MT cytoskeleton did not function to mediate motility for 

highly locomotory cells like leukocytes and fish keratocytes.

In cell types that do require an intact MT cytoskeleton to migrate, MTs appear to 

initiate or maintain polarity. Fibroblasts treated with colchicine form protrusions around 

the entire cell periphery, but a leading front is not established and cells are unable to 

migrate (Nabi, 1999). This suggests an intact MT cytoskeleton is not required for 

protrusion formation, but implicates MTs in cell polarization. The MT network delivers 

vesicles containing both newly synthesized proteins and proteins from the endocytic path. 

Directing cellular traffic to a particular site could favor establishment of a leading edge, 

thus influencing cell polarity.
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MTs appear to be directed to protrusions by the actin cytoskeleton. Analysis of 

motile fibroblasts injected with fluoresceinated tubulin and vinculin followed by 

examination using timelapse fluorescence microscopy indicates that as growing MTs 

extend toward the cell periphery they make multiple physical contacts with sites 

containing vinculin (Kaverina et al., 1998). These sites, identified morphologically as 

FAs, protect the MT from depolymerization by mild nocodazole treatment suggesting 

MTs are stabilized at these sites. MTs also extend to focal complexes in lamellipodia. 

The authors propose MTs are guided toward adhesions by actin filaments, possibly by 

actin-binding sites contained in proteins with MT binding sites, such as MT-associated 

protein (MAP). They suggest interaction of MTs with actin at sites of FAs relaxes the 

contact site by decreasing the contractility of stress fibers, allowing the cell to change 

shape or polarize (Small et al., 1999a). They also speculate that MTs either provide or 

sequester components that influence adhesion or protrusion formation.

Pharmacologic agents that prevent depolymerization of MTs, such as taxol, also 

inhibit cell migration suggesting both the assembly and disassembly of MTs is required 

for MTs to function for motile cells (Waterman-Storer and Salmon, 1999). These authors 

suggest that in migratory cells F-actin reorganization and MT polymerization and 

depolymerization are interdependent processes. Their observations suggest the growing 

ends of MTs are at the cell membrane and a proportion of free minus ends are in the cell 

body of migratory fibroblasts. They propose the polarized assembly and disassembly of 

MTs regulate the activity of Rho family GTPases that in turn promote actin 

reorganization in protrusions and FAs. For example, inactive Rac-GDP binds to tubulin 

monomers while active Rac-GTP does not bind tubulin, so MT disassembly sequesters
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inactive Rac. As tubulin subunits are added to growing MT ends a guanine nucleotide 

exchange factor (GEF) called GEF-H1, that localizes to MTs, is brought into proximity to 

tubulin-bound Rac-GDP then Rac binds GTP and is released from tubulin. Since MT 

assembly is predominantly at the cell periphery, activated Rac is brought proximal to 

polarized or polarizing regions of the cell where it functions in F-actin assembly in the 

extending lamellipodium. This model proposes the MT cytoskeleton acts as an 

organizing matrix to coordinate the activity and localization of Rho family GTPases. 

Recent evidence does indicate a downstream target of Rac is not activated unless active 

GTP-Rac is redistributed from the cytosol to the cell membrane (del Pozo et al., 2000). It 

has also been demonstrated that Rho is translocated to the cell membrane (Takaishi et al.,

1995).

Depolymerization of MTs increases the formation of stress fibers and cell 

contractility. Specific Rho inhibitors negate this effect indicating MT disassembly 

correlates with Rho activation (Waterman-Storer & Salmon, 1999). The nucleotide 

exchange factor GEF-HI is also a potential candidate for Rho activation. Another 

molecule called Trio has two GEF domains. When GEF domain I is expressed by 

transfected fibroblasts, they resemble cells transfected with constitutively active Rac 

(Seipel et al., 1999). Transfected cells are highly protrusive and F-actin is redistributed to 

ruffled membranes, consistent with the function of this domain as an activator of Rac. 

Fibroblasts transfected with GEF domain 2, which activates Rho, resemble Rho- 

transfected cells. Interestingly, GEF domain 1 transfectants, but not Rac transfectants, are 

able to transmigrate. Since GEF-HI and Trio potentially activate both Rac and Rho in 

cells, coordinating Rac and Rho activity appears to require spatial separation or sequential
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activation. The spatial separation of MT assembly-disassembly could enable the same 

GEF to activate Rac and Rho in different cellular locations.

These models focus on the role of MTs in spreading or migrating fibroblasts. 

MTs appear to function in vesicle delivery, cell relaxation and coordinating activity of 

Rho GTPases and these activities might initiate or maintain polarization. Rho GTPases 

are also important mediators of leukocyte motility, but there are contradictory reports on 

the need for an intact MT cytoskeleton in migrating leukocytes (Zigmond et al., 1981; 

Anderson et al, 1984). The MTOC reorients while T cells interact with antigen 

presenting cells and Cdc42 activity is associated with polarization (Stowers et al., 1995). 

The MTOC of T cells orient toward the APC and this might function to deliver vesicles 

to the point of contact of the T cell with the APC. Although these experiments were not 

designed to examine the function of the MTs during locomotion, it suggests the MT 

cytoskeleton functions in cell polarization and this is also a critical step in the initiation of 

migration.

1.1.5 Microtubules are redistributed by migratory leukocytes 

Leukocytes do not form FAs or stress fibers, but most observations indicate F- 

actin is concentrated at the leading edge of migrating leukocytes along with components 

of focal complexes like FAK and talin (Ratner et al., 1997; Serrador et al., 1997; Friedl et 

al., 1998; Eddy et al., 2000). Unique to migrating leukocytes compared with other 

eukaryotic cells is the uropod at the trailing edge of the cell. Examination of the 

distribution of MTs in locomoting T lymphocytes and neutrophils indicates MTs are 

redistributed to the uropod or cell rear (Ratner et al., 1997; Volkov et al., 1998; 

Entschladen et al., 2000). T  lymphoblasts migrating through three-dimensional collagen
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gels form a uropod behind the MTOC and as the uropod grows. MTs become localized to 

this cellular domain into a tight sheaf (Ratner et al., 1997). Taxol-treated cells still 

redistribute MTs to the uropod as they locomote indicating MTs need not be 

disassembled to localize to the uropod. In comparison with chemokine-stimulated T 

cells, /MLP-stimulated neutrophils migrating through collagen gels redistribute MTs to 

the rear of the cell, but complete restriction to the uropod is not apparent (Entschladen et 

al., 2000). This contrasts markedly with the distribution o f  the MT cytoskeleton of 

migratory fibroblasts in which MTs remain radially extended (Kaverina et al., 1998; 

Waterman-Storer & Salmon, 1999). It also suggests MT assembly and disassembly might 

not be required for lymphocyte migration. Consistent with this, T lymphoblasts treated 

with the depolymerizing agents colchicine or nocodazole still form uropods and locomote 

through collagen gels suggesting intact MTs are not required for structural support of the 

cell or uropod (del Pozo et al., 1995; Ratner et al., 1997). However, when T 

lymphoblasts locomote through a highly cross-linked matrix with small pores, pre

treating lymphoblasts with colchicine or nocodazole significantly increases the number of 

migrating cells and the distance migrated (Ratner et al., 1997). Another group also 

reported colcemid, but not taxol enhances T cell migration through collagen gels (Nikolai 

et al., 1999). This indicates MT disassembly does promote lymphocyte migration under 

certain circumstances.

The redistribution of MTs to the uropod might be a unique adaptation of 

lymphocytes, since they require a mechanism that enables extreme cell deformation as 

they extravasate and invade tissues with very restricted spaces (Ratner et al., 1997). 

Redistribution of this rigid structure might increase cell flexibility and enable
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polarization. These experiments do not indicate whether MTs are normally disassembled 

before or during redistribution to the uropod, only that lymphocytes are able to 

redistribute the MT cytoskeleton in the absence of disassembly. The enhancement of 

migration observed in particular ‘microenvironments’ when MTs are disassembled 

implies MT disassembly could be a mechanism used by lymphocytes to promote 

migration through constricted spaces. MT disruption in monocyte cell lines activates the 

entire Ras-dependent signal transduction cascade resulting in extracellular-regulated 

kinase (ERK) activation and translocation to the nucleus (Schmid-AIIiana et al., 1998). 

They suggest cellular shape changes alone might stimulate tubulin-based signal 

transduction.

An integrin-mediated signaling path that involves PKC activity is associated with 

redistribution of MTs to the uropod. The PKC isoenzymes (3(1) and 5 redistribute along 

with MTs and the MTOC to the uropod of a T cell line in response to PMA and cross- 

linking of LFA-1 (Volkov et al., 1998). A PKC-(3-deficient clone of the HUT-78 T 

lymphoma cell line adheres to substrate, but is non-motile and does not polarize the MT 

cytoskeleton upon LFA-1 cross-linking, implicating PKC phosphorylation activity in 

stimulating the locomotion of T lymphoma cells. PKC inhibitors also decrease 

locomotion of the parental HUT-78 cells. Biochemical analysis indicates an increase of a  

tubulin in the cytoskeletal fraction of HUT-78 cells compared with the cytosolic fraction 

when cell surface LFA-1 is cross-linked. This suggests MT assembly in a lymphoma cell 

line is stimulated by the same signals that polarize cells and promote migration. LFA-1 

mediates cell to cell contact of leukocytes with ICAM-1 on endothelial cells lining blood 

vessels (Springer, 1994). MT assembly might enhance transient cell spreading resulting
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in increased adhesion before the MT cytoskeleton is drawn into the uropod as leukocytes 

begin to extravasate. Interestingly, HUT-78 cells only migrate through collagen gels if 

treated with MT depolymerizing agents (Ratner et al., 1997). Perhaps MT disassembly 

activates signal transduction cascades that initiate migration. MT disruption in 

monocytes is associated with PTK signaling and ERK translocation (Schmid-Alliana et 

al., 1998).

PMA also enhances the migration of ex vivo T cells through three-dimensional 

collagen gels and PKC inhibitors ablate PMA-enhanced locomotion, but not spontaneous 

locomotion (Entschladen et al., 1997). However, PKC inhibitors have little effect on 

SDF-1-induced locomotion. Under these circumstances phosphotyrosine kinase (PTK) 

activity is critical for motility (Entschladen et al., 2000). In contrast, /MLP-stimulated 

neutrophil migration is modestly decreased by PTK inhibition, but rapidly declines when 

PKC is inhibited. Morphological assessment of migration of these cells through collagen 

gels shows the orientation of MTs and the MTOC is the same in spontaneously 

locomoting T cells as in chemotaxing T cells. Neutrophils, which have lower tubulin 

content than T cells, have a more diffuse distribution pattern of MTs, but MTs are also 

redistributed to the cell rear of /MLP-stimulated migratory cells. Although this work 

indicates different agonists activate different signal transduction paths, MT redistribution 

patterns are similar.

There is little direct evidence indicating leukocyte motility requires MT assembly 

or disassembly. MTs might be sequestered to the uropod simply to maintain the integrity 

of the MT cytoskeleton and still enable cell deformation (Ratner et al., 1997). Several 

other components are found in the uropod and some appear to have an active function

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



while others might be sequestered to inhibit normal function. The motor protein myosin 

II redistributes to the neck of the uropod of RANTES-stimulated T cells (Serrador et al.,

1997). In /MLP-stimulated neutrophils myosin II is localized to the cell front and the 

uropod (Eddy et al., 2000). However, the activated form of myosin II is predominantly 

localized to the uropod. Using the myosin inhibitor butanedione monoxime prevents 

uropod formation suggesting myosin-based contractile forces might be required to form 

the uropod (del Pozo et al., 1995). Some classes of myosin interact with MTs (Mermall 

et al., 1998) and perhaps this is how MTs are redistributed.

Myosin II-mediated contraction is also associated with migratory activity. 

Inhibiting activation of downstream targets of Rho, Rho-associated coiled-coil forming 

kinases (ROCKs) prevents phosphorylation and activation of myosin light chain (MLC) 

resulting in significant inhibition of chemotaxis (Niggli, 1999). Although drug-treated 

neutrophils appear morphologically polarized, they no longer have a uropod in 

comparison with untreated cells. Another group has shown impairment of myosin H 

activation inhibits neutrophil chemotaxis and uropod retraction, but only when 

neutrophils are locomoting on adhesive substrates (Eddy et al., 2000). Although Rho 

activity is required to promote triggered adhesion of neutrophils (Laudanna et al., 1996), 

it is also associated with the generation of contractile forces that likely de-adhere 

migrating cells. If Rho activity is enhanced by MT depolymerization, localization of MTs 

to the leukocyte uropod might also localize activated myosin II to the uropod.

The ERM proteins are intracellular proteins that link cell surface ECM and 

intercellular adhesion receptors to the actin cytoskeleton (Bretscher, 1999) and these 

proteins might coordinate redistribution of proteins to the uropod. Human T cell lines
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cross-linked with anti-CD43 or anti-ICAM-3 mAbs or stimulated with the chemokine 

RANTES redistribute moesin, ezrin and radixin to the uropod (del Pozo et al., 1995; 

Serrador et al., 1997; 1998). The adhesion molecules ICAM-1, ICAM-3, CD43 and 

CD44 also redistribute to the uropod o f stimulated T cells. Immunoprecipitation and 

immunoblotting indicate moesin physically interacts with ICAM-3 and to a lesser extent 

with CD44 when T cells are stimulated with chemotactic factors. Anti-CD43 stimulates 

interaction of CD43 with both ezrin and moesin. Therefore, the physical association of 

these adhesion receptors with ERM proteins correlates with polarization of cells.

Since activated ERM proteins normally interact with the actin cytoskeleton, how 

do they function in the uropod of leukocytes where F-actin is weakly or not localized? In 

adherent cell types, Rho-GDP dissociation inhibitor and the Rho GEF Dbl can bind 

activated moesin and radixin, respectively (Bretscher, 1999). Binding to the ERM 

proteins in each case leads to the subsequent release and/or activation of Rho. 

Redistribution of ERM proteins to the uropod might localize active Rho to the uropod of 

leukocytes where it functions to activate myosin n, that in turn functions to polarize cells 

or drive motility by producing contractile forces (Mitchison & Cramer, 1996).

T cell lines transfected with dominant negative forms of Rac and Rho fused to 

GFP have increased distribution of these two GTPases at the rear of the cell (del Pozo et 

al., 1999). Cdc42-GFP is often exclusively distributed to the uropod of transfected cell 

lines. These experiments cannot address whether only inactive GTPases are specifically 

redistributed or sequestered to posterior regions of cells because constitutively active 

forms of each GTPase inhibit polarization. The authors speculate localization of inactive 

Rho GTPases function in rear release of cells. Since Rho and Rac activity increase
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integrin-mediated cell adhesion (Laudanna et al., 1996; D’Souza-Schorey et al., 1998) 

this is a plausible model.

The uropod functions in motility, since if it is not present or is unable to retract, 

cells are unable to migrate. The distribution of MTs in locomoting T cells and 

neutrophils is distinct from locomoting fibroblasts suggesting the MT cytoskeleton might 

function in unique ways for leukocytes. Drug-induced MT disassembly enhances motility 

of lymphocytes in circumstances that require cells locomote through very restricted 

spaces. MT depolymerization decreases expression of L-selectin and adhesion of 

neutrophils to endothelial cells (Cronstein et al., 1995). The expression of L-selectin 

relative to P2 integrin expression also decreases on neutrophils isolated from individuals 

who ingest colchicine. Loss of L-selectin correlates with migratory behavior, so 

colchicine treatment might promote in vitro migration by altering surface expression of 

adhesion receptors.

1.1.6 Traction and contraction 

F-actin assembly and perhaps myosin motors generate forces to drive locomotion, 

but cells also require traction forces to promote motility. Myosin II appears critical for 

maintenance of cell velocity and this is related to traction. Two myosin II-based models 

have been proposed to explain how traction force might be generated (Mitchison & 

Cramer, 1996). The contraction model proposes that myosin II binds to adjacent actin 

filaments of opposing polarities in the cell body. Myosin movements pull on the 

filaments in equal and opposite directions creating tension. Additional forces including 

strong adhesive interactions at the cell front relative to the trailing edge and/or polarized 

assembly of F-actin generate a net force that drives directional motility.
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In the transport model, myosin-based forces are the main driving force to pull the 

cell forward. Myosin movements must be unidirectional to generate a net force in one 

direction, so this model dictates that adjacent F-actin filaments proximal to the substrate 

be aligned with their plus ends oriented in the same direction. Actin filaments attach to 

the substrate via focal complexes and act as ‘tracks’ for myosin to move along. In this 

model adhesion receptors are also required, but need not be spatially polarized with 

respect to the strength of adhesion.

An experiment to determine which mechanism is likely to be used by migrating 

cells is to examine the polarity of actin filaments in the cell body. Electron microscopic 

examination of actin filament arrangement in migrating heart fibroblasts indicates actin 

filaments in the cell body are arranged with opposing polarities (Cramer et al., 1997). 

This observation is consistent with the requirements of the contractile model. However, 

integrin tracks left on the substrate behind migrating fibroblasts suggest these integrins 

have been ‘ripped’ from the cell surface as the cell locomotes (Lauffenburger & Horwitz,

1996). This observation could be interpreted to mean adhesive strength of integrins at the 

trailing edge is not decreased and this is consistent with a transport model. Thus, 

evidence supports key features of both models. Both models suggest myosin II and F- 

actin co-localization should occur in migrating cells. However, the asymmetric 

arrangement of F-actin at the cell front (Ratner et al., 1997; Serrador et al., 1997) and 

activated myosin II in the uropod of leukocytes (Serrador et al., 1997; Eddy et al., 2000) 

suggest these cells use a mechanism different than either the contractile or the transport 

model. Rapidly locomoting, poorly adhesive cells like leukocytes might rely entirely on 

the protrusive forces generated at the cell front to drive locomotion, since they do not
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have to overcome strong adhesive forces like those present in adherent cell types 

(Mitchison & Cramer, 1996). Altliough adhesive interactions with substrate might be 

weak as leukocytes migrate, they will presumably be required at least at the cell front. 

Integrins mediate adhesion, but are also associated with motile behavior and cytoskeletal 

reorganization (Williams & Solomkin, 1999), thus are of particular interest as mediators 

of traction for migratory leukocytes.

Integrins are cell surface heterodimers that mediate anchorage for adherent cells 

and provide traction during migration. The extracellular domains adhere to ECM 

components or cell surface receptors on adjacent cells while intracellular domains are 

indirectly linked to the actin cytoskeleton via focal complex components (Damsky & 

Werb, 1992). When highly adhesive cells are induced to become migratory, small 

integrin-mediated contact sites form  at the leading edge (Lauffenburger & Horwitz,

1996). The focal contacts remain stationary as the locomoting cell moves over them and 

become larger as the distance from the leading edge increases. In fibroblasts transfected 

with a GFP-(3i integrin chimera, focal contacts or adhesions in cells induced to locomote 

by wounding the monolayer have stationary GFP-(3i integrin-containing FAs (Smilenov et 

al., 1999). In contrast, stationary cells contain highly mobile FAs that move along actin 

filaments in a myosin-dependent manner. The authors suggest traction requires immobile 

adhesive contacts be maintained between the cell and substrate as cells migrate. The 

mobility of FAs in stationary cells provide no traction, thus maintain sessile behavior. 

FAs at the rear of migrating fibroblasts disappear or become mobile suggesting the rear 

region of the cell is not involved in traction.
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Leukocytes do not form morphological structures consistent with conventional 

FAs or stress fibers, but the strength of integrin binding can be altered to promote strong 

adhesion or weak adhesion. Integrins can be ‘triggered’ to undergo conformational 

changes that increase the affinity of ligand binding and integrins can be clustered to 

increase avidity (Faull et al., 1994; Stewart & Hogg, 1996). These characteristics make 

integrins adaptable to the changing needs of migrating cells. Triggered adhesion of 

integrins can be induced by agonist binding apart from integrins and their ligands (inside- 

out signaling) and include chemoattractants and chemokines (Williams & Solomkin,

1999). A lymphoid cell line transfected with the chemoattractant receptors,/PR or IL8 -R 

demonstrates triggered binding to VCAM-1 via a 4 p l upon stimulation with/M LP or EL8  

(Laudanna et al., 1996). Triggered adhesion correlates with increased Rho activity as 

indicated by the increase o f Rho-GTP. The Rho inhibitor C3 transferase significantly 

decreases triggered binding indicating Rho activity stimulates an increase in integrin 

affinity or avidity. Human neutrophils also demonstrate triggered binding to fibrinogen 

that is inhibited by C3 transferase. This demonstrates chemoattractants and chemokines 

stimulate triggered adhesion of integrins via Rho. Rho activation might be a common 

step of all signal transduction paths for inside-out signaling to integrins (Williams & 

Solomkin, 1999).

Since integrins are indirectly linked to the actin cytoskeleton and activated Rho 

GTPases trigger actin cytoskeletal organization, how do these constituents interact? Initial 

work in fibroblasts indicated integrin clustering and focal complex assembly require both 

integrin binding to ECM and activation of Rac and Rho (Hotchin & Hall, 1995). 

However, more recent work indicates focal complexes can form independently of Rho
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family GTPase activity. Fibroblasts transfected with dominant negative forms of Cdc42, 

Rac or Rho then grown on Fn were examined microscopically over time to assess the 

formation of focal contacts and actin distribution (Clark et al., 1998). Each transfected 

cell line is capable of assembling focal complexes, but in less abundance than in 

untransfected cells. This suggests integrin-mediated signaling cascades promote focal 

complex assembly in the absence of the coordinated activity of all three GTPases, but 

robust FA formation and actin reorganization requires Rho family GTPase activity.

Examination of the effect of the inactive GTPases on targets of integrin signaling, 

FAK, paxillin, ERK2, src and Akt indicate Rho and Cdc42 activity converge with 

integrin-mediated signal transduction paths. A lack of Rho activity correlates with 

decreased phosphorylation of FAK, paxillin and ERK2. Expression of dominant negative 

Cdc42 correlates with inhibition of ERK2 phosphorylation and kinase activity and 

decreased phosphorylation and kinase activity of Akt. This suggests that signals that 

activate Cdc42 and Rho, like growth factors, phospholipids and chemokines (Hall, 1998), 

might synergize with integrin-mediated signaling by acting on the same downstream 

targets. Integrin-mediated signaling might also coordinate GTPase activity. Adhesion to 

Fn correlates with translocation of active Rac-GTP to the cell membrane from the cytosol 

and the activation of a target of Rac, p21-activated kinasel (PAKL) (del Pozo et al., 

2000). When cells are kept in suspension, Rac can become activated, but PAK1 remains 

inactive. Insertion of a transmembrane domain into Rac leads to stimulation of PAK1 

activity even when cells are in suspension, whereas ablation of Rac’s membrane 

localization domain inhibits adhesion-mediated activation of PAKl. This suggests that in 

fibroblasts, integrin-mediated adhesion coordinates Rac activity by stimulating Rac
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redistribution to the cell membrane, possibly to areas where integrins are localized. 

Activated Rho has also been shown to translocate to the cell membrane of fibroblasts 

where it co-localizes v/ith ERM proteins (Takaishi et al., 1995) and Cdc42 translocates to 

the cell membrane of spreading monocytes (Aepfelbacher et al., 1994). This spatial 

coordination of GTPases, perhaps mediated by integrins, could lead to localized focal 

complex assembly and actin reorganization during cell polarization or spreading.

Both inactivity and sustained activity of Cdc42, Rac and Rho impairs or inhibits 

chemotaxis of monocytes and the migratory defect correlates with the inability to 

reorganize actin asymmetrically and polarize (Allen et al., 1998; Weber et al., 1998). 

However, T cell lines transfected with dominant negative GFP chimeras of Rho, Rac and 

Cdc42 form uropods on Fn-coated, but not on PLL-coated surfaces (del Pozo et al.,

1999). Thus, Fn enables cells to assume a migratory morphology in the absence of 

coordinated activity of all three Rho GTPases. T cells expressing constitutively active 

Rac-GFP also form uropods on Fn-coated surfaces, but not on PLL, indicating adhesion 

can overcome the non-polarizing effects of hyperactive Rac or inactive Cdc42, Rac or 

Rho. The authors suggest GTPases direct integrin distribution, but integrin-based 

signaling might be required to direct Rho family GTPase activities so actin and focal 

complex assembly are appropriately localized. Examination of focal complexes in 

macrophages indicate injection of dominant negative Cdc42 or Rac correlates with rapid 

dispersion of phosphotyrosine activity and vinculin from focal complexes, but Pi 

integrins remain clustered (Allen et al., 1997).

In a model exploring the contribution of integrins to endothelial attachment and 

extravasation by chemokine-stimulated monocytes, the relative avidity of these
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interactions was examined. Ex vivo  human monocytes use cq integrin- and LFA-1- 

mediated attachment to mediate c=hemokine-stimuIated migration across and through 

endothelial monolayers (Weber et al., 1996; Weber & Springer, 1998). Intermediate 

concentrations of ligand coated on to  surfaces or expressed on endothelial cells correlates 

with optimal locomotion rates. TThis suggests the relative avidity of interactions of 

integrins and their ligands affects lo-comotion. When chemokine-stimulated migration on 

VCAM-l-coated surfaces is assessed over time, the majority of monocytes migrate 

rapidly, slow down then resume the= original range of velocities over a thirty minute time 

period (Weber & Springer, 1998). TThis data has been interpreted to indicate chemokine 

stimulation transiently increases tfie avidity of integrin binding that manifests as a 

temporary decrease in cell velocity.

Consistent with data from a fibroblast model indicating that integrin binding 

should be weak or moderate to supjport migratory behavior (Palacek et al., 1997), forcing 

Pi integrins into a high affinity bidding conformation using activating mAbs decreases 

the spontaneous and chemokine-sti mulated migration of monocytes (Weber & Springer, 

1998) and the spontaneous locomotion of T cells through collagen gels (Friedl et al., 

1998). In the latter report, confocad analysis of T cells in the collagen gel indicates high 

affinity binding conformations of pi integrin inhibit cell deformation and Pi integrins 

remain evenly distributed around time cell periphery. These are direct demonstrations that 

strong adhesion inhibits locomotion and implies weaker adhesive contacts are required to 

mediate motility.
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1.1.7 Distribution patterns of integrins on leukocytes 

Localization of adhesive contacts to the leading edge predicts a mechanism of 

motility used by highly locomotory cells that might not require conventional traction 

forces (Mitchison & Cramer, 1996). One would then predict leukocytes migrating on 

type I collagen would distribute a 2^i integrin to the cell front. However, T cells migrating 

through three-dimensional collagen gels distribute 3 i integrins to the cell rear and uropod 

(Ratner et al., 1997; Friedl et al., 1998). Chemokines stimulate the redistribution of 

several other receptors including CD43, CD44, ICAM-1 and especially ICAM-3 to the 

uropod of T lymphoblasts (del Pozo et al., 1995; Serrador et al., 1997; 1998). Uropod 

formation is stimulated by chemokines and by cell binding to integrin ligands including 

ICAM-1, VCAM-1 and Fn. Uropod formation is also dependent on integrin-based 

adhesion, since chemokine-stimulated T cells attached to PLL do not polarize (del Pozo 

et al., 1995).

The redistribution of adhesion receptors to the uropod might also promote de

adhesion. Optically sectioned confocal images compiled after T cells migrated across Fn- 

coated surfaces indicate the uropod is not at substrate level (del Pozo et al. 1997; Serrador 

et al., 1997), suggesting receptors localized to the uropod are not mediating adhesion to 

substrate. However, the uropods of T cells migrating through collagen gels appear to 

make numerous contacts with collagen fibers (Friedl et al., 1998) and the uropods of 

neutrophils migrating across Fn appear to contact the substrate (Pierini et al., 2000), 

indicating that in some situations, receptors distributed to the uropod are proximal to 

substrate. Examination of the distribution of LFA-1 and CX4 P 1 on T lymphoblasts 

adhering to TNFa-stimulated endothelial cells indicates neither LFA-1 nor CC4 P1 integrins
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localize to the uropod, but remain distributed across T cell surfaces where they likely 

interact with ICAM-1 and VCAM-1 expressed by TNF-a-stimuIated endothelial cells 

(del Pozo et al., 1995). This contrasts with the uropodal distribution of Pi integrins on T 

cells migrating through collagen gels.

The distribution of integrins and their participation in locomotion has also been 

studied using models of neutrophil recruitment. After extravasation, PMNs in human, rat 

and mouse models upregulate expression of the collagen receptor, a 2 (3i integrin and the 

Fn receptors, CC4 P 1 integrin and asPi integrin (Reinhardt et al., 1997a; Werr et al., 1998; 

2000). In vivo analysis of extravasated PMNs using intravital microscopy indicates the 

CC; integrin subunit is predominantly localized to the uropod of polarized cells and anti-Or 

mAbs do not significantly affect migration velocity in this in vivo model (Werr et al., 

1998). In contrast, extravasated PMNs stimulated in vitro with/M LP migrate across type 

I collagen-coated surfaces and distribute a 2 integrin subunits predominantly at the cell 

front. Type I collagen-specific peptides and anti-a2 or anti-Pi integrin mAbs inhibit ex 

vivo chemotaxis of human PMNs and in vivo migration of rat PMNs indicating a 2Pi 

integrin functions in motility (Werr et al., 2000). In these models, integrin heterodimers 

apparently involved with adhesion/motility are at the cell front whereas integrins not 

involved are localized to the uropod. This suggests the asymmetric distribution of 

integrins on locomoting neutrophils is functional.

Another group examining the distribution of integrins as neutrophils migrate on 

different ECM components has made similar observations. Neutrophils adhere to 

vitronectin using a vp 2 integrin and this heterodimer is predominantly distributed at the 

cell front as well as in endocytic vesicles of/MLP-stimulated cells (Lawson & Maxfield,
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1995). /MLP-stimuIated neutrophils migrating on Fn have pronounced distribution of 0 5  

integrin subunits at the cell front and in endocytic vesicles, whereas p 2 integrins are 

predominantly at the cell rear (Pierini et al., 2000). Suppressing the Ca2+ flux in ceils 

using Quin2/AM significantly decreases /MLP-stimuIated migration on vitronectin or Fn. 

Microscopic examination of Quin2/AM-treated cells indicates neutrophils are highly 

polarized on Fn, but a 5 subunits are distributed to the unusually elongated uropod and 

very little ol$ integrin is localized to the cell front or in intracellular vesicles. Reducing 

the strength of adhesion using function blocking antibodies to CC5 P 1 or ctvP3 integrins 

restores _/MLP-stimulated motility of Quin2/AM-treated neutrophils on Fn or vitronectin, 

respectively. This suggests inhibition of the Ca2+ flux interferes with downregulation of 

strong integrin adhesion at the posterior region of the cell and uropod detachment (Pierini 

et al., 2000). The distribution patterns of (X5P 1 and a vP3 integrins led the authors to 

postulate that integrins localized to the cell front mediate strong adhesion. As cells 

locomote, integrins in contact with substrate become localized to the rear of the cell 

where they de-adhere by a Ca2+-dependent mechanism. De-adhering integrins are 

endocytosed and recycled back to the cell front consistent with the model of membrane 

receptor recycling described by Bretscher (Bretscher, 1996; Bretscher & Aguado-Velasco,

1998). This mechanism allows a ‘gradient of adhesiveness’ to be maintained along the 

cell axis (Lawson & Maxfield, 1995; Pierini et al., 2000) consistent with the type of 

adhesion required by a contractile model of traction force.

