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A Cell-Surface Mannose-6-Phosphate-Binding Activity Implicated in

Organ-Specific Lymphocyte Recirculation.

Ted A. Yednock

ABSTRACT

Lymphocyte recirculation is a process which distributes lymphocytes to areas of localized

foreign antigens and is thus an important component of immune surveillance. During the course

of recirculation, blood-borne lymphocytes specifically adhere to high endothelial venules (HEV)

within secondary lymphoid organs, such as peripheral lymph nodes (PN) and gut-associated

Peyer's patches (PP). Using the Stamper-Woodruff in vitro assay, which examines lymphocyte

attachment to HEV in frozen sections of lymphoid tissues, Stoolman and Rosen have found that

mannose-6-phosphate (M-6-P), and related carbohydrates, specifically inhibit lymphocyte

attachment to PN HEV. They have proposed that lymphocytes express a carbohydrate-binding

protein (lectin-like molecule) on their cell surface that recognizes specific carbohydrate

determinants (perhaps similar to M-6-P) associated with the luminal surface of PN HEV.

The goal of this thesis was to test the hypothesis that a lectin/carbohydrate interaction

mediates lymphocyte attachment to HEV. First, it was determined that M-6-P inhibits

lymphocyte attachment to PN HEV significantly better than to PPHEV. This result is consistent

with the proposal that PP and PN HEV express distinct recognition determinants. Second, it was

directly demonstrated that lymphocytes express a M-6-P-binding activity on their cell surface.

This result was obtained using small fluorescent beads which were derivitized with a M-6-P-

containing polysaccharide. Third, lymphocyte attachment to the M-6-P beads was found to

mimic binding to PN HEV under all test conditions examined. Under these same conditions,

distinct differences were observed between lymphocyte attachment to PP and PN HEV. Fourth,

a monoclonal antibody (MEL-14), which blocks lymphocyte attachment to PN, but not to PP

HEV, was found to completely prevent lymphocyte attachment to the M-6-P beads. By a number
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of criteria, the effect of the antibody was determined to be specific. Lastly, in comparison of a

number of lymphoid cell populations, the expression of the M-6-P binding activity was found to

strongly correlate with the level of expression of the MEL-14 antigen, as well as with the ability

of the cells to bind to PN HEV. In conclusion, the M-6-P-binding activity on the surface of

lymphocytes appears to be closely associated with, or identical to, a PN-specific homing receptor

identified by the MEL-14 monoclonal antibody. Furthermore, this activity is either associated

with, if not required for, the ability of lymphocytes to bind PN HEV. These data strongly

support the Stoolman-Rosen hypothesis and provide excellent evidence for the involvement of a

lectin activity in a physiologically-significant cell-cell interaction.
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Chapter I. Introduction and Background.

--------
Though they circulate freely in the bloodstream and have opportunity for interaction

elsewhere they are not promiscuous but faithfully seek out those blood vessels which provide

entry into these tissues" Woodruff and Kuttner, 1980.



A. Introduction: The Route of Lymphocyte Recirculation.

There is a remarkable movement of lymphocytes throughout the body. In the rat, for

example, forty million cells enter the venous system every hour by way of a major lymph vessel,

the thoracic duct (Gowans and Knight, 1964). This rate is sufficient to completely replace the

number of lymphocytes in the blood 10-20 times per day (Bradfield and Born, 1974). Gowans

(1959) demonstrated that chronic cannulation of the thoracic duct (four days) results in the

depletion of the number of lymphocytes found in the draining lymph, as well as those circulating

with the blood. If, after this period, genetically-identical lymphocytes are injected into the blood

stream the concentration of lymphocytes in the thoracic duct lymph increases within 2 - 4 hours.

The magnitude of this increase directly corresponds to the number of viable cells returned to the

blood. Gowans concluded that the lymphocytes found in the thoracic duct lymph and those of the

blood stream represent a single, recirculating pool.

Using radiolabeled lymphocytes, Gowans and Knight (1964) demonstrated the route by

which lymphocytes exit the blood stream and enter the lymph (see figure 1). They found that

intravenously injected lymphocytes rapidly collect within lymph nodes, gut-associated Peyer's

patches and the spleen. Accumulation within other tissues is minor compared to these organs.

Furthermore, within the lymph nodes and Peyer's patches, it was found that the radiolabeled

lymphocytes selectively associate in large numbers with specialized post-capillary venules (see

figure 2). Lymphocytes are seen penetrating the walls of these blood vessels within 15 minutes

of injection, and at later time points are found within the lymphoid organ (see figure 3).

Radiolabeled lymphocytes begin to appear in the thoracic duct lymph 2-4 hours later. After 4

days of continued lymph collection, 98% of the total injected radioactivty is recovered.

Specialized post-capillary venules are found in lymph nodes, Peyer's patches and other

mucosal-associated lymphoid tissue. They have also been described in sites of chronic
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inflammation (Graham and Shannon, 1972). These blood vessels are distinct in that the

endothelium is cuboidal, rather than flat, and hence are referred to as high endothelial venules or

HEV. HEV, with penetrating lymphocytes, have been documented in all mammalian species

examined, from the most primitive monotreme to humans (Miller, 1969). Even though the

chicken does not have lymph nodes, HEV can be seen within chronic granulomas induced in this

animal. The spleen does not have HEV, and lymphocyte entry into this organ does not appear to

involve the same recognition mechanisms that are characteristic of entry into lymph nodes or

Peyer's patches (Gowans and Knight, 1964). Radiolabeled lymphocytes first enter the red pulp

of the spleen (as do erythrocytes), but then preferentially collect within perivascular cuffs of

lymphocyte aggregates (the white pulp). Lymphocytes eventually leave the spleen, but rather

than enter the lymph, as in lymph nodes, they directly rejoin the blood circulation. Therefore, the

major route by which blood-borne lymphocytes enter the lymphatic system is by attachment to

and migration through the HEV of lymph nodes and mucosal-associated lymphoid tissues. The

extent of lymphocyte movement is illustrated by the fact that chronic cannulation of the thoracic

duct not only leads to lymphocyte depletion in the blood and lymph, but in lymph nodes and the

spleen as well (Gowans, et al., 1964). It has been estimated that 90% of the lymphocytes that

populate a node come directly from the blood stream (Hall and Morris, 1964).



Figure 1. The Route of Lymphocyte Recitalion Traveling with the blood, lymphocytes

specifically attach to high endothelial cells within HEV (see figure 2). Depicted here is an HEV

within a peripheral lymph node. These vessels are also found in mucosal associated lymphoid

tissues and sites of chronic inflammation (see text). Once bound, lymphocytes traverse the high

endothelium to enter the lymph node parenchyma (Gowans and Knight, 1964), where they may

recognize and respond to sequestered antigen (Hall and Morris, 1965a). However, the majority

of lymphocytes will not recognize antigen and will leave the node via the efferent lymphatics

(Hall and Morris, 1965b). These small vessels merge with others to eventually form large

lymphatic ducts, such as the thoracic duct, which empty their contents into great veins at the base

of the neck. Thus, lymphocytes are returned to the blood stream (Gowans, 1959).
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Figure 2. Lymphocytes Bound to the Luminal Surface of a High Endothelial Venule.

Shown is a scanning electron micrograph of the lumen of a high endothelial venule within a rat

cervical lymph node. A rat was anesthetized with ether, perfused with PBS to remove non

adherent blood elements, and then prefused with glutaraldehyde in PBS. The lymph node was

removed, then freeze-fractured to expose the blood vessel lumen. Blood-borne lymphocytes
specifically adhere to the specialized high endothelial cells, which are seen bulging into the lumen

of the vessel. Once bound the lymphocytes migrate between the endothelial cells to enter the

parenchyma of the lymph node. Bar indicates 20 plm. (SEM by Julie Emerson and Ted

Yednock).



Figure 3. Architecture of a Peripheral Lymph Node. Dipicted is a sagital section through a rat or

mouse peripheral lymph node. HEV are found in the deep cortex of the node. Traveling with the

blood, B and T cells bind to the cuboidal endothelial cells within HEV (without apparent

differential attachment patterns; for example, B cells do not preferentially bind to HEV near

germinal centers, Butcher, et al., 1979a). Once bound these cells migrate between the endothelial

cells, penetrate the basement membrane and enter the lymph node parenchyma (see text). B and

T cells then segregate within the node to take separate migratory pathways (reviewed by Ford, et

al., 1975). T cells course through the reticular meshwork of the deep cortex toward the medulla,

and eventually enter the efferent lymphatics. B cells first travel to the superfical cortex and

associate with B cell follicles, before coursing to the medulla and efferent lymphatics. As a result

of their distinct migratory pathways, T cell recirculation requires 16-18 hours, whereas B cells

require twice that amount of time (Ford and Simmonds, 1972).
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Lymphocyte recirculation provides an excellent model for the study of cell-cell recognition

and adhesion. As will be described in this chapter, the interaction between lymphocytes and HEV

is ongoing throughout life and is highly physiologically-significant. Furthermore, this interaction

exhibits a large degree of specificity, which is illustrated by the following: 1) lymphocytes

associate in large numbers with the specialized endothelial cells of HEV, but normally not with

endothelial cells elsewhere in the body (Gowans and Knight, 1964); 2) other blood cells, such

as platelets, erythrocytes, and granulocytes are normally excluded from this interaction (although

a small number of monocytes appear to migrate through HEV) (Schoefl, 1972; Anderson and

Anderson, 1976); 3) lymphocyte attachment to HEV must occur rapidly and with substantial

avidity to withstand the shearing forces of the blood flow; 4) different subsets of lymphocytes

attach preferentially, or with absolute specificity to HEV found within different lymphoid organs.

An excellent in vitro model has been developed to study the interaction between lymphocytes and

HEV. This model retains each of the specific characteristics outlined above and has been used to

identify lymphocyte cell-surface receptors which most likely mediate the adhesion between

lymphocytes and HEV. In this chapter, a substantial amount of the work which has led to the

current understanding of lymphocyte recirculation will be reviewed. Emphasis will be placed on

the studies which have examined the adhesive interaction between lymphocytes and HEV.

B. The Significance of Lymphocyte Recirculation.

There is considerable evidence that lymphocyte recirculation is crucial to normal immune

function. Much of the "classic" work is reviewed by Ford (1975). Foreign antigens may enter

the body at any anatomical location and are usually sequestered within the nearest lymphoid

tissues. However, only a small proportion of the total lymphocyte population is capable of

recognizing and responding to a particular foreign antigen. Lymphocyte recirculation serves an

important role in the primary immune response by distributing lymphocytes, expressing rare

antigen receptors, to the widely scattered lymphoid organs (Gowans and McGregor, 1965).
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These organs serve to concentrate and effectively present antigen to the passing lymphocytes.

Furthermore, the course of recirculation results in a small trickle of lymphocytes through the skin,

muscle and endocrine tissues (Ford, et al., 1978). As a result, lymphocytes have opportunity to

contact antigen which has localized within non-lymphoid tissues as well.

Lymphocyte recirculation may influence the type of primary immune response within

particular lymphoid organs. Both B and T cells are capable of recirculation (Sprent, 1973),

however they have different preferences for "homing" to peripheral (non-mucosal) or to mucosal

associated lymphoid tissues (Stevens, et al., 1982). Peripheral lymphoid tissues include all

lymph nodes, except those associated with the mesenteries of the intestine. Therefore, axillary,

brachial, inguinal, cervical, paraaortic, and mediastinal lymph nodes are "peripheral" lymphoid

tissues. Mucosal lymphoid tissues include Peyer's patches in the wall of the small intestine,

tonsils in the pharynx and nasopharynx, and small lymphoid clusters within the lung, breast, and

genital tracts. As will be discussed in detail later, the preferential homing of differentlymphocyte

subsets between these groups of lymphoid organs is most likely controlled at the level of the

lymphocyte/HEV interaction. Lymphocyte recirculation may play a crucial role in selectively

directing lymphocyte subpopulations to tissues where they will most effectively respond to

typical local antigens (Butcher, et al., 1982b).

Secondary immune protection is also facilitated by the process of lymphocyte recirculation.

Following primary immunization, there is a relatively rapid and effective immune response upon

subsequent exposure to the same antigen (Jerne, 1973). Once a single lymph node is stimulated

with a particular antigen, lymph nodes at distant sites in the body become populated with

lymphocytes that are capable of mounting a specific secondary immune response (Jacobson and

Thorbecke, 1969; Smith, et al., 1970). Gowans and Uhr (1966) isolated thoracic duct

lymphocytes from rats which had been immunized (up to 15 months previously) with a particular

antigen. These cells were intravenously injected into syngeneic recipients (which had been

irradiated to impair their own immune system) and the reconstitued animals were found to be

capable of mounting a secondary immune response to the specific antigen. These results
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demonstrate that a subpopulation of thoracic duct lymphocytes (hence, circulating cells) carry

immunologic memory. Strober and Dilley (1973) carried these experiments a step further.

These workers injected thoracic duct lymphocytes from an antigen-primed donor into the blood

stream of an irradiated recipient. Lymphocytes from the thoracic duct lymph of this animal were

then collected and injected into a second irradiated rat. The latter recipient was found to be

capable of producing a secondary immune reponse to the specific antigen. These serial

transplantation experiments clearly demonstrate that memory cells are a recirculating population.

Experiments by Thrush and Emeson (1972) demonstrate that responsive lymphocytes can be

recruited from the blood stream into nodes that contain the appropriate antigen. These workers

separately injected foot pads, on the left and right side of an animal, with two different antigens.

Radiolabeled-primed lymphocytes were then intravenously injected, half primed for antigen "A"

and labeled with 3H, and the other half primed for antigen "B" and labeled with 14C. The 14C

and 3H-labeled cells localized within nodes on different sides of the body, corresponding to the

side immunized with the appropriate antigen. This study convincingly demonstrates that

recirculating lymphocytes are mobilized to sites of sequestered antigen.

Following an immune response, a small number of mature immunoblast lymphocytes

(antigen-stimulated lymphocytes that recirculate and incorporate 3H-thymidine) leave the

lymphoid tissue and enter the recirculating pool (Hall and Morris, 1964). These cells were

shown to selectively migrate to the type of tissue in which they were blast-transformed, and this

migration is independent of the presence of antigen. Guy-Grande, et al. (1978) isolated

lymphocytes which had been stimulated by a particular antigen in either peripheral or mesenteric

lymph nodes. The cells were labeled with 3H-thymidine (to identify blast cells) and intravenously

injected into syngeneic recipients. Peripheral node blast cells selectively localized within

peripheral lymphoid organs, whereas mesenteric node blast cells preferentially localized within

mucosal-associated tissues (including the gut wall). Therefore, immunoblasts have the capability

to selectively localize within the type of organ in which they were originally exposed to antigen.

Furthermore, since the antigen was the same in both organ types, homing preferences are not
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established by the antigen, but rather by the environment in which it is presented to the cells. As

will be discussed later, the capability of blast cells to recirculate preferentially appears to be

regulated at the level of their interaction with the microvascular endothelium. This interaction may

be important for the dissemination of effector and memory cells to areas were they will be most

useful (Butcher, et al., 1982b).

Recently, Spangrude, et al. (1985) took a novel approach to address the importance of

lymphocyte recirculation. Treatment of lymphocytes with pertussis-toxin, prior to intravenous

injection, prevents their extravasation from the blood stream. However, pertussis treatment does

not interfere with other lymphocyte functions such as activation by mitogens or lymphocyte

mediated cytotoxicity. Spangrude, et al. obtained lymphocytes from mice which had, or had not

been sensitized to dinitrofluorbenzene (DNFB). DNFB was then painted on the ears of naive

mice and the primed- or control-lymphocytes were injected intravenously. The contact

hypersensitivity response to the DNFB challenge was quantified by the degree of ear swelling

(thickness, measured with a micrometer). Spangrude, et al. found that mice which had been

injected with primed lymphocytes have a 4 to 5-fold greater response than do mice which had

been injected with control lymphocytes. However, if the primed lymphocytes are treated with

pertussis toxin prior to intravenous injection, there is no enhancement in the immune response.