The distribution of Pi integrins in T cells migrating through collagen gels 

contrasts with the distribution patterns of functioning integrins in neutrophils. a 2Pi 

integrin would be expected to mediate adhesion to type I collagen and mAbs to a 2
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significantly inhibit migration of T cells in collagen gels (Friedl et al., 1995), but Pi 

integrin subunits are almost exclusively distributed to the distal portion of the uropod of 

migrating T cells rather than at the cell front (Friedl et al., 1998). Adhesion to type I 

collagen mediated by the P2 integrin, LFA-1 has been documented for PMNs (Gamotel et 

al., 1995) and P2 integrins are localized to the cell front o f the T lymphocytes (Friedl et 

al., 1998). However, T cells treated with a variety of different function-blocking anti-(31 

or anti-fL mAbs remain polarized and migratory implying neither (3[ nor (3? integrins 

mediate traction as T cells migrate through collagen gels.

Integrins mediating strong adhesion are likely associated with focal complexes, so 

the distribution of F-actin and FAK (Friedl et al., 1998) or F-actin, a-actinin and talin 

(Pierini et al., 2000) were examined. Both groups find that the majority of focal complex 

components are localized to the cell front suggesting that, at least in neutrophils, integrins 

mediating adhesion are likely associated with focal complexes at the cell front. This data 

is in agreement with a report in which ex vivo neutrophils chemotaxing through three- 

dimensional amniotic tissue were examined. Confocal analysis of /MLP-stimulated 

neutrophils migrating through the tissue matrix indicates ocv, a .5  integrin subunits and a- 

actinin co-localize with F-actin at the leading edge (Mandeville et al., 1997). This 

suggests integrin-based focal complexes are formed by neutrophils migrating across two- 

dimensional substrates and through complex three-dimensional tissue matrices.

In contrast to the frontal distribution of FAK, F-actin in unstimulated migratory T 

cells is arranged cortically and in lateral filopodia contacting collagen fibrils (Friedl et al.,

1998). However, previous observations using a similar system indicated F-actin was 

distributed entirely to the cell front of T cells (Ratner et al., 1997). Since FAK, (3i
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integrin and F-actin are spatially separated in T cells, this implies Pi integrin-mediated 

focal complexes are not formed (Friedl et al., 1998). The authors interpret their data to 

mean pi integrins are not involved in mediating traction as T cells migrate through three- 

dimensional collagen matrices. They conclude interactions of the lateral protrusions with 

collagen fibrils might generate sufficient biophysical force to support T cell migration in 

the absence of specific integrin-mediated adhesion. /MLP-stimulated neutrophils 

migrating through three-dimensional amniotic tissue also have lateral protrusions that 

appear to ‘push’ cells through the matrix (Mandeville et al., 1997). However, these cells 

distribute a v and as integrin subunits to the leading edge and to lateral protrusions along 

with F-actin and a-actinin suggesting integrin-based adhesion might be used in 

combination with biophysical force under certain circumstances.

Non-motile Quin2/AM-treated cells distribute F-actin, a-actinin and talin to both 

the leading edge and the extended uropod (Eddy et al., 2000; Pierini et al., 2000). This 

suggests that as cells locomote, a Ca2+-dependent cellular mechanism dissociates focal 

complexes as they become proximal to the posterior region of the cell. This presumably 

weakens the strength of adhesion to the substrate allowing release of the cell rear. 

Myosin II-based contractile forces function in de-adhesion, since myosin II inhibitors 

produce morphological and functional effects similar to Ca2+ buffering (Eddy et al.,

2000). Calcineurin also functions in de-adhesion of a vP3 integrins from vitronectin 

(Lawson & Maxfield, 1995), but inhibition of calcineurin does not affect as integrin- 

mediated migration on Fn (Pierini et al., 2000).

To determine if integrin de-adhesion is followed by endocytosis of integrins, the 

endocytic path was tracked using a fluorochrome-labeled lipid analogue, C6-NBD-gal.
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Intracellular a.$ integrin co-localizes with endocytic vesicles that redistribute toward the 

cell front of migratory cells. However, exocytosis of as integrin chains at the leading 

edge is not demonstrated. The cumulative evidence suggests Pi and P3 integrins likely 

play a role in attachment at the cell front that provides traction for Iocomoting 

neutrophils. The inability of Ca2+-buffered cells to detach, the redistribution of as or a„P3 

integrins to the uropod and the reduced level of intracellular integrins suggest (31 and P3 

integrins remain attached to substrate as Ca2+-buffered cells attempt to locomote. These 

integrins mediate strong attachment at the cell front of Iocomoting cells where they form 

focal complexes. As cells migrate over the contact sites, integrins become localized to 

the cell rear where adhesion strength is weakened concomitant with myosin H-based 

contraction. as(3i or a vP3 integrins are then endocytosed and presumably cycled back to 

the cell front.

A critical difference between the neutrophil and lymphocyte models is that Friedl 

et al. (1998) use ex vivo unstimulated peripheral blood lymphocytes while the neutrophil 

models use extravasated and/or chemoattractant-stimulated neutrophils. Unstimulated T 

lymphocytes from circulating blood might be so weakly adhesive they do not require 

strong forces to de-adhere integrins when biophysical forces can be used to migrate 

through the fibrous structure of a collagen gel. When leukocytes bind to endothelial cells 

lining blood vessel walls and extravasate they upregulate expression and adhesiveness of 

integrins such as LFA-1 and Pi integrins (Springer, 1994; Reinhardt et al., L997a). Thus, 

they might require a mechanism that enables de-adhesion mediated by these strongly 

adhesive integrins. Inhibition of myosin II does not inhibit chemotaxis or tail retraction 

when /MLP-stimulated neutrophils migrate across substrates like human serum to which

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

they adhere weakly and talin and F-actin remain localized to the cell front (Eddy et al.,

2000). This suggests that the mechanism proposed by Pierini et al., (2000) might only 

function when leukocytes must overcome relatively strong adhesive interactions to 

migrate.

Cross-talk between different integrins can also affect the strength of adhesion and 

promote motility. Receptor occupancy of a v |33 integrins enhance OtPi or ctspi integrin- 

mediated migration of T lymphocytes (Imhof et al., 1997) and LFA-l-mediated migration 

of monocyte cell lines (Weerasinghe et al., 1998) presumably by decreasing the strength 

of binding to VCAM-1 or ICAM-1, respectively. Binding to immobilized ICAM-1 or 

forcing LFA-1 on T lymphoblasts into an active conformation decreases (Xj.Pi- and ctsPi- 

mediated adhesion to Fn and correlates with an increase in (XsPi integrin-mediated 

migration on Fn (Porter & Hogg, 1997). Function-blocking mAbs to <X; integrin subunits 

also increase ccsPi-mediated migration. These observations parallel those in monocytes 

showing there is a sequential activation of CX4P 1 and asPi in response to chemokine 

stimulation (Weber et al., 1996). Integrins such as (XjPi and LFA-1 do not recycle 

(Bretscher, 1992), so decreasing the affinity or avidity of these integrins by inside-out 

signaling might promote de-adhesion as leukocytes begin to extravasate.

1.2 The Human Thymus and Thymocyte Development

Development of a diverse peripheral T cell repertoire able to respond to a broad 

array of potential pathogens, yet tolerant to self depends upon a complex, orchestrated 

series of events that occur in the thymus (Kisielow & von Boehmer, 1995; Rodewald & 

Fehling, 1998; Killeen at al., 1998; Res & Spits, 1999; Sebzda et al., 1999). Generation
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and modeling of the T cell repertoire begin as thymocyte precursors arrive from the bone 

marrow, begin to rearrange T  cell receptor (TCR) genes and proliferate. Successful TCR 

gene rearrangement is the first critical step in the development of a functional T cell. 

Once TCRap genes are rearranged and expressed along with CD3, CD4 and CD8 , 

thymocytes undergo positive and negative selection before emigrating the thymus to 

populate the peripheral immune system. The outcome of positive and negative selection 

(survival or death) is dependent on signals generated when TCRap heterodimers interact 

with MHC molecules on thymic stromal cells. It is well recognized that the TCR, MHC 

class I and II, CD4 and CD8  molecules play a critical role in these interactions (Chan et 

al., 1998; Ellmeier et al., 1999; Sebzda at al., 1999). However, interactions of developing 

thymocytes with thymic stromal elements also rely upon contacts being made between 

additional receptors expressed on thymocytes and stromal cells during sessile phases of 

differentiation (Haynes, 1986; Ritter & Boyd, 1993; Savino et al., 1993; Lagrota-Candido 

et al., 1996; Halvorson et al., 1998; Amsen & Kruisbeek, 1998). Although the path taken 

by thymocytes as they undergo differentiation and selection is still unclear, migration 

must occur within the thymic lobule as thymocytes differentiate; therefore, motility 

receptors are also required as cells differentiate. Pi integrins mediate adhesion and 

motility for human thymocytes (Salomon et al., 1994; Crisa et al., 1996; Salomon et al., 

1997; Gares et al, 1998). The receptor for hyaluronan (HA)-mediated motility 

(RHAMM) also mediates thymocyte motility and might function in conjunction with Pi 

integrins (Pilarski et al., 1993; Gares et al., 1998; Gares & Pilarski, 1999). Recently 

chemokines and chemokine receptors have been found to be expressed in the thymus and 

to stimulate thymocyte chemotaxis (Dairaghi et al., 1998; Zaitseva et al., 1998; Franz-
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Bacon et al., 1999; Suzuki et al., 1999; Zaballos et al., 1999). This suggests the 

regulation of adhesion and motility is also vital to thymocyte differentiation.

1.2.1 Thymus architecture and thymocyte ontogeny 

The thymus is a multi-lobulated organ with lobules divided from one another by a 

subcapsule containing connective tissue and blood vessels. In humans, the thymus is 

organized and thymocyte differentiation begins between the 16th -  2 0 th weeks of gestation 

(Haynes, 1984). Phenotypic analysis of thymocytes and stromal cells indicate the thymic 

microenvironment within each lobule consists of discrete regions (Haynes, 1984; 1986; 

Boyd & Hugo, 1991). The outermost region is the subcapsular cortex and contains 

immature thymocytes or thymocyte progenitors. Thymic epithelial cells (TECs) in this 

region have a phenotype similar to medullary TECs, but distinct from cortical TECs. The 

cortex is heavily populated with immature, double positive, (DP; CD4+8+) thymocytes, 

nurse cells, macrophages and cortical TECs. The majority of cells in the 

corticomedullary junction and medulla are macrophages, dendritic cells, medullary TECs 

and single positive, (SP; CD4+8' and CD4'8+) thymocytes. The medulla also contains 

multinegative (MN; CD3'4’8’) thymocytes expressing phenotypic markers consistent with 

a generative thymocyte lineage (Pilarski, 1993a). As thymocytes differentiate they 

acquire and downregulate expression of a variety of cell surface receptors (Shortman & 

Wu, 1996; Res & Spits, 1999). Expression of particular arrays of cell surface molecules 

correlates with different stages of TCR gene rearrangement and expression. Thus, surface 

phenotype is a convenient tool to track lineage progression and localize differentiation 

and selection events to regions within the thymus. Although most thymocyte research has 

been done using murine systems, humanized SCED mouse models and fetal tissue organ
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cultures (FTOC) have been developed to examine human thymocyte ontogeny “m vivo” 

(Res & Spits, 1999). Histological analysis of the ontogeny of thymic stromal elements 

and thymocytes has also been done using ex-vivo fetal and neonatal human tissue 

(Haynes, 1984; 1986).

In both mouse and human models, the site of entry of thymocyte progenitors has 

not been definitively determined and may be the cortico-medullary junction or the 

subcapsular region (Haynes, 1984; Boyd & Hugo, 1991; van Ewijk et al., 1994). 

However, during fetal development, the thymus does not contain an inner medullary 

region until the onset of thymocyte differentiation (Haynes, 1986) suggesting early in 

ontogeny stem cell entry might be in the sub-cortical region. Bone marrow-derived 

progenitors that arrive via the blood to colonize the human thymus appear to be 

differentiated stem cells with the phenotype CD2lo7+34+44+45RA+10+‘ (Terstappen et al., 

1992; Kraft et al., 1993; Galy et al., 1993; Blom et al., 1999). Clonal assays indicate 

these thymic progenitors have the capacity to differentiate into T, NK or dendritic cells, 

thus might be lymphoid progenitor cells. Isolation of bone marrow cells with this 

phenotype can also give rise to B cells under appropriate in vitro conditions, suggesting 

they are in fact lymphoid committed progenitors (Res & Spits, 1999).

As differentiation proceeds, thymocyte precursors begin to express CD5 then 

C D la and downregulate expression of CD34 and CD44. CD la expression correlates 

with expression of the pre-TCRa (pTa) receptor and RAG-1 and rearrangement of the 

TCR 8 , y and genes is detectable, thus CDla is a marker that defines progenitors 

committed to the T cell lineage. The subcapsular cortex is the chief site of detectable 

lymphopoiesis in the thymus (Haynes, 1984) suggesting progenitors might enter the
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thymus in this region. However, progenitors lacking C D la expression are localized to the 

thymic medulla suggesting an earlier progenitor might arrive in this region and undergo 

differentiation (Pilarski, 1993a). The presence of dendritic cells in the medulla and 

corticomedullary junction and the capacity of CDla'5"34+45RA+lO+ progenitors to 

differentiate into a dendritic lineage suggests that, once the thymus is compartmentalized 

in humans, early differentiation occurs in the medulla favoring that progenitor entry is at 

the cortico-meduliary junction. Thymocytes or pro-thymocytes might then migrate to the 

subcortical region, proliferate and mature to the DP stage. The thymic hormones, 

thymopoietin and thymosin CC[ are secreted by epithelial cells in the medulla and 

subcapsular cortex (Haynes, 1986). These hormones stimulate a variety of functions 

including the induction of terminal deoxynucleotidyl transferase (Tdt) that is required for 

TCR gene rearrangement (Dardenne & Savino, 1994). The presence of these hormones 

in the subcapsular cortex and the medulla suggest differentiation of progenitors to 

committed T cell precursors could be stimulated at either site.

As differentiation proceeds, pro-thymocytes begin to express CD4, CD8  then CD3 

and the TCR (Shortman & Wu, 1996; Res & Spits, 1999). Once TCRs are expressed at 

the cell surface, positive and negative selection occurs as TCRs on DP thymocytes 

interact with MHC molecules expressed on thymic stromal cells. Low affinity or avidity 

interactions are thought to support positive selection of thymocytes while high avidity 

interactions presumably lead to negative selection and apoptosis (Sebdza et al., 1999). 

There is abundant evidence in murine models that positive selection of DP thymocytes 

likely occurs in the cortex and is mediated by cortical TECs (Amsen & Kruisbeek, 1998). 

A model system that provided evidence for this used transgenic mice that selectively
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expressed MHC class II I-E molecules on cortical, medullary or both cortical and 

medullary TECs (Benoist & Mathis, 1989). All TCRs that utilize the Vp6  gene segment 

interact with I-Ek MHC molecules potentially allowing a substantial proportion of the 

thymocyte population to be positively selected. Phenotypic analysis indicates an 

increased proportion of peripheral CD4+ T cells express a TCR utilizing Vp6  only in mice 

expressing the selecting MHC molecules on cortical TECs. This suggests positive 

selection requires expression of selecting MHC class II molecules on cortical epithelium.

In another murine model, positive selection of thymocytes bearing anti-HY 

specific transgenic TCRs only occurs in bone marrow chimeras when recipient mice 

express MHC molecules that match the MHC restriction of the transgenic TCR expressed 

by transplanted thymocytes (von Boehmer, 1990). This indicates the donor bone marrow 

is unable to reconstitute the thymic microenvironment with cells that mediate positive 

selection and suggests the radiation resistant epithelial cells of the recipient mice are 

required for this process. Subsequent work using mice expressing different transgenic 

TCRs or superantigens combined with selective MHC expression of cortical TECs, 

medullary TECs or bone marrow-derived cells also indicate positive selection is most 

efficient when cortical TECs express the selecting MHC molecules (Amsen & Kruisbeek, 

1998). For murine systems, the cumulative evidence strongly favors the hypothesis that 

positive selection of DP thymocytes occurs in the cortex. This suggests progenitor 

thymocytes migrate from the cortico-medullary junction to the subcapsular cortex as they 

differentiate then back through the cortex to undergo positive selection. .

Bone marrow-derived cells have been shown to be required for negative selection 

of autoreactive thymocytes in male mice bearing transgenic TCRs specific for male HY
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antigen (von Boehmer, 1990). Although there have been demonstrations of both thymic 

epithelial and bone marrow-derived cells inducing tolerance, dendritic cells are most 

efficient at mediating negative selection (Amsen & Kruisbeek, 1998). Dendritic cells are 

localized to the medulla and cortico-medullary junction implying negative selection 

occurs in this region. Consistent with this, examination of mice expressing TCRs with 

specificity for pigeon cytochrome C crossed with mice that express endogenous 

cytochrome C on epithelial and hematopoietic cells indicates deletion of these 

autoreactive thymocytes occurs at the corticomedullary junction and in the medulla 

(Oehen et al., 1996). However, deletion of anti-HY transgenic thymocytes has also been 

observed in the cortex suggesting cortical TECs in some models can mediate negative 

selection (von Boehmer, 1990). In contrast with this model, mice lacking thymic 

dendritic cells and medullary TECs fail to mediate deletion of potentially autoreactive 

thymocytes (Lauffer et al., 1996). T cells expressing TCRs that utilize Vp segments that 

bind strongly to endogenous mouse mammary tumor virus (MMTV) superantigens are 

found in the periphery indicating a failure to delete potentially autoreactive cells. Since 

only cortical TECs express MHC molecules in the thymus of these mice, this supports the 

idea that medullary cells are required for negative selection.

Histological examination of the thymic stroma of various transgenic mouse 

models used to examine positive and negative selection indicate organizational defects of 

the medulla of these mice (Brabb et al., 1997). Mice that express transgenic TCRs on 

thymocytes against a background expected to promote positive selection of thymocytes 

do not have a centrally organized medulla. Phenotypic analysis indicates dendritic cells 

and medullary TECs are present in foci scattered throughout the cortex. Examination of
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the thymic stroma using mice that express transgenic TCRs against a background that 

should induce deletion of these cells reveals even greater scattering of medullary foci 

throughout the cortex. Thus, deletion of autoreactive thymocytes in the cortical region 

does not mean cortical TECs are actually mediating deletion.

Labeling DNA strand breaks in apoptosing cells can be done by the TUNEL 

method and this provides an in situ method to examine the outcome o f  positive and 

negative selection. Analysis of thymus tissue sections from MHC-deficient mice 

indicates apoptosing cells are confined to the cortex and are as frequent as apoptotic cells 

in thymic tissue from normal mice (Surh & Sprent, 1994). This experimental approach 

assumes that in the absence of positive selection, thymocytes will die by neglect. Since 

apoptotic thymocytes are confined to the cortex, the data can be interpreted to indicate 

positive selection occurs in the cortex. A similar approach was used to determine the 

anatomic site of negative selection. Mice expressing certain endogenous MMTV antigens 

and MHC class III-E molecules delete all TCRs that have utilized Vp5 gene segments. I- 

E+ or I-E' mice were crossed with Vp5 transgenic mice then thymus sections were 

examined. Tissue sections from I-E+ mice, but not I-E' mice, indicate apoptotic 

thymocytes are now detectable in the medulla and cortico-medullary junction. Although 

this suggests negative selection occurs in this region of the thymus, it does not exclude 

negative selection could occur in the cortex followed by thymocyte migration and 

apoptosis in the medulla.

Differentiating thymocytes make physical contact with different types of stromal 

cells in a sequential manner. Using mice congenic for cell surface Thy-1, donor 

thymocytes in bone marrow chimeras can be tracked as they differentiate (Kyewski,
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1987). Donor thymocytes are found physically associated in a temporal manner first with 

thymic macrophages then thymic nurse cells and finally with dendritic cells. Since these 

stromal cells have distinct anatomical sites within the thymus, this data suggests 

thymocytes migrate through the thymus. Additional evidence suggesting thymocytes 

track through the cortex into the medulla as they undergo positive and negative selection 

is based on observations that thymic epithelium requires physical interaction or proximity 

with thymocytes to develop and mature. Cyclosporin A treatment inhibits progression of 

cortical DP thymocytes to the SP stage and immunohistochemical analysis of the thymus 

indicates the medulla and medullary stromal cells are virtually absent in these mice while 

the cortex appears normal (Ritter & Boyd, 1993). SCED mice and RAG1 or RAG2 

knockout mice have small medullary regions that are sparsely populated with stromal 

cells. This anatomical defect can be reversed by injection of bone marrow containing 

precursor cells suggesting thymocyte development stimulates stromal development (van 

Ewijk et al., 1994). Histological analysis of thymus tissue from TCRa-deficient mice and 

SCID mice crossed with TCRap or TCRp transgenic mice indicates TCRap expression 

restores normal thymus architecture to SCED mice. TCRa-deficient mice produce DP 

thymocytes, but lack SP thymocytes and this phenotype correlates with a lack of 

medullary stromal cell development. Blocking thymocyte differentiation at an early stage 

by creating human CD3e receptor transgenic mice or EL2-deficient mice inhibits or 

decreases the development of DP thymocytes and causes abnormal cortical and medullary 

architecture (Hollander et al., 1995; Reya et al., 1998). This correlative evidence suggests 

thymocytes at different stages of maturation stimulate the generation and/or organization 

of different thymic stromal compartments. Since specific maturational subsets are
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required for the development of different stromal regions, this implies thymocytes must 

migrate through these regions and again emphasizes the requirement of thymocytes to be 

migratory cells.

1.2.2 ECM components in the thymus 

The thymic microenvironment contains several different ECM components in 

addition to stromal cells and thymocytes. Although interactions between thymocytes and 

stromal cells are critical for thymocyte selection and are mediated by MHC, TCR, CD4 

and CD 8  molecules, contacts between ECM and thymocyte ECM receptors are also 

important to promote adhesive contacts during sessile phases of development and to 

mediate motility when thymocytes migrate through the thymus. Immunohistochemical 

analysis of the thymus of human neonates indicates the septae separating thymic lobules 

contain types I and EH collagen (Berrih et al., 1985; Watt et al., 1992). The basement 

membranes adjacent to interlobular septae and intralobular perivascular spaces contain 

type IV collagen, Fn and Iaminin and these components extend into the subcapsular 

cortex. In contrast with other organs, basement membrane ECM components are also 

distributed within thymic lobules. Connective fibers at the cortico-medullary junction 

contain an abundance of Fn and the three types of collagen. The medulla contains 

extracellular Fn and Iaminin and Iaminin also appears to be intracellularly expressed in 

medullary TECs. Characterization of murine and human Iaminin expression by PCR and 

ELISA indicate thymic TECs actually express merosin, but not Iaminin (Chang et al.,

1993). Laminin and merosin share two light chains, but each has a unique third chain that 

characterizes the two similar ECM proteins. Previous studies likely utilized antibody 

reagents that cross-react with laminin and merosin.
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The appearance of ECM components in the thymus rudiment occurs soon after 

bone marrow-derived cells seed the thymus and thymic stromal cells begin to differentiate 

(Haynes, L984; Patel et al., 1995). Fn is detectable in the human fetal thymus along the 

thymic capsule and proximal to stromal cells within the developing thymus by the 8 th 

week of gestation. At later stages of development as the medulla becomes apparent, Fn is 

distributed through the medulla and around Hassel’s bodies. HA has a similar 

distribution pattern as Fn, but is not detectable until the 16th week of gestation when 

thymocyte differentiation is underway. In vitro cultures of thymic epithelial cultures 

secrete types I and IV collagen, laminin and Fn suggesting the thymic ECM is produced, 

at least in part, by intrathymic TECs (Berrih et al., 1985).

Stromal cell differentiation and compartmentalization of the thymus seems 

dependent on the arrival of bone marrow derived progenitors and their differentiation into 

thymocytes (Ritter & Boyd, 1993; van Ewijk et al., 1994). Examination of the ontogeny 

of the murine thymus indicates the distribution patterns of ECM components are also 

related to the kinetics of thymus compartmentalization (Lannnes-Vieira et al., 1991), thus 

ECM proteins might participate, at least indirectly, in thymocyte differentiation. At day 

13 of gestation type I collagen is restricted to the thymic capsule, while laminin 

(presumably merosin) is distributed in the capsule and around a few stromal cell clusters. 

Type IV collagen and Fn are distributed throughout the developing thymus. The thymus 

is not yet compartmentalized at this stage of ontogeny. By day 17 laminin is also 

distributed through the thymus and all three components are now distributed to basement 

membranes and intralobular perivascular spaces. At day 19 the thymus is 

compartmentalized and intralobular Fn, laminin and type IV collagen are predominantly
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distributed to the medullary region. Interestingly, TCRp-deficient mice and RAG 

knockout mice have increased thymic expression of ECM proteins whereas CD4 and (32- 

microglobulin knockout mice have decreased distribution of medullary ECM components 

(Savino et al., 1998). This suggests the thymic ECM is also influenced by thymocyte 

ontogeny.

The distribution patterns of Fn and type IV collagen through the thymus rudiment 

suggest these components might guide the migration of bone marrow precursors from the 

blood vessels within the thymic capsule into the developing thymic cortex (Lannes-Vieira 

et al., 1991). It has been postulated ECM  proteins act as a “conveyer belt” to guide the 

migration path of thymocytes through the thymus as differentiation proceeds (Savino, 

1996). The ECM components could guide progenitors as they migrate deep into the 

cortex to initiate medullary development by providing ligand for cell surface 

adhesion/motility receptors to bind. ECM also lines the septae and might guide 

thymocyte precursors to or from the subcapsular cortex as they undergo differentiation 

and proliferation. Injection of neonatal mice with anti-Fn antibodies promotes 

downregulation of the CD3 complex (Savino et al., 1993), whereas immobilized Fn 

enhances the CD3-dependent proliferation of DN fetal thymocytes (Halvorson et al.,

1998). Soluble antibodies to cm or CC5 integrins inhibit thymocyte proliferation indicating 

(3i integrins are co-stimulatory molecules for differentiating thymocytes. ECM proteins 

might also stimulate the adhesion and proliferation of stromal cells in the thymus.

Cortical expression of collagens, laminin, Fn and HA is weak or absent in the 

thymus of neonates, except in the subcapsular cortex. Hydrocortisone treatment of mice 

or normal aging of mice and humans stimulates the appearance of cortical ECM proteins,
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particularly Fn (Berrih et al., 1985; Lannes-Vieira et al., 1991). The distribution of these 

ECM components to the cortical region is associated with thymic atrophy. In vitro, 

murine thymocytes with a cortical phenotype appear to bind epithelial cell monolayers via 

cell-associated Fn (Utsumi et al., 1991) suggesting ECM components might be present in 

the cortex in association with stromal cells. Immunoelectron microscopy verifies that Fn 

is distributed adjacent to thymic nurse cells (TNCs) in proximity with thymocytes (Savino 

et al., 1993), but at concentrations apparently undetectable by immunohistochemical 

methods (Berrih et al., 1985). Using antibodies that specifically recognize splice variants 

of Fn verifies the human cortex contains little Fn, but the C S1 domain recognized by GtiPi 

integrin is detectable, although it is still more abundant in the medulla (Crisa et al., 1996). 

TECs in the cortex and cortico-medullary junction express the a4(3l ligand VCAM-1 

suggesting intercellular binding might be mediated directly by cellular receptors 

(Salomon et al., 1997).

EFNy enhances the expression of MHC molecules on TNCs as well as stimulating 

the secretion of type IV collagen and the expression of « 5  and a <5 integrin subunits 

(Lagrota-Candido et al. 1996). IFNy is secreted by thymocytes and at low concentration 

enhances the adhesion of thymocytes to epithelial cell lines. Antibodies to Fn, laminin, 

type IV collagen, as or integrins significantly decrease adhesion suggesting these 

receptors and ECM proteins function in mediating cellular interactions in the cortical 

region of the neonatal thymus. This group suggests the ECM components link 

thymocytes with stromal cells when receptors on adjacent cells jointly bind soluble ECM 

components (Savino.et al., 1993). ICAM-1 expression is also upregulated by EFNy as
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well as IL1 and TNF, thus thymocytes might also interact with stromal cells via UFA-1 

and ICAM-1 (Singer et al., 1990).

1.2.3 Integrin-mediated adhesion and motility in thymocyte ontogeny 

Bone marrow-derived progenitors seed the thymus by emigrating from blood 

vessels into the developing thymus. Stem cell colonization of the thymic rudiment occurs 

prior to development of the thymic vasculature, so progenitors exit pharyngeal vessels 

and migrate through mesenchymal tissue that forms the thymic capsule to reach the 

developing epithelial component of the thymus (Anderson et al., 1996). There is virtually 

no data available that identifies the receptors required foremigration into the thymus, but 

presumably the mechanism is similar to the multistep paradigm that describes how 

peripheral blood leukocytes home to lymphoid organs and sites of inflammation 

(Springer, 1994). Progenitors must express cell surface molecules that mediate rolling 

and tethering to cells lining pharyngeal vessels. L-selectin and CC4 P7 integrins mediate 

lymphocyte homing to peripheral lymph nodes and mucosal lymphoid tissues (Dunon et 

al., 1996) and pro-thymocytes express these receptors (Dianzani & Malavasi, 1995; 

Andrews et al., 1996). The vascular endothelium of the human fetal thymus expresses an 

L-selectin ligand called MECA-79 that potentially mediates rolling of progenitors in 

thymic blood vessels. MECA-79 also binds to carbohydrate determinants expressed by 

high endothelial venule CD34 and GlyCAM-1 (Springer, 1994), thus in the developing 

thymus CD34 expressed by progenitors might mediate homing by binding MECA-79. 

(X4 P7 integrin in conjunction with L-selectin mediates rolling upon interaction with 

MAdCAM-1, but it is not known if the thymic vasculature expresses MAdCAM-1 

(Dunon et al., 1996). (XiP7 integrins, similar to cqPi integrins, might also mediate
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adhesion to endothelium via VCAM-1, thus GC4 P7 could participate in homing of 

progenitors to the thymus rudiment.

The adhesion receptor CD44 is expressed by progenitors and is transiently 

downregulated early in differentiation (Res & Spits, 1999). CD44 mediates adhesion to 

the glycosaminoglycan HA and might promote rolling on HA-coated surfaces (Dunon et 

al., 1996). CD44 expression is downregulated as progenitors differentiate and lose their 

adhesion dependence on mesenchymal tissue (Anderson et al., 1996). Pe integrins 

mediate adhesion of pro-thymocytes to endothelial cells (Dunon & Imhof, 1993) 

suggesting CD44 and $ 6  integrins might mediate adhesion of circulating progenitor cells 

to the mesenchyme and vascular endothelial cells, respectively, that are proximal to the 

primordial thymus. However, it can only be speculated that these receptor interactions 

function in homing of progenitors to the thymic rudiment. The low frequency of 

thymocyte progenitors makes it difficult to directly assess the potential involvement of 

molecules in homing, especially in fetal models.

A more definitive approach to assess receptors involved in homing of progenitors 

to the thymus is to use murine models in which receptor expression has been eliminated. 

Pi and CC; integrin knockout mice fail to seed the thymus with bone marrow-derived cells 

(Hirsch et al., 1996; Arroyo et al., 1996). This implicates cqPi integrin in homing of 

thymocyte progenitors to the thymus. ctrPi integrins mediate adhesion of peripheral 

leukocytes to VCAM-1 expressed on endothelial cells of blood vessels (Dunon et al.,

1996). This interaction can facilitate rolling and adhesion to blood vessel walls 

(Reinhardt et al., 1997b) prior to leukocyte extravasation. The inability of bone marrow- 

derived progenitors to roll and adhere to blood vessels and initiate extravasation could
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abrogate colonization of the thymic rudiment. cttPi integrins also mediate cell migration 

through basement membranes and tissue spaces by binding to the ECM component Fn. 

Early in thymic ontogeny Fn is detectable throughout the thymic epithelium, in basement 

membranes and perivascular spaces (Haynes, 1984; Lannes-Vieira et al., 1991). This 

suggests CC4 P 1 integrin could mediate migration of progenitors into the developing 

thymus.