The toxin appears to primarily affect the ability of the blood-borne lymphocytes to extravasate

because if toxin-treated lymphocytes are injected directly into ear pinna, along with cells bearing

DNFB, a normal response is generated. Therefore, Srangrude, et al. concluded that lymphocyte

extravasation is crucial for a normal cell-mediated immune response, and that lymphocyte

recirculation "plays a major role in the in vivo function of the immune system".

In summary, lymphocyte recirculaton is important in a number of aspects governing proper

immune surveillance and function. Distribution of lymphocytes, expressing rare antigen

receptors, allows primary detection of foreign antigens. Once an immune response has been

generated, effector and memory cells are distributed throughout the body to confer a level of

secondary immune protection. A critical component of recirculation is the interaction between
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lymphocytes and HEV. This interaction permits lymphocytes to travel from blood to lymph and

preferentially directs lymphocyte subpopulations to different lymphoid organs, thereby assuring

their localization within the most appropriate lymphoid tissues. The remainder of this chapter will

discuss the unique characteristics of HEV, the experimental approaches for examining

lymphocyte attachment to these vessels, and current knowledge concerning the mechanisms that

govern this interaction.

C. Histological Aspects of HEV and the Lymphocyte Interaction.

In order to enter lymph nodes, blood-borne lymphocytes must first recognize and bind to the

specialized endothelial cells of HEV. Schoefl (1972) examined these vessels in the rat and mouse

by electron microscopy and observed that HEV are "lined by high, nearly cylindrical endothelial

cells which are encircled by a prominent connective tissue sheath". Lymphocytes were seen

passing in great numbers between or through these cells; however, other cell types such as red

blood cells or granulocytes were not observed. He concluded that the unusual height of the

endothelial cells is an adaptation to prevent excessive fluid or red cell loss during the extensive

lymphocyte exodus.

Anderson and Anderson have provided a detailed histological description of rat HEV (1975)

and their interaction with lymphocytes (1976). HEV are surrounded by a distinctive perivascular

sheath which is comprised of 2-3 layers of "cytoplasmic plates" formed by reticular cells. High

endothelial cells are 10-12 plm tall and are characterized by abundant cytoplasm, a well-developed

Golgi, and a large, diffuse nucleus with prominent nucleoli. Anderson and Anderson found that

these cells are encased by an unusually prominent "glycocalyx" which is readily stained with the

cationic dye, alcian blue. On the luminal surface, this glycocalyx is 128 nm thick, which can be

compared to the 49 mm-thick endothelial coat associated with adjacent capillaries. High

endothelial cells are joined by macular tight junctions at their luminal and basal surfaces, and
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elaborate foot processes form an interlocking network. The apical surface projects into the HEV

lumen as a broad dome (see figure 2).

Lymphocyte attachment to high endothelial cells appears to be mediated by microvilli which

project into randomly distributed pits on the endothelial surface (Anderson and Anderson, 1976).

Under conditions that preserve membrane oligosaccharides (fixation in the presence of alcian

blue), fibrillar, electron-dense material traverses the 12-26 nm gap at the contact points between

lymphocytes and endothelial cells. Greater than 80% of the adherent lymphocytes are found in

regions near the intercellular clefts between endothelial cells, and very few are found associated

with the domed surface.

The majority of migrating lymphocytes appear to be within the cytoplasm of endothelial cells

(Anderson and Anderson, 1976), consistent with the original electron microscopic study of

Marchesi and Gowans (1964). To study this observation in more detail, Anderson and Anderson

found that exposure of HEV to hypertonic conditions during fixation causes the endothelial cells

to shrink, exaggerating the extracelluar spaces. Under these conditions, the space around the

migrating lymphocytes is always found to be continuous with the spaces between endothelial

cells. Furthermore, when the lumen of HEV is filled with small, electron-dense tracer molecules

(prior to fixation) the space surrounding apparently-incarcerated lymphocytes is always found to

contain a gradient of tracer. Therefore, Anderson and Anderson concluded that all migrating

lymphocytes are in contact with the inter-endothelial cleft, and thus travel through the endothelial

junctions. Previous studies apparently led to differing conclusions because the high endothelial

cells are pliable and mold themselves around migrating lymphocytes. Thus, when sectioned, it

would appear that the lymphocyte is within the endothelial cytoplasm.

Based on careful measurement of lymphocyte cytoplasmic polarity, it was calculated that a

minimum of 92% of the lymphocytes migrate away from the lumen of the HEV, toward the

lymph node parenchyma (Anderson, et al., 1976). As lymphocytes penetrate the HEV basal

lamina they appear to be coated by "flocculant deposits of basement membrane material"

(Anderson and Anderson, 1975).
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Only minor histologic differences were found between HEV in lymph nodes and in Peyer's

patches (Anderson, et al., 1976). In Peyer's patches, vessels lined with high endothelium appear

to extend beyond the lymphoid tissue and join blood vessels near the intestinal crypts (Waksman,

1973). It was suggested that lymphocyte migration through these vessels may be responsible for

the population of lymphocytes that reside in the intestinal mucosa. HEV in both types of organs

appears to exhibit diffuse staining for acetyl esterase (Anderson, et al., 1976). This staining

pattern abruptly stops at the transition from high to low endothelium and is not seen in other types

of blood vessels.

Anderson and Anderson (1976) also studied the permeability of HEV to small tracer

molecules. When injected intravenously, HRP or colloidal carbon fills the HEV lumen and the

inter-endothelial spaces; however, in spite of heavy lymphocyte migration, these tracers rarely

traverse the HEV basement membrane to enter the lymph node. In contrast, when HRP is

injected into mesenteric lymph channels it enters lymph nodes and traverses the basement

membrane of HEV to enter the HEV lumen. The lumens of capillaries and arterioles remain

devoid of tracer. Since HRP did not pass through the basement membrane of HEV following

intra-arterial injection, Anderson and Anderson suggest that there is a unidirectional flow of

macromolecules into the lumen of HEV from within the lymph node; perhaps because the

overlapping layers of the perivascular sheath form an effective one-way valve. These workers

speculate that certain mediators may establish a chemotactic gradient which directs lymphocyte

traffic into the lymph node.

D. General Characteristics of the Lymphocyte/HEV Interaction.

Lymphocytes were first observed associated with the specialized endothelial cells of HEV in

1899 by S. von Schumacher (Schoefl, 1972). Subsequently, there has been considerable

speculation as to the nature of this interaction. Issues, such as the direction in which the

lymphocytes move across the endothelium and the fate of the lymphocytes once they have
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migrated, have been addressed. However, it is still at issue as to what unique properties govern

the lymphocyte/endothelial interaction.

Anderson and Anderson (1975) described that the rate of blood flow through lymph node

HEV can apparently be controlled by muscular sphincters which exist on the distal end of the

vessels. Blood flow could perhaps be reduced within the HEV to allow prolonged lymphocyte

contact with the endothelial cells. However, such sphincters were not seen in Peyer's patch

vessels (Anderson, et al., 1976) and could not alone explain the selectivity of the

lymphocyte/HEV interaction.

-

What maintains the characteristic histological and biological features of the endothelial cells

within the localized region of the HEV'? It has been suggested that lymphocyte migration itself

stimulates the endothelial cell's distinctive morphology (Goldschneider and McGregor, 1968). In

support of this, Fossum, et al. (1980) found that congenically athymic rats, which have few

recirculating lymphocytes, have HEV that are lined by endothelial cells which are generally flatter

(although some examples of typical cuboidal morphology are seen). However, when

radiolabeled lymphocytes (isolated from normal littermates) are intravenously injected, they avidly

associate with the flattened "HEV". Based on this criterion, athymic rats have as many HEV in

the cortex of their lymph nodes as do their normal littermates. Therefore, although the

morphology of the HEV may be affected by lymphocyte traffic, the basic functional uniqueness

of these vessels is a result of residing within the node itself. Perhaps lymphocytes within the

node, or other cell types, secrete factors which stimulate the post-capillary endothelium to

differentiate. Hendricks, et al. (1981) have found that lymph nodes depleted of macrophages

have post-capillary venules lined with flat HEV. Lymphocytes were not found to traverse this

endothelium. However, when macrophages were re-introduced into the node, high endothelial

cells and extravasating lymphocytes were once again seen. They concluded that "mediators"

produced by macrophages may be responsible for activating the endothelial cells.