Immature thymocytes are more abundant than thymocyte progenitors, so more 

data is available regarding the role of adhesion receptors in fetal and neonatal models 

when the thymus is developed. Interactions between stromal cells and developing 

thymocytes are required for positive and negative selection and for exchange of soluble 

factors like cytokines and thymic hormones (Ritter & Boyd, 1993; Mello-Coeho et al.,

1998). There are several molecules expressed by immature thymocytes and thymic 

stromal cells that mediate intercellular interactions. The homotypic adhesion molecule, 

E-cadherin, is expressed by day 16 fetal mouse thymocytes and thymic epithelial cells 

suggesting E-cadherins mediate interactions between these two cell types early in 

ontogeny and perhaps direct homing of progenitors to the thymus rudiment (Lee et al.,

1994). C(eP7 integrin has been reported to bind E-cadherin (Cepek et al., 1994) and is 

expressed by day 14 fetal thymocyte precursors (Anderson et al., 1996). CD2 is 

expressed at low levels by human thymocyte progenitors and expression is increased on 

pro-thymocytes (Haynes, 1986). LFA-3, the ligand of CD2, is expressed by all intra- 

thymic epithelial cells. All thymocyte subsets adhere to LFA-3+ TEC cultures via CD2 

and this interaction stimulates thymocytes to proliferate and upregulate EL2-R expression. 

This indicates CD2 acts as a co-stimulatory molecule for differentiating thymocytes.
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However, CD2 does not likely mediate entry of progenitors into the developing thymus, 

since there is no expression of LFA-3 on subcapsular epithelium (Watt et al., 1992).

LFA-1 is highly expressed by murine and human thymocytes (Sawada et al., 1992; 

Crisa et al., 1996). MAbs to common domains of CD45 stimulate homotypic aggregation 

of thymocytes that is at least partially mediated by LFA-l/ICAM-3 interactions (Bernard 

et al., 1994). Thymocyte LFA-1 molecules also interact with ICAM-1 on thymic 

epithelial cells and these interactions are required for the maturation of DN thymocytes to 

the DP stage (Fine & Kruisbeek, 1991). LFA-1 interactions with ICAM-1 on dendritic 

cells also seem to be required for negative selection to be initiated (Carlow et al., 1992). 

These receptors might stabilize inter-cellular interactions while signaling between TCR 

and MHC molecules occurs. These data suggest LFA-1 mediates intercellular adhesion 

throughout thymocyte differentiation. Although LFA-1 mediates extravasation of 

monocytes through endothelial cell monolayers (Weber & Springer, 1998), subcapsular 

cortical epithelium does not express ICAM-1 in the neonatal thymus (Watt et al., 1992) 

suggesting extravasation of progenitors is mediated by different receptor interactions 

prior to the vascularization of the thymus. However, this observation does not rule out 

that ICAM-1 is expressed by primordial capsular tissue early in ontogeny or that ICAM-2 

or ICAM-3 might be involved, especially since ICAM-2 can act as a homing ligand in 

non-inflamed tissue (Springer, 1994).

The distribution patterns of ECM components alter during thymic ontogeny and 

thymocyte differentiation, thus several groups have examined thymocyte ECM-binding 

integrins to determine if a correlation exists between thymocyte development and integrin 

expression and function. Immunohistochemical staining of the human thymus as well as
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staining of thymocyte suspensions and thymic epithelial cultures indicate a number of 

integrins are expressed on both cell types. Both fetal and post-natal epithelial cultures 

express CC3 , 0 6 , and pi integrin subunits and weakly express Oi integrin (Watt et al., 

1992). All thymocyte subsets express variable levels of 0 4 , as, 0 $ and Pi integrins while 

a i  and as integrins are very weakly expressed (Watt et al., 1992; Salomon et al., 1994). 

0 4  integrin expression is higher on immature thymocytes compared with mature SP 

thymocytes while the reverse is true for 0 $ integrin expression. Immunohistochemical 

staining of thymus sections indicates 0 6  integrin is highly expressed by thymocytes at the 

subcapsular cortex and medulla, but is restricted to perivascular areas in the cortex. 0 4  

integrin expression is higher on cortical thymocytes than on medullary thymocytes. 

These observations suggest integrins might function on thymocytes during different 

stages of thymocyte differentiation (Fig. 1.1). 0 6 (3 4  integrin binds laminin and is

predominantly expressed by DN murine thymocytes (Wadsworth et al., 1992). Laminin 

(or perhaps merosin) is distributed at the thymic capsule early in ontogeny and might 

guide pro-thymocytes into the developing organ early in ontogeny. The merosin binding 

integrin a^Pi is also expressed by immature murine thymocytes (Chang et al., 1993).

Fn is abundantly expressed throughout the developing thymus and is also 

expressed in the medulla, the subcapsular region and at low levels in the cortex once the 

thymus is compartmentalized (Berrih et al., 1985; Watt et al., 1992; Crisa et al., 1996). 

This has led to a close examination of the expression patterns of the Fn-binding integrins 

OjP! and asPi on thymocyte subsets. The majority of murine DN thymocytes
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Thymocyte Subset Integrins Mediating Integrins Mediating

Adhesion to Fn Motility to Fn

CD3'4'8' (MN)

I
OiP l +/- asPi integrins cx+P i integrins

CD4 8 (DP)

CD4+8~ & 
CD4'8+ (SP)

CC4 P 1 integrins Poorly motile on Fn

Poorly adhesive to Fn ccjPi and (X5P 1 integrins

Figure 1.1 As human thymocytes differentiate, both cell behavior and usage of Fn- 

binding receptors alters.

The flow chart summarizes work from different reports. The boxes indicate the major 

thymocyte subsets based on their expression of CD4 and CDS and the arrows indicate the 

sequence of differentiation. Adjacent to each subset the predominent type of behavior on 

Fn is indicated as are the integrins mediating the behavior.
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spontaneously adhere to Fn-coated plates and to stromal cell monolayers utilizing oq 

predominantly and as integrin to a lesser extent (Utsumi et al., 1991; Savvada et al., 

1992). Fn is indicated as are the integrins mediating the behavior. Neither unfractionated 

nor DN thymocytes adhere to collagen-, laminin- nor vitronectin-coated surfaces. As 

murine thymocytes mature to the DP and SP stage they express lower levels o f ou integrin 

and the adhesive function of CC4 is downregulated while expression of LFA-1 is 

concomitantly increased (Sawada et al., 1992). In vitro culture of DN thymocytes on 

stromal cells promotes differentiation of a fraction of this subset to the DP stage and anti- 

Fn antibodies alone or in combination with 0 4 (31 or as(3i integrin-specific Fn peptides 

abrogate differentiation (Utsumi et al., 1991). CD3-dependent proliferation of DN 

thymocytes is co-stimulated by Fn or immobilized mAbs to CCt or 0 5  integrin subunits 

(Halvorson et al., 1998) suggesting thymocyte interactions between integrins, Fn and 

stromal cells stimulate thymocyte maturation. Detectable proliferation of thymocytes 

occurs in the subcapsular cortex (Haynes, 1984) and Fn is also detectable in this region 

(Watt et al., 1992). However, thymocyte proliferation is also CD3-dependent suggesting 

intercellular interactions are required. This suggests that for cqfS1 integrin to be co

stimulatory, it might require interactions with VCAM-1 expressed on thymic epithelial 

cells.

MN human thymocytes contain Fn-adherent cells and mAbs to 0 4 , 0 .5  and (3j 

integrin subunits inhibit adhesion to Fn, suggesting 0 4  (31 and a 5 (3 i integrins also mediate 

interactions of immature human thymocytes with thymic stroma or ECM components 

(Gares et al., 1998). Although human thymocytes maintain expression levels of cqPi
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integrins as they mature to the DP stage while murine DP thymocytes downregulate cu 

integrin expression, the adherent fraction of DP thymocytes in mice and humans is 

equivalent (Sawada et al., 1992; Salomon et al., 1994). Fn-adherent human thymocytes 

have a phenotype consistent with DP cells that have not yet received a positive selection 

signal (CD4hl8hl3med69l0) while non-adherent thymocytes contain DP thymocytes with a 

“post-selection” phenotype (CD4med8med3hl69hl) indicating the non-adherent DP cells are 

more mature cells (Salomon et al., 1994). However, 0 4  integrin expression on non

adherent cells is equivalent to that of less mature DP thymocytes, suggesting the lack of 

adhesive behavior results from the downregulation of cq integrin function. The 

correlation between adhesive behavior and subsequent maturation of DP thymocytes 

suggests OjPi integrins might facilitate strong adhesion between thymocytes and cortical 

epithelial cells during positive selection. Primary TEC cultures express VCAM-1 and a 4 

integrins mediate interactions between thymocytes and cultured TECs (Salomon et al.,

1997). Immunohistochemical analysis indicates VCAM-1 expression is restricted to 

TECs in the cortex and corticomedullary junction. This suggests strong adhesive 

interactions between thymocytes and stromal cells likely occur in these two thymic 

regions. There is considerable evidence that positive selection occurs in the cortex, 

followed by migration to the cortico-medullary junction and the medulla.

Since one of the consequences of positive selection appears to be an alteration of 

0 4 (3 1  integrin to a conformation promoting de-adhesion, the motility of thymocyte subsets 

has been assessed to determine if decreased adhesion correlates with motile behavior. 

Although MN thymocytes express both 0C4 and a s  integrins, only mAbs to cq or (31 inhibit 

motility suggesting cttPi integrin mediates motility for MN thymocytes (Gares & Pilarski,
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1999). DP and SP thymocytes use a combination of CC4 P1, OC5 P 1 and RHAMM to mediate 

motility on Fn-coated surfaces or through Fn-coated transwells (Crisa et al., 1996; Gares 

et al., 1998). Phenotypic analysis of migratory thymocytes indicates the majority of this 

fraction contains SP thymocytes and CD3 h,4 mtdgmed6 9 hl thymocytes, the latter postulated 

to be migratory cells that have undergone positive selection (Crisa et al., 1996). 

Purification of thymocyte subsets prior to assessing their motility indicates approximately 

40% of MN thymocytes are motile along with a fraction of the DP subset and CD4'r SP 

thymocytes (Gares et al., 1998; Gares & Pilarski, 1999). The expression and function of 

cqPi and ccsPi integrins on thymocytes that have presumably undergone positive selection 

and the prevalent distribution of Fn in the cortico-medullary junction and the medulla 

suggest these integrins function to guide positively selected thymocytes from the cortex 

into the medulla.

Laminin (or merosin) and collagen are also distributed to the cortico-medullary 

junction and in the medulla, but integrins that interact with these components are poorly 

expressed by thymocytes and in vitro assays show poor adhesion and poor migration of 

thymocytes on surfaces coated with these components (Utsumi et al., 1991; Crisa et al., 

1996). Although a contribution by these components to thymocyte migration cannot be 

ruled out, it might be more subtle and difficult to quantitate. a E(37 integrin is expressed 

by a subset of SP thymocytes and OC4 P7 integrin is expressed by a subset of SP CD4+ 

thymocytes (Andrew et al., 1996), but anti-ctiP? mAbs do not abrogate Fn-mediated 

migration (Crisa et al., 1996). Since these integrins are involved with trafficking of 

peripheral lymphocytes to secondary lymphoid organs, the expression of £ 7  integrins on
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mature thymocytes might identify mature thymocytes that have survived selection and are 

ready to emigrate the thymus.

These experiments using thymocyte differentiation as a model to study integrin 

function suggest integrins and the ECM play an important role in guiding thymocytes as 

they migrate through the thymus. Integrin-mediated signaling also co-stimulates 

thymocyte proliferation. This might be required because the co-stimulatory receptors 

normally used by mature T cells are uncoupled in immature thymocytes (Amsen & 

Kruisbeek, 1998). Integrins also function in the peripheral lymphoid system to promote 

adhesion and motility. Receptor occupancy of LFA-1 on T lymphoblasts downregulates 

adhesion of ctiPi to VC AM-1 and Fn and promotes a.$ integrin-mediated migration 

(Porter and Hogg, 1997). Chemokines stimulate a sequential activation of 04(31 then a 5$i 

integrins on monocytes that promote motility (Weber et al., 1996). In the thymus, the 

high binding avidity of CX4 P 1 integrins on immature DP thymocytes supports interactions 

with cortical and cortico-medullary TECs that are presumably required during positive 

selection. In addition, the low distribution level of Fn in the cortex suggests interactions 

between thymocytes and cortical ECM are likely to be low avidity interactions that might 

promote motility while cqPi integrins are still in a high affinity binding conformation. As 

positively selected DP thymocytes migrate toward the cortico-medullary junction and the 

medulla, Fn concentrations increase, but 0 4 $ i integrin expression is decreased and low 

avidity interactions might support migration on higher concentrations of Fn.
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1.3 The HA binding Protein RHAMM Mediates Cell Motility

RHAMM is an HA-binding protein that was originally isolated from locomotory 

embryonic chick heart fibroblasts (Turley, 1989) and subsequent molecular cloning 

indicated the nucleotide sequence was distinct from the HA binding protein, CD44 

(Hardwick et al., 1992). Examination of developing tissues in which cells are required to 

be migratory' indicates RHAMM is expressed and functions as a motility receptor (Turley 

at al., 1990; Boudreau et al., 1991; Pilarski et al., 1993; Nagy et al., 1995; Komovski et 

al., 1994; Gares et al., 1998; Pilarski et al., 1999). RHAMM is also overexpressed by B 

cells isolated from patients with B cell malignancies and by human breast cell tumors 

implicating RHAMM in the malignant process (Crainie et al., 1999; Wang et al., 1998).

1.3.1 Cell surface RHAMM expression and HA binding are associated 

with motility

HA is a ubiquitously expressed glycosaminoglycan of the ECM and is a large 

polysaccharide consisting of repeating dimers of glucuronate and N-acetylglucosamine. 

HA plays a structural role in ECM providing turgor pressure in tissue spaces and acts as a 

cushion in joints, but smaller fragments of HA have been shown to mediate a number of 

cellular effects upon interaction with HA binding proteins or hyaladherins (Knudson & 

Knudson, 1993; Sherman et al., 1994; Entwistle et al., 1996; Fraser et al., 1997; Toole, 

1997; Borland et al., 1998). These investigations have indicated that HA mediates 

motility, endocytosis, signal transduction and cytokine secretion upon interaction with the 

hyaladherins RHAMM or CD44.

HA is a poorly adhesive substrate, so early models suggested HA was involved in 

the detachment process of locomotion. Using an embryonic chick heart fibroblast model
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system, it was shown that addition of HA promoted membrane ruffling and random 

locomotion of cells (Turley & Torrance, 1985). HA also generates the production of 

second messengers indicating an HA binding receptor (s) is involved (Turley, 1989). 

Isolation of an HA binding protein (HABP) from fibroblast cell lines and primary chick 

heart fibroblasts led to the generation of immune sera and subsequent characterization of 

this protein. Using anti-HABP antibodies and labeled HA indicated HA and the HABP 

(RHAMM) co-localize and distribute to the leading and trailing edges of locomoting 

chick heart fibroblasts (Turley & Torrance, 1985).

Transmission electron microscopy and scanning electron microscopy of 

embryonic chick heart fibroblasts stained with anti-RHAMM sera and gold particles 

clearly demonstrate surface expression of RHAMM predominently on cell protrusions 

(Turley et al., 1990). However, when cells are cultured longer than 12 H, surface 

expression is downregulated and RHAMM is found distributed intracellularly in a 

perinuclear and intranuclear pattern (Turly & Torrance, 1985). Other types of motile cells 

express cell surface RHAMM as indicated by flow cytometric analysis and fluorescence 

microscopy. Cell surface RHAMM is detectable on cells undergoing developmental 

processes or differentiation such as thymocytes, neurons, sperm cells and stem cells 

(Pilarski et al., 1993; Komovski et al., 1994; Nagy et al., 1995; Pilarski et al., 1999). 

Malignant and transformed cells also express cell surface RHAMM (Turley & Auersperg; 

1989; Turley et al., 1993; Masellis-Smith et al., 1996; Crainie et al., 1999). Since cells 

from developing tissues are often migratory and highly malignant cells are often 

metastatic, cell surface expression of RHAMM correlates with locomotory behavior. 

This suggests RHAMM is involved with the motile process. Several different murine and
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human carcinoma cell lines have been examined for RHAMM expression and only 

intracellular RHAMM is detected in cell lines (Assmann et al., 1998; Hofmann et al., 

1998; Assmann et al., 1999). This suggests RHAMM might be expressed as an 

intracellular protein by most adherent cells, but under conditions stimulating cell motility 

RHAMM is also expressed at the cell surface.

Other model systems indicate RHAMM-mediated motility can be stimulated 

within 1 to 6 H following wounding of smooth muscle cell monolayers or subculture of 

fibroblast cell lines (Turley, 1992; Savani et al., 1995). Fibroblasts transfected with an 

inducible ras gene or treated with TGFf3 express cell surface RHAMM and become 

highly motile, with peak surface expression of RHAMM correlating with peak motility 

(Turley et al., 1991; Samuel et al., 1993). Smooth muscle monolayers begin to express 

cell surface RHAMM at wound edges coincident with the onset of migration by cells at 

the wound edge (Savani et al., 1995). The addition of HA also rapidly upregulates cell 

motility which can be blocked by RHAMM-specific antibodies. This rapid adaptation of 

cells to a change in their microenvironment suggests FLA might modulate RHAMM 

expression and cell behavior.

1.3.2 Molecular and biochemical characterization of RHAMM

The RHAMM DNA sequence was initially isolated from a A.gtll cDNA 

expression library prepared from 3T3 fibroblasts (Hardwick et al., 1992). Antiserum and 

mAbs generated against the original HABP isolate were used to identify clones that 

expressed HABP. Subsequent cloning and DNA sequencing indicated the RHAMM 

sequence encodes a 476 amino acid (aa) protein with a sequence distinct from CD44. 

Antiserum generated against a peptide sequence of the deduced amino acid sequence of
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the cloned RHAMM sequence was used to stain TGFfi-stimulated fibroblasts and to 

inhibit cell motility. The anti-RHAMM peptide serum stains cells and decreases motility 

similarly compared with mAbs and antiserum generated against the original HABP. 

Thus, it was concluded the isolated DNA sequence encoded a protein identical to the 

original HABP isolate.

RHAMM was originally isolated and purified using sepharose-HA affinity 

columns and the purified fraction actually contained three proteins with apparent 

molecular weights of 70, 66 and 56 Kd. These three proteins were assumed to exist on 

the cell surface as a complex of proteins called the HA receptor complex (HARC) (Turley 

et al., 1987). A protein band of 58 Kd is detected in lysates of TGFP-stimulated cells 

immunoblotted with anti-RHAMM peptide serum, suggesting RHAMM is the 56 Kd 

component of HARC (Hardwick et al., 1992). However, biochemical analysis of murine 

fibroblast, ras-transformed fibroblast, lung carcinoma and melanoma cell lines using a 

different anti-RHAMM serum detects a much larger 95 Kd protein (Hofmann et al.,

1998). Sequence analysis of genomic murine RHAMM indicates the RHAMM gene is 

comprised of 18 exons predicted to be translated into a 95 Kd protein (Fieber et al.,

1999), verifying the biochemical data. Comparison of the original RHAMM sequence 

indicates the clone used to sequence RHAMM begins in approximately the middle of the 

actual RHAMM sequence and includes the carboxy terminus (Hardwick et al., 1992).

Human RHAMM DNA was sequenced using a A.gtl 1 cDNA expression library 

prepared from human breast cells in combination with mRNA isolated from a human 

breast epithelial cell line (Wang et al., 1996). The DNA sequence indicates human 

RHAMM encodes a 725 aa protein with a predicted molecular weight of 84 Kd, although
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immunoblots of breast epithelial cell lysates detect RHAMM protein bands of 84, 70 and 

60 Kd. Comparison of the human sequence with the complete murine RHAMM 

sequence indicates the deduced aa sequences are approximately 85% homologous 

(Hoffmann et al., 1998).

Immunoblots of lysates prepared from various cell types consistently detect 

RHAMM protein bands of two to three different apparent molecular weights (Turley et 

al., 1987; Komovski et al., 1994; Nagy et al., 1995; Wang et al., 1996; Hofmann et al.,

1998) suggesting multiple isoforms of RHAMM are expressed. Analysis of RHAMM 

mRNA from different cell types has identified four RHAMM variants. Three different 

RHAMM transcripts have been isolated from ex vivo B and plasma cells from multiple 

myeloma patients (Crainie et al., 1999). One form is a full length transcript containing all

FT *10encoding exons (RHAMM ), a second species contains a 48 bp deletion (RHAMM ) 

that corresponds to excision of exon 4 and the third species contains a 147 bp deletion 

(RHAMM'147) that corresponds to excision of exon 13 (Fig. 1.2). RHAMM^ and 

RHAMM'4S mRNA are highly expressed by B or plasma cells isolated from myeloma, 

lymphoma and leukemia patients, but not from B cells isolated from Crohn’s patients or 

normal individuals. RHAMM'147 mRNA is less frequently expressed in B or plasma cells 

from myeloma patients and is undetectable in other types of malignant or normal B cells. 

Human breast carcinoma cell lines express RHAMM mRNA that corresponds to 

RHAMMfl and RHAMM-48 except one GAA codon is absent such that only 45 bp are 

contained in exon 4 (Assmann et al., 1998). Human cervical cancer cell lines also 

express transcripts corresponding to RHAMM'147 and an additional type of RHAMM
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Second
ATG Leucine Zippers HA Binding Sites

R'48 Deletion (16 aa) -147 Deletion (47 aa)

Figure 1.2 Characterized domains of RHAMM

The full length RHAMM molecule (RHAMM11) is depicted and the approximate 

locations of characterized domains are indicated. The approximate location of exon 4 

(R-48 deletion) and exon 13 (R-147 deletion) are indicated and excision of these two exons 

from the coding sequence produces RHAMM-48 or RHAMM-147, respectively. The two 

leucine zipper motifs are predicted from the amino acid sequence. The two HA binding 

domains are encoded by exons 16 and 17.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

transcript in which both exon 4 and exon 13 have been spliced out (Assmann et al.,

1999). Each of these molecularly characterized RHAMM isoforms is translated into a 

protein with a molecular weight consistent with that predicted from the deduced amino 

acid sequence (Assmann et al., 1999).

RHAMM also contains two translation start codons (Fig. 1.2). Translation of 

human RHAMM mRNA from the +1 position would give rise to a 725 aa protein, 

whereas translation from the second start codon would yield a protein of 610 aa (Crainie 

et al., 1999). Variant usage o f these start codons is currently being investigated and could 

provide another explanation for the size variation of RHAMM proteins. RHAMM might 

also be subject to partial degradation and this could account for the low molecular weight 

bands detected in immunoblots. Whether RHAMM is subject to post-translational 

modification such as glycosylation or phosphorylation is not known, but protein domain 

prediction programs indicate there are four N-glycosylation sites and several potential 

phosphorylation sites. There are also three potential N-myristylation sites and two 

leucine zipper motifs.

1.3.3 Functional domains of RHAMM 

RHAMM was originally isolated by its ability to bind to a HA-sepharose affinity 

column indicating RHAMM should contain HA binding domains. Motility assays 

indicate exogenous HA stimulates RHAMM-dependent locomotion and TGF[3- 

stimulation or ras-transfection stimulates endogenous production of HA (Turley et al., 

1991; Samual et al., 1993). Bovine smooth muscle monolayers also secrete HA after 

wounding and HA is distributed exclusively to the wounded edge along with RHAMM 

(Savani et al., 1995). The HA binding domain was identified using truncated RHAMM
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fusion proteins and a transblot assay and is localized to two regions near the carboxy 

terminus (Yang et al., 1993). The HA binding motif was characterized using mutational 

analysis and consists of two basic amino acids with an intervening span of seven non- 

acidic amino acids (BX7B) (Yang et al., 1994). HA binding is optimal if at least one of 

the intervening residues is also basic. The two HA binding motifs near the carboxy end 

of RHAMM are encoded by exons 16 and 17 (Fig. 1.2). HA binding to both domains 

appears to be additive, indicating the two HA binding domains function independent of 

one another. Peptides to the HA binding domains decrease locomotion indicating HA 

binding to RHAMM is required to mediate motility for TGF(3-stimulated fibroblasts 

(Samual, et al., 1993).

This HA binding motif has also been localized to characterized HA binding 

regions in the hyaladherins CD44 and link protein (Yang et al., 1994), thus may be a 

universally used HA binding motif. One of the HA binding motifs identified in the CD44 

sequence corresponds precisely to a recently identified ERM protein binding region (Legg 

& Isacke, 1998). The ERM protein ezrin binds to CD44 between aa 292 — 300, an 

intracellular membrane proximal region of CD44. This region is not a characterized HA 

binding region of CD44, but ERM proteins in general bind to protein sequences with a 

motif that is virtually identical to the characterized HA binding motif (Bretscher, 1999). 

Interactions of HA and hyaladherins during embryonic chick joint development 

demonstrates the ERM protein moesin redistributes with actin to sites of joint cavity 

formation where cell surface CD44 binds HA (Dowthwaite et al., 1998). Moesin- 

mediated interactions between CD44 and the actin cytoskeleton might stimulate HA 

binding by activating CD44. Endocytosed HA might bind to the intracellular HA binding
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domain of CD44 and interrupt the interaction of moesin and CD44. Alternatively, 

moesin might protect this site from interaction with endocytosed HA. The effect of these 

associations is unknown, but CD44 is redistributed to the uropod of migrating T cells 

where it is associated with ERM proteins in a process that is likely de-adhesive. 

RHAMM is also expressed in developing joint tissue, so it would be of interest to 

determine if RHAMM distribution is regulated by interaction with ERM proteins.

Confocal analysis indicates intracellular RHAMM co-localizes with a-tubulin to 

the MT cytoskeleton and the mitotic spindle in HeLa cells (Assmann et al., 1999). In a 

human mammary carcinoma cell line, RHAMM distributes to focal adhesions and 

demonstrates a minor co-localization with actin stress fibers. HeLa cells transfected with 

GFP tagged to the RHAMM sequence or to RHAMM lacking exon 13 co-localize with 

the MT cytoskeleton. GFP-RHAMM fusion proteins lacking the exon 4 encoding 

sequence localize predominantly to the nucleus, do not interact with MTs in cells nor 

with polymerized tubulin in an in vitro tubulin-binding assay. This suggests the MT 

binding sequence is at least partially encoded by exon 4. However, sequence analysis 

indicates RHAMM does not share obvious homology with other MT binding proteins. 

Sequence analysis also predicts the central domain of RHAMM, which contains two 

leucine zippers (Fig. 1.2), likely forms a coiled-coil domain. This suggests RHAMM 

could form homodimers or heterodimers.

1.3.4 RHAMM is associated with signal transduction activity 

Although RHAMM is expressed at the cell surface, sequence analysis does not 

indicate a distinct transmembrane domain, so RHAMM might use a docking protein to 

maintain surface expression (Entwistle et al., 1996). Despite the lack of an obvious
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transmembrane domain, HA binding to RHAMM is associated with activation of signal 

transduction components. HA stimulation of ra^-transfected fibroblasts might enhance 

locomotion by causing turnover of FAs. Addition of HA or certain anti-RHAMM 

antibodies to fibroblasts correlates with the rapid phosphorylation of FAK and several 

other proteins and the increased deposition of vinculin in FAs (Hall et al., 1994). These 

events occur rapidly following the addition of HA, but are turned over within 15 min. 

Using murine fibroblasts expressing a dominant negative mutant of pp60src inhibits 

RHAMM-dependent locomotion, while a cell line expressing a constitutively active v-src 

gene demonstrates enhanced motility that is independent of RHAMM (Hall et al., 1996). 

This suggests src is a downstream factor of the signal transduction path stimulated by HA 

binding to RHAMM.

Examination of metastatic cells isolated from breast cancer patients indicates that 

RHAMM is overexpressed compared with cells from the primary tumor and RHAMM 

overexpression correlates with overexpression of ras and ERK (Wang et al., 1998). Anti- 

RHAMM antibodies decrease the PDGF-stimulated activation of ERK in murine 

fibroblasts, suggesting RHAMM acts as a co-stimulator of the ERK signal transduction 

cascade (Zhang et al., 1998). Transfection of fibroblasts with antisense sequences 

corresponding to a murine RHAMM isoform, RHAMMv4, or transfection of cells using 

RHAMM dominant negative genes inhibits ras-mediated activation of ERK and 

subsequent nuclear localization. Conversely, overexpression of RHAMM correlates with 

constitutive activity of ERK. Anti-RHAMM antibodies co-immunoprecipitate ERK1 and 

MEK1 suggesting intracellular RHAMM associates with ERK1 and MEK1. The 

reciprocal experiment indicates that anti-ERKl antibodies co-immunoprecipitate
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RHAMM. These observations suggest HA interactions with cell surface RHAMM are 

associated with signal transduction events that turn over FAs and stimulate cell 

locomotion. This suggests HA interactions with RHAMM mediate de-adhesive events 

for locomotory cells by decreasing adhesive contacts. Intracellular RHAMM is 

associated with the activation of signal transduction factors involved in proliferation, 

integrin-mediated adhesion and motility, thus intracellular RHAMM might have an 

indirect role in promoting or inhibiting cell locomotion.
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1.4 Thesis Objectives 

Background:

As thymocytes differentiate they migrate through the thymic microenvironment. Integrins 

are expressed by thymocytes and promote adhesive or motile behavior, thus are intimately 

associated with thymocyte development. Cell surface RHAMM is also expressed by 

thymocytes and mediates motility for thymocytes on Fn-coated surfaces (Pilarski et al., 

1993). This suggests RHAMM interactions with HA might be associated with decreases 

of integrin affinity or avidity that promote locomotion. Three isoforms of RHAMM have 

been characterized (Crainie et al., 1999), thus regulation of RHAMM isoform expression 

might contribute to modulation of thymocyte behavior.

Overall Objective:

To examine how interactions between Fn and (3i integrins and HA interactions with 

RHAMM stimulate adhesion or motility for ex vivo human thymocytes.

Working Hypothesis:

That the patterns of expression and function of Pi integrins and RHAMM on ex vivo 

thymocytes will reflect the requirements of in vivo thymocytes to remain anchored or to 

migrate as they differentiate in the thymus. That modulation of the expression and 

function of Fn-binding Pi integrins and of the HA binding receptor RHAMM will 

determine or contribute to anchored or migratory behavior of human thymocytes.
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Specific Objectives:

1 To examine the relationship between Pi integrins and RHAMM to determine how 

integrin-based adhesion to Fn and HA-stimulated, RHAMM-mediated motility are 

balanced to promote either cell adhesion or cell motility for differentiating 

thymocytes. These experiments will be done using timelapse microscopy to directly 

record and analyze cell behavior

2 To examine the expression of RHAMM by thymocytes to determine if multiple 

isoforms of RHAMM are expressed and to determine how HA interactions with 

RHAMM stimulate motility. A combination of immmunofluorescent, molecular and 

biochemical techniques will be used.

3 To examine the cellular distribution of three different RHAMM isoforms using COS 

cells transfected with GFP-RHAMM expression plasmids. These experiments will 

be done using confocal microscopy.
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2 MATERIALS AND METHODS 

2.1 Antibodies

2.1.1 Monoclonal antibodies (mAbs)

Anti-integrin mAbs included JB1A (anti-Pi subunit), and JBS5 (anti-c<5 subunit, 

both from Dr John Wilkins, Univ. of Manitoba, Winnipeg, MB), 163H.1 (anti-a* subunit, 

from Dr Mike Longenecker, Biomira Inc., Edmonton, AB), QE.2E5 (forces Pi integrins 

into a high affinity binding conformation, from Dr Randall Faull, Royal Adelaide 

Hospital, Adelaide, Australia), anti-RHAMM mAbs 3T3-5 and 3T3-9 were from Dr Eva 

Turley (Univ. of Toronto, Toronto, ON), anti-CD44 mAb 50B4 was from Dr Michele 

Letarte (Univ. of Toronto, Toronto, ON), OKT3 (anti-CD3, hybridoma was from ATCC), 

anti-CD45RO mAb UCHL-1 was from Dr P. Beverley (London, UK). AH of these mAbs 

were used as ascites or were purified before use as described in section 2.1.3. Anti-CD3 

conjugated to fluoroscein isothiocyanate (FITC, Leu 4-FITC), anti-CD4-FITC (Leu 3a- 

FITC), anti-CD8 -FITC (Leu 2a-FITC), anti-CD8 -phycoerythrin (PE, Leu2a-PE) and anti- 

CD 19-FITC (Leu 12-FTTC) were purchased from Becton Dickinson (Mississauga, ON). 

Anti-CD4-quantum red (QR), pan-specific anti-CD45-QR and isotype-matched control 

mAbs conjugated to QR were purchased from Sigma-AIdrich, (Oakville, ON). Isotype- 

matched control mAbs either unconjugated or conjugated to either FITC or PE were from 

Southern Biotechnology Inc. (Birmingham, AL) or Becton Dickinson.

2.1.2 Polyclonal antibodies and miscellaneous

Polyclonal rabbit anti-RHAMM serum AP-HV4-1.2 raised to the peptide 

sequence VSEEKEKEDEKS was from E. Turley and rabbit anti-GFP serum was 

purchased from Invitrogen (Carlsbad, CA). Affinity purified rabbit anti-mouse IgG, goat
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anti-mouse IgG conjugated to PE, TRITC, or horseradish peroxidase (HRP), goat anti

rabbit IgG-HRP, avidin-HRP and avidin-FITC were from Southern Biotechnology Inc. 

Goat anti-mouse IgG conjugated to Alexargs was from Molecular Probes (Eugene, OR). 

Biotinylated goat anti-rabbit IgG was purchased from Biogenex (San Ramon, CA) and 

streptavidin-QR was from Sigma-AIdrich. Purified mouse IgG was purchased from 

Jackson Immunoresearch Laboratories Inc. (Mississauga, ON) and goat anti-mouse IgG 

conjugated to alkaline phosphatase was from Sigma-AIdrich.

2.1.3 MAb purification 

The hybridomas secreting anti-RHAMM mAbs 3T3-5 and 3T3-9 were recloned 

prior to their use. Wells containing single macroscopic colonies were selected and an 

ELISA was used to detect mAb-secreting clones by screening tissue culture supernatants 

for mouse IgG (section 2.3.1). MAb-secreting clones were expanded and injected into 

mice to generate ascites fluid. An ELISA with a GST-RHAMM fusion protein adsorbed 

to the solid phase was used to test ascites fluid to ensure mAbs from recloned hybridomas 

recognized RHAMM epitopes. Subsequent experiments were done using ascites or mAbs 

were first enriched using ammonium sulfate precipitation (Harlow and Lane, 1988). A 

volume of ascites was added to a flask and an equivalent volume of 4.1 M ammonium 

S0 4 was added dropwise at room temperature while the solution was stirred. The 

solution was left stirring at 4°C for 6  H then precipitated proteins were pelleted by 

microcentrifugation for 30 min and solubilized in phosphate buffered saline (PBS) 

followed by dialysis against three changes of PBS. At the end of dialysis, insoluble 

material was pelleted and the solubilized precipitates were further enriched using protein 

G affinity columns according to the manufacturer’s instructions (Pharmacia, Uppsala,
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Sweden). AH other mAbs were used as ascites or were enriched by ammonium sulphate 

precipitation.

2.2 Tissue and Cell Lines

2.2.1 Thymocytes

Thymus organs were obtained, with permission of the ethics approval committee, 

from children undergoing cardiac surgery at University of Alberta Hospital, Edmonton, 

AB. The age of the donors was usually less than 3 years. Each thymus was cut into 

pieces then fragments were gently pushed through mesh screens into 4°C RPMI (Gibco 

BRL, Burlington, ON) containing approximately 1 mg DNAse I (Sigma-AIdrich) per 30 

mL RPMI to suspend thymus cells. Thymocytes were washed by pelleting the cells by 

centrifugation at 800 g for 8  min at 4°C then suspending the pellet in 4°C RPMI. The 

suspended cells were layered over Ficoll-paque (Pharmacia) and thymocytes were 

separated from red blood cells and dead cells by centrifugation at 1000 g for 25 min at 

room temperature. Cells collected from the interface were washed twice with 4°C RPMI 

then suspended in 4°C RPMI containing 10% (v/v) FBS (Gibco BRL; R10). 

Alternatively, freshly suspended thymocytes were pelleted and the cell pellet suspended 

in ? M ammonium chloride lysis buffer for 5 min at room temperature to Iyse red blood 

cells. After incubation, R10 was added to the suspension and cells were pelleted then 

washed once more. After suspending thymocytes in R10, cells were counted using a 

hemacytometer and the cell concentration was adjusted to 5 x 107 cells/mL.
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2.2.2 Isolation of multinegative (MN) thymocytes 

Thymocytes were partially depleted of CD3+ cells using OKT3 bound 

Dynabeads® M-450 (Dynal Inc., Lake Success, NY). To prepare the OKT3 bound beads, 

Dynabeads® coated with sheep anti-mouse IgG were washed in sterile PBS containing 

1% (v/v) FBS (PBS/FBS) by pelleting the beads by centrifugation at 800 g for 10 min 

then suspending the pellet in 10 mL of PBS/FBS. Purified OKT3 antibodies were added 

at 1 mg antibody/mg of beads. The bead/antibody mixture was incubated at 4°C for 2 H 

on a rotator. At the end of incubation, beads were washed four times with PBS/FBS 

using a magnet to separate beads from the supernatant. After the final wash, beads were 

suspended in RPMI with 1% (v/v) FBS (Rl). Freshly prepared thymocytes were pelleted 

then suspended in R l at 2.5 x 107 cells/mL. Beads were added at a 4:1 bead to cell ratio 

and incubated 1 H at 4°C on a rotator. CD3+ cells bound to beads were removed using a 

magnet. This step was repeated three times then cells remaining in the collected 

supernatant were pelleted, suspended in R l, and subjected to a second round of bead 

depletion. Thymocytes remaining after the second round of depletion were washed twice 

then suspended in R l. An aliquot of cells was used for IF staining to determine the 

efficiency of the depletion. The remaining cells were stained overnight at 4°C on a 

rotator with a mixture of anti-CD3-FTTC, anti-CD4-FITC, anti-CD8 -FTTC and anti- 

CD 19-FTTC or with isotype-matched IgG-FITC controls (Becton Dickinson). Next day, 

thymocytes were washed twice with a large volume of 4°C RPMI then suspended in 

RPMI and kept in aliquots on ice to be sorted. Cells were sorted using an ELITE cell 

sorter (Coulter, Hialiah, FL) by gating on cells that exhibited the same relative Intensity 

of staining as the isotype control cells (ie: CD3'4'8’19‘ or MN), then back gated on size.
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MN cells from several different donors always exhibited side and forward scatter 

characteristics of slightly larger resting lymphocytes compared with unfractionated 

thymocytes. Sorted cells were collected directly into microfuge tubes containing 50 pL of 

FBS at 2 x 105 cells/tube. Purity of the sorted cells was between 96 to 99%. MN cells 

were often less than 1 % of the thymocyte population and the bead depletion increased the 

MN cells to 3 - 4% of the population.

2.2.3 Isolation of CD3hl thymocytes 

Freshly prepared thymocytes were pelleted then suspended in 4°C Rl and 2 JJ.1/5 x 

106 thymocytes of Leu4-FTTC (anti-CD3-FITC) or IgG-FTTC isotype control mAbs 

(Becton Dickinson) were added. Tubes were wrapped in foil then incubated at 4°C on a 

rotator for a minimum of 2 H or overnight. After incubation, stained thymocytes were 

washed twice using a large volume of 4°C RPMI for each suspension. After the second 

wash, cell pellets were suspended in 4°C R l at 5 x 107 cells/mL and aliquoted to tubes 

kept on ice for sorting. Separate samples were stained with a combination of anti-CD3- 

FITC, anti-CD4-QR and anti-CD8 - PE or IgG-matched isotype control mAbs conjugated 

to one of the three fluorophores. These samples were prepared for flow cytometric 

analysis as described in section 2.3.2. To sort CD3hl thymocytes that were SP with 

respect to the expression of CD4 or CD8 , the separately stained samples were analyzed by 

flow cytometry by setting a gate on thymocytes that expressed the highest density of CD3. 

Expression of CD4 and CD 8  by cells within this gated population was examined to 

ensure the majority of thymocytes in the gated region were either CD4+8' or CD4'8+ SP 

thymocytes. The sorting gate was set on the proportion of the anti-CD3-FITC stained cell 

population with a similar density of CD3 expression. CD3hl sorted cells were collected
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into microfuge tubes containing 50 p.1 of FBS. After collection, the sorted cells were 

pelleted by microcentrifugation at top speed for 1 min then suspended in RIO. Suspended 

cells were added to 6  well tissue culture dishes (Coming Inc., Coming, NY) containing 

approximately 4 mL of RIO and 50 U/mL of IL2 (R & D Systems, Minneapolis, MN) and 

thymocytes were incubated overnight at 37°C in a humidified environment with 5% CO2 

to 95% air atmosphere. Next day, cells were collected from the petri dishes by pipetting 

the solution into a centrifugation tube, pelleting the cells and suspending cells in 4°C 

RIO. The sorted cells were counted by hemacytometer then used to assess adhesion and 

motility as described in section 2.4.1.

2.2.4 Culture of MN Thymocytes

The wells of Lab-Tek® 8  well chamber slides (Nalge-Nunc, Naperville, EL) were 

pre-coated with Fn (Sigma-AIdrich) by adding 200 jiL/well of 10 p.g/mL of Fn in PBS to 

each well then incubating the slides for 2 H at 37°C. The Fn solution was aspirated just 

before the cell solution was added. After sorting, MN thymocytes were pelleted by 

microcentrifugation at top speed for 1 min then approximately 2  x 1 0 6 cells were 

suspended in 500 p.L of R10 containing 50 U/mL EL2 and added to Fn-coated wells at 250 

pL/well. The chamber slides were incubated for 2 days at 37°C in a humidified 

environment containing 5% C 0 2 to 95% air atmosphere. After 2 days, cells were 

collected from the wells into microfuge tubes, pelleted by microcentrifugation for I min 

and suspended in 300 jiLVtube assay medium as described in section 2.4.1.

2.2.5 Maintenance and transfection of COS cells

COS 7 cells (ATCC) were grown in T75 tissue culture flasks (Coming Glass, 

Coming, NY) in R10 to -80%  confluence then monolayers were washed with room
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temperature PBS and detached with IX  trypsin-EDTA (Gibco BRL) for 5 min at room 

temperature. Detached cells were collected and added to centrifuge tubes containing 

approximately 10 mlVtube of 4°C RIO. The tubes were filled with additional RIO then 

pelleted by centrifugation at 800 g for 6  min. Pelleted cells were suspended in RIO, 

counted by hemacytometer then added to fresh flasks at 0.5 — 1 x 106 cells/flask.

To transfect COS cells, detached cells were washed three times with 4°C OPTI- 

MEM (Gibco BRL), counted by hemacytometer and the final suspension adjusted to 1 x 

107 cells/mL. Cells were added to cuvettes (Invitrogen) at 4 x 106 cells/cuvette and 1 

pg/cuvette of purified GFP or GRP-RHAMM plasmid DNA was added (described in 

section 2.5). Cuvettes were incubated on ice for 10 min, gently suspended and pulsed 

using a Gene Pulser™ set at 250V, .960 jliF  (Bio-Rad Laboratories, Mississauga, ON). 

After electroporation, cells were incubated at room temperature for 10 min then added to 

tissue culture-treated 100 x 20 mm petri dishes (Coming Glass) containing R10 and 10 

pg/mL gentamicin (Gibco BRL). For confocal analysis (section 2.3.3), 5 x 104 cells/well 

were added to wells of an Lab-Tek® 8  well chamber slide (Nalge-Nunc) left untreated or 

coated with 10 pg/mL of Fn in PBS as described in section 2.1.4 and containing freshly 

added R10, 10 pg/mL gentamicin and 20 pg/mL HA. Transfected cells were incubated 

for 6 , 24 or 48 H at 37°C in a humidified incubator with 5% CO? atmosphere then 

prepared for confocal analysis.

To assess transfection efficiency or to stain membranes with PKH26 (section 

2.3.3), transfected cell monolayers were washed with PBS and detached from petri dishes 

using 4 mM EDTA in PBS, pH 7.4 for 5 min at room temperature. Detached cells were 

washed three times with PBS then samples were fixed in 1% formalin and GFP
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fluorescence was assessed by flow cytometry. The remainders of harvested cells were 

used for lysis (section 2.6.1) or were stained with PKH26 to delineate the cell membrane.

2.3 Immunoassays

2.3.1 Enzyme linked immunosorbent assay (ELISA)

An ELISA with purified rabbit anti-mouse IgG (Southern Biotechnology) 

adsorbed to the solid phase was used to screen supernatants from recloned hybridomas 

and to quantitate mAb concentrations in ascites. Anti-RHAMM ascites were also tested 

for specificity using a glutathione-S-transferase (GST)-RHAMM (amino acids 319 - 795) 

fusion protein (from E. Turley) prepared as described (Yang et al., 1994). GST-RHAMM 

fusion protein or purified rabbit anti-mouse IgG was diluted in PBS at 2 |ig/ml, added to 

wells of 96 well, flat-bottomed Titertek® polyvinyl chloride microtitre plates (Flow 

Laboratories, McLean, VA) at 50 pl/well and allowed to adsorb overnight at 4°C. Next 

day, fluid was flicked out of the wells and 100 pl/well of PBS containing 20% FBS was 

added to block uncoated surfaces. Incubation was for 30 min at 37°C then wells were 

washed by submerging the plates into PBS containing 0.05% (v/v) Tween 20 four times, 

shaking out fluid between each submersion. Serial dilutions of the ascites or purified 

mouse IgG (Jackson Immunoresearch Laboratories Inc.) were prepared in assay diluent 

[PBS containing 2% (w/v) bovine serum albumen (BSA), 0.05% (v/v) Tween 20 and 

0.02% (w/v) Na azide] and added to wells at 50 pl/well followed by incubation at 37°C 

for 30 min. After incubation, wells were washed as described above then goat anti-mouse 

IgG conjugated to alkaline phosphatase diluted 1:5000 with assay diluent was added to 

washed wells at 50 {J.l/weII and incubated for 30 min at 37°C. After incubation, plates
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were again washed and 1 0 0  pl/well o f enzyme substrate solution ( 1  mg/ml p-nitrophenyl 

phosphate (Sigma-Aldrich) dissolved in 0.1 M glycine buffer containing 1 mM MgCE 

and ImM ZnClo, pH 10.4) was added and color was allowed to develop at room 

temperature for 30 - 60 min. Optical density was quantitated at 405 nm using a plate 

reader interfaced with SOFTmax® software (Molecular Devices Corp., Menlo Park, CA). 

Concentrations of the ascites were calculated by interpolating values against the standard 

curve generated from the mouse IgG standards.

2.3.2 Immunofluorescent (IF) staining and cytometric analysis 

For single color staining, thymocytes were stained using an indirect IF method. 

One x 106 thymocytes/well were distributed to Linbro® 96 well, v-bottomed microtitre 

plates (ICN Biomedicals Inc., Aurora, OFI). Thymocytes were pelleted by centrifugation 

at 2000 rpm for 2 min at 4°C and suspended in 40 — 50 pL/well of PBS containing 1% 

(v/v) FBS +/- 0.02% (v/v) Na azide (assay diluent). After adding an appropriate volume 

of antibody to each well, plates were incubated at 4°C for 30 min. Each incubation step 

was at 4°C for 30 min followed by two washes with assay diluent unless otherwise 

indicated. Appropriate isotype matched controls were always used to stain separate 

samples to determine background fluorescence. Goat anti-mouse IgG-PE or goat anti- 

mouse-Alexatgg was used in the second step. After the last wash, cells were suspended in 

PBS containing 1% (v/v) formalin (Fisher Scientific, Nepean, ON) and analyzed on a 

FACSsort (Becton Dickinson, Mississauga, ON). Files of 10,000 -  100,000 cells were 

collected for each sample. Analysis was done using Cellquest™ software (Becton 

Dickinson).
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For two color IF experiments, HA (Pharmacia) diluted to 1 mg/ml in PBS was 

conjugated to FITC using FITC-Celite (Calbiochem-Novabiochem Corp., San Diego, 

CA) using a method described for the conjugation of FITC to mAbs (Salomon, 1991). 1 

mg/mL of HA was combined with 1 mg of FITC-Celite, covered with foil and incubated 

at room temperature for 4 H on a rotator. After incubation, FITC conjugated to HA (HA- 

FTTC) was separated from unbound FITC using a Sephadex G-25 column (PD-10 

column, Pharmacia). Optimal volumes for IF staining were determined by titration using 

thymocytes. HA-FITC was added to cells after the second step then cells were incubated 

and washed. For experiments involving pre-treatments, 50 p.g/ml HA, HA-FITC or 0.05 

U/ml phosphatidylinositol-specific phospholipase C (PLC, Sigma-Aldrich or Boehringer- 

Mannheim, Laval, PQ) was added to thymocytes, incubated at room temperature or 37°C 

for 60 min, washed and the remainder of the IF was done as described above. To 

permeabilize thymocytes, cells were pre-treated with IF diluent containing 0.03% (w/v) 

saponin (Acros Organics, New Jersey, CO) for 30 min on ice, then antibodies were added 

and the IF done as usual except IF buffer containing 0.03% saponin was used throughout 

the assay.

For three color IF experiments, unconjugated mAbs were added, followed by goat 

anti-mouse IgG-PE. After the last wash, 10 pg/well of purified mouse IgG was added 

and cells were incubated for 1 0  min at room temperature then an appropriate volume of 

assay diluent was added to each well followed by anti-CD4-QR and anti-CD8 -FTTC. 

Isotype-matched IgG-FlTC and IgG-QR were added to control wells. Separate samples 

were stained with OKT3 then goat anti-mouse IgG-PE, or anti-CD4-QR or anti-CD8 - 

FITC and one sample was stained with all three of these reagents. These samples were
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used to set gains and compensations to minimize cross talk between the three 

fluorophores. The remainder of the assay was done as described for single color EF.

2.3.3 Confocal microscopy 

Thymocytes were stained using the two-color IF assay described above except 

goat anti-mouse IgG-TRTTC or goat anti-mouse IgG-Alexa4ss was used in the second 

step. After the second step, cells were washed and incubated with HA-FITC or were 

treated with 1 pg/well of purified mouse IgG then anti-CD45-QR was added and cells 

were incubated at 4°C for 30 min. After the final wash, cells were suspended in 4°C 

PBS, a drop placed onto a glass slide and mixed with an equal volume of Fluoromount G 

(Southern Biotechnology). A coverslip was placed over the suspension and the slides 

were allowed to set at 4°C in the dark. Images were acquired using a Leica confocal laser 

scanning microscope (LSM) and processed on a silicon graphics workstation. 

Alternatively, images were acquired using a Zeiss confocal LSM 510 and processed with 

Photoshop 5.02 software (Adobe Systems Inc., San Jose, CA). Samples stained with only 

one of the two fluorophores were always included so filters and voltages could be set to 

exclude cross talk between the two fluorophores.

Transiently transfected COS cells were grown in Lab-Tek® 8  well chamber slides 

as described in section 2.2.5 and culture medium was aspirated after 6 , 24 or 48 H of 

culture. Monolayers were washed three times with room temperature PBS then cells were 

fixed and permeabilized with Intraprep (Immunotech, Marseille, France). Reagent 1 

(fixative) was added to monolayers at 100 |.iL/well and cells were incubated in the dark at 

room temperature for 15 min. The solution was then aspirated and the monolayers were 

washed with room temperature PBS three times. After the final wash, PBS was aspirated
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and 100 pL/well of reagent 2 (permeabilizing solution) were added and chambers were 

incubated at room temperature in the dark for 15 min. The monolayers were washed 

three times then antibodies diluted in PBS were added at 200 pL/well. All subsequent 

incubation steps were for 1 H in the dark at room temperature and were followed by three 

washes with PBS. Cell monolayers were stained with non-immune rabbit serum or rabbit 

antiserum to RHAMM or GFP. In the second step, goat anti-rabbit conjugated to biotin 

diluted with PBS was added to washed monolayers and in the third step streptavidin-QR 

diluted in PBS was added to washed monolayers. After the final wash, chambers were 

removed from the glass slide and a drop of Fluoromount G was added to each area 

containing cells and a coverslip placed over the slide. Alternatively, transfected COS 

cells were harvested from petri dishes (section 2.3.3) except the final wash was done 

using room temperature RPMI and membranes were labeled using the PKH-26GL 

fluorescent cell linker kit following the manufacturer’s directions (Sigma-Aldrich). 

Approximately 4 -  5 x I05 cells/mL were pelleted by centrifugation, the pellet was tapped 

loose and combined with the manufacturer’s assay buffer. Immediately PKH26 dye was 

added to a final concentration of 2 x 10' 6 M and cells were immediately mixed and 

incubated at room temperature for 2 to 5 min. After incubation, FBS was added to 

neutralize the reaction and cells were washed 3 times with RIO. After labeling, washed 

cells were placed onto slides as described for thymocytes.
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2.4 Analysis of Cell Behavior

2.4.1 Adhesion and motility assay 

96 well flat-bottom Linbro® plates (ICN Biomedicals Inc.) or 8  well chamber 

slides were coated with 10 p.g/ml of fibronectin (Fn) +/- 20 M-g/ml HA in PBS at 200 

pl/well. Plates were incubated at 37°C for a minimum of 2 H or overnight and the 

solution aspirated just before cells were added. Two x 105 thymocytes were pre-treated 

with 1 fig/ml of antibody in RIO containing 15 U/ml recombinant human EL2 (Chiron, 

Seattle, WA or R & D Systems), +/- 20 (ig/ml HA (assay medium) for 30 min on ice or 

with 0.05 U/ml of PLC in PBS at room temperature or 37°C then washed once with 4°C 

R10 medium and suspended in 300 p.1 of 37°C assay medium. Suspended cells were 

added to a coated well of the microtitre plate or chamber slide and gently settled by 

centrifugation at 500 rpm for 2 min at room temperature followed by incubation at 37°C 

for 30 min in a 5% CO2 : 95% air atmosphere. Following incubation, the plate or 

chamber was placed onto a 37°C heated microscope stage of an inverted microscope 

(Olympus 1X70, Carsen Group Inc., Markham, ON) and atmosphere was maintained by 

flowing a 5% CO2 : 95% air mixture over the plate or chamber. A field was selected and 

videotaped for 30 min at 72 H speed. Cell behavior was analyzed using Videoblaster™ 

software (Creative Labs, Inc., Milpitas, CA). Alternatively, a camera port attached to the 

microscope was interfaced with a computer and images were saved every 15 sec for a 

total of 80 images (-30 min) using Northern Eclipse image analysis software (Northern 

Eclipse, Mississauga, ON). Both methods yielded comparable results. At least 75 - 100 

cells were analyzed for each treatment and adhesive cells were defined as cells that 

remained attached to the substrate over the entire period of the recording. The majority of
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adherent thymocytes extended small protrusions and demonstrated shape changes 

(deformed), but did not migrate, while an extremely minor fraction remained completely 

round for the entire filming period. Motile cells were defined as cells that were both 

deforming and randomly migrating. To be considered motile, a cell had to migrate more 

than one cell diameter over the filming period. The majority of migratory cells migrated 

several cell diameters or completely out of the field of view before the final frame was 

recorded. Statistical significance was determined by Student’s t test using Sigma Stat 

software (SSPS Inc., San Rafael, CA).

2.4.2 Adhesion assay with washing 

At the end of filming, non-adherent and weakly adherent cells were removed by 

gentle pipetting followed by removal of 250 pL of total volume. An equivalent volume 

of fresh 37°C assay medium was added to the well, cells were pelleted as described above 

and again allowed to equilibrate at 37°C for 30 min. At the end of incubation, cells were 

filmed as described above.

2.5 Molecular Techniques

2.5.1 Reverse transcriptase polymerase chain reaction 

Five x 106 freshly isolated thymocytes were pelleted by microcentrifugation, 

suspended in 1 ml of Trizol (Gibco BRL) and stored at -80°C. RNA was extracted 

according to the manufacturer’s directions, suspended in diethyl pyrocarbonate-treated 

water and stored at -80°C. RNA (0.5 - 1.0 pg) was denatured at 70°C for 10 min, 

annealed to 0.5 pM oligo dTis (Gibco BRL) and reverse transcribed using a solution 

containing 0.5 mM dNTPs (Boehringer-Mannheim), 0.01 M DTT, 200 U superscript™
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reverse transcriptase and IX RT buffer (Gibco BRL) in a volume of 20 pi, then incubated 

at 42°C for 60 min and heat-inactivated at 99°C for 3 min using a GeneAmp PCR 

machine (Perkin-Elmer, Mississauga, ON). A separate aliquot of thymocyte RNA was 

incubated without superscript™ to discriminate between amplification from cDNA 

template, synthesized by reverse transcription and potential amplification from genomic 

DNA. The cDNA was amplified in a 50 pi PCR reaction mix (Gibco BRL) containing 

IX PCR buffer, 0.2 mM dNTPs, 0.4 pM  each of upstream and downstream primers, 1 U 

Taq DNA polymerase and lOpL of cDNA template. The PCR cycling parameters were 

denaturation for 5 min at 94°C, followed by 35 cycles of denaturation for 1 min at 94°C, 

annealing for 30 sec and extension at 72°C for 2 min, with a final extension period of 7 

min at 72°C. Primer annealing temperature (TA) was calculated as: TA= 4(G + C) + 2(A 

4- T) - 5. To detect expression of RFLAMMfl and RHAMM48, 10 pi of cDNA was 

amplified with RHAMM primer pair:

5' GGCCGTCAACATGTCCTTTCCTA; 3' TTGGGCTATTTTCCCTTGAGACTC.

To detect expression of RHAMMFL and RHAMM’147, 10 pL of cDNA was amplified 

with RHAMM primer pair:

5' TTAAAGCAAACACTGGATGAGCTTG; 3' CTTCTTTTAATGGGGTCTTCAGGG. 

The amplified products were analyzed on 1% agarose gels containing ethidium bromide, 

50 mM Tris, 45 mM Boric acid and 0.5 mM EDTA, pH 8.3.

2.5.2 Preparation of RHAMM plasmids 

Complete RHAMMa , RHAMM*48 and RHAMM ' 147 sequences were amplified in 

IX PCR buffer containing 2 mM MgCL, 0.2 mM dNTPs, 0.4 pM RHAMM primers and 

0.5 U Platinum Hi FI Taq (Gibco/BRL). RHAMM primers were:
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5 ’ GGCCGTC A AC ATGTCCTTTCCT A; & 3 ’ GTT ACTT CC AT GATT CTT G AC ACT C. 

RHAMM start and stop codons are in bold. The PCR cycling parameters were 

denaturation for 5 min at 94°C, followed by 35 cycles of denaturation for 45 sec at 94°C, 

annealing for 30 sec at 65°C and extension at 72°C for 2 min followed by a final 

extension period of 15 min at 72°C. cDNA of each RHAMM isoform was inserted into 

the pcDNA3.1/V5/His-TOPO cloning vector then used to transform TOPIOF’ competent 

cells according to the manufacturer’s instructions (Invitrogen). Bacterial colonies that 

contained RHAMM/pcDNA3.1 plasmid were identified using PCR. Individual bacterial 

colonies were introduced into a PCR reaction mix containing IX  PCR buffer, 2 mM 

MgCl2, 0.2 mM dNTPs, 0.5 U Taq DNA Polymerase (Gibco/BRL) and 0.4 pM T7 

forward and pcDNA3.1/BGH reverse primers (Invitrogen):

5’ TAATACGACTCACTATAGGG and 3’ TAGAAGGCACAGTCGAGG 

The PCR cycling parameters were bacterial lysis for 10 min at 94°C, followed by 25 

cycles of denaturation for 1 min at 94°C, annealing at 52°C for 30 sec and extension at 

72°C for 2 min followed by a final extension period of 7 min at 72°C. Amplified 

products were separated by electrophoresis through 2 % (w/v) agarose gels and 

RHAMM/pcDNA3.1 transformed bacteria were identified based on amplification of a 

PCR product of the correct size. Positive colonies were selected and grown in LB broth 

(Gibco BRL) containing 10 pg/mL ampicillin for 18 — 20 H at 30°C with aeration. 

Bacteria were pelleted by centrifugation and plasmids were prepared for subsequent 

sequencing and transfection using a plasmid mini kit (Qiagen Inc., Mississauga, ON). 

Each RHAMM/pcDNA3.1 expression construct was sequenced to verify the RHAMM
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gene was inserted into the plasmid in the correct orientation using RHAMM antisense 

primer:

ACTGGTCCTTTC A AT ACTTCT AAAGT.

RHAMM^/pcDNAS.L and RHAMM'I47/pcDNA3.1 plasmids were also sequenced using 

RHAMM primers:

GGCGCCCTT G A A ACGC A A and T CCT AG A AG A A A AGCT G A A AGGG A A,

respectively, to confirm the 48 bp deletion or the 147 bp deletion that characterizes each 

isoform was present. Sequencing was done using the ABI PRISM dRhodamine 

Terminator Cycle Sequencing Ready Reaction DNA Sequencing Kit on a Perkin Elmer 

310 DNA Sequencer (Perkin Elmer Applied Biosystems).

2.5.3 Preparation of GFP-RHAMM plasmids 

RHAMMfl , RHAMM -48 and RHAMM ' 147 sequences were amplified in IX PCR 

buffer containing 2 mM M gS04, 0.2 mM dNTPs, 0.4 p.M RHAMM primers 0.5 U 

Platinum Hi FI Taq. RHAMM primers were:

5’ CGCTCGAGATATGTCCTTTCCTAAG. which contains a Xho 1 restriction site and 

3’ CCGGTACCCTTCCATGATTCTTG, which contains a Kpn 1 restriction site. Both 

restriction sites are underlined and the RHAMM start (ATG) codon is in bold type. The 

PCR cycling parameters were denaturation for 5 min at 94°C, followed by 10 cycles of 

denaturation for 45 sec at 94°C, annealing for 30 sec at 42°C, and extension at 72°C for 2 

min, followed by 35 cycles of denaturation for 45 sec at 94°C, annealing for 30 sec at 

70°C and extension at 72°C for 2 min, with a final extension period of 15 min at 72°C. 

Each isoform was inserted into the pCR TOPO cloning vector (Invitrogen) then used to 

transform TOP10F’ competent cells according to the manufacturer’s directions
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(Invitrogen). Bacterial colonies containing RHAMM/pCR TOPO plasmid were identified 

by PCR screening of individual colonies using RHAMM primers:

5’ GGCGCCCTT G A A ACGC AA and 3’ CG AG ACT CCTTT GGGT G ACCT G, as 

described in section 2.5.3. Positive colonies were identified and grown in LB broth 

containing 50 p.g/mL of kanamicin then plasmids were isolated using a plasmid mini kit 

(Qiagen Inc.). To subclone into the E-GFP C l vector (Clontech Laboratories Inc., Palo 

Alto, CA), each RHAMM/pCR TOPO construct was digested with Kpn I for 2 H in IX 

OPA buffer (Pharmacia) followed by digestion with Xho I for 2 H in 2X OPA buffer. 