Antigen sequestered within a node does not appear to play a role in the lymphocyte/HEV

interaction. Lymphocyte migration through HEV is fully normal in the fetal sheep, presumably in
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the complete absence of foreign antigen (Cahill, et al., 1980). Furthermore, Husband and

Gowans (1978) found that the presence of antigen does not influence the initial localization of

responsive lymphocytes. These workers immunized rats with an intraperitoneal injection of

cholera toxin (as an antigen). Several weeks later, two intestinal loops were then isolated within

these animals (with blood and lymph circulation intact). One of these loops was challenged with

an injection of cholera toxin, and at the same time, the thoracic duct was cannulated to prevent

lymphocyte recirculation. After several days, the thoracic duct lymphocytes were pooled and then

injected into the blood stream of the same animal. At various time points after injection, tissue

sections of the gut loops were examined for the presence of lymphocytes expressing specific

antibodies for cholera toxin (the sections were first exposed to cholera toxin, washed, and then

stained with fluorescently-labeled antitoxin). Initially after injection, the antigen-specific

lymphocytes localized equally well within the the non-immunized loop of intestine and within the

antigen-primed loop (localization require the presence of Peyer's patches in the wall of the

isolated intestinal loop). However, with time, antigen-specific cells continued to accumulate

within the immunized intestinal loop, while their numbers diminished in the other. Husband and

Gowans concluded that sequestered antigen does not cause the migration of lymphocytes from

the blood stream, but rather that it affects the retention and clonal expansion of specifically

reactive lymphocytes once they are in the node.

As mentioned earlier, Anderson and Anderson (1976) have suggested that the architecture of

the node is such that a chemotactic signal might pass from the lymph node parenchyma to the

HEV lumen. Andrews, et al. (1983) have also suggested a role for a chemotactic mediator in

lymphocyte localization. These workers found that rat high endothelial cells rapidly and

preferentially incorporate 35S-sulfate (during in vivo perfusion, or in organ culture). Evidence

suggests that the sulfated material is a glycolipid and/or glycoprotein (Andrews, et al., 1982;

1983), but not a proteoglycan (Andrews, et al., 1980). This material is produced and secreted by

high endothelial cells, but does not appear to be inserted into their plasma membrane. When a

crude fraction of the sulfated compound is injected subcutaneously, it causes a large accumulation
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of lymphocytes; four-fold higher than when chondroitin sulfate is injected in a similar manner

(Andrews, et al., 1980). Therefore, Andrews, et al. (1983) speculate that this material may be

acting in HEV as a "pheromone" to attract lymphocytes.

It is interesting to note that the lymphocyte/HEV interaction in the lymph nodes of the pig

may be very different than that of other mammals (Binns, 1980). The morphology of the pig

lymph node is reversed compared to any other studied, with the cortex in the center and the

medullary sinuses on the periphery. The post-capillary venules contain typical high endothelial

cells, but have low endothelium as well. There are very few lymphocytes within the thoracic duct

lymph; however, erythrocytes are abundant. Studies with radiolabeled lymphocytes support the

concept that recirculation occurs from blood to lymph node and directly back to blood again

(McFarlin and Binns, 1972). The fact that pigs have among the highest concentration of blood

borne lymphocytes is consistent with this route of circulation. Therefore, the interaction between

lymphocytes and HEV in the pig is interesting from a comparative developmental and functional

point of view.

E. The Involvement of Cell Surface Receptors in Lymphocyte Recirculation.

Several early observations, cited above, support the idea that lymphocytes specifically attach

to HEV through a specific receptor-mediated mechanism. First, lymphocytes are seen heavily

associated with the specialized endothelial cells of peripheral and gut-associated lymphoid organs,

but normally not with endothelial cells elsewhere in the body. Second, other blood cells, such as

platelets, erythrocytes, and granulocytes are normally excluded from interaction with HEV

(Schoefl, 1972; Anderson and Anderson, 1976), although monocytes are occasionally seen

migrating through these vessels (Anderson and Anderson, 1976). Third, lymphocyte attachment

to HEV occurs rapidly (nearly all i.v. injected lymphocytes are cleared from the blood by this

mechanism within an hour) and must resist the shearing forces of blood flow. Finally,

lymphocyte immunoblasts preferential migrate to the type of lymphoid organ in which they were
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originally stimulated. The disussion below examines work, using in vivo models of study, which

have attempted to characterize the receptor mechanism involved in HEV recognition.

1) In Search of HEV Recognition Determinants.

It is believed that HEV express specific recognition determinants which signal the attachment

of passing lymphocytes. Anderson and Anderson (1976) were the first to probe the HEV surface

directly in an attempt to define these structures. Their work is based on a transmission electron

microscopic study of HEV and the attached lymphocytes. When the lymph node vasculature is

flushed with saline/dextran prior to fixation, all blood elements are removed from the lumen of

HEV except for lymphocytes. These remaining cells are found to be in direct contact with the

glycocalyx of high endothelial cells. However, flushing with saline alone results in diffuse loss

of the endothelial glycocalyx and most of the adherent lymphocytes. Anderson and Anderson

speculated that the glycocalyx is involved in maintaining the lymphocyte attachment to HEV. As

mentioned previously, lymphocytes are found to make "contact points" with the endothelial cells

in which their membranes are separated by a 12-26 nanometer space (Anderson and Anderson,

1976). Under conditions that preserve membrane oligosaccharides, this space is found to contain

electron-dense fibrils. The contact points are stable to considerable shear force produced by

vascular flushing and to the cellular contortions induced by hypertonic buffers. However,

flushing the nodes with buffer containing EDTA or trypsin, results in the loss of bound

lymphocytes, without apparent damage to the glycocalyx (except at high concentrations of

trypsin). As noted previously, the endothelial coat stains with alcian blue, a cationic dye. This

suggests that the glycocalyx is negatively charged, containing sulfate, phosphate, sialic acid, or

other acidic moieties.

A rather unusual hypothesis was put forth by de Sousa (1978). She cites that lymphocytes

express receptors for transferrin, ferritin and lactoferrin, all of which are proteins with remarkable

affinity for iron. She then speculates that HEV contain a high content of iron and therefore bind
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lymphocytes using the iron-binding proteins as bridging molecules. To test this hypothesis,

radiolabeled lymphocytes were treated in vitro with iron salts and their migration was then

monitored following intravenously injection. An unspecified concentration of ferric chloride was

found to eliminate lymphocyte entry into lymph nodes when examined at a one hour time point.

10 puM ferric citrate has only a marginal inhibitory effect. In spite of little evidence for the iron

binding hypothesis, it should be noted that lactoferrin has been implicated in the "adhesiveness"

of polymorphonuclear leukocytes (Oseas, et al., 1981) and perhaps in their attachment to blood

vessel walls (Boxer, et al., 1982a). The net positive charge of lactoferrin is speculated to decrease

the
-

repulsive forces encountered by two negatively charged cells, thereby allowing their

interaction (Boxer, et al., 1982b). Although a more specific mechanism than charge interactions

would be expected to govern the attachment of lymphocytes to HEV, it is possible that the HEV

interaction may be complex. Rather than a single lymphocyte-surface HEV-binding receptor,

there may be multiple attachment mechanisms, including intermediate bridging molecules (such as

lactoferrin).

Work by several investigators, which will be outlined below, clearly demonstrates that HEV

express organ-specific recognition determinants. However, there is little information from these

studies as to the structural nature of these molecules. Rosen, et al. (1985) recently reported the

first, and currently the only, direct evidence concerning a possible component of an HEV

recognition determinant. Removal of sialic acid from HEV within peripheral lymph nodes is

found to completely prevent lymphocyte attachment. These results will be described in chapter 3.

Based on this study and on other information discussed below, Rosen, et al. (1985) speculate that

HEV recognition determinants may be comprised of specific carbohydrates, although there is no

definitive evidence concerning their actual composition.

2) In Search of Lymphocyte-Surface Molecules Involved in HEV Recognition.



21

In 1964, Gesner and Ginsberg attempted to disect the biochemical basis of the

lymphocyte/HEV interaction using a novel approach. They treated radiolabeled lymphocytes with

a preparation of mixed glycosidases and then determined the localization pattern of these cells

following intravenous injection. Lymphocyte localization within lymph nodes and the spleen was

markedly reduced by the glycosidase treatment, while radioactivity associated with the liver was

substantially increased. This pattern was somewhat reversed when fucose or N

acetylgalactosamine was included in the medium during the glycosidase incubation. Therefore it

was concluded that removal of these sugars from the lymphocyte surface had a profound effect

On lymphocyte recirculation. Gesner and Ginsberg speculated that lymphocyte-surface

carbohydrates interact with "complementary" molecules on the surface of HEV. However, these

workers mentioned an alternative possibility that the increased localization of treated lymphocytes

to the liver may reduce their numbers circulating in the blood, thereby indirectly preventing

lymphocyte interaction with HEV.

Following Gesner and Ginsberg's original observation, lymphocyte homing was found to

be altered by a wide array of treatments. Woodruff and Gesner demonstrated that treatment of

radiolabeled lymphocytes with neuraminidase (1969) or trypsin (1968) prevents their entry into

lymph nodes. Trypsin-treatment does not affect localization to the spleen or to other organs,

whereas neuraminidase treatment results in a large accumulation of radioactivity in the liver.

Furthermore, Woodruff and Gesner confirmed Gowan's observation (1959) that only viable

lymphocytes are able to localize within lymph nodes (1968). Papain, sodium azide (Ford et al.,

1978), phospholipase A, Con A, lipopolysaccharide (Freitas and DeSousa, et al., 1976a), and

phospholipase C (Freitas and DeSousal, 1976a) were all found to alter lymphocyte localization

within lymph nodes to some degree.

Several reports provided evidence to support Gesner and Ginsberg's (1964) early suspicion

that in vitro treatment of lymphocytes with various agents may indirectly affect the in vivo

lymphocyte/HEV interaction. Freitas and DeSousa (1976b) found that many of the treatments

listed above result in an increased localization of **Cr-labeled lymphocytes in the lung or spleen.
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Furthermore, these workers found that the inhibitory effects of Con A and lipopolysaccharide on

lymphocyte localization to lymph nodes are eliminated if the spleen is removed prior to injection

of the treated lymphocytes. This clearly demonstrates that sequestration in the spleen, and most

likely in other tissues, can non-specifically prevent lymphocyte entry into lymph nodes. Since

most of the treatments cause an accumulation of lymphocytes in the lung or liver, at the expense

of the blood pool, it seems likely that lymphocytes are simply being removed from circulation

before they can interact with HEV. In contrast, Woodruff and Gesner (1968) found that trypsin

treatment eliminates lymphocyte migration into lymph nodes without causing preferential

accumulation within other tissues. Additionally, there is a high concentration of treated

lymphocytes in the blood, indicating that they have a better-than-normal opportunity to interact

with HEV. The inhibitory effect of trypsin reverses with time, proving that the lymphocytes have

not been killed.

Rannie, et al. (1977), extended the trypsin studies to examine lymphocyte migration through

several lymphoid and non-lymphoid tissues. Lymphocytes were labeled with *Cr invitro and

then injected intravenously. These workers found that trypsin does not affect the small

movement of lymphocyte through the skin, nor does it affect localization to the liver, muscle,

brain or ovary. In contrast, radioactivity associated with lymph nodes is reduced by 98% of

control values, even though the concentration in the blood is 1.4 times higher than normal.

Localization to the spleen is not inhibited, even at at very high concentrations of trypsin, and

migration into the gut is affected only minimally (Peyer's patches were not examined

independently). However, lymphocyte migration into adjuvant-induced granulomas is

completely reduced to background levels by trypsin treatment. As mentioned previously, sites of

immune-mediated inflammatory reaction contain HEV-like vessels through which lymphocytes

are found to migrate (Graham and Shannon, 1972, Chin and Hay, 1980). Therefore, Rannie, et

al. concluded that the trypsin-treatment of lymphocytes specifically prevents their entry into sites

that require interaction with HEV.
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F. In Vitro Assays to Study Lymphocyte/HEV Interaction.

The in vivo studies described above suggest that trypsin treatment of lymphocytes directly

prevents their interaction with HEV. However, the effects of the other inhibitors are unclear

because they cause a dramatic redistribution of lymphocytes. The fact that lymphocytes travel

with the blood through a number of tissues, other than lymph nodes, poses a serious problem in

interpreting in vivo experiments. Sedgley and Ford (1976) took an important, although

cumbersome, first step toward developing an in vitro assay to examine the lymphocyte/HEV

interaction. A chain of rat mesenteric lymph nodes was isolated with the blood circulation intact.

Radiolabeled lymphocytes were then infused through the mesenteric artery for 30-60 minutes at

37°C. The interaction of lymphocytes with HEV was examined with autoradiography and

quantified by scintillation counting. Lymphocytes were found to attach exclusively to HEV and

are seen migrating between the endothelial cells and entering the lymph node. Roughly 11% of

the infused lymphocytes are retained within the node. However, the lymph node itself does not

release lymphocytes into cell-free perfusate, supporting the hypothesis that lymphocyte traffic

occurs only one way through HEV.

Using this assay, Ford et al. (1976), examined the effect of lymphocyte-pretreatment with

neuraminidase or trypsin. They confirmed that neuraminidase prevents lymphocyte homing in

vivo but found that there is no effect on lymphocyte binding to HEV in vitro. Trypsin, on the

other hand, decreases lymphocyte localization within lymph nodes both in vivo and in vitro

(although the effect is less in vitro and will be discussed in "Results"). This clearly demonstrates

that neuraminidase-treatment does not inhibit lymphocyte attachment to HEV, and is consistent

with the evidence that trypsin directly interferes with this interaction.

Concurrent with Sedley and Ford's work, Stamper and Woodruff (1976) described an

entirely different type of in vitro assay, which employs sections of frozen lymph nodes (See

figure 4). Isolated rat lymph nodes were quickly frozen and then sectioned on a cryostat at -15°C.

The sections were allowed to air-dry onto glass slides at room-temperature and were then fixed
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with 3% glutaraldehyde. Following extensive washing, residual glutaraldehye groups were

blocked with lysine. When a viable suspension of lymphocytes is gyrated over these sections at

4°C, they are found to bind specifically to regions of exposed HEV. Based on density per unit

area, the level of HEV-binding is at least 100-times greater than lymphocyte attachment to the

surrounding tissue (including the subcapsular sinus and the flat endothelium of other types of

blood vessels). This binding was quantified by determining the percentage of "positive HEV"

(any segment of HEV with 2 or more bound lymphocytes) or the percentage of "positive HEV

with heavy binding" (HEV segments with 6 or more attached lymphocytes). Stamper and

Woodruff found that thymocytes and bone marrow cells bind approximately 10-fold less well to

HEV than do lymphocytes isolated from thoracic duct lymph, lymph nodes or the spleen. This is

in excellent agreement with the ability of these cell populations to recirculate in vivo (Ford, 1975).

Stamper and Woodruff concluded that this in vitro demonstration is direct evidence that

recirculation-competent lymphocytes express surface receptors that recognize HEV. The fact that

non-recirculating cells fail to bind HEV may indicate that these cells lack the appropriate

receptors. This assay has proven to be remarkably useful, and is an important aspect of all of the

studies discussed below. Furthermore, it has recently been employed by Netland and Zetter

(1984) to study the attachment of tumor cells to various tissue sections (in correlation with in vivo

metastasis preferences). Undoubtedly, because of its simplicity and directness, Stamper and

Woodruff's assay has supplanted the use of the in vitro assay described by Sedgley and Ford.