The digested RHAMM inserts were separated by electrophoresis through agarose gels and 

purified on Ultrafree-DA filters (Millipore Corp. Bedford, MA). Each RHAMM isoform 

was ligated to Xho 1/Kpn 1 digested E-GFP C l vector and used to transform TOPIOF’ 

competent cells. Bacterial colonies containing RHAMM/GFP-CI plasmid were 

identified by PCR screening of colonies using E-GFP sequencing primer (Clontech) and 

RHAMM primer:

5’ CATGGTCCTGCTGGAGTTCGTG and 3’ TTGGGCTATTTTCCCTTGAGACTC, 

respectively, as described above. Each RHAMM/GFP-CI construct was sequenced with 

the E-GFP sequencing primer to verify the RHAMM sequence was in frame with GFP. 

This strategy also confirmed that the 48 bp deletion and the 147 bp deletion were present 

in GFP-RHAMM ' 48 and GFP-RHAMM ' 147 constructs, respectively.

2.6 Biochemical Techniques

Transfected COS cells were harvested 48 H after transfection by washing the 

monolayer with PBS then adding 4 mM EDTA in PBS, pH 7.2 for 5 min at room
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temperature to detach cells. Detached cells were washed three times with 4°C PBS 

then lysed by suspending the washed cell pellet at 5 x 106 cells/mL in lysis buffer [50 

mM Tris-Cl-buffered 137 mM saline, pH 7.4 containing ImM EGTA, 1% (w/v) 

CHAPS, 10 pg/mL leupeptin, 10 pg/mL antipain and 1 mM phenylmethylsulfonyl 

fluoride (all from Sigma-Aldrich)]. Thymocytes were washed three times using 4°C 

PBS then suspended in lysis buffer at 5 x 107 to 5 x 108 cells/mL. All other steps were 

the same for COS cell lysates and thymocyte lysates. Incubation was for 30 -  45 min 

on ice with occasional mixing. After lysis, nuclei were pelleted by centrifugation at 

-1100 g for 10 min at 4°C. The supernatant (lysate) was collected and clarified by 

microcentrifugation at top speed for 30 min at 4°C. Lysates were pre-adsorbed with 

washed protein A-conjugated sepharose beads (Pharmacia) for 1.5 -  2 H at 4°C mixing 

end over end. Beads were pelleted by microcentrifugation and the pre-adsorbed lysate 

was collected and stored at -80°C. RHAMM or RHAMM-GFP fusion proteins were 

precipitated from 0.5 mL of COS cell lysate (equivalent to -2.5 x  106 COS cells) or 1 

mL of thymocyte lysate using polyclonal anti-GFP or anti-RHAMM antibodies. The 

mixture was incubated at 4°C for 2 H or overnight on a rotator. Protein A-sepharose 

beads (Pharmacia) were washed three times with lysis buffer, suspended in a 1:1 slurry 

in lysis buffer and added at 50 pL/tube then incubated for 2 H at 4°C on a rotator. 

After incubation, beads were pelleted by microcentrifugation and washed twice with 

lysis buffer, once with 50 mM Tris-buffered saline, pH 7.4 and once with 50 mM Tris- 

Cl, pH 6 .8 . Washed beads were boiled for 5 min with 2X sample buffer (125 mM Tris 

containing 4% (w/v) SDS, 20% glycerol and 0.02% (w/v) bromphenol blue) then 

pelleted by microcentrifugation. The supernatants were collected and 2-
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mercaptoethanol was added to a final concentration of 5%. The supernatants were 

incubated for 1 H at 37°C then cooled on ice and loaded onto a 5% polyacrylamide 

stacking gel and separated through a 7 or 7.5% polyacrylamide gel using 25 mM Tris 

containing 192 mM glycine and 0.1% (w/v) SDS, pH 8.3 using a minigel apparatus 

(Bio-Rad Laboratories). Biotinylated molecular weight markers (broad range) were 

from Bio-Rad Laboratories.

2.6.2 Immunoblotting 

Gels were blotted onto Immobilon P nitrocellulose membranes (Millipore Corp.) 

using a Bio-Rad blotting assembly. After proteins were separated, the gel apparatus was 

disassembled and gels were allowed to equilibrate in 25 mM Tris containing 192 mM 

glycine and 20% (v/v) methanol, pH 8.3 (transfer buffer) for 30 min on a rocker at room 

temperature. Nitrocellulose membranes were wetted by soaking for 15 sec in methanol 

followed by submersion in distilled deionized water for 2  min then membranes were 

equilibrated in transfer buffer along with blotting paper. Blots were assembled and the 

transfer was done at 100 V for 1 H or at 30 V overnight at 4°C in transfer buffer. After 

transfer, membranes were dried at 37°C for 1 H then blocked for 1 H at room temperature 

on a rocker by immersing the membrane in 3% (w/v) BSA in PBS. Membranes were 

incubated on a rocker with primary antibody diluted in PBS containing 1% (w/v) BSA 

and 0.05% (v/v) Tween 20 (assay diluent) for 2 H at room temperature or overnight at 

4°C. After incubation, membranes were washed twice for 30 sec, once for 15 min and 

once for 5 min at room temperature with PBS containing 0.005% (v/v) Tween 20. 

Washed membranes were incubated with secondary HRP-conjugated antibodies diluted in 

assay diluent for 1 H at room temperature on a rocker. Secondary antibodies consisted of
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a combination of goat anti-rabbit-HRP and avidin-HRP. After incubation, membranes 

were washed as described above and treated with ECL chemiluminescence reagent 

(Amersham) by flooding the membrane with the chemiluminescence reagent and 

incubating for 1 min at room temperature. Excess reagent was poured off and membranes 

were immediately exposed to Hyperfilm (Amersham) and the film processed.
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CHAPTER 3. pi Integrins and RHAMM Promote Adhesion or Motility for 

Thymocytes

Both murine and human thymocytes adhere to and locomote on Fn-coated 

surfaces, but bind poorly to other ECM components such as Iaminin, vitronectin or 

collagen. Thymocytes also express the Fn-binding integrin receptors OiPi and 

CC5 P 1 (Utsumi et al., 1991; Sawada et al., 1992; Pilarski, 1993b; Salomon et al., 1994; 

Crisa et al., 1996; Gares et al., 1998). This suggests these Pi integrins facilitate adhesion 

of thymocytes to ECM or stromal cells as well as mediating motility through the thymic 

microenvironment as thymocytes differentiate.

Specific Objective 1

To examine the relationship between Pi integrins and RHAMM to determine how 

integrin-based adhesion to Fn and HA-stimulated, RHAMM-mediated motility are 

balanced to promote either cell adhesion or cell motility for differentiating thymocytes. 

These experiments will be done using timelapse microscopy to directly record and 

analyze cell behavior
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3.1 All Human Thymocyte Subsets Express Fn-binding Integrins

CC4P 1 and asPi integrins are the predominant Fn-binding integrins expressed by 

human thymocytes (Pilarski, 1993b; Salomon et al., 1994; Mojcik et al., 1995). We used 

anti-integrin mAbs for phenotypic and functional analyses to determine if these mAbs 

produced similar results compared with the previous reports. Integrin expression on the 

four major thymocyte subsets, as defined by CD4 and CD8  expression, was analyzed 

using flow cytometry'. Cells were stained sequentially with anti-integrin mAbs followed 

by anti-CD4-QR and anti-CD8 -FITC then fluorescently stained cells were acquired using 

a FACSort. DN (CD4'8‘), DP (CD4+8+) and the two SP subsets (CD4+8' and CD4'8+) 

were gated based on their expression of CD4 and/or CD 8  followed by analysis of integrin 

expression on each subset (Fig. 3.1). Expression of cq integrin subunits was relatively 

high on most immature DN cells and all DP thymocytes as indicated by the intensity of 

mAb staining (Fig. 3.1c & d). as integrin expression was relatively high on a subset of 

DN thymocytes, decreased to relatively low expression levels on DP thymocytes and was 

increased slightly on both SP subsets in comparison with DP thymocytes (Fig. 3.1g -  j). 

The staining intensity of 0 4  integrin was decreased on the majority of SP cells compared 

with DP thymocytes (Fig. 3.Id — f). Expression of the (31 subunit was also high on the 

DN and DP thymocyte subsets (Fig. 3.1k & 1). (31 expression was slightly decreased on 

the CD8 + SP subset (Fig. 3 .In), but a bimodal distribution pattern of Pi integrin 

expression was observed on CD4+ SP thymocytes (Fig. 3.1m). The expression patterns of 

Pi integrin subunits on thymocyte subsets are consistent with previous reports indicating 

our mAbs are comparable for phenotypic analysis (Pilarski, 1993b; Salomon et al., 1994;
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Figure 3.1 Human thymocytes express a4, as and P, integrin chains.

Legend is on the following page.
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Figure 3.1 Human thymocytes express a 4, a 5 and Pi integrin chains.

Thymocytes were sequentially stained with mAbs to a 4 (c -  f), a 5 (g — j), Pl (k -  n) 

integrin chains or isotype-matched control mAbs in the first step, goat anti-mouse-PE 

in the second step and anti-CD4-QR and anti-CD8 -FITC in the third step. 100,000 

cells were acquired from each sample using a FACSort. Samples were analyzed by 

first drawing a gate around lymphoid cells (a, gate R l) then subsets were gated again 

based on CD4 and CD8  expression (b). Vertical and horizontal bars were set to 

indicate the intensity of background fluorescence of 98% of cells from samples 

stained with isotype-matched control IgG-QR and IgG-FITC, respectively. Gate R2 

includes CD4+8+ DP cells (d, h, 1), gate R3 includes CD4+8‘ SP cells (e, i, m), gate R4 

includes CD4'8+ SP cells (f, j, n) and gate R5 includes CD4'8‘ DN cells (c, g, k). 

Filled curves in each histogram indicate the staining intensity of anti-integrin mAbs 

and unfilled curves indicate the background fluorescence of identically gated cells 

stained with an isotype-matched control mAb. The bars indicate the percentage of 

cells in each filled histogram with staining intensity greater than 95 -  98% of control 

mAb stained cells. The staining profiles are of thymocytes from one thymus 

preparation, but profiles were similar for thymocytes from a total of three separate 

thymus preparations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

Mojcik et al., 1995). These data suggested virtually all human thymocytes expressed 

CX4 P 1 and asp i integrins, but that expression levels were modified as cells differentiated.

3.2 Pi Integrins Mediate Both Adhesion and Motility for Thymocytes

In murine systems, both OiPi and asPi integrins mediate adhesion to Fn and 

stromal cell monolayers for DN thymocytes (Utsumi et al., 1991). However, OiPi 

integrin alone facilitates adhesion of more mature murine and human thymocytes to Fn or 

to VCAM-1 expressed on thymic epithelial cells (Sawada et al., 1992; Salomon et al., 

1994; 1997). To determine if the anti-integrin mAbs we obtained produced similar 

results, unfractionated thymocytes were pre-treated with mAbs to 0 4 , as or Pi integrin 

subunits, singly or in combination then the proportion of adherent cells was assessed on 

Fn-coated surfaces using timelapse microscopy to record cell behavior. Adhesive cells 

were identified as those cells that remained attached to Fn over the entire period of 

filming. Sixty-three percent of unfractionated thymocytes adhered to Fn and the number 

of adherent thymocytes was not decreased by mAbs to as or Pi integrin subunits 

compared with cells pre-treated with isotype-matched control mAbs (Fig 3.2a). Anti-a* 

integrin mAbs significantly decreased the number of Fn-adherent cells to 33%. However, 

cell adhesion to Fn was almost completely abrogated when thymocytes were pre-treated 

with a combination of anti- 0 4  and anti-tts mAbs. Only 6 .6 % of thymocytes adhered to Fn 

when both 0 4  and as integrin chains were simultaneously bound by mAbs, a highly 

significant decrease in the number of Fn-adherent cells. This indicated both Oa and as 

integrins mediated adhesive interactions with Fn for human thymocytes. The anti-Pi
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Figure 3.2 3i integrins mediate adhesion and motiiity for thymocytes.

Thymocytes were pre-treated with the indicated mAbs + EL2 + HA then washed and 

added to Fn-coated wells. Cell behavior was recorded for -30  min using timelapse 

microscopy then the recorded images were analyzed to quantitate the percentage of 

adherent, non-motile cells (a) or motile cells (b) in each sample. Each value except 

anti-31 is the mean +/- SD using thymocytes from 3 — 6  different thymus preparations. 

Statistical comparisons were between the IgG-treated samples (isotype-matched 

control) and anti-integrin mAb-treated samples. * = p < 0.05, ** = p < 0.01, *** = p 

< 0.005
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integrin mAb used here did not decrease adhesion of thymocytes to Fn; however, other 

anti-P i mAbs did significantly decrease adhesion to Fn (data not shown), suggesting a 

combination of OiPi and CC5 P 1 integrins facilitated adhesion of thymocytes to Fn.

By recording cell behavior, both the number of Fn-adherent cells and the number 

of motile cells could be assessed using the same recordings. Fn-adherent thymocytes 

were defined as cells that remained attached to Fn throughout the period of recording. 

These cells included deforming, non-motile cells and a minority of non-deforming, non- 

motile cells. Motile thymocytes were defined as cells that deformed and clearly 

Iocomoted across the substrate during the period of recording. Of all unfractionated 

thymocytes, 16% of cells displayed random motility on Fn (Fig. 3.2b). Pre-treating 

thymocytes with mAbs to 0 4 , as, or Pi integrin chains significantly decreased the number 

of locomoting cells suggesting OtPi and OC5P 1 integrins facilitated motile behavior. When 

thymocytes were treated with a combination of mAbs to both a* and a$ integrin subunits, 

no motile cells were observed suggesting a* and as integrins were the dominant integrins 

that facilitated locomotion for human thymocytes. These data are consistent with 

previous reports in which a different method of analysis was used (Salomon et al., 1994; 

Crisa et al., 1996).

3.3 Thymocyte Subsets Express the Motility Receptor RHAMM

RHAMM is expressed by thymocytes and mediates thymocyte locomotion on Fn 

(Pilarski et al., 1993). To assess RHAMM expression on thymocyte subsets defined by 

expression of CD4 and CDS, thymocytes were sequentially stained using one of two 

different anti-RHAMM mAbs followed by anti-CD4-QR and anti-CD8 -FTTC. Analysis
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of each thymocyte subset indicated anti-RHAMM mAb 3T3-5 bound to cell surfaces very 

weakly and a range of 13 -  35% of thymocytes of all four subsets exhibited weak staining 

above background levels (Fig. 3.3c -  0- The peak staining intensity of IgG control 

stained thymocytes was in channel 1 (peak channel) whereas the peak staining intensity of 

thymocytes stained with mAb 3T3-5 ranged from channel 5 to 13 among the four subsets. 

Anti-RHAMM mAb 3T3-9 demonstrated a slightly stronger staining intensity on 

thymocytes (Fig. 3.3g - j). DN thymocytes stained with mAb 3T3-9 had peak staining 

intensity in channel 47 compared with a peak channel of 13 for mAb 3T3-5 stained DN 

thymocytes (compare Fig. 3.3c & g). Thirty-eight per cent of DP thymocytes were 

stained weakly with mAb 3T3-9 (peak channel 13), but above background levels (Fig. 

3.3h) and the CD4+ and CD8+ SP subsets contained a proportion of thymocytes with a 

peak of staining in channel 31 and 33, respectively (Fig. 3.3i & j). Overall, 62% of CD4+ 

SP and 75% of CD8+ SP cells were RHAMM* as indicated by staining with mAb 3T3-9. 

The weak staining intensity suggested RHAMM was expressed at the cell surface at a 

relatively low density.

CD3 expression levels were also assessed for each thymocyte subset. CD3 is 

expressed along with TCR heterodimers, thus CD3 expression is a phenotypic marker for 

thymocytes that have successfully rearranged at least one TCR gene. Therefore, CD3 

expressed, even at low density, indicates thymocytes have begun to differentiate. The DN 

subset contained thymocytes with weak CD3 expression as well as cells with high CD3 

expression (Fig. 3.3k, peak channels 12 and 2813, respectively). This indicated the DN
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Figure 3.3 Thymocyte subsets express the motility receptor RHAMM.

Thymocytes were sequentially stained with anti-RHAMM mAb 3T3-5 (c — f), 3T3-9 

(g — j), or anti-CD3 (k — n) followed by goat anti-mouse-PE then anti-CD4-QR and 

anti-CD8-FITC. Gates were set and cells analyzed as described in the legend to Fig. 

3.1. The data represent staining profiles o f thymocytes from one thymus preparation, 

but thymocytes from two other thymus preparations produced similar results.
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subset was a mixture of relatively immature CD3|Q cells and mature CD3hl cells, the latter 

likely comprised of TCRY5+ thymocytes as data from murine models indicates (Sawada et 

al., 1992; Halvorson et al., 1998). Only 14% of DN thymocytes could be considered 

CD3' thymocytes. CD3 expression levels on the DP and SP subsets were intermediate 

(peak channel 330) and high (peak channel ranged from 1274 to 2713), respectively, 

consistent with an upregulation of CD3 expression as thymocytes mature (Fig. 3.31 -  n).

3.4 RHAMM Mediates Motility for the Majority of Motile Thymocytes on

Fn and HA

To determine if the two anti-RHAMM mAbs used to assess RHAMM expression 

affected thymocyte adhesion to or motility on Fn, thymocytes were pre-treated with anti- 

RHAMM mAbs 3T3-5 or 3T3-9 then cell behavior was recorded and assessed. These 

adhesion/motility assays were done in the presence of HA, the ligand of RHAMM. CD44 

is another HA receptor expressed by thymocytes. To determine if HA-stimulated 

adhesion or motility was mediated by CD44, anti-CD44 mAbs were used to pre-treat 

separate aliquots of thymocytes. The proportion of Fn-adhesive thymocytes pre

incubated with anti-RHAMM mAb 3T3-9 or anti-CD44 mAbs was comparable with the 

adhesive fraction of cells pre-treated with control mAbs (Fig. 3.4a). Pre-treating 

thymocytes with anti-RHAMM mAb 3T3-5 slightly, but significantly, increased the 

number of Fn-adherent cells from 63% to 77%. When motility was assessed, 16% of 

thymocytes were motile on Fn and anti-CD44 mAbs did not significantly affect the
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Figure 3.4 RHAMM mediates motility for the majority of motile thymocytes.

Thymocytes were pre-treated with the indicated mAbs then washed and added to Fn- 

coated wells for analysis as described in the legend to Fig. 3.2. The number o f adherent 

(a) or motile (b) cells is shown as the mean +/- SD o f each treatment using thymocytes 

from 3 — 6 different thymus preparations. Each treatment was compared with the IgG- 

treated group for statistical analysis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



108

number of thymocytes that locomoted on Fn (Fig. 3.4b). This suggested CD44 did not 

mediate adhesion or motility on Fn even in the presence of HA. This suggests human 

thymocytes do not express CD44 in an activated form able to interact with HA. 

However, anti-RHAMM mAbs significantly decreased the number of motile cells 

suggesting RHAMM participated in the motile process. Interestingly, although anti- 

RHAMM mAb 3T3-5 bound only weakly to cell surface RHAMM, these mAbs 

significantly inhibited cell motility.

3.5 (Xj(3i Integrins, but not RHAMM Facilitate Adhesion and M otility for

MN Thymocytes

Expression levels of a*, 0 .5  and Pi integrin subunits were high on the D N  subset of 

human thymocytes suggesting this subset might demonstrate high avidity binding to Fn. 

To examine this possibility, MN thymocytes were prepared using magnetic beads to 

partially deplete CD3+ thymocytes followed by cell sorting to remove CD 3+4+8+19+ 

thymocytes. Using this approach, MN thymocytes constitute <1 -  3% of the thymocyte 

population. To assess Fn-mediateu adhesion and motility, MN thymocytes were added to 

Fn-coated wells and cell behavior was recorded. Thirty-one per cent of MN thymocytes 

adhered to Fn-coated wells (Fig. 3.5a). Pre-treating MN thymocytes with mAbs to cu or 

Pi integrin subunits significantly decreased the number of Fn-adhesive cells to 11% or 

17%, respectively. However, neither anti-ots integrin mAbs, nor anti-RHAMM mAbs 

significantly decreased the number of Fn-adherent cells. Thus, assessment of cell
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Figure 3.5 a 4(3, integrins mediate adhesion and motility for MN thymocytes.

MN thymocytes were pre-treated with the indicated mAbs then washed and added to 

Fn-coated wells for analysis as described in the legend to Fig. 3.2. The number of 

adherent (a) or motile (b) cells is shown as the mean +/- SD using purified MN 

thymocytes from 3 - 8  different thymus preparations. Each treatment was compared 

with the IgG-treated group for statistical analysis.
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behavior using timelapse microscopy indicated CC4 P 1 integrins were the dominant 

integrins mediating adhesive interactions with Fn for MN thymocytes.

The number of motile MN thymocytes was also quantitated from the recorded 

images. Forty per cent of MN thymocytes were locomotory on Fn-coated surfaces (Fig. 

3.5b). MAbs to ctj or (31 integrin subunits significantly decreased the number of motile 

cells indicating (X4 P 1 heterodimers mediated motility for MN thymocytes. MAbs to 

ctj integrin did not significantly alter the proportion of motile cells. In contrast to 

unfractionated thymocytes, RHAMM-specific mAbs did not inhibit motility of the MN 

thymocytes. Although RHAMM was expressed on DN thymocytes, staining profiles of 

MN thymocytes indicated this very immature, CD3' subset was RHAMM' (Gares & 

Pilarski, 1999). These data suggested CC4 P1 integrins mediated adhesive interactions with 

Fn for one portion of MN thymocytes and mediated motility for a different portion of MN 

thymocytes. In contrast to unfractionated thymocytes, neither (X5 integrins nor RHAMM 

mediated motility for MN thymocytes.

3.6 (3i Integrins and RHAMM Mediate Motility for Maturing Thymocytes

The DP thymocyte subset consisted of approximately 85% of all thymocytes, thus 

the majority of thymocytes were immature, CD3med cells. Thymocytes that expressed the 

highest levels of CD3 corresponded predominantly to the SP subsets (Fig. 3.3m & n). 

These two subsets had a different pattern of 0 4  and 0 .5  expression than DN or DP 

thymocytes. CD3hl thymocytes were purified by cell sorting to determine if different 

patterns of Pi integrin expression resulted in modification of adhesion to or motility on
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Fn. After culturing the sorted cells overnight, adhesion and motility on Fn-coated wells 

were assessed. Thirty-eight per cent of CD3hl thymocytes pre-treated with control mAbs 

adhered to Fn (Fig. 3.6a) and this proportion was similar to the number of Fn-adherent 

cells in the MN subset (Fig. 3.5a). MAbs to Ot subunits, as subunits, RHAMM or CD44 

did not significantly decrease adhesion to Fn. A combination of anti-O; and anti-as 

integrin mAbs decreased the proportion of Fn-adhesive CD3+ cells to 14%, but this 

decrease was insignificant.

Approximately 16% of CD3+thymocytes were motile on Fn (Fig. 3.6b) and this 

proportion was substantially less than the motile fraction of MN thymocytes (Fig. 3.5b). 

MAbs to 0 4 , as and RHAMM significantly decreased the number of motile CD3+ 

thymoyctes, whereas anti-CD44 mAbs had no effect (Fig. 3.6b). Although a smaller 

proportion of CD3+ thymocytes were motile compared with the MN subset, 0 5  integrin 

and RHAMM along with 0 4  integrins were required for locomotion of cells in this subset. 

As thymocytes differentiated from CD3" to CD3hl cells, the binding avidity of (31 integrins 

to Fn might be decreased as suggested by the decreased expression of c(4 integrin. The 

expression and participation of RHAMM in locomotory behavior of CD3+ thymocytes 

also suggested RHAMM expression and function was upregulated as thymocytes 

differentiated.

3.7 High Affinity Binding Conformations of Pi Integrins Promote Adhesion

to Fn and Decrease Motility

Anti-Oi and anti-as integrin mAbs moderately decreased or did not decrease 

adhesion of unfractionated and CD3hl thymocytes to Fn, but each mAb significantly
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Figure 3.6 (3, integrins and RHAMM mediate adhesion and/or motility for

CD3hi thymocytes.

Sorted CD3hl thymocytes were pre-treated with the indicated mAbs then washed and 

added to Fn-coated wells for analysis as described in the legend to Fig. 3.2. The 

number o f adherent (a) or motile (b) cells is shown as the mean +/- SD for each 

treatment using CD3hi thymocytes purified from 3 different thymus preparations. 

Each treatment was compared with the IgG-treated group for statistical analysis.
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decreased motility (Fig. 3.2). This suggested the majority of motile thymocytes expressed 

Pi integrins in low affinity binding conformations that promoted locomotion. To test this 

hypothesis, thymocytes were pre-treated with a Pi integrin activating mAb, QE2E5, that 

forces Pi integrins into a high affinity binding conformation. When cell behavior was 

assessed, QE2E5-treated cells were significantly less motile on Fn compared with control 

mAb-treated cells (Fig. 3.7). Approximately 16% of IgG-treated thymocytes were motile 

on Fn and the proportion decreased significantly to 6.5% when cells were pre-incubated 

with Pi integrin activating mAbs. The proportion of Fn-adhesive cells was concomitantly 

increased from approximately 60% for IgG-treated thymocytes to 81% for QE2E5-treated 

thymocytes. Increasing the shear force by washing Fn-bound cells before quantitating the 

number of adherent cells indicated the adhesiveness of QE2E5-treated thymocytes was 

significantly enhanced compared with IgG control-treated thymocytes. Approximately 

13% of IgG-treated, washed thymocytes adhered to Fn and this proportion increased to 

45% when thymocytes were pre-treated with QE2E5 mAbs. These data suggested that 

assessing the number of adherent cells using timelapse microscopy included cells that 

adhered to Fn via both low affinity/avidity and high affinity/avidity interactions. The 

increased adhesion and decreased motility associated with QE2E5 treatment indicated a 

significant number of ex vivo thymocytes expressed Pi integrins in low affinity binding 

conformations.

permission of the copyright owner. Further reproduction prohibited without permission.



114

20

16

U  12
jy

o
^  8

Motility

T

m.

1 = □  IgG
Q E2E5

Adhesion

**
!

r 90 

75 

\ 60 

45 

30 

h 15

A dhesion  
A fter W ash

cr~
>C.
nfi
3

n

Figure 3.7 High affinity binding conformations of (3, integrins promote adhesion 

to Fn and decrease motility.

Thymocytes were pre-treated with control mAbs (IgG) or anti-P, integrin mAb 

QE2E5 then washed and added to Fn-coated wells for analysis as described in the 

legend to Fig. 3.2. Alternatively, thymocytes were pre-treated with mAbs and 

allowed to adhere to Fn-coated wells then washed and the remaining cells were filmed 

(adhesion after wash group). Each value is the mean +/- SD of thymocytes from 3 —4 

different thymus preparations. Statistical comparisons were made with the similarly 

treated IgG control.
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3.8 RHAMM-dependent Motility is Stimulated by Culture of M N

Thymocytes on Fn

RHAMM is not detectable at the cell surface of MN thymocytes, but expression is 

apparent on a subset of CD3 |0  DN thymocytes (Pilarski et al., 1993 & Fig. 3.3). This 

suggested RHAMM expression occurs early in thymocyte development. RHAMM 

surface expression is spontaneously upregulated by culturing MN thymocytes on Fn- 

coated wells (Pilarski et al., 1993). To determine if RHAMM surface expression was 

affected by receptor occupancy of Fn-binding integrin receptors, MN thymocytes were 

cultured in the presence or absence of Fn and immobilized mAbs to $1, a4, a5 integrin 

chains or RHAMM for 2 -  7 days. RHAMM expression was transiently upregulated by 

day 2 in the absence of Fn, but dependent on the presence of Fn for in vitro expression 

after longer culture periods (Gares & Pilarski, 1999). Anti-RHAMM mAbs did not affect 

the upregulation of RHAMM expression. However, immobilized function-blocking 

mAbs to (Xt, a 5 or (3t integrin subunits significantly inhibited RHAMM expression in the 

presence or absence of Fn. These data suggested high avidity interactions of Pi integrins 

with specific mAbs modulated RHAMM expression.

To determine if the onset of RHAMM expression correlated with increased 

motility, MN thymocytes were purified then cultured on Fn-coated wells. After two days 

of culture, thymocytes were harvested and pre-treated with control or anti-RHAMM 

mAbs then adhesion and motility were assessed. Culture of MN thymocytes on Fn 

decreased the number of Fn-adherent thymocytes. Approximately 14% of cultured 

thymocytes adhered to Fn compared with 63 - 67% of ex vivo MN thymocytes (Fig. 3.8,
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Figure 3.8 Culture of MN thymocytes on Fn stimulates RHAMM-dependent 

motility.

MN thymocytes were pre-treated with IgG control mAbs then washed and added to 

Fn-coated wells for analysis as described in the legend to Fig. 3.2 (Day 0). Separate 

MN cells were cultured for two days on Fn-coated wells then harvested, pre-treated 

with the indicated mAbs then washed and added to Fn-coated wells for analysis (Day 

2). Thymocytes from 2 separate thymus preparations were used as indicated (exp 1 

and exp 2 ).
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compare adhesion Day 0 and Day 2). In contrast, the number of motile cells increased. 

Before culture, approximately 24% of ex vivo MN thymocytes were locomotory and after 

two days of culture, 35 — 40% of thymocytes were motile. RHAMM also began to 

participate in locomotion, since pre-treating cultured thymocytes with anti-RHAMM 

mAbs decreased the number of motile cells (compare Fig. 3.5b with Fig. 3.8). Anti- 

RHAMM mAbs also enhanced adhesion to Fn, since 26% of anti-RHAMM mAb-treated 

thymocytes adhered to Fn compared with 14% of IgG-treated thymocytes.

3.9 Summary: Low Avidity Interactions Between Fn and Pi Integrins 

Promote RHAMM-mediated Motility

The Fn-binding integrins a^Pi and asPi were expressed by all thymocyte subsets 

defined by the expression of CD4 and CD8 , although the density of <Xt and as subunits 

varied between thymocyte subsets. The patterns of Pi integrin expression were consistent 

with phenotypic analyses done by other groups (Salomon et al., 1994; Mojcik et al., 

1995). Consistent with the high expression levels of Fn-binding integrin receptors, 62% 

of unfractionated thymocytes adhered to Fn. However, only function-blocking mAbs to 

0 4  integrins significantly decreased the number of cells adhering to Fn. In contrast, by 

blocking interactions of both 0 4  and as chains with Fn, cell adhesion to Fn was very 

strongly inhibited. Although Fn-binding Pi integrins were the predominant integrins 

expressed by thymocytes, mAbs to the Pi subunit did not decrease adhesion. Other anti- 

Pi integrins mAbs did decrease adhesion of thymocytes to Fn (McNeil & Pilarski, 

unpublished observations), suggesting both 0 4 Pi and asPi integrins facilitated adhesion
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of thymocytes to Fn. Unfractionated thymocytes were also locomotory on Fn and motility 

was mediated by both a* and as integrins. Approximately 16% of thymocytes were 

motile and specific mAbs to 0 4  and as integrin subunits significantly decreased the 

number of motile cells. The anti-P 1 mAb JB1A also decreased the number of motile 

cells. This indicated the majority of motile thymocytes utilized a combination of OtPi 

and a$P 1 integrins to mediate motility.