However, it should be remembered that the latter assay, being an organ culture, may still be a

useful sytem. For example, the Sedgley-Ford assay could be used to explore the mechanisms by

which lymphocytes, having bound to HEV, migrate through this endothelium and segregate

within the node.
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Figure 4. Lymphocyte Attachment to Frozen Lymph Node Sections. This assay was performed

using a modified version of the methods described by Stamper and Woodruff (1976). Details are

discussed in chapter 2. Shown here are adjacent serial sections of a frozen mouse peripheral

lymph node. HEV, within the cortex of the node, are clearly defined by a prominent basement

membrane (arrows) and distinctive endothelial cells. A suspension of viable lymphocytes was

gyrated over these sections for 30 minutes at 7-10°C, either in control buffer (bottom panel) or in

the presence of 1 mg PPME/ml (top panel, see chapter 3). The cells were decanted, the sections

were fixed with glutaraldehyde, and then stained with toluidine blue. The exogenous

lymphocytes, which have bound to the lymph node section, stain darker than their sectioned

counterparts and are also present in a slightly different plane of focus. Under control conditions,

the density of lymphocyte attachment to HEV is approximately 30-fold greater than to other areas

of the section. PPME reduced lymphocyte binding to HEV in this experiment by greater than

90%. Approximately 290X magnification.
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Detailed characteristics of the frozen section assay have been described by Stamper and

Woodruff in subsequent publications, and will be briefly discussed here. Agitation during the

binding incubation, either on a rotary table or a rocking platform, facilitates lymphocyte

attachment to HEV and decreases binding to other areas of the lymph node section (Stamper and

Woodruff, 1977). If the sections are fixed with glutaraldehyde prior to the assay, ten-fold fewer

lymphocytes are required to achieve the same level of binding as that obtained with non-fixed

sections (Woodruff and Rasmussen, 1979). Furthermore, lymphocyte attachment does not

require the presence of serum, and serum is typically omitted because it enhances background

binding (Stamper and Woodruff, 1977). One of the peculiar aspects of this assay is that

significant lymphocyte binding occurs at temperatures between 4 and 7°C, and is markedly

reduced at 24 or 37°C. If the sections are incubated at 37°C prior to the assay, and then exposed

to lymphocytes at 7°C, binding occurs normally. Therefore, the sections do not auto-digest at

elevated temperatures. Stamper and Woodruff (1977) suggested that the temperature-dependence

may reflect the normal mechanism by which lymphocytes, under physiologic conditions, detach

from the endothelial cells in order to enter the lymph node. However, a recent report suggests

that the compound used to embed the lymphoid tissues for sectioning may be toxic to

lymphocytes at the elevated temperatures (Braaten, et al., 1984).

Woodruff and Kuttner (1980) reported that mouse tissues can also be used in the in vitro

assay. Identical levels of lymphocyte binding were obtained with two strains of mice.

Additionally, rat or mouse lymphocytes were found to specifically interact with mouse or rat

HEV, respectively. Human lymphocytes were also found to interact with rat HEV, although the

level of binding is lower and more variable than that with rodent lymphocytes. Comparing other

tissue types, Woodruff states that lymphocytes do not bind to sections of liver, heart, spleen,

thymus, or submaxillary glands, although there is a degree of binding to the myelinated regions

of brain sections (from an informal discussion that follows Woodruff and Kuttner, 1979, pages

261-262).
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The Stamper-Woodruff assay was adopted and slightly modified by Butcher, et al. (1979a).

These workers used unfixed sections of mouse lymphoid tissues and reported an improved

method for quantifying the level of lymphocyte attachment. When comparing the HEV binding

ability of different lymphocyte populations, a standard population of lymphocytes was mixed

with each cell type. These control cells were labeled with FITC and were therefore easily

distinguished from the test populations. The level of binding of one test population could be

accurately compared to that of another by using the level of binding of the internal standard as a

common denominator. With this improved scoring procedure, Butcher, et al., found consistent

results from experiment to experiment, in contrast to the variability reported by Stamper and

Woodruff (1976).

In agreement with the observations of Stamper and Woodruff, Butcher, et al. (1979a) found

that thymocytes and bone marrow cells poorly bind to HEV. No differences are seen in

lymphocyte binding between animals of the same strain, regardless of sex or age. However, with

the greater reliability of the assay, Butcher and Weissman (1980) were able to detect differences

between strains of mice. These workers found that lymphocytes isolated from mesenteric nodes

of a given mouse strain are able to bind equally well to HEV of mesenteric nodes from any strain

of mouse. However, if the strain of the HEV donor is kept constant, Butcher and Weismann

found that lymphocytes from various mouse strains bind with different affinities. For example,

Balb/c lymphocytes bind twice as well as lymphocytes from C57BL/6J, regardless of the strain

of HEV. Using various congenic mouse strains they were able to determine that this variability

maps to a single region on chromosome 7.

Butcher, et al. (1979b) demonstrated the reliability of the frozen section assay as an accurate

measurment of the in vivo lymphocyte/HEV interaction. Lymphocytes from several species of

animals were each compared as follows: 1) in their ability to bind to mouse HEV in the in vitro

section assay; 2) in their ability to bind to mouse HEV in the Sedgley-Ford in vitro assay; and

3) in their ability to localize within mouse lymph nodes following intravenous injection (as a

function of in vivo HEV-binding). All three assays produced remarkably similar results;
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lymphocyte-binding was found to be a function of the evolutionary distance between the

lymphocytes and HEV. In other words, mouse HEV interacts best with mouse lymphocytes and

then exponentially less with lymphocytes of increasing phylogenetic distance. Butcher suggested

that this observation reflects genetic drift, although current results using human lymphocytes and

rodent HEV makes this explanation unlikely (E.C. Butcher and L.M. Stoolman, personal

communication). However, it is significant that the degree of interaction between lymphocytes

isolated from various species and mouse HEV was the same regardless of the assay used.

Butcher, et al., also noted that even though heterotypic species of lymphocytes bind weakly to

sectioned mouse HEV, the interaction is still remarkably specific and remains a property only of

those cells which normally recirculate in vivo. Therefore, this careful comparison provides good

evidence that the in vitro assays reliably reflect the in vivo interaction between lymphocytes and

HEV.

G. Specific Characteristics of Lymphocyte Attachment to HEV In Vitro.

Using the in vitro section assay, Stamper and Woodruff (1977) began to characterize the

interation between lymphocytes and HEV. They conclude that the high endothelial cells are

"passive participants" in at least the initial aspects of this interaction. For example, lymphocyte

attachment to HEV occurs even when the endothelial cells are fixed, and in fact, the interaction is

enhanced (Woodruff and Rasmussen, 1979). However, there is no binding if the lymphocytes

are fixed in a similar fashion (Stamper and Woodruff, 1977). Furthermore, there is reduced

lymphocyte attachment at 1°C or in the presence of sodium azide or sodium iodoacetate

(Woodruff, et al., 1977), indicating that a degree of lymphocyte metabolic activity is required.

Cytochalasin B was found to completely prevent lymphocyte attachment to HEV, whereas

colchicine has no effect . Therefore it appears that microfilaments, but not microtubles, are

required for the proper interaction of lymphocytes with HEV. Woodruff, et al. (1977) speculate
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that microfilaments may be required to maintain membrane structures (such as microvilli) or to

rearrange cell-surface receptors to best interact with HEV.

Divalent cations are required for the lymphocyte/HEV interaction (Stamper and Woodruff,

1977). EDTA completely prevents lymphocyte attachment to HEV, if present through out the

binding incubaton. This inhibitory effect is completely reversed by the addition of excess CaCl2:

however, binding is only slightly improved by the addition of excess MgSO4. Therefore

lymphocyte attachment to HEV appears to selectively require Catt. This result was confirmed

using EGTA, a compound that chelates calcium 100,000-times better than magnesium (Schmid,

1957). EGTA eliminates lymphocyte attachment to HEV, and its effects are reversed by excess

Catt. Anderson and Anderson (1976), employing morphological techniques, also concluded

that the lymphocyte/HEV interaction requires divalent cations. They found that by flushing the

lymph node vasculature with buffer containg EDTA the HEV-bound lymphocytes were removed.

However, Stamper and Woodruff (1977) state that EDTA will prevent lymphocyte attachment to

HEV in the frozen section assay, but will not remove lymphocytes once they have been allowed

to bind (in the presence of calcium). This discrepancy may reflect the fact that Stamper and

Woodruff examined lymphocyte attachment to fixed HEV, while Anderson and Anderson did not

fix the tissue until after the assay. However, it is clear that Catt is required for at least the initial

interaction between lymphocytes and HEV.