RFLAMM is expressed by and promotes motility for many differentiating types of 

cells including thymocytes (Pilarski et al., 1993). RHAMM expression on the four 

thymocyte subsets was analyzed using two different anti-RHAMM mAbs. MAb 3T3-5 

stained a fraction of thymocytes within each subset, but the staining intensity was barely 

above background. However, a second anti-RHAMM mAb, 3T3-9, stained a larger 

proportion of thymocytes within each subset with low intensity. This suggested 

RHAMM was expressed at low density by cells within each thymocyte subset. DN and 

CD8 + SP thymocytes in particular contained a substantial proportion of RHAMM+ cells. 

Consistent with the function of RHAMM as a mediator of motility, both anti-RHAMM 

mAbs significantly inhibited motility. MAb 3T3-5 also significantly increased adhesion 

to Fn. These data indicated 0 4 Pi integrins, asPi integrins and RHAMM participated in 

cell locomotion.

Analysis of integrin expression on different thymocyte subsets indicated 

downregulation of a 4  expression correlated with increasingly differentiated cells while 

a5 expression was decreased on DP thymocytes then slightly upregulated on the most 

mature SP thymocytes. The highest expression levels of 0 4 , as and Pi chains were 

observed on the least mature DN subset suggesting cells with this phenotype might
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demonstrate high avidity interactions with Fn. To assess the adhesion and motility of the 

most immature subset, thymocytes were purified to remove CD3+4+8+19+ cells. These 

cells were referred to as MN thymocytes to distinguish them from DN thymocytes. MN 

thymocytes are RHAMM' and do not contain CD31oTCR+ cells that are present in the DN 

subset (Pilarski et al., 1993), thus representing a more homogeneous immature population 

than the immature subset defined only by CD4 and CD 8  expression.

Timelapse microscopic analysis indicated MN thymocytes actually contained a 

smaller proportion of Fn-adhesive cells than unfractionated thymocytes and an increased 

proportion of motile cells. Only 31% of MN thymocytes adhered to Fn compared with 

62% among unfractionated thymocytes while 40% of MN thymocytes were motile 

compared with 16% among the unfractionated population. Although as integrins were 

expressed at a relatively high density on DN thymocytes, only ou and (3i integrin chains 

were involved in mediating adhesion and motility for MN thymocytes on Fn. Consistent 

with the lack of cell surface RHAMM expression on MN thymocytes, mAbs to RHAMM 

did not inhibit motility.

Adhesion of MN thymocytes to Fn has also been assessed using a conventional 

adhesion assay that includes a washing step to dislodge poorly adhesive cells from the 

substrate prior to fluorometric analysis. This method indicated 71% of MN thymocytes 

adhered to Fn and adhesion was strongly decreased by anti-as mAbs and only moderately 

decreased by anti-a4 mAbs or the as-specific Fn peptide RGDS (Gares et al., 1998). The 

conventional adhesion assay is expected to measure the proportion of cells that have high 

avidity interactions with the substrate, yet a larger proportion of MN thymocytes were Fn- 

adherent compared with the proportion of thymocytes that were Fn-adherent using
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timelapse microscopy. The different results observed using these two methods might 

reflect the lack of homogeneity of the MN population used in the conventional adhesion 

assay. Purifying the MN subset using a combination of bead depletion and cell sorting 

indicated MN thymocytes usually constituted less that 1% of the population. In 

comparison, using only magnetic beads to deplete CD3+4+8+19+ thymocytes indicated 8 % 

of the population was constituted by MN thymocytes. This suggested a combination of 

magnetic bead depletion and cell sorting was a more rigorous method to isolate MN 

thymocytes. It is likely that thymocytes expressing low levels of CD3, CD4 and CDS will 

not be depleted as efficiently using bead depletion as will thymocytes expressing high 

levels of these receptors, thus the high proportion of adhesive cells observed using the 

conventional adhesion assay might include CD3lc* thymocytes.

As thymocytes undergo differentiation and selection, the expression and function 

of CC4 and as integrins alters. Immature DP thymocytes have been reported to be adhesive 

and poorly motile, whereas more mature (post-positive selection) DP and SP thymocytes 

are less adhesive and more motile (Sawada et al., 1992; Crisa et al., 1996). However, 

these analyses were done using indirect methods to assess adhesion and motility. We 

directly assessed the adhesion and motility of the most mature subsets using timelapse 

microscopy. Thymocytes were purified based on CD3 expression. Approximately 38% 

of CD3hl thymocytes adhered to Fn and only a combination of anti-Oi and anti-as integrin 

mAbs decreased the number of Fn-adherent thymocytes. The proportion of Fn-adherent 

CD3hl thymocytes was similar to the proportion of Fn-adherent MN thymocytes, but less 

than the adhesive fraction of unfractionated thymocytes that are predominantly DP 

thymocytes. Therefore, this data was consistent with previous reports indicating the
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adhesive functions of integrins on SP thymocytes are decreased compared with DP 

thymocytes.

(X4 integrins along with as integrins and RHAMM mediated motility for CD3hl 

thymocytes. However, the number of motile cells was equivalent to that of 

unfractionated thymocytes and less than the number of motile MN thymocytes. This 

suggested decreased adhesion was not necessarily correlated with increased motility 

among the SP subsets. Alternatively, experimental manipulations including staining, cell 

sorting and culture might adversely affect the locomotory activities of CD3hl thymocytes. 

To determine if integrin affinity was related to adhesion and motility, unfractionated 

thymocytes were treated with an activating anti-31 rnAb that forced Pi integrins into a 

high affinity binding conformation. Activating anti-31 mAbs enhance the strength of 

interactions between 3i integrins and their ligand, thus increase adhesion. In contrast, 

function-blocking anti-P i integrin mAbs decrease or inhibit the interaction of integrins 

with ligand and decrease adhesion. Pre-treatment of thymocytes with activating mAb 

QE2E5 significantly increased adhesion to Fn and concomitantly decreased motility. 

This correlation suggested Pi integrins in high affinity binding conformations promoted 

adhesion or anchored behavior for unfractionated thymocytes while lower affinity 

interactions between integrins and Fn were required to promote cell locomotion. The 

ability of the activating mAbs to significantly increase adhesion to Fn suggested Pi 

integrins on a large proportion of ex -vivo thymocytes are in a low affinity binding 

conformation.

Low affinity and low avidity interactions of p t integrins with Fn might provide 

traction for locomotory thymocytes. It has been suggested that HA, a ligand for
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RHAMM, promotes de-adhesion for locomotory cells (Turley & Torrance, 1985). Direct 

analysis of cell behavior using timelapse microscopy supported this possibility. 

Thymocytes pre-treated with anti-RHAMM mAbs generally displayed decreased motility 

and a concomitant increase in adhesion. Increased adhesion was significant among 

unfractionated thymocytes pre-treated with anti-RHAMM mAb 3T3-5. The corollary is 

that blocking integrin receptors that provide traction for cells should decrease motility 

and adhesion. Our observations for unfractionated thymocytes and MN thymocytes were 

consistent with this hypothesis. Anti-cci integria mAbs significantly decreased the 

number of adherent and motile cells among umfractionated thymocytes and MN 

thymocytes. However, exogenous HA did not enhance thymocyte motility and did not 

decrease the adhesion of thymocytes to Fn. However, endogenous synthesis of HA by 

thymocytes might support de-adhesive activities of ex vivo migratory thymocytes. 

Thymocytes pre-treated with hyaluronidase become non-locomotory on Fn unless 

exogenous HA is added to the motility assay (Gares et al., 1998). This suggests that HA 

is required to mediate thymocyte motility and interactions between RHAMM and HA 

could facilitate cell de-adhesion.

Consistent with the high density of Pi integrins expressed by immature 

thymocytes, this subset included Fn-adhesive cells, but also contained a similar 

proportion of motile cells. Comparison of individual experiments indicated the 

proportion of adhesive and motile cells correlated. If a thymocyte preparation contained 

fewer adhesive cells, there was an increased proportion of motile cells and vice versa. 

Motility of MN thymocytes was RHAMM-independent, consistent with the lack of 

RHAMM expressed on this immature subset. Culture of MN thymocytes on Fn is
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associated with upregulation of RHAMM expression (Pilarski et al., 1993; Gares & 

Pilarski, 1999) suggesting integrin-mediated signaling might promote RHAMM 

expression. While undergoing sessile phases of differentiation thymocytes would not 

require RHAMM, thus our working hypothesis was that high avidity interactions of 

integrins might inhibit RHAMM expression. Consistent with this hypothesis, 

immobilized mAbs to Oi, as, and (3i integrins, that emulate high avidity interactions 

between 3i integrins and ligand, inhibited RHAMM expression (Gares & Pilarski, 1999). 

As MN thymocytes continue to differentiate, they become migratory cells. Integrin 

avidity is decreased, RHAMM expression is upregulated and cells can become motile. In 

vitro culture of MN thymocytes indicated that after two days of culture on Fn, the number 

of Fn-adherent cells decreased while the number of motile cells concomitantly increased. 

In addition, motility was RHAMM-dependent, since anti-RHAMM mAbs decreased the 

number of motile cells. This data suggested RHAMM expression correlated with early 

differentiation of thymocytes and presumably with the onset of migration of thymocytes 

through the thymus.
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CHAPTER 4. Thymocytes Express Two RHAMM Isoforms

RHAMM is detected on the surface of cells in tissues undergoing development 

and reorganization. RHAMM’s ligand HA is detected at the wounded edge of tissues and 

HA distribution co-localizes with the upregulation of cell surface RHAMM on cells at the 

wounded edge (Savani et al., 1995). This suggests HA might stimulate the expression of 

RHAMM. HA is distributed in the fetal and neonatal thymus and the distribution pattern 

is similar to that of Fn (Patel et al., 1995). The distribution of integrin ligands in the 

thymus as well as the regulation of expression and function of (3i and (3a integrins on 

thymocytes might guide thymocytes through the thymus as they differentiate and undergo 

selection. RHAMM and HA might function in a similar capacity for migratory 

thymocytes.

Specific Objective 2

To examine the expression of RHAMM by thymocytes to determine if multiple isoforms 

of RHAMM are expressed and to determine how HA interactions with RHAMM 

stimulate motility. A combination of immmunofluorescence, molecular and biochemical 

techniques will be used.
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4.1 Thymocytes Express Two HA Binding Receptors

Thymocyte subsets expressed a low density of cell surface RHAMM detected by 

the anti-RHAMM mAb 3T3-9, but a second anti-RHAMM mAb, 3T3-5, had even weaker 

binding to cell surface RHAMM (Fig. 3.3). The staining pattern of these two mAbs was 

consistent for thymocytes isolated from dozens of different thymi. For comparison, the 

histograms of unfractionated thymocytes stained with anti-RHAMM mAb 3T3-9 or 3T3- 

5 are presented. The peak staining intensity for thymocytes stained with MAb 3T3-9 was 

channel 6  and generally 30% to greater than 60% of thymocytes from different donors 

were stained above background levels by this mAb (Fig. 4.1a). MAb 3T3-5 also stained 

thymocyte cell surfaces very weakly (peak channel 4) and approximately 15 - 20% of 

thymocytes from different donors exhibited weak staining above background levels (Fig 

4.1b). In contrast, the HA-binding receptor CD44 was expressed at medium to high 

density (peak channel 1433) on virtually all thymocytes (Fig. 4.1c). Separate samples 

were stained with HA-FTTC to test the ability of thymocytes to bind HA. Although 

thymocytes expressed an abundance of HA receptors, the staining intensity of HA-FITC 

stained thymocytes was moderate (peak channel 31) (Fig. 4. Id). For comparison with 

HA-FITC stained cells, separate samples were stained with avidin-FTTC (Fig. 4 .Id, 

unfilled curve) or with IgG-FlTC. Thymocytes stained with either avidin-FTTC or control 

IgG-FITC had staining profiles substantially less intense than HA-FITC stained 

thymocytes (peak channel 1 ).
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Figure 4.1 Thymocytes express two HA binding receptors, RHAMM and C D 44

Human thymocytes were stained by indirect IF with anti-RHAMM mAbs 3T3-9 (a), 

3T3-5 (b) or anti-CD44 mAb 50B4 (c) followed by goat anti-mouse IgG-Alexa488 or 

were stained with HA-FITC (d) and analyzed by flow cytometry (filled curves). 

Unfilled curves represent staining by an isotype matched control mAb (a — c) or 

avidin-FITC (d). Bars and percentages are defined in the legend to Fig. 3 .S. The 

histograms shown are from one donor, but represent typical staining patterns observed 

for several different donors.
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4.2 Both Anti-RHAMM MAbs Bind to a RHAMM Fusion Protein

To compare the binding of the two anti-RHAMM mAbs to their ligand, an ELISA 

was done using assay plates coated with either rabbit anti-mouse capture antibodies or a 

GST-RHAMM fusion protein. Serial dilutions of each antibody solution were made in 

order to titrate each mAb solution and to assess ligand binding. The titration curves of 

mAbs 3T3-5 and 3T3-9 generated using rabbit anti-mouse IgG-coated plates were similar 

indicating similar concentrations of antibody were contained in each preparation (Fig. 

4.2a). Titration of each anti-RHAMM mAb solution against the RHAMM fusion protein 

also indicated similar binding of each mAb to its ligand, whereas anti-CD45 mAb UCHL- 

1 or purified mouse IgG did not bind to the RHAMM fusion protein (Fig. 4.2b). The 

anti-RHAMM mAbs interacted with the RHAMM fusion protein, thus each mAb binds to 

a RHAMM epitope. However, mAb binding to the fusion protein appeared to be 

relatively low affinity or avidity compared with mAb binding to rabbit anti-mouse IgG.

4.3 Cell Surface RHAMM Expression Co-iocalizes with HA Binding Sites

Two color confocal analysis of thymocytes stained with anti-RHAMM mAb 3T3- 

9 and HA-FTTC was done to determine if sites of HA-FITC binding at the cell surface 

coincided with sites of RHAMM expression as indicated by mAb staining. HA-FTTC 

staining was clearly observed in discrete areas on the cell surface (Fig. 4.3a). Anti- 

RHAMM staining was localized to the same regions of the cell stained by HA-FTTC (Fig. 

4.3b). This suggested HA was binding to RHAMM expressed at these sites. Consecutive 

optical sections of stained cells indicated that staining by HA-FTTC and mAb 3T3-9 were
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Figure 4.2. Both anti-RHAMM mAbs bind to a RHAMM fusion protein.

Purified rabbit anti-mouse IgG (a) or GST-RHAMM fusion protein (b) was adsorbed 

to 96 well microtitre plates and serial dilutions of anti-RHAMM mAb 3T3-5 ( • ) ,

3T3-9 (■), anti-CD45 mAb UCHL-1 ) or mouse IgG ) were added followed 

by goat anti-mouse-alkaline phosphatase, then enzyme substrate solution. Optical 

density was quantitated at a wavelength of 405 nm. Plotted values are the means of 

triplicate wells. The dotted lines represent optical density values for the conjugate 

blanks for each assay.
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Figure 4.3 Cell surface RHAMM expression co-localizes with HA binding sites.

Thymocytes were stained sequentially using anti-RHAMM mAb 3T3-9 (a) or anti- 

CD44 mAbs (c) in the first step, goat anti-mouse-TRITC in the second step and HA- 

FITC in the third step (b & d). The stained cells were analyzed using a Leica confocal 

LSM. Images o f the two fluorophores (a & b or c & d) were acquired by scanning the 

same field in PMT2 then PMT1 channels, respectively. The bar represents 1 pm.
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restricted to the cell surface. Thymocytes stained with mAb 3T3-5 did not demonstrate 

detectable surface staining. Confocal analysis of thymocytes stained with anti-CD44 and 

HA-FTTC indicated the majority of cell surface sites expressing CD44 (Fig. 4.3d) did not 

correlate with regions of HA-FTTC binding (Fig. 4.3c). Many cell types, including 

hematopoietic cells express CD44, but are unable to bind HA suggesting activation of 

CD44 is required to initiate HA binding (Borland et al., 1998). The lack of co

localization of CD44 expression and HA-FITC binding suggested thymocytes did not 

express CD44 in an active conformation able to bind HA. This suggested that RHAMM 

mediated HA binding for thymocytes.

4.4 Interaction with HA Increases Cell Surface RHAMM Expression

To determine if ligand binding affected cell surface RHAMM expression, 

thymocytes were pre-incubated with HA-FTTC followed by staining with anti-RHAMM 

mAbs. Flow cytometric analysis indicated anti-RHAMM mAb 3T3-9 staining was 

increased by pre-incubation of thymocytes with HA (Fig. 4.4a & b). Pre-treatment with 

HA also strongly increased surface expression of the epitope detected by anti-RHAMM 

mAb 3T3-5 which we termed RHAMM-5 (compare Fig. 4.4d and e). Both the number of 

RHAMM-5+ cells and the expression level of RHAMM-5 increased as indicated by the 

intensity of staining. When the experiment was done in the presence of the metabolic 

inhibitor sodium azide, binding by mAb 3T3-5 was decreased (Fig. 4.4f), indicating the 

HA-dependent increase in surface expression of the RHAMM-5 epitope was energy- 

dependent. However, azide did not affect the HA-induced increase of mAb 3T3-9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

a

No HA-FTTC

10

b

+ HA-FTTC

ID3 10*10

II ll|
10

3T3 9/PE

Figure 4.4 Pre-incubation with HA increases ceil surface expression of RHAMM.

Thymocytes were stained by indirect IF using anti-RHAMM mAb 3T3-9 (a - c, filled 

curves) or 3T3-5 (d - f, filled curves) followed by goat anti-mouse-PE (a & d) or were 

pre-incubated with HA-FITC then stained (b & e) or were pre-incubated with HA- 

FITC in azide-containing buffer then stained (c & f). The unfilled curves represent 

staining of like-treated cells using an isotype matched control antibody. Bars and 

percentages indicated on each histogram are as defined in the legend to Figure 2.1. 

The histograms represent staining by thymocytes o f one donor, but similar staining 

was observed for cells from three different donors.
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staining (Fig. 4.4c). These results suggested that HA might have caused a conformational 

change in cell surface RHAMM that revealed the RHAMM-5 epitope. HA binding might 

also initiate clustering of cell surface proteins that are required for the ‘expression’ of the 

RHAMM-5 epitope. An alternative possibility is that RHAMM-5 was redistributed to the 

cell surface from a putative intracellular pool.

4.5 Intracellular RHAMM is Expressed by the Majority of

HumanThymocytes

To determine if thymocytes expressed an intracellular form of RHAMM, cells 

were permeabilized with saponin and subsequently stained by the anti-RHAMM mAbs 

and analyzed by flow cytometry. For comparison, intact thymocytes were sequentially 

stained with anti-RHAMM mAbs 3T3-5 or 3T3-9 followed by HA-FITC (Fig. 4.5a & b, 

respectively). MAb 3T3-5 detected only low levels of surface RHAMM on 18% of 

untreated thymocytes (Fig. 4.5a), but stained 70% of permeabilized thymocytes (Fig. 

4.5c) suggesting the RHAMM-5 epitope was predominantly intracellular. The surface- 

reactive mAb 3T3-9 stained 28% of intact thymocytes (Fig. 4.5b), but did not stain 

thymocytes above background (Fig. 4.5d) suggesting saponin treatment caused the loss of 

this epitope. The intensity of cell staining by HA-FITC increased when thymocytes were 

permeabilized (compare Fig. 4.5a & b with c & d). This suggested HA was bound by the 

majority of permeabilized thymocytes through interactions with exposed intracellular 

RHAMM-5. These data indicated thymocytes expressed a form of RHAMM containing 

an epitope recognized by mAb 3T3-5 that was predominantly intracellular (RHAMM-5).
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Figure 4.5 The majority of thymocytes express intracellular RHAMM.

Thymocytes were left intact (a & b) or permeabilized by saponin (c & d) then 

incubated sequentially with anti-RHAMM mAb 3T3-5 (a 8c c) or 3T3-9 (b &d) in the 

first step, goat anti-mouse-PE in the second step, then HA-FITC. The horizontal bars 

were set to indicate the staining intensity of 98% o f thymocytes stained with an 

isotype-matched control mAb. The vertical bar was set to indicate HA-FITC binding 

by non-permeabilized cells. Numbers in each quadrant indicate the percentage of 

cells in that quadrant. The dot plots shown are from one thymus donor, but represent 

typical staining patterns observed for several different donors.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

Thymocytes also expressed RHAMM with a second epitope recognized by mAb 3T3-9 

that was predominantly expressed at the cell surface (RHAMM-9).

To further examine the intracellular localization of RHAMM-5, permeabilized 

thymocytes were stained sequentially with mAb 3T3-5 followed by goat anti-mouse- 

Alexa488 then anti-CD45-QR, to stain the cell surface receptor CD45. Stained cells were 

examined by confocal microscopy. Although thymocytes are relatively small cells with a 

narrow ring of cytoplasm making specific intracellular localization of staining difficult, 

RHAMM-5 expression was clearly prevalent within the cell (green fluorophore) and 

weak on the cell’s outer membrane (Fig. 4.6a). However, there were a few areas of 

overlap between the two fluorophores (yellow-orange) indicating a low density of 

RHAMM-5 was at the cell surface (Fig 4.6a, arrows), consistent with the flow cytometric 

profiles (Fig. 4.1b). As a control to confirm the ability to detect co-localized surface 

staining, thymocytes were stained with a combination of anti-CD3 and anti-CD45 mAbs. 

Confocal microscopic analysis indicated CD3 expressed on the cell surface co-localized 

with CD45 to produce yellow-orange staining (Fig. 4.6b, yellow-orange). Developing 

thymocytes express intracellular CD3 as well as cell surface CD3 and this was indicated 

by green fluorophore inside the cells.

4.6 Intracellular RHAMM is Recruited to the Cell Surface by HA

The HA-dependent increase in surface expression of RHAMM-5 could reflect 

ligand-dependent exposure of the epitope through a conformational change of existing
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Figure 4.6 Confocal microscopy confirms thymocytes express intracellular 

RHAMM.

Thymocytes were permeabilized and stained sequentially with anti-RHAMM mAb 

3T3-5 or anti-CD3 then goat anti-mouse-Alexa488 and anti-CD45-QR in the third step. 

Confocal images were acquired on a Zeiss confocal LSM. Anti-RHAMM/Alexa4g8 

staining (a) and anti-CD3/Alexa488 staining (b) is shown as green. Anti-CD45-QR (a & 

b) staining is shown as red. Areas where both fluorophores overlap appear yellow. 

Arrows indicate surface co-localization o f anti-RHAMM mAbs and anti-CD45-QR 

staining. The bar represents 1 pm.
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cell surface RHAMM-9. Alternatively, intracellular RHAMM-5 could be recruited to the 

cell surface. To distinguish these possibilities, we attempted to remove cell surface 

RHAMM by pre-treating thymocytes with PLC. It has been postulated that RHAMM 

might associate with a gpi-anchored protein at the cell surface (Klewes, 1993). 

Thymocytes were then treated or not with HA, followed by staining with mAb 3T3-5 or 

3T3-9. Cell staining by mAb 3T3-9 generally remained unchanged by PLC pre-treatment 

(Fig. 4.7a & b). Subsequent addition of HA enhanced the intensity of staining of 3T3-9, 

consistent with previous observations (compare Fig. 4.7c with 4.4b). The normal weak 

staining intensity of mAb 3T3-5 was decreased by pre-treatment with PLC (compare Fig. 

4.7d & e) suggesting RHAMM-5 was removed from the cell surface by cleaving the 

putative gpi anchor of RHAMM or an associated protein. However, subsequent exposure 

of the PLC-treated cells to HA increased the number of RHAMM-5+ cells and the 

intensity of fluorescence, indicating the density of surface RHAMM-5 was increased by 

HA even after enzymatic removal of RHAMM-5 from the cell surface (Fig. 4.7f)- The 

density of RHAMM-5 after HA treatment was greater than the density of RHAMM-9 on 

untreated thymocytes (compare Fig. 4.7a & f), so increased RHAMM-5 expression was 

not likely the result of an HA-induced conformational change of surface RHAMM. 

Increased RHAMM-5 expression was more likely the result of HA recruiting intracellular 

RHAMM-5 to the cell surface.
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Figure 4.7 HA stimulates redistribution of intracellular RHAMM to the cell 

surface.

Thymocytes were stained sequentially using anti-RHAMM mAb 3T3-9 (a - c) or 3T3- 

5 (d - f) then goat anti-mouse-PE (a & d) or were pre-treated with PLC (b & e) or PLC 

followed by HA (c & f) then stained. Unfilled curves represent staining o f like treated 

cells with an isotype matched control mAb. Bars and percentages are defined in the 

legend to Figure 2.1. The histograms represent staining by thymocytes o f one donor, 

but similar staining was observed for cells from three different donors.
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4.7 RHAMM and HA Function in Thymocyte Motility

RHAMM mediates Fn-dependent motility for thymocytes (Piiarski et al., 1993) 

and both mAb 3T3-9 and mAb 3T3-5 significantly decreased the number of thymocytes 

in the presence of HA (Fig. 3.4). To determine if exogenous HA was required for 

RHAMM to function for locomotion, cells were pre-treated in the presence or absence of 

HA and Fn-mediated motility was assessed in the presence or absence of exogenous HA. 

Of total thymocytes, 16% and 15% were motile in the absence or presence of exogenous 

HA, respectively, (Fig. 4.8, IgGl-treated groups) indicating Fn was the only exogenous 

ECM component required to support thymocyte motility. In the absence of exogenous 

HA, pre-treatment of thymocytes with either mAb 3T3-9 or mAb 3T3-5 significantly 

decreased the number of motile cells. However, inhibition of motility by treatment with 

mAb 3T3-9 was significantly greater than inhibition caused by mAb 3T3-5 (Fig. 4.8, 

open bars). This indicated that in the absence of exogenous HA, RHAMM-9 was the 

predominant mediator of motility as might be expected, since RHAMM-9 was the 

predominant cell surface form of RHAMM. HA is required by locomoting thymocytes, 

since hyaluronidase pre-treatment of thymocytes significantly decreases the number of 

motile thymocytes (Gares et al., 1998). However, endogenous synthesis of HA might 

support RHAMM-mediated motility as suggested by the expression of hyaluronan 

synthase genes by thymocytes (Giannakoupolos & Piiarski, unpublished observations).

In the presence of exogenous HA, treatment of cells with either mAb 3T3-9 or 

mAb 3T3-5 very significantly decreased the number of motile cells. This suggested that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



139

cn
- J
- Jrvt
U
Crf

o
s

TREATMENT

Figure 4.8 Both RHAMM-9 and RHAMM-5 mediate motility.

Thymocytes were pre-treated with the indicated mAbs +■/- HA or with PLC then added 

to Fn-coated wells +/- HA for analysis as described in the legend to Fig. 1.2. Values are 

the mean +/- SD o f three separate experiments using three different thymocyte 

preparations. Statistical comparisons were made between the IgGl isotype-matched 

control group and the corresponding (no HA or + HA) anti-RHAMM mAb- or PLC- 

treated groups (*) or between mAb 3T3-9 and 3T3-5-treated groups (+). +++ = p < 

0.005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

20
I I N o  H A

V777A + h a18

16

14

12

10

8

6

4

2

0
3T3-9 3T3-5 PLCIgGl



140

HA-dependent redistribution of RHAMM-5 to the cell surface enabled RHAMM-5, along 

with RHAMM-9 to function for locomotory cells (Fig. 4.8, hatched bars). Pre-treatment 

of thymocytes with PLC also significantly reduced the number of motile cells, but the 

presence of exogenous HA following PLC treatment restored motile behavior, 

aspredicted if HA binding caused rapid surface localization of functionally active 

RHAMM-5 from intracellular stores.

4.8 Thymocytes Express Distinct Isoforms of RHAMM

The distribution patterns of the RHAMM-9 and RHAMM-5 epitopes in 

thymocytes suggested these cells might express different isoforms of the RHAMM gene. 

B cells from multiple myeloma patients express three different isoforms of RHAMM 

mRNA, two of which are characterized by the absence of 48 bp or 147 bp regions that 

correlate to the excision of exon 4 or 13, respectively, from the coding sequence (Crainie 

et al., 1999). RT-PCR was used to amplify RHAMM mRNA isolated from thymocytes to 

determine if different RHAMM transcripts were expressed. Full length transcripts of 

RHAMM (RHAMM^) were expressed by cells isolated from three separate thymocyte 

preparations as were transcripts containing the 48 bp deletion (RHAMM"48) as indicated 

by the amplification of PCR products of the appropriate size (Fig. 4.9, lanes 2 - 4). 

Amplification products of the RHAM M ^ isoform are 605 bp and amplification products 

of RHAMM"48 isoforms are 557 bp. A third RHAMM transcript containing the 147 bp 

deletion (RHAMM"147) was barely detectable in only two of a total of five thymocyte
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Figure 4.9 Thymocytes express multiple RHAMM mRNA isoforms.

mRNA from three separate thymocyte preparations (lanes 2, 3 and 4) was isolated and 

amplified by RT-PCR. PCR products were detected by ethidium bromide staining o f 

agarose gels. Molecular weight marker (lane 1) sizes are indicated on the left. PCR 

products of a size corresponding to RHAMMFL (605 bp) or RHAMM"48 (557 bp) are 

indicated on the right. Lane 5 is a negative control in which superscript™ was 

omitted from the reverse transcription step. The PCR product shown in lane 2 and the 

negative control in lane 5 were prepared using the same thymocyte lysate. Negative 

controls for the other thymocyte preparations were identical to that shown in lane 5.
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preparations. This indicated thymocytes predominantly expressed two RHAMM 

isoforms, R H A M M ^ and RHAMM'48.

To determine if RHAMMFL and RHAMM"48 mRNA were translated into proteins 

containing the RHAMM-5 and RHAMM-9 epitopes, thymocyte lysates were prepared 

from three separate thymus preparations and immunoblotted using anti-RHAMM rabbit 

serum (Fig. 4.10a). The predicted sizes of RH A M M ^ and RHAMM"48 are 84.2 and 82.3 

Kd. The polyclonal serum detected two bands from each lysate that approximately 

corresponded with the apparent molecular weight of RHAMMFL and RHAMM"48. 

Several other bands of unknown identity were also detected by the rabbit antiserum. To 

reduce the background of proteins on the blots, anti-RHAMM serum, anti-RHAMM 

mAbs or non-immune serum were used to precipitate RHAMM from thymocyte lysates. 

Precipitated material was then immunoblotted with the anti-RHAMM serum. One 

protein band specifically detected by anti-RHAMM serum was approximately 84 Kd (Fig 

4.10b, lane 4). Non-immune rabbit serum did not precipitate proteins in this size range 

(Fig. 4.10b, lane 2) nor did the two anti-RHAMM mAbs (data not shown). The higher 

molecular weight band (-97 Kd, Fig. 4.10b, lane 4) was frequently detected by both anti- 

RHAMM and anti-GFP serum (see Fig. 5.1) and does not likely correspond to RHAMM. 

These data suggested the RHAMM-specific mRNA was translated into two different 

RHAMM proteins, RHAMM11 and RHAMM"48 in thymocytes. Although immunoblots 

detected two protein bands that correspond to the predicted size of RHAMM^" and 

RHAMM"48, immunoprecipitation of thymocyte lysates only indicated the presence of one 

protein band that corresponded to the size of RHAMM11.
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Figure 4.10 Thymocytes express RHAMMFL and RHAMM-48 proteins.

Thymocyte lysates prepared from three separate thymus preparations (a, lanes 1 - 3 )  

were separated on 7% gels then immunblotted. Proteins precipitated from a thymocyte 

lysate using non-immune (b, lane 2) or anti-RHAMM polyclonal serum (b, lane 4) were 

separated on 7.5% SDS-PAGE gels followed by immunoblotting. Anti-RHAMM 

serum was added to lane 3 for comparison. Both a & b were blotted using anti- 

RHAMM rabbit serum. The molecular weight markers shown are, from the top, 116.25, 

97.4, 66.2 and 45 (not present in a). Arrows indicate bands with apparent MWs similar 

to RHAMM.
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4.9 Summary: HA Modulates RHAMM Distribution and Thymocytes

Express Two RHAMM Isoforms

The ability of integrins to shift between low and high affinity binding 

conformations enables a cell to rapidly alter cellular behavior. If RHAMM and integrins 

have a functional relationship, RHAMM might also be expressed in a manner that enables 

rapid adaptation to microenvironmental cues. To study this we have examined the 

expression and function of RHAMM in the presence o f exogenous HA.

We used two different anti-RHAMM mAbs, 3T3-5 and 3T3-9, to stain 

thymocytes. The epitope of RHAMM detected by mAb 3T3-9 was expressed at low 

density on the cell surface of 30 to 60% of thymocytes from different thymus donors. 

When thymocytes were stained sequentially with mAb 3T3-9 then HA-FITC and 

examined by confocal microscopy, HA-FITC binding sites co-localized with RHAMM 

surface expression. CD44 was expressed at relatively high density by thymocytes, but 

HA binding did not co-localize strongly with sites of CD44 expression. This suggested 

RHAMM was the predominant cell surface HA binding receptor used by human 

thymocytes. CD44 receptors expressed by a variety of cell types require activation before 

HA binding is detectable, including most normal hematopoietic cells (Borland et al., 

1997). Certain anti-CD44 mAbs can stimulate HA binding by T cell lines (Lesley et al., 

1993) and antigenic stimulation of peripheral T cells also transiently upregulates HA 

binding (Lesley et al., 1994). Enhanced HA binding by CD44 occurs upon CD44 

receptor clustering and is independent of the intracellular domain of CD44 (Perschl et al., 

1995; Sleeman et al., 1996). Although CD44 functions in adhesion early in thymocyte 

ontogeny, expression is transiently downregulated as thymocyte precursors begin to
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differentiate (Res & Spits, 1999). Although virtually all unfractionated human 

thymocytes expressed CD44, the lack of co-localization of CD44 expression and HA 

binding sites suggested thymocytes expressed CD44 in an unactivated form that does not 

bind HA.

A second anti-RHAMM mAb, 3T3-5 demonstrated very low to negligible binding 

to intact thymocytes. However, both anti-RHAMM mAbs could bind to a RHAMM 

fusion protein as assessed by an ELISA suggesting cell surface RHAMM might lack or 

conceal the epitope of mAb 3T3-5. Alternatively, these two mAbs might recognize 

RHAMM epitopes expressed by different isoforms of RHAMM or cross-react with 

epitopes expressed by cell surface proteins unrelated to RHAMM. Flow cytometric 

analysis and confocal microscopy indicated mAb 3T3-5 detected an intracellular form of 

RHAMM, termed RHAMM-5, that is expressed by 70% of thymocytes. MAb 3T3-9 

detected cell surface RHAMM (RHAMM-9), but did not stain permeabilized thymocytes 

suggesting this epitope was destroyed by permeabilization. Analysis of the predicted 

amino acid sequence of human RHAMM using various motif search programs predict 

that RHAMM is an intracellular protein. The amino acid sequence contains no obvious 

signal sequence or transmembrane domain, although there is abundant evidence that 

RHAMM is expressed at the cell surface of normal and transformed cells (Piiarski et al., 

1993; Nagy et al., 1995; Masellis-Smith et al., 1996; Crainie et al., 1999; Piiarski et al., 

1999).

To determine if HA binding affected surface expression of RHAMM, intact 

thymocytes were pre-treated with soluble HA-FITC then stained with mAbs to RHAMM. 

Surprisingly, HA pre-treatment resulted in detection of cell surface RHAMM by mAb
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3T3-5. HA binding increased the number of RHAMM+ cells and increased the density of 

RHAMM expressed at the cell surface as detected by mAb 3T3-5. Two different models 

can explain the data. These two mAbs might recognize different, conformation- 

dependent epitopes on the same RHAMM protein. The RHAMM-9 epitope is always 

available while the RHAMM-5 epitope is normally hidden. HA binding causes a 

conformational change of RHAMM revealing the RHAMM-5 epitope while maintaining 

the RHAMM-9 epitope. Alternatively, the RHAMM-5 epitope might be expressed on 

intracellular RHAMM. HA-dependent redistribution of intracellular RHAMM-5 to the 

cell surface makes this epitope available to mAb 3T3-5. The latter possibility suggests 

intracellular RHAMM is a different isoform than that normally expressed at the cell 

surface.

These observations suggested thymocytes maintained an intracellular store of 

RHAMM that mediated motility when redistributed to the cell surface by appropriate 

microenvironmental cues. RHAMM-5 was required by locomotory thymocytes, as 

indicated by the significant inhibition of motile cells after treatment with mAb 3T3-5. 

This observation predicted HA should be required to mediate motility, so intracellular 

RHAMM-5 can be redistributed to the cell surface. Surprisingly, 16% of thymocytes 

were motile on Fn-coated wells in the presence or absence of HA suggesting motility was 

HA-independent. However, pre-treating thymocytes with hyaluronidase significantly 

decreased Fn-dependent motility (Gares et al., 1998). Addition of exogenous HA to 

hyaluronidase-treated thymocytes restored motility suggesting RHAMM-mediated 

locomotion was HA-dependent. This observation also suggested thymocytes synthesize 

endogenous HA.
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To determine if both RHAMM-9 and RHAMM-5 participated in motility, 

thymocytes pre-treated with anti-RHAMM mAbs in the presence o r  absence of HA were 

washed and motility was assessed on Fn-coated wells in the presence or absence of 

exogenous HA. MAb 3T3-9 significantly inhibited the number o f  motile cells in the 

presence or absence of HA indicating RHAMM-9 was a functional mediator of motility. 

In contrast, mAb 3T3-5 decreased the number of motile cells slightLy, but significantly, in 

the absence of exogenous HA, but inhibited motility much more significantly in the 

presence of HA. This corresponded to the flow cytometry data indicating redistribution 

of intracellular RHAMM-5 to the cell surface required an exogenous source of HA. The 

redistribution of intracellular RHAMM-5 must require high levels of HA and in our 

experimental system, this can only be achieved when exogenous HA is added.

These experiments indicated both RHAMM-9 and RHAMM-5 mediated motility 

and both forms of RHAMM were required for motility, since mAbs to either form of 

RHAMM significantly decreased motility. MAb binding did not block HA binding to 

RHAMM-9, therefore the inhibition of motility by mAb binding presumably interfered 

with other functions of RHAMM. The different cellular distribution patterns of 

RHAMM-5 and RHAMM-9 suggested thymocytes might express two functionally 

distinct isoforms of RHAMM. PCR analysis indicated thymocytes expressed transcripts 

for RHAM M ^ and RHAMM'48. Immunoblots of thymocyte lysates showed two proteins 

with molecular weights corresponding to RHAM M ^ and RHAMM-48 were detected 

using RHAMM-specific antiserum. The same antiserum precipitated only one protein 

corresponding with the size of RHAMMFL. However, numerous attempts to precipitate 

RHAMM from thymocyte lysates using the two anti-RHAMM mAbs have failed to
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precipitate detectable RHAMM protein. These mAbs were also unable to detect 

RHAMM isoforms in immunoblots. Therefore, this approach was unable to definitively 

prove the two distribution patterns were related to the expression of two different 

RHAMM isoforms.
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CHAPTER 5. Cellular Localization of RHAMM Isoforms

The mAb binding patterns, molecular and biochemical data were consistent with 

the expression of two different isoforms of RHAMM by thymocytes. However, the 

mAbs initially used to characterize RHAMM did not detectably precipitate or blot 

RHAMM in, so a definitive correlation between RHAMM isoforms and cellular 

distribution patterns could not be made. To try to resolve this issue, a molecular 

approach was used to characterize the cellular localization of the three different RHAMM 

isoforms.

Specific Objective 3

To examine the cellular distribution of three different RHAMM isoforms using COS cells 

transfected with GFP-RHAMM expression plasmids. These experiments will be done 

using confocal microscopy.
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5.1 Transfected COS Cells Express GFP-RHAMM Fusion Proteins

The cDNA sequence of each different RHAMM isoform was inserted into 

plasmids containing the gene for GFP. RHAMM sequences were inserted downstream of 

GFP. Purified plasmids were used to transiently transfect COS cells and expression of 

the fusion proteins was assessed using immunoprecipitation and immunoblotting. COS 

cells transfected with GFP, GFP-RHAMMfl, GFP-RHAMM'147 or GFP-RHAMM-48 

plasmids were cultured for 48 H following transfection then harvested and lysates 

prepared. GFP-RHAMM fusion proteins were precipitated from lysates using non- 

immune serum, anti-GFP or anti-RHAMM polyclonal antibodies and blotted onto 

nitrocellulose membranes. Fusion proteins were detected by immunoblotting with anti- 

GFP (Fig. 5.1a) or anti-RHAMM serum (Fig. 5.1b). RHAMMFL, RHAMM'147 and 

RHAMM'48 are predicted to be 84.2, 78.4 and 82.3 Kd, respectively, and GFP is 20 Kd. 

The apparent molecular weight of fusion proteins precipitated from each transfected cell 

line was 108 Kd for GFP-RHAMMfl (Fig. 5.1a, lane 7 and 5.1b, lanes 6 & 7), 100 Kd for 

GFP-RHAMM'147 (Fig. 5.1a, lane 8 and Fig. 5.1b, lanes 9 & 10) and 104 Kd for GFP- 

RHAMM"48 (Fig. 5.1a, lane 9 and 5.1b, lanes 12 & 13), approximately the expected size 

of each fusion protein. Each fusion protein was precipitated and blotted with both anti- 

GFP and anti-RHAMM antiserum indicating these three proteins were translated into 

proteins containing GFP and RHAMM epitopes, thus are indeed fusion proteins. A 

strong band of approximately 20 Kd was detectable in lysates prepared from GFP- 

transfected cells (Fig. 5.1a, lane 6), but bands in the molecular weight range of the fusion
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Figure 5.1 Transfected COS Cells Express GFP-RHAMM Fusion Proteins.

Proteins were precipitated from lysates o f GFP-, GFP-RHAMMfl-, GFP-RHAMM'147- 

or GFP-RHAMM-48- transfected cells (lysates are identified at the top of each lane) 

with non-immune rabbit serum, anti-GFP serum or anti-RHAMM serum (precipitating 

reagent indicated at the bottom of each lane). Anti-GFP serum was loaded for 

comparison to lanes loaded with precipitated proteins (a, lane 5). Fusion proteins were 

visualized by blotting with anti-GFP serum (a) or anti-RHAMM serum AP-HV4-1.2 (b) 

followed by goat anti-rabbit-HRP and avidin-HRP. Biotinylated MW markers are, 

from top to bottom, 116.25, 97.4, 66.2 and 45 Kd (a, lane 10 and b, lanel). Unique 

bands consistent with the expected MW o f GFP or GFP-RHAMM fusion proteins are 

indicated to the right (a) or with open arrowheads (b).
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proteins were not precipitated from GFP control lysates (Fig. 5.1a, lane 6 and 5.1b, lanes 

3 & 4). Non-immune rabbit serum did not detectably precipitate fusion proteins (Fig. 

5.1a, lanes 1 - 4  and 5.1b, lanes 5, 8 & 11) indicating the specificity of anti-GFP and anti- 

RHAMM sera for their respective epitopes. Anti-RHAMM mAbs 3T3-9 and 3T3-5 were 

also used to precipitate or to blot the GFP-RHAMM fusion proteins, but proteins of the 

expected size were not detected (data not shown).

5.2 GFP-RHAMM Isoforms Have Different Distribution Patterns

To determine if the sequences excised from RHAMM-48 and RHAMM'147 affected 

cellular localization, COS cells were transiently transfected with the GFP-RHAMM 

plasmids and cells were examined by confocal microscopy 6, 24 or 48 H after 

transfection. At each time point, COS cells transfected with GFP plasmids expressed 

GFP within the nuclear and cytoplasmic regions of the cell (Fig. 5.2a - c) as indicated by 

intense fluorescence of transfected cells. Aliquots of GFP-transfected cells analyzed by 

flow cytometry indicated 35 to 60% of ceils expressed GFP at each time point. GFP 

expression was strong 6H following transfection (Fig. 5.2a), peaked 24 H after 

transfection (Fig. 5.2b), but was still strongly expressed 48 H post-transfection (Fig. 

5.2c).

COS cells transfected with GFP-RHAMMfl plasmids were either transfected or 

expressed the GFP fusion protein with decreased efficiency compared with GFP 

transfected cells as indicated by a lower number of GFP fluorescing cells when examined 

by flow cytometry (10 -  15% fluorescing cells). The pattern of fluorescence of GFP-
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Figure 5.2 GFP-RHAMM isoforms have different cellular distribution patterns.

COS cells were transiently transfected with plasmids containing GFP (a -  c), GFP- 

RHAMM^ (d -  f), GFP-RHAMM'147 (g -  i) or GFP-RHAMM"48 O' -  m) and cultured 

for 6 H (a, d, g, j), 24 H (b, e, h, k, m) or 48 H fc, f, i, 1) in chamber slides then 

examined by confocal microscopy. Images (n) and (o) are enlargements of the area 

indicated in (m) and (k), respectively. Images were acquired on a Zeiss confocal LSM. 

The bar represents 10 pm.
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Figure 5.2 cont. GFP-RHAMM isoforms have different cellular distribution 

patterns.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



155

RHAMM^-transfected cells (Fig. 5.2d - f) was distinct compared with cells transfected 

with GFP plasmids. After 6 H of culture, GFP-RHAMMfl was visible in transfected 

cells and had a diffuse, cytoplasmic staining pattern that was clearly absent from the 

nuclear region (Fig. 5.2d). After 24 H of culture, most transfected cells expressed greater 

quantities of GFP-RHAMMfl diffusely distributed throughout the entire cell body 

including cell processes (Fig. 5.2e). In addition, some transfected cells had a fluorescent 

pattern suggesting a portion of the GFP-RHAMMfl fusion protein was associated with 

the MT cytoskeleton. However, after 48 H of culture, all GFP-RHAMM^-transfected 

cells had a fluorescent pattern that was highly organized and appeared consistent with the 

majority of the fusion protein associating with the MT cytoskeleton throughout the 

cytoplasm and around the nucleus (Fig. 5.2f). A fraction o f GFP-RHAMM^ remained 

diffusely distributed in transfected cells even after 48 H of culture.

COS cells transfected with GFP-RHAMM'147 plasmid also had a lower level of 

transfection efficiency than GFP transfected cells as indicated by flow cytometric analysis 

(8 — 10% fluorescent cells). At all time points analyzed, GFP-RHAMM'147 fusion 

proteins had a tendency to associate with MTs (Fig. 5.2g - i). After 6 H of culture, the 

majority of fluorescence was in a MT-associated pattern throughout the cytoplasm while 

a minority of fusion protein was diffusely distributed in the cytoplasm (Fig. 5.2g). After 

24 or 48 H of culture, GFP-RHAMM'147 fusion proteins were expressed throughout the 

cell body and along processes and virtually all fluorescing proteins were associated with 

the MT cytoskeleton (Fig. 5.2h & i). Recently, another group used confocal analysis to 

show endogenous RHAMM or GFP-RHAMM fusion proteins co-localize with tubulin in 

HeLa cells (Assmann et al., 1999). The sequence encoded by exon 4 of RHAMM was
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required to mediate efficient binding of RHAMM to polymerized tubulin in an in vitro 

co-sedimentation assay, thus using a different model system, our results verify these 

observations.

GFP-RHAMM*48 transfectants had a diffuse staining pattern throughout the 

cytoplasm, absent from the nuclear region and not in a pattern indicating association with 

MTs at any time point (Fig. 5.2j — m). Flow cytometric analysis indicated 20 — 22% of 

cells were fluorescent. After 6 and 24 H of culture a portion of the fusion protein was 

localized at the tips of cell protrusions or lamellipodia and ruffled membranes (Fig. 5.2j, 

k, m). An enlarged view of Fig. 5.2k indicated GFP-RHAMM*48 was concentrated in 

discrete areas at the tips of lamellipodia that resemble focal complexes or focal adhesions 

(Fig. 5.2o). An enlarged view of Fig. 5.2m showed GFP-RHAMM*48 was clearly 

distributed along the ruffled membrane in proximity to or at the cell surface (Fig. 5.2n). 

Thus, GFP-RHAMM*48 was the only isoform of RHAMM clearly expressed in 

association with cell membranes. After 24 H of culture, a strong perinuclear distribution 

of RHAMM was apparent in some cells (Fig. 5.2m). After 48 H of culture, GFP- 

RHAMM*48 fusion proteins were diffusely distributed throughout the cell, but no longer 

demonstrated an association with the cell membrane (Fig. 5.21).

5.3 RHAMM and GFP Epitopes Co-Iocalize in Transfected COS Cells

GFP and GFP-RHAMM transfectants were stained with anti-RHAMM serum to 

ensure that fluorescing protein was comprised of GFP fused to RHAMM. COS cells 

transfected with GFP-RHAMM*48 (Fig. 5.3a — c) or GFP-RHAMM^* (Fig. 5.3d -  f) then
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Figure 5.3 GFP-RHAMM transfected cells express RHAMM and GFP epitopes.

GFP-RHAMM"48 (a - c) or GFP-RHAMMFL (d - f) transfected COS cells were stained 

sequentially with anti-RHAMM serum followed by biotinylated goat anti-rabbit IgG 

then streptavidin-QR or membranes of GFP-R-*8 transfected COS cells were labeled 

with PKH26 (g - i). Red depicts antibody or membrane staining (a, d, g), green 

depicts GFP fluorescence (b, e, h) and areas of co-localization are yellow-orange(c, f, 

i). Images were acquired on a Zeiss confocal LSM. The bars represent 10 pM.
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stained with anti-RHAMM serum 48 H post transfection had a pattern of staining that co

localized with the distribution of GFP fluorophore indicating fluorescence was emitted 

from fusion proteins. Although anti-RHAMM staining did not delineate the MT 

association as clearly as did GFP fluorophore, this is likely due to the indirect method of 

staining. Confocal images of transfected cells stained with anti-GFP serum also indicated 

this staining protocol did not clearly delineate the MT association of GFP-RHAMMfl or 

GFP-RHAMM'147. Anti-RHAMM and anti-GFP sera also co-localized with GFP 

fluorophore in cells transfected with GFP-RHAMM'147. Cells transfected with GFP 

plasmid also stained well with anti-GFP serum, but did not stain above background 

intensity when stained with anti-RHAMM serum. Anti-RHAMM mAbs 3T3-5 and 3T3- 

9 were also used to stain transfected cells, but detectable staining was not apparent in 

cells examined by flow cytometry or confocal microscopy (data not shown).

5.4 Cellular Distribution of Fusion Proteins is Altered when Cells are

Rendered Non-adherent

To further examine whether GFP-RHAMM*48 fusion proteins were expressed at 

the cell surface, transfected COS cells were harvested and stained with the membrane dye 

PKH26 then examined by confocal microscopy. Transfected cells generally assumed a 

more rounded shape in suspension as indicated by membrane-stained images (Fig. 5.4a, d, 

g). The pattern of GFP-RHAMM distribution became diffuse for cells expressing either 

GFP-RHAMMfl (Fig. 5.4a - c) or GFP-RHAMM'147 (Fig. 5.4d - f) suggesting these 

fusion proteins were no longer associated with the MT cytoskeleton or that the MT
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Figure 5.4 Non-adherent COS cells alter the distribution o f GFP-RHAMM.

COS cells transfected with GFP-RHAMMfl (a - c), GFP-RHAMM'147 (d - f) or GFP- 

RHAMM-48 (g - i) were harvested 48 H post-transfection and labeled with PKH26. Red 

images depict PKH26 staining (a, d, g), green images depict GFP fluorescence (b, e, h) 

and areas where the two fluorophores overlap are yellow (c, f, i). Images were 

acquired on a Zeiss confocal LSM. The bar represents 10 pm.
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cytoskeleton was disassembled. Mid-section optical slices through transfected cells 

indicated GFP-RHAMM'147 fusion proteins remained intracellular (Fig. 5.4e) and there 

was little or no co-localization of GFP-RHAMM'147 with the cell membrane as indicated 

by the absence of yellow-orange staining in the composite confocal image (Fig. 5.4f). 

GFP-RHAMMfl fusion proteins were also intracellular (Fig. 5.4b) and there were no or 

very minor associations with the stained membrane as indicated in the composite image 

(Fig. 5.4c).

GFP-RHAMM’48 transfected cells demonstrated strong co-localization of fusion 

protein with the stained membrane (Fig. 5.3g — i & 5.4g -  i). An optical section of the 

outer cell surface demonstrated fusion proteins were distributed with the stained cell 

membrane as indicated by the yellow-orange color (Fig. 5.4i). Mid section optical slices 

of the same cell showed co-localization of fusion protein and stained membrane around 

the entire cell periphery (Fig. 5.3g — i). This suggested that for cells rendered non

adherent, GFP-RHAMM’48 was predominantly expressed in association with the cell 

membrane.

5.6 Summary: GFP-RHAMM Fusion Proteins Have Two Cellular

Distribution Patterns

The GFP-RHAMM fusion constructs were prepared and used to transfect COS 

cells. This cell line proved to have the best transfection efficiency compared with Jurkat, 

CEM or 3T3 fibroblast cell lines. Biochemical analysis indicated each of the three 

different GFP-RHAMM fusion proteins was the expected size and was specifically 

detected by both anti-RHAMM and anti-GFP sera. Unfortunately, the anti-RHAMM
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mAbs did not detectably precipitate nor blot any of the three GFP-RHAMM fusion 

proteins. The inability of mAbs 3T3-5 and 3T3-9 to precipitate RHAMM from lysates or 

blot precipitated RHAMM might reflect the low affinity of these mAbs. Recently, both 

mAbs detected purified fusion proteins in immunoblots, but a minimum of 6 pg of fusion 

protein was blotted before detection occurred (Pilarski et al., in press).

Confocal analysis of transfected cells indicated both GFP-RHAMMfl and GFP- 

RHAMM'147 were distributed in a pattern suggesting association with the MT 

cytoskeleton. GFP-RHAMM'147 appeared to associate with MTs as early as 6 H post

transfection. GFP-RHAMM0' was more diffusely distributed through the cytoplasm in 

most cells 6 H after transfection, but after 48 H of culture the majority of fusion proteins 

appeared to associate with the MT cytoskeleton.

GFP-RHAMM"48 was distributed in a pattern that indicated it did not associate 

with the MT cytoskeleton. The distribution pattern 6 and 24 H post-transfection was 

diffuse throughout the cytoplasm, with a strong perinuclear distribution present in some 

cells. A fraction of GFP-RHAMM'48 was also associated with the cell membrane in 

protrusions and along ruffled membranes. After 48 H of culture, GFP-RHAMM'48 was 

distributed through the cytoplasm with no obvious cell membrane distribution.

Another group recently reported similar results using GFP-RHAMM constructs to 

transfect HeLa cells except they observed intranuclear localization of GFP-RHAMM 

(Assmann et al., 1999). Although the COS cell transfections have been repeated several 

times, nuclear localization of GFP-RHAMM'48 in COS cells was never observed; 

however, GFP transfected COS cells had detectable fluorescence localized to the nucleus.
4 Q

These experiments suggested exon 4, which is absent from RHAMM , encodes all or
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part of a MT binding domain. Using an in vitro tubulin binding assay, Assmann et al. 

(1999) confirmed RHAMM proteins bind to polymerized tubulin and the absence of the 

exon 4 encoded sequence decreases the efficiency of binding.

The transfected COS cells were stained using either anti-GFP or anti-RHAMM 

serum. Confocal analysis indicated co-localization of antibody staining and GFP 

fluorescence confirming both GFP and RHAMM epitopes were present on fusion 

proteins expressed by each of the three transfected cell lines. Anti-RHAMM mAbs 3T3- 

5 and 3T3-9 did not detectably stain any of the three different fusion proteins. This 

suggested the epitopes recognized by these two mAbs might be dependent on associations 

with other proteins. These mAbs were raised by immunizing mice with RHAMM 

(HABP) isolated from HA affinity columns suggesting these mAbs likely recognize 

conformation-dependent epitopes. This could also explain why the apparent binding 

affinity of the two mAbs to the RHAMM fusion protein was low.

To determine if GFP-RHAMM ' 4'8 fusion proteins were distributed to the cell 

membrane, tranfected COS cells were harvested and stained with a lipophilic membrane 

dye. Maintaining COS cells in suspension while staining the membranes altered cellular 

morphology and the MT association of GFP-RHAMM0 ' and GFP-RHAMM ' 147 was no 

longer apparent. GFP-RHAMM '48 was distributed entirely to the cell membrane, 

although it was unclear if the fusion protein was redistributed to the cell surface. 

Whether intracellular RHAMM in thymocytes consisted of RHAMM0', RHAMM ' 48 or 

both could not be determined.
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6  DISCUSSION

6.1 Integrins, ECM Components and RHAMM Guide Differentiating 

Thymocytes Through the Thymus

Ex vivo human and murine thymocytes adhere to and locomote on Fn-coated 

surfaces. This indicates thymocyte Fn-binding receptors are in constitutively active 

binding conformations suggesting they function in vivo as thymocytes differentiate. 

Thymocytes interact with stromal cells and migrate to different regions of the thymus as 

they undergo differentiation and selection and these activities are likely mediated by 

integrins. ECM components such as Fn have a restricted distribution pattern in the 

neonatal thymus that includes the subcortical cortex, the cortico-medullary junction and 

the medulla. Fn is sparsely distributed in the thymic cortex. These observations suggest 

differentiating thymocytes might modulate expression and function of Fn-binding 

integrins depending on the anatomic site in which cells are localized. Thus, patterns of (3i 

integrin expression on different thymocyte subsets might have functional implications in 

regard to the anatomic sites supporting differentiation, positive and negative selection.

6.1.1 Integrin avidity promotes adhesion or motility for thymocytes 

Flow cytometric analysis of (X4 , as and (3i integrin expression on thymocytes 

indicated expression levels were relatively consistent among thymocytes of each subset, 

but varied between thymocyte subsets defined by CD4 and CD 8  expression. This 

suggested integrin expression was modulated as thymocytes matured from DN cells to SP 

cells. Functional analyses using timelapse microscopy to record cell behavior indicated 

immature MN thymocytes were adhesive to Fn and utilized OC4 P 1 integrins to facilitate 

adhesion. O4 0 i integrins were also involved in locomotory activities of MN thymocytes.
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MAbs to CC5 integrins did not have a significant effect on adhesion or motility when cell 

behavior was analyzed using timelapse microscopy. The data indicated interaction 

between cqPi integrins and Fn promoted either anchored behavior or promoted 

locomotion for cells among the MN subset.

The most mature SP thymocyte subsets had decreased expression levels of CC4 

integrin chains and slightly increased expression of CX5  integrin chains. An equivalent 

fraction of this subset adhered to Fn compared with MN thymocytes, but unfractionated 

thymocytes contained twice as many Fn-adherent cells. Unfractionated thymocytes 

contained 85% CD4'I'8+ DP thymocytes and the two SP subsets constituted the majority of 

the remaining population. Thus, observations using unfractionated thymocytes strongly 

reflected the behavior of DP thymocytes. Since the unfractionated thymocytes contained 

a larger fraction of Fn-adherent cells than MN or SP subsets, this suggested the DP subset 

contained a larger proportion of cells at a stage of differentiation requiring anchored 

behavior.

ccjPi integrins mediate adhesion to Fn or to VCAM-1 expressed on endothelial 

cells for many types of cells including thymocytes. VCAM-1 is expressed in vivo on 

cortical TECs and CC4 P 1 integrins on thymocytes mediate in vitro interactions with thymic 

epithelial cultures via interaction with VCAM-1 (Salomon et al., 1997). This suggests 

cciPi integrins mediate adhesion to cortical TECs as DP thymocytes undergo selection in 

the cortex. This is consistent with the observation that immature DP cells are relatively 

adhesive cells. Sessile behavior of this subset is consistent with the relatively high 

expression of oq integrins on DP thymocytes. The high number of Fn-adherent 

thymocytes among unfractionated thymocytes compared to MN or SP subsets is
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consistent with the prediction that immature DP thymocytes are at a relatively sessile 

phase of differentiation.

Although mAbs to as integrin did not significantly decrease the number of Fn- 

adherent cells among the unfractionated population, when these mAbs were added in 

combination with mAbs to 0 4  integrins the number of Fn-adherent cells was significantly 

decreased. The decrease of adhesive cells was highly significant compared with samples 

treated only with mAbs to 0 C4 integrins. This suggested both 0 4  and as integrins facilitate 

interactions with Fn for the majority of thymocytes. When cell motility was assessed, 

both CC4 and as integrins were required to mediate motility, since mAbs to either the a* or 

as subunit significantly decreased the number of motile cells. This suggested Fn-binding 

integrins mediate interactions with Fn to maintain sessile behavior or promote motile 

behavior.

A substantial body of evidence suggests that DP thymocytes are positively 

selected in the cortex then migrate to the cortico-medullary junction and the medulla to 

undergo negative selection. Although the high expression levels of Ot and Pi subunits on 

DP thymocytes suggest a*Pi integrins mediate high avidity interactions with ligand, the 

sparse distribution of Fn in the cortex suggests low avidity interactions between 0 4 Pi and 

Fn could occur in this region. Since low avidity interactions of integrins with their ligand 

promote motility, a 4Pi integrins could mediate migration through the cortex for DP 

thymocytes. Receptor occupancy of LFA-1 dovvnregulates high affinity binding 

conformations of ^ P i  integrins and stimulates asPi-mediated migration of T 

lymphoblasts (Porter & Hogg, 1997). Thymocytes and TECs also express LFA-1 and
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ICAM-1, respectively, suggesting this mechanism might enhance the motility of post

selection cortical thymocytes. Both our data and that of others indicated both (X4 P 1 and 

CC5 P 1 integrins mediated motility for the majority of motile thymocytes. Examination of 

the phenotype of migratory thymocytes indicates the majority of these thymocytes are SP 

thymocytes or have a ‘post-selection’ CD3hl4med8med69+ phenotype that presumably 

includes more mature DP thymocytes (Crisa et al., 1996) supporting the idea that positive 

selection stimulates thymocyte migration.

SP thymocytes have decreased expression of CLi integrin chains and slightly 

increased expression of CC5 integrin chains suggesting the majority of these mature 

thymocytes might be motile. However, the proportion of CDS1” thymocytes was 

equivalent to the proportion of motile cells in the unfractionated population. This 

indicated purified CD3hl thymocytes did not contain a higher proportion of migratory 

cells than the unfractionated population. However, this subset cannot be examined ex 

vivo without first isolating the cells, raising the possibility that experimental manipulation 

might affect normal behavior. Both the cortico-medullary junction and the medulla 

contain high distribution levels of Fn and other ECM components. This might provide a 

migratory path for thymocytes to reach the medulla. These observations also suggest Pi 

integrins in low affinity conformations are likely to support the low avidity interactions 

between (31 integrins and Fn required to promote cell locomotion. Using an anti-Pi 

integrin activating mAb to force Pi integrins on unfractionated thymocytes into a high 

affinity binding conformation significantly enhanced the number of Fn-adhesive cells and 

caused a concomitant decrease in the number of motile cells. This suggested Pi integrins 

in low affinity binding conformations promoted locomotion for migratory thymocytes.
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6.1.2 Both Bi integrins and RHAMM mediate motility for migratory

thymocytes

The motility receptor RHAMM mediates Fn-dependent motility for thymocytes 

(Pilarski et al., 1993). RHAMM was expressed at low density on fractions of thymocytes 

within each maturational subset except the most immature CDS' MN thymocytes (Gares 

& Pilarski, 1999). MAbs to RHAMM significantly decreased the number of motile cells 

among unfractionated and CD3hl thymocytes. This indicated RHAMM along with cctPi 

and asp! integrins functioned to mediate cell locomotion for the majority of motile 

thymocytes. The extent of inhibition of motility using mAbs to integrins or RHAMM 

was comparable. However, by recording cell behavior to quantitate motility a qualitative 

difference was detected in the inhibitory activity of the RHAMM mAbs versus the Pi 

integrin mAbs. Anti-RHAMM mAbs inhibited motility, but adhesion to Fn was 

unaffected or increased. Function blocking mAbs to both 0 4  and as integrin components 

significantly decreased the number of adherent and motile cells. This suggested Pi 

integrins were required by motile thymocytes to make weakly adhesive contacts with 

substrate, providing traction for locomoting cells. Pi integrins were also required to 

mediate interactions with Fn that promoted anchorage. Anchored behavior is presumably 

promoted by higher avidity interactions between Pi integrins and Fn.