Consistent with results obtained by Ford, et al. (1976), Stamper and Woodruff (1977)

report the contrasting effects of lymphocyte-treatment with trypsin or neuraminidase on their

ability to recognize HEV. These workers found that treatment of lymphocytes with trypsin

completely prevents their binding to peripheral lymph node HEV. This result confirms the in vivo

trypsin studies (described above) and strongly suggests that particular protein components on the

lymphocyte surface are involved in HEV recognition. Stamper and Woodruff found that

neuraminidase-treatment of lymphocytes does not decrease their ability to bind to HEV in the

frozen section assay. Therefore, the inhibitory effect of neuraminidase in the in vivo studies was

clearly not at the level of the HEV interaction. Recently, Samlowski, et al. (1984), confirmed that
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neuraminidase-treated radiolabeled lymphocytes are sequestered in the liver following intravenous

injection, and that they poorly localize to lymph nodes. This localization pattern is reversed if

asialofetuin is injected into the bloodstream in conjunction with the lymphocytes. Fetuin does not

effectively reverse the liver-localiztion pattern. Samlowski, et al. concluded that galactose

residues exposed on the lymphocyte surface by neuraminidase-treatment are recognized by the

galactose-specific lectin present on hepatocytes (Ashwell and Morell, 1974). Asialofetuin,

containing terminal galactose residues, saturates the liver receptor and allows the lymphocytes to

circulate and interact with HEV normally.

H. Lymphocyte-Surface "Homing Receptors" with Mucosal versus Non-Mucosal

Specificities:

The in vitro section assay has allowed the identification of two discrete lymphocyte-surface

"homing receptors". One of these receptors is specifically involved in lymphocyte recognition of

HEV within peripheral lymph nodes (PN HEV), and the other directs lymphocyte attachment to

Peyer's patch HEV (PPHEV). The discussion below describes the studies which have led to this

current view.

Butcher, et al. (1980) described nine mouse lymphoma cell lines that bind to HEV in vitro.

Four of these lines selectively bind to PP HEV, but poorly, if at all, to PN HEV. Three lines

bind almost exclusively to PN HEV. Finally, two of the cell lines bind to both HEV types. Of

these cell lines that were tested, all bind to mesenteric lymph node HEV (MN HEV) regardless of

their PP or PN specificity. As illustrated in figure 5, Butcher, et al. proposed that PP and PN

HEV express different recognition determinants, while mesenteric node HEV expresses a mixture

of both types. Peyer's patch-specific lymphomas would express only the PP-specific homing

receptor, while the peripheral node-specific cell lines would exclusively express the PN homing

receptor. Both cell types would interact with MN HEV because of the dual expression of
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recognition determinants by this HEV-type. Furthermore, the two lymphoma cell lines that bind

to both PP and PN HEV would presumably express both types of homing receptors.

Different subpopulations of normal lymphocytes have also been found to preferentially bind

to PP or PN HEV. However, these cells usually do not exhibit the degree of selectivity seen with

lymphoma cell lines. B and T cells bind to mesenteric node HEV equally well (Butcher, et al.,

1979a). In contrast, B cells bind to PPHEV two to three times better than T cells, and T cells

bind to PN HEV 1.5 times better than B cells (Stevens, et al., 1982). These binding preferences

reflect the relative in vivo homing tendencies of B and T cells, following intravenous injection; B

cells localize better than T cells within PP, and T cells home better to PN than B cells, but only

slightly better than B cells to MN. These results are obtained regardless of the lymphoid organ

from which the lymphocytes are isolated. Thus, T cells from Peyer's patch and T cells from

peripheral lymph nodes both preferentially interact with PN HEV. Interestingly, this pattern is

reflected in the cellular composition of the lymphoid organs. Peripheral lymph nodes contain

about 70% T cells, whereas PP contain approximately 80% B cells (Butcher, et al., 1981). This

suggests that the proportion of B and T cells within these tissues is determined, at least in part, by

the lymphocyte/HEV interaction. These results are in agreement with earlier observations by

Butcher, et al., (1980). These workers found that Peyer's patch lymphocytes bind to PPHEV

1.4 times better than to PN HEV, in vivo and in vitro. Peripheral node lymphocytes show a

similar preference for PN HEV. These specificities most likely reflect the fact that most PP

lymphocytes are B cells, while most PN lymphocytes are T cells.

T cells can further be characterized as Lyt-2 * (helper T cells) and Lyt-2* (cytotoxic T cells).

These T-cell subpopulations also show differential homing tendencies, although the differences

are less pronounced than those between B cells and the general T cell population (Kraal, et al,

1983). Lyt-2 - cells bind 1.5 times better to PPHEV than do Lyt-2+ cells, while both cell types

bind equally well to PN HEV. Again, this pattern is reflected in in vivo, and can be detected at

the earliest time point following intravenous injection; yet, the unequal proportion of these cells
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within PN and PP becomes even more pronounced with time, perhaps due to selective retention

times.

To summarize the results above, the in vitro HEV-binding preferences of lymphocyte

subpopulations parallels their in vivo homing tendencies. These preferences appear to establish

the degree to which certain lymphocyte subpopulations are represented within a particular

lymphoid organ; however, the selective retention of lymphocytes within a node may play an

important role, as well. The resident population of lymphocyte subsets within a particular

lymphoid tissue most likely influences the type of immune response generated by that tissue.

Peyer's patches, for example, contain a preponderence of B cells and helper T cells, which may

reflect the fact that there is predominately a humoral response at the mucosal surface (IgA).

Peripheral lymph nodes, containing a majority of T cells, are better suited to generate a cell

mediated immune response. Since the homing preferences of most lymphocyte subpopulations

are far from absolute, it is assured that both arms of the immune system are available, if needed,

in all secondary lymphoid organs (Kraal, et al., 1983).

To explain the binding preferences exhibited by normal lymphocyte subpopulations,

Butcher, et al. (1980) proposed that small lymphocytes express various proportions of both PP

and PN homing receptors (see figure 5). For example, B cells, which preferentially recognize PP

HEV, would express a greater proportion of the PP-specific homing receptor, whereas T cells

would express the PN-specific receptor to a higher degree. There are examples of normal

populations of lymphocytes that appear to exhibit near-absolute specificity for homing to mucosal

vs. non-mucosal lymphoid organs. As discussed earlier, mature immunoblasts (large circulating

lymphocytes which are generated with antigenic stimulation) have the capacity to selectively

return to the type of organ in which they were originally exposed to antigen. This has been

consistently found by a number of independent researchers (Griscelli, et al., 1969; Guy-Grande,

et al., 1978; McDermott and Bienenstock, 1979; Smith, et al., 1980; Butcher, et al., 1982b).

Progeny of the large lymphoblasts, such as memory cells, may also recirculate with a

strong degree of tissue selectivity. For example, IgA-specific helper T-cells (small, but
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previously stimulated lymphocytes) are found almost exclusively in Peyer's patches. If these

cells could be isolated and then injected i.v., one might predict that they would migrate with a

mucosal specificity (Butcher, et al., 1982b). Cahill, et al. (1977) examined the migration of

purified T cells which were isolated from intestinal or peripheral lymph in the sheep. These cells

were radiolabeled in vitro, injected intravenously, and then monitered for both initial tissue

localization and for re-appearance in the lymph. T cells isolated from peripheral lymph localize

twice as well as intestinal lymph cells to peripheral lymph nodes and the peripheral lymph

compartment. The reverse is true for intestinal lymph T cells, which home twice as well as

peripheral T cells to the intestine and the intestinal lymph compartment. This is in apparent

contrast to a report by Stevens, et al. (1982), which was discussed above. Stevens et al. found

that T and B cells, isolated from any lymphoid organ, preferentially localize within peripheral

lymph nodes and Peyer's patches, respectively. Butcher, et al. (1982b), speculates that the

difference between the two reports may reflect the way in which the lymphocytes were obtained.