Adhesion and motility may be viewed as opposing cellular behaviors in which 

adhesion receptors are operational while cells remain anchored to the substrate and are 

non-functional while cells are motile. However, these observations suggested Pi 

integrins remained functional while cells were motile. One of the requirements for 

motility is to decrease the overall strength of adhesion and this can be achieved by
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decreasing the binding affinity of integrin receptors. Binding affinity is a measure of the 

strength of binding between a receptor and its ligand. Affinity can be modulated by 

cross-talk between integrin receptors, ligand binding and ion binding (Imhof et al., 1997; 

Porter & Hogg, 1997; Weerasinghe et al., 1998). Integrins can also be forced into high 

affinity binding conformations by specific activating mAbs (Faull et al., 1994; Stewart & 

Hogg, 1996). Since cells express many integrin receptors, the overall avidity of 

interactions will determine the strength of cell adhesion to substrate. Motile behavior is 

dependent on weakly adhesive interactions between integrins and substrate that enable 

cell de-adhesion. Since Pi integrins were highly expressed by thymocytes, this implied 

binding avidity might be modulated by alteration of the binding affinity of integrins. 

Thymocytes pre-treated with Pi integrin activating mAbs were less motile and had a 

concomitant increase in adhesion. This suggested that high affinity interactions of 

integrins with Fn increased overall avidity and promoted sessile behavior (Fig. 6.1). 

When integrin binding avidity was increased, sessile behavior was dominent over 

RHAMM-mediated motility even in the presence of HA. This suggests that if RHAMM 

functions to de-adhere migratory cells, other factors might first be required to 

downregulate high avidity interactions between integrins and their ligands. In vivo, to 

stimulate motility of differentiating thymocytes, LFA-1 interactions with ICAM-1 might 

be required to downregulate high affinity binding conformations of Pi integrins. 

Decreased expression of ctiPi integrin as thymocytes mature might decrease the avidity of 

interactions between thymocytes and substrate.
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PI Integrins in High Affinity 
Conformations; Promote Sessile 
Behavior

PI Integrins in Low Affinity 
Conformations Promote 
Motile Behavior

High afflmity ouPi integrin

High affiiuity a 5pi integrin

Low affinity ct4 pi integrin

Low affinity a 5Pi integrin

Fn

HA

RHAMM

Figure 6.1 The balance between adhesion and motility is mediated by integrin 

avidity.

When a 4P, and a 5P! integrins are in high affinity binding conformations, the overall 

avidity o f interactions nvith Fn is increased and sessile behavior predominates. (3, 

integrins in low affinity* binding conformations have decreased binding avidity that 

promotes motility. Thymocytes can revert to either behavior depending on the signals 

received from stromal ce lls  or ECM components. HA binding to RHAMM might 

mediate de-adhesion an d  stimulate locomotion.
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Once integrins interact with substrate at low avidity, HA interactions with 

RHAMM might stimulate cell de-adhesion and locomotion. HA is poorly adhesive for 

cells, supporting the idea that interactions between RHAMM and HA promote de

adhesion. The distribution of HA in the fetal and neonatal thymus is similar to the 

distribution of Fn. This is consistent with the view that Fn receptors and HA receptors 

have a functional relationship that promotes locomotory behavior. HA binding to 

RHAMM causes net de-phosphorylation of FAK and turns over focal adhesion in 

fibroblasts (Hall et al., 1994) and this could promote motility by decreasing the strength 

of adhesion.

6.1.3 The onset of RHAMM expression is dependent on receptor 

occupancy of P  ̂integrins 

The relationship between Pi integrins and RHAMM was further characterized by 

examining expression and function of these receptors at an early point in differentiation 

prior to detectable RHAMM expression. MN thymocytes were purified using bead 

depletion or bead depletion in combination with cell sorting to remove CD3+4+8+19+ 

cells. Flow cytometric analysis of MN cells showed a lack of RHAMM expression, but 

moderate expression o f ou, as, ote and Pi integrin subunits (Gares & Pilarski, 1999). 

Timelapse microscopy indicated of all the MN thymocytes that interacted with Fn, more 

than 50% were locomotory while the remaining thymocytes were anchored cells. This 

observation suggested the MN subset contains a mixture of cells with respect to their 

behavior on Fn. GCiPi integrins mediate high affinity or avidity interactions with Fn that 

promote anchorage to Fn for a portion of the subset. otiPi integrins also mediate lower
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affinity or avidity interactions that promote locomotion for a different population within 

the MN subset. These two behavioral types of MN cells might revert between anchored 

behavior and migratory behavior (Fig. 6.2).

MN thymocytes were cultured on uncoated or Fn-coated tissue culture wells over 

a period of several days and expression of RHAMM and integrin subunits was monitored 

over time (Gares & Pilarski, 1999). MN thymocytes cultured in vitro for two days 

upregulated expression of the Pi integrin subunits and RHAMM in the presence or 

absence of Fn. This suggested thymocytes undergoing in vitro differentiation became 

migratory and likely used RHAMM to mediate migratory behavior at this point in 

development. Although Fn was not required to upregulate short term RHAMM 

expression, thymocytes cultured for longer periods maintained RHAMM expression only 

in the presence of Fn. This implied prolonged RHAMM expression might be dependent 

upon integrin-mediated signaling. Alternatively, RHAMM might interact directly or 

indirectly with Fn to maintain expression. To test whether high avidity interactions of 

integrins affected RHAMM expression, MN thymocytes were cultured in Fn-coated wells 

containing immobilized mAbs to cq, as, or Pi integrins. The immobilized mAbs 

inhibited prolonged RHAMM expression (Gares & Pilarski, 1999). Control mAbs or 

anti-RHAMM mAbs did not affect the prolonged expression of RHAMM. This data 

indicated high avidity ligand binding (emulated by integrin binding to immobilized 

mAbs) mediated by cctPi and asPi integrins was not only dominant over RHAMM- 

mediated motility, but modulated the expression of this motility receptor.
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MN Thymocytes Use Integrins to 
Promote Adhesion or Motility

CD3/TCR* Thymocytes Use Integrins
and RHAMM to Mediate Motility

No Differentiation
CD3-

Affinity o r  Avidity 
M odulation I I

CD3+
V

:cccco5cfo>3$33cccccccc3^^

Differentiation

High affinity (X4 P1 integrin 

Low affinity (X4 P1 integrin

RHAM M

HA

Fn

Figure 6.2 Differentiation of MN thymocytes correlates with decreased binding 

avidity of a 4 Pt integrins and the onset of RHAMM expression.

High avidity binding of a 4(3, and a 5P, integrins maintain sessile behavior for MN 

thymocytes by mediating stong binding to Fn or stromal cells. a 4P, integrins also 

mediate motility for MN thymocytes by mediating weaker adhesive contacts with Fn. 

Highly adhesive MN thymocytes might be at a different developmental stage. As MN 

thymocytes differentiate and express CD3, they begin to express RHAMM which also 

mediates motility.
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To determine if RHAMM expressed by cultured MN thymocytes functioned to 

promote thymocyte motility, cell behavior was assessed. After two days of culture on Fn 

the number of motile cells increased compared with ex vivo MN thymocytes. Motility 

became RHAMM-dependent, since anti-RHAMM mAbs decreased the proportion of 

motile cells and increased the number of Fn-adherent cells (Fig. 6.2). By day 2 of culture, 

thymocytes also expressed CD3/TCR, indicating that differentiation of thymocytes 

correlated with RHAMM expression and function (Gares & Pilarski, 1999). These 

experiments suggested integrins functioned very early in thymocyte differentiation to 

promote anchored or motile behavior. They also suggested Pi integrin signaling might 

inhibit the expression of RHAMM when integrins are held in high avidity binding 

conformations (Fig. 6.2).

6.2 HA Promotes Motility by Redistributing Intracellular RHAMM to the

Cell Surface

RHAMM expression on thymocyte subsets was analyzed using two different anti- 

RHAMM mAbs. Only 15 to 20% of thymocytes stained with mAb 3T3-5 had weak 

surface staining while approximately 30 to 60% of thymocytes treated with mAb 3T3-9 

were stained with weak intensity. RHAMM was required by migratory thymocytes for 

locomotion, since anti-RHAMM mAbs significantly decreased the number of motile cells 

among unfractionated or CD3hl thymocytes. To begin to characterize the cellular 

localization of RHAMM in thymocytes, these two anti-RHAMM mAbs were used for 

further analysis.
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Binding patterns of the two anti-RHAMM mAbs indicated mAb 3T3-9 

preferentially bound to an epitope expressed by surface RHAMM while mAb 3T3-5 

preferentially bound to an epitope expressed by intracellular RHAMM, which we have 

termed RHAMM-9 and RHAMM-5, respectively. Both anti-RHAMM mAbs showed 

similar binding to a RHAMM fusion protein. Confocal analysis of anti-RHAMM/HA- 

FITC stained cells indicated co-localization of surface RHAMM-9 expression and bound 

HA. This suggested RHAMM-9 was an HA binding receptor for human thymocytes. 

Few sites of CD44 expression co-localized with sites of HA binding suggesting that on 

human thymocytes, CD44 is not in an activated, HA-binding state. To determine if HA 

affected RHAMM expression, thymocytes were pre-treated with HA then stained with 

anti-RHAMM mAbs. Pre-treatment of thymocytes with HA strongly increased surface 

expression of RHAMM-5 as indicated by an increased staining intensity as well as an 

increase in the number of RHAMM-5+ cells. The HA-induced increase in RHAMM-5 

expression was abrogated by sodium azide indicating that metabolic energy was required. 

RHAMM-5 might be a conformation-dependent epitope revealed when HA binds to 

RHAMM-9. However, the slight increase of RHAMM-9 expression following HA pre

treatment suggested the HA-induced expression of RHAMM-5 could be a result of 

redistribution of RHAMM from another cellular compartment.

Confocal analysis of permeabilized thymocytes confirmed RHAMM-5 was 

predominantly intracellular. There was also a minor co-localization of RHAMM staining 

with cell surface CD45 staining suggesting RHAMM-5 was expressed at the cell surface 

at very low density. To investigate whether binding of HA stimulated mobilization of the 

intracellular RHAMM-5 to the cell surface, we used PLC to cleave RHAMM from the
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cell surface followed by addition of exogenous HA. PLC treatment decreased surface 

RHAMM-5 expression, but did not remove RHAMM-9. This suggested the low density 

of RHAMM-5 was susceptible to cleavage by PLC, while RHAMM-9 was impervious. 

When PLC-treated thymocytes were exposed to HA and subsequently stained, surface 

RHAMM-5 expression was greater than could be caused by an HA-induced 

conformational change of surface RHAMM-9. This suggested exogenous HA increased 

mobilization of intracellular RHAMM-5 to the cell surface. This also suggested 

RHAMM-5 was expressed at the cell surface in association with a gpi-anchored protein.

To determine whether redistributed RHAMM-5 was a functional mediator of 

motility for thymocytes, motility assays were done. Of the total thymocyte population, 

approximately 16% of cells were motile on Fn-coated wells in the presence or absence of 

HA. In the absence of exogenous HA, mAb 3T3-9 significantly decreased the number of 

motile cells while mAb 3T3-5 decreased the proportion of motile cells to a lesser, but 

significant, extent. This suggested that even in the absence of exogenous HA, RHAMM- 

9 was capable of promoting motility for human thymocytes while RHAMM-5 played a 

minor role. This observation also suggested RHAMM-mediated motility occurred in the 

absence of ligand. However, hyaluronidase treatment of thymocytes significantly 

decreased the number of motile cells suggesting HA was required to stimulate locomotion 

(Gares et al., 1998). Addition of exogenous HA to motility assays restored motility of 

hyaluronidase-treated thymocytes indicating HA was essential for RHAMM-mediated 

motility and suggested thymocytes might synthesize endogenous HA. The observation 

that thymocytes have the potential to synthesize their own HA is provocative and suggests
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differentiating thymocytes do not just respond to their microenvironment, but participate 

in creating a microenvironment likely to promote RHAMM-mediated motility.

The observation that either anti-RHAMM mAb inhibited motility in conditions 

when both RHAMM-9 and RHAMM-5 were optimally expressed at the cell surface 

indicated both RHAMM-9 and RHAMM-5 were required to mediate locomotion. 

Sequence analysis indicates RHAMM contains coiled coil domains that could support 

dimerization or oligomerization of RHAMM (Assmann et al., 1999). RHAMM 

molecules might form multimeric complexes at the cell surface that mediate motility. 

Removal of surface RHAMM by PLC treatment of thymocytes significantly inhibited cell 

motility. However, when PLC-treated thymocytes were exposed to HA, motility was 

restored, as expected if RHAMM-5 was mobilized from an intracellular pool to the cell 

surface by HA. The requirement for both RHAMM-9 and RHAMM-5 to mediate 

motility was emphasized by the PLC treatment, since motility was abrogated even though 

PLC did not affect surface expression of RHAMM-9.

Localization of RHAMM to different cellular compartments suggested 

thymocytes expressed distinct isoforms of RHAMM. RHAMM variants consist of a full 

length isoform containing all encoding exons, an isoform with a 48 bp deletion that 

correlates to the excision of exon 4 and a downstream 147 bp deletion that correlates to 

excision of exon 13 (Crainie et al., 1999; Assmann et al., 1999). RT-PCR 

characterization of RHAMM mRNA from three different thymocyte preparations showed 

expression of three distinct RHAMM transcripts. RHAMMFL and RHAMM"48 were 

readily detectable, whereas RHAMM'147 was expressed at barely detectable levels of only 

two thymocyte preparations from five separate donors. RHAMM proteins of two
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different apparent molecular weights were also detected in thymocyte lysates. The 

molecular weight of two of the bands was consistent with the predicted molecular weight 

of RHAMM ^ and RHAMM-48. Therefore, molecular and biochemical data indicated 

thymocytes expressed two different RHAMM isoforms. To determine if the two different 

RHAMM isoforms expressed the RHAMM-5 and RHAMM-9 epitopes, thymocyte 

lysates were precipitated with anti-RHAMM mAbs 3T3-5 and 3T3-9. The mAbs were 

also used for immunodetection of blots containing RHAMM precipitated with anti- 

RHAMM serum. However, neither mAb detectably precipitated nor blotted RHAMM 

proteins.

6.2.1 Do anti-RHAMM mAbs detect two RHAMM isoforms?

The mAb binding patterns indicated the epitopes detected by each mAb, 

RHAMM-9 and RHAMM-5, localized to the cell surface and an intracellular site, 

respectively, in untreated ex-vivo thymocytes. This suggested thymocytes expressed two 

isoforms of RHAMM that might perform different functions for cells. Thymocytes 

expressed mRNA for both RHAMM^ and RHAMM-48 and proteins of the appropriate 

molecular weights for each isoform could be precipitated using anti-RHAMM serum. 

However, anti-RHAMM mAbs did not bind detectably to denatured proteins in western 

blots. Thus, it could not be determined if the RHAMM-5 and RHAMM-9 epitopes were 

expressed by RHAM M ^, RHAMM-48 or both. RHAMM-9 and RHAMM-5 could be 

genetically identical and occur in two cellular compartments as a consequence of receptor 

recycling. RHAMM-mediated endocytosis of HA has been reported (Masellis-Smith et 

al., 1996; Collis et al., 1998) and internalized RHAMM-9 could contribute to the 

intracellular pool of RHAMM identified as RHAMM-5 or vice versa. Anti-RHAMM
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mAbs 3T3-5 and 3T3-9 did bind with apparently low affinity to a GST-RHAMM fusion 

protein. The fusion protein contains a partial RHAMM sequence that is downstream of 

the sequence encoded by exon 4 suggesting the mAbs recognize epitopes that are likely 

expressed by both RHAMMFL and RHAMM*48. However, the relatively low binding 

affinity of each mAb to the fusion protein suggested the recombinant protein was not in a 

conformation that allowed optimal mAb binding. Conformation-dependent epitopes can 

be dependent on intra- or inter-molecular interactions that might be unique to each 

RHAMM isoform. Although each anti-RHAMM mAb likely binds to a domain common 

to RHA M M ^ and RHAMM*48, the distant domains unique to each isoform might 

influence the overall shape of the common domains. These data neither confirms nor 

refutes that the two anti-RHAMM mAbs recognize epitopes expressed by one or two 

different RHAMM isoforms.

Although different cellular distribution patterns were suggestive of the existence 

of two different RHAMM proteins, the mAb binding patterns could conceivably be a 

result of one RHAMM isoform. The cellular localization of RHAMM might influence 

the protein conformation and the availability of mAb-specific epitopes. ‘Intracellular’ 

conformations presumably reveal the RHAMM-5 epitope while ‘cell surface’ 

conformations reveal the RHAMM-9 epitope. At the cell surface, RHAMM might 

associate with other surface molecules and assume a conformation hiding the 3T3-5 

binding epitope while preserving the 3T3-9 epitope. This would result in negligible 

binding to cell surface RHAMM by mAb 3T3-5. MAb 3T3-5 did bind to RHAMM that 

was presumably redistributed to the cell surface, but redistributed RHAMM might 

interact with alternate cell surface proteins than does RHAMM-9 when it is initially
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redistributed to the cell surface. This would maintain RHAMM-5, at least transiently, in 

a conformation that reveals the 3T3-5 epitope and hides the 3T3-9 epitope. Although it is 

enticing to assume the two mAbs bind to different isoforms of RHAMM, there is no 

definitive data to support this view.

6.2.2 How does RHAMM function to mediate motility?

MAb binding profiles provided suggestive but inconclusive evidence for the 

presence of two distinct RHAMM isoforms in different compartments. The motility 

analyses suggested RHAMM-9 and RHAMM-5 cooperated to mediate locomotion, since 

mAb binding to either epitope significantly decreased the number of motile cells. These 

observations are difficult to reconcile without assuming intracellular RHAMM was 

redistributed to the cell surface. Thymocytes treated with hyaluronidase are not motile 

indicating HA is absolutely required by thymocytes to mediate motility (Gares et al., 

1998). The requirement for HA suggested HA binding to RHAMM-9 mediated motility, 

generated signals and/or redistributed RHAMM-5 to the cell surface (Fig. 6.3). 

Redistributed RHAMM-5 then mediated motility alone or in combination with RHAMM- 

9. MAb 3T3-9 inhibited motility in this assay system, but we do not know if motility is 

inhibited directly or whether upstream events are inhibited by mAb binding to RHAMM- 

9. Anti-RHAMM mAbs might interfere with interactions between RHAMM-9 and other 

proteins required to generate signals or mediate motility. HA binding to RHAMM results 

in net de-phosphorylation of FAK (Hall et al., 1995), thus HA binding might mediate 

signals through RHAMM-9 or perhaps other surface molecules. This signaling cascade 

might maintain low affinity binding conformations of integrins required to promote
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a  HA Binds Surface RHAMM-9

b RHAMM-5 Redistributes to the Ceil Surface

RHAMM-9 and RHAMM-5 Mediate Motility

RHAMM-9 RHAMM-5

Figure 6.3 RHAMM-5 redistributed to the cell surface participates in motility.

Thymocytes express a low density o f surface RHAMM-9 and a higher density o f 

intracellular RHAMM-5 (a). HA binding to RHAMM might initiate signals that result 

in a redistribution of RHAMM-5 to the cell surface (b). At the cell surface RHAMM- 

5 associates with RHAMM-9 to form complexes that mediate motility and might 

enhance HA binding (c). Low avidity binding by P, integrins mediate weak adhesive 

contacts with Fn that provide traction for locomoting thymocytes.
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motile behavior (Fig. 6.3). For RHAMM-5 to participate in locomotion it was 

presumably redistributed to the cell surface, perhaps in response to HA interactions with 

RHAMM-9 (Fig. 6 b). But if both RHAMM-9 and RHAMM-5 are required, how did 

cells locomote in the absence of exogenous HA? Synthesis of endogenous HA during the 

period of mAb pre-treatment (without exogenous HA), which is at 4°C, must be 

insufficient to mobilize RHAMM-5 to the cell surface in the quantities required for mAbs 

to bind. Thus, in the absence of exogenous HA, only a low density of RHAMM-5 is 

available for mAb binding during the pre-treatment. However, while cells are 

equilibrating at 37°C, endogenous HA synthesis must be sufficient to mediate 

redistribution of intracellular RHAMM-5 to the cell surface where it then mediates 

motility.

The ability of both mAbs to decrease the number of motile cells indicated both 

RHAMM epitopes had a functional role in the motile process. This suggested RHAMM- 

9 and RHAMM-5 might combine to form multimers at the cell surface and these 

multimers function to mediate motility (Fig. 6.3C). There is evidence suggesting 

RHAMM receptors associate in multimeric complexes to mediate motility. A RHAMM 

gene truncated to remove the HA binding domains behaves as a dominant suppressor of 

RHAMM function when transfected into tumorigenic cells (Hall et al., 1995). The 

transfected cells become less motile and form large stable focal adhesions indicating 

RHAMM function is downregulated. These cells express wild-type RHAMM as well as 

mutant RHAMM, yet mutant RHAMM dominates in mediating cellular behavior. This 

suggests wild-type RHAMM and mutant RHAMM are unable to form multimers or form
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multimers that are unable to function normally because they lack the full complement of 

HA binding domains. Consistent with the idea that RHAMM mediates motility when it 

forms a multimeric complex, mAb binding to either epitope of RHAMM might interfere 

with the ability of RHAMM-9 and RHAMM-5 to associate. Expression of RHAMM in a 

multimeric complex is likely to increase ligand binding avidity since HA is a relatively 

linear, polymeric molecule. Only multimers of the basic HA dimer mediate motility 

(Turley, 1992), therefore, a multimeric association of RHAMM-5 and RHAMM-9 might 

be required to bind HA and mediate motility.

6.3 GFP-RHAMM Isoforms Have Different Cellular Distributions

To examine the cellular distribution of each different RHAMM isoform, plasmids 

were constructed containing the GFP gene fused to the sequence encoding each RHAMM 

isoform. These plasmids were used to transfect COS cells. The COS cell line was 

efficiently transfected by the GFP plasmids compared with three other cell lines. 

Transfected COS cells expressed GFP-RHAMM fusion proteins with the expected

FLmolecular weights. Based on the deduced amino acid sequences of RHAMM , 

RHAMM ' 147 and RHAMM-48, their respective molecular weights are 84.2, 78.4 and 82.3 

Kd. GFP-RHAMM^, GFP-RHAMM ' 147 and GFP-RHAMM"48 had apparent molecular 

weight of 108, 100 and 104 Kd respectively, thus were approximately the expected size. 

Biochemical analysis using anti-GFP and anti-RHAMM polyclonal sera confirmed each 

fusion protein contained GFP and RHAMM epitopes. Anti-RHAMM mAbs did not 

detectably precipitate fusion proteins.

permission of the copyright owner. Further reproduction prohibited without permission.



183

Confocal microscopic analysis of transfected cells showed the three different 

GFP-RHAMM fusion proteins were distributed in two distinct patterns. When 

transfected cells were examined by confocal microscopy 48 H after transfection, the 

distribution patterns of GFP-RHAMMfl and GFP-RHAMM ' 147 suggested both fusion 

proteins associated with the MT cytoskeleton. This staining pattern was consistent with 

other work (Assmann et al., 1999). At earlier time points, GFP-RHAMM^ was diffusely

FTdistributed throughout the cytoplasm suggesting GFP-RHAMM did not associate with 

MTs when cells were actively spreading and dividing. In contrast, GFP-RHAMM ' 147 

tended to associate with MTs as early as 6  H  after transfection. Cells transfected with 

GFP-RFIAMM-48 plasmids had a diffuse pattern of cytoplasmic fluorescence at each time 

point and no apparent association with MTs. This confirmed that the sequence encoded 

by exon 4, which was absent from the RHAMM ’48 isoform, expressed a  MT binding 

domain (Assmann et al., 1999). Six and 24 H after transfection, GFP-RHAMM '48 fusion 

protein was also observed at the tips of cell protrusions and ruffled membranes 

demonstrating this fusion protein associated with cell membranes. At these earlier time 

points there was also a strong perinuclear distribution of GFP-RHAMM-45. This model 

system demonstrated RHAMM isoforms exhibited two distinct distribution patterns with 

the majority of RHAMM expressed intracellularly and a small percentage, consisting of 

GFP-RHAMM-48, in contact with cell membranes or at the cell surface. This correlated 

with our observations in thymocytes, therefore, provided evidence that the distribution 

patterns of RHAMM-5 and RHAMM-9 in thymocytes might reflect expression of two 

isoforms of RHAMM, RHAMMFL and RHAMM-48.
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Each transfected cell line was stained with anti-RHAMM or anti-GFP serum to 

ensure GFP fluorescence correlated with expression of GFP-RHAMM fusion proteins. 

Antibody staining was co-localized with the fluorescence pattern of GFP indicating 

transfected COS cells were expressing fusion proteins. Anti-RHAMM mAbs were also 

used to stain GFP-RHAMM transfectants, but no detectable mAb staining was observed 

when the stained COS cells were examined by flow cytometry and confocal microscopy.

To further assess the association of GFP-RHAMM ' 48 with the cell membrane, 

transfected COS cells were harvested at 48 H, labeled with the membrane dye PKH26 

then examined by confocal microscopy. The membrane labeling procedure was done 

with the cells in suspension, so cells were considered ‘non-adherent’. In non-adherent 

COS cells, GFP-RHAMMfl and GFP-RHAMM ' 147 fusion proteins did not appear to 

associate with MTs, perhaps because the MT cytoskeleton was disassembled while cells 

were in suspension. The cells assumed a rounded shape and fluorescence was diffusely 

distributed throughout the cytoplasm. Neither GFP-RHAMM ' 147 nor GFP-RHAMMfl 

demonstrated substantial co-localization with the stained cell membrane. In contrast, 

virtually all GFP-RHAMM "48 fusion protein was co-localized with cell membranes, 

although it was not clear if the fusion proteins were at the cell surface. The distribution 

patterns of GFP-RHAMM in non-adherent cells suggested distribution of RHAMM 

isoforms might be dependent on many different factors including cell type and 

microenvironmental conditions.

These observations suggested that migratory cells such as lymphocytes, that 

radically reorganize the MT cytoskeleton as they initiate migration (Ratner et al., 1997), 

distribute RHAMM in patterns distinct from the patterns observed for strongly adherent

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

cell lines in which the MT cytoskeleton is maintained in a radial distribution. 

Furthermore, the distribution patterns of GFP-RHAMMfl and GFP-RHAMM ' 48 in 

transfected cells 6  and 24 H post-transfection differed from the distribution patterns at 48 

H when cells had formed a confluent monolayer. At early time points, distribution 

patterns of RHAMM fusion proteins are more likely to reflect the functional response of 

RHAMM in motile cells.

The membrane association of GFP-RHAMM ' 48 differs from a recent report by 

Assmann et al., 1999; however, we observed this distribution pattern at early time points 

not examined by this group. They also reported intranuclear expression of GFP- 

RHAMM ' 48 in tranfected cells, whereas we observed intranuclear expression only of GFP 

controls. This could reflect the use of a different cell line or different methods; however, 

they did not stain cells with antibody to RHAMM to verify that intranuclear staining 

consisted of fusion protein.

The GFP-RHAMMfl and GFP-RHAMM ' 147 fusion proteins had similar 

distribution patterns, but GFP-RHAMM ' 147 demonstrated an earlier cytoskeletal 

association than did GFP-RHAMMf l . This suggests the tubulin binding sequence 

encoded by exon 4 dominates RHAMM isoform distribution at quiescence, but that 

sequence (s) encoded by exon 13 might be dominant at earlier stages of cell growth. 

Examination of exon 13 indicates the First two amino acids of a YVRM sequence are 

encoded by the last 6  nucleotides of this 147 bp exon. Therefore, excision of exon 13 

destroys this motif. The YXX(j) motif interacts with adaptor proteins used by clathrin- 

coated pits and vesicles involved in protein trafficking (Zhang & Allison, 1997). The 

phosphorylation state of the YXX(j) motif affects interaction of this sequence with these
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adaptor proteins as well as signaling molecules (Schneider et al., 1995), thus if this is a 

functional sequence for RHAMMFL and RHAMM"48, RHAMM distribution patterns are 

likely to be affected by cellular activities while adherent cells are spreading.

Maintaining intracellular stores of a motility receptor would enable cells to 

promptly adapt to changes in their microenvironment by enabling rapid redistribution of 

receptors to the cell surface to mediate motile behavior. Receptors are also sequestered 

from ubiquitously expressed ECM components until appropriate conditions or events 

signal a need for increased surface expression. This strategy seems particularly suitable 

for cells such as thymocytes that continually adjust their behavior between adhesion and 

motility as they mature in the thymus. PMNs maintain an intracellular pool of the gpi- 

anchored protein CD 14 in secretory vesicles that enables PMNs to rapidly increase 

surface expression of these endotoxin receptors when stimulated by bacterial products 

(Detmers et al., 1995). Internalization has also been reported for gpi-anchored proteins 

such as CD59 and 5-methyltetrahydrofolate and this endocytic path is associated with 

signal transduction activities (Smart et al., 1994; Deckert et al, 1996; Parolini et al., 

1996). The gpi-anchored cellular prion protein (PrPc) is internalized via this path and 

recycles back to the cell surface through endosomes (Shyng et al., 1993; Chen et al., 

1995). Recycling of integrins involved with motile behavior has also been observed. 

ctsPi and ccvfo integrins mediate motility on Fn and vitronectin, respectively, and both 

integrins might be endocytosed at the rear of locomoting neutrophils then cycled back to 

the cell front by endocytic vesicles (Lawson & Maxfield, 1995; Pierini et al., 2000). This 

process is postulated to de-adhere locomoting cells. RHAMM might also function in de

adhesion of locomoting cells. RHAMMFL and RHAMM ' 147 clearly associated with MTs
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in transfected COS cells and in HeLa cells (Assmann et al., 1999). HA binding domains 

resemble ERM binding domains suggesting intracellular RHAMM might also interact 

with ERM proteins. Migratory T cells redistribute ERM proteins, the MT cytoskeleton 

and cell adhesion receptors such as CD44, and ICAMs to the uropod. Intracellular 

RHAMM interacting with MTs or ERM  proteins might be redistributed to the cell surface 

at the rear of migrating lymphocytes to participate in de-adhesion. Alternatively, cell 

surface RHAMM might be endocytosed at the cell rear similar to recycling integrins.

In conclusion, weakly adhesive interactions between Pi integrins and Fn are 

required by migratory thymocytes and these interactions presumably provide traction for 

locomoting cells. RHAMM is also involved in the motile process and interaction with 

HA is required for cells to locomote. HA stimulates redistribution of intracellular 

RHAMM-5 to the cell surface suggesting the mechanism involved in RHAMM-mediated 

motility is receptor cycling. The association of RHAM M ^ with MTs and the
pr

redistribution of MTs to the uropods of locomoting T cells suggests RHAMM could be 

distributed to the uropod to facilitate cell de-adhesion.
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