Cahill, et al. used T cells isolated from lymph draining either the intestine or peripheral lymph

nodes. Therefore these workers were examining the "recirculation of recirculating cells".

Stevens, et al. obtained lymphocytes from isolated lymphoid tissues, that is, resident lymphoid

cells. As reviewed by Ford (1975), memory cells may recirculate to a greater degree than non

stimulated, virgin lymphocytes. Therefore, the recirculating lymphocytes examined by Cahill, et

al. may contain a higher proportion of memory cells than the resident lymphocytes used by

Stevens, et al. In support of this possibility, fetal sheep lymphocytes (therefore, non-stimulated

lymphocytes) isolated from lymph fail to show any organ-selective localization (Cahill, et al.,

1980).
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Figure 5. Model Illustrating the Organ-Specific Interaction between Lymphocytes and HEV

(From Butcher, et al., 1982a). Endothelial cells within Peyer's patch (PP) and peripheral lymph

node (PN) HEV express distinct determinants which are recognized by specific homing receptors

on the surface of lymphoid cells. Certain lymphoma cell lines express only one type of

lymphocyte homing receptor and therefore exclusively bind to either PP or PN HEV. Both types

of lymphoma cell lines bind to mesenteric lymph node HEV because this organ most likely

expresses both the PP- and PN-specific recognition determinants. Normal lymphocyte

subpopulations, such as B cells, helper T cells (Lyt") and cytotoxic T cells (Lytt), bind to both PP

and PN HEV, but with distinct preferences. These normal lymphocyte subpopulations most

likely express different ratios of the PP- and PN-specific homing receptors. Certain lymphocyte

subpopulations, such as immunoblast or memory cells, may express only one type of homing

receptor, corresponding to the tissue in which the cells were stimulated. The recognition

molecules involved in the lymphocyte/HEV interaction appear to selectively regulate the migration

of lymphocyte subpopulations into the different lymphoid organs. Therefore, this interaction may

establish the type of immune response generated by a particular lymphoid tissue and may direct

effector lymphocytes to areas where they will be most useful.
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I. Characterization of the Lymphocyte Surface Molecules Involved in Organ

Specific Endothelial Recognition.

Chin, et al. (1980a) described a component isolated from rat thoracic duct lymph that has the

properties of a PN-specific homing receptor which has been shed from the surface of

lymphocytes. This component, when exposed to rat peripheral lymph node frozen sections,

significantly reduces lymphocyte attachment in a subsequent assay. After incubation with this

lymph component, sections can be washed with PBS and will continue to support significantly

less lymphocyte binding. Similar pretreatment of lymhocytes with the factor does not affect their

ability to bind to HEV. Therefore, this factor appears to interact with the HEV and not with

lymphocytes to exert its inhibitory activity, and is called HEV-binding factor or HEBF.

Ammonium sulfate fractionation of the lymph, followed by gel-filtration, produces a 50-fold

purification of the inhibitory activity. Antiserum against this purified factor labels 67% of the

lymphocytes isolated from thoracic duct lymph (thoracic duct lymphocytes or TDL) and only 3%

of thymocytes. This antibody neutralizes the inhibitory activity of HEBF. Furthermore,

pretreatment of TDL with the antibody reduces their ability to attach to PN HEV by 70%. Other

antibodies, which bind to TDL to a higher degree than the anti-HEBF antibody, fail to affect

lymphocyte attachment to PN sections (Chin, et al., 1982). These results have led to the

suggestion that HEBF is a homing receptor which has been shed from the surface of lymphocytes

as they pass through the lymph. Alternatively, this component could be an enzyme that destroys

the HEV recognition determinant; however, this is unlikely because treatment of sections with

the component occurs relatively briefly and at 4°C.

Chin, et al. (1980b) prepared an affinity column using the antiserum against the lymph

component. The fraction of lymph which bound to this column was eluted and found to inhibit

lymphocyte attachment to HEV at a concentration of 140 pig protein/ml. In contrast, the unbound

lymph fraction did not affect HEV binding even at 4.4 mg protein/ml. Chin, et al. (1983) found

thoracic duct lymph to contain 14ug HEBF/ml, but could not detect its presence in serum.
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Therefore, HEBF must be cleared from the blood or inactivated by serum components. HEBF

appears to be a glycoprotein because it is destroyed by mild trypsiniztion and binds to a lentil

lectin column. Interestingly, the inhibitory factor (isolated from rat lymph) reduces lymphocyte

attachment to mouse peripheral lymph node sections as well (Chin et al., 1980b).

The anti-HEBF affinity column was used to purify antigen from detergent lysates of TDL.

The isolated material inhibits lymphocyte binding to PN sections by 80% (Chin et al., 1983).

Similar activity is derived from extracts of spleenocytes and peripheral lymph node lymphocytes,

but extracts from bone marrow cells or thymocytes have no inhibitory activity. If TDL are

exposed to trypsin prior to extraction, no inhibitory activity is obtained. Therefore, the extracted

factor is most likely a cell-surface component. When examined by SDS-PAGE, the factor

(affinity-purified from surface-radiolabeled cells) appears as three major protein bands, 235,000,

210,000, and 92,000 daltons (non-reduced). It is not clear which of these bands, if any, is

responsible for the inhibitory activity.

Anti-HEBF antibody was found to exert tissue-specific inhibitory effects on lymphocyte

migration in vivo (Chin et al., 1982). TDL were radiolabeled and treated with antibodies before

intravenous injection. Anti-HEBF prevents lymphocyte migration into peripheral lymph nodes by

70%, but does not affect accumulation within Peyer's patches. The effect on localization to

mesenteric lymph nodes is intermediate. Anti-HEBF treated lymphocytes migrate normally to the

spleen, and other antibodies do not affect lymphocyte localization to any of the tissues.

Recently, Chin, et al. (1984), have isolated a factor from lymph that selectively interferes

with lymphocyte attachment to PPHEV in vitro. This factor, when incubated on PP sections,

inhibits subsequent lymphocyte attachment by 80%. However the factor does not affect

attachment to PN HEV. Chin, et al. found that the original lymph factor, while blocking

lymphocyte attachment to PN HEV by 80%, does not inhibit binding to Peyer's patch HEV.

Therefore, there are two HEV-binding factors in lymph, one specific for Peyer's patch HEV

(HEBF-PP) and the other for HEV within peripheral lymph nodes (HEBF-LN).

t"."
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Gallatin, et al. (1983), have also identified a PN-specific homing receptor on the surface of

lymphocytes. A lymphoma cell line that exclusively binds to PN HEV (38C-13) was used to

immunize rats for the production of monoclonal antibodies. Hybridoma supernatants were

screened for reactivity against a number of cell types using indirect immunofluorescence. One of

the clones produces an antibody, MEL-14, which strongly stains mesenteric node lymphocytes

and 38C-13, as well as four other PN-specific lymphoma cells lines. This antibody fails to stain

two Peyer's patch-specific lymphoma lines, as well as ten non-HEV-binding cell lines.

Furthermore, thymocytes and bone marrow cells bind ten-fold less MEL-14 than do mesenteric

node lymphocytes. Therefore, in every case tested, only those cells which recognize PN HEV

express the MEL-14 antigen.

Pre-treatment of mesenteric node lymphocytes with MEL-14 completely inhibits their ability

to bind to PN HEV, without significant effect on PP-binding. Other antibodies, which are class

matched with MEL-14 and bind to the lymphocyte surface to a higher degree, have no effect on

HEV-binding. Therefore, Gallatin, et al. concluded that MEL-14 interacts with the PN-specific

homing receptor or a molecule closely associated with it. When they examined cells which had

attached to PPHEV in vitro, it was found that 88% were positive for MEL-14. This finding is

consistent with the hypothesis that most normal lymphocytes express both types of homing

receptors on their cell surface (as shown in figure 5).

Corroborating results were obtained with short-term in vivo localization studies. Isolated

mesenteric node lymphocytes were pre-treated with MEL-14 and then injected intravenously.

MEL-14 blocks lymphocyte localization within peripheral lymph nodes, but does not affect entry

into Peyer's patches. A class-matched control antibody has no effect on lymphocyte localization.

Furthermore, 77% of the cells that entered PP were positive for MEL-14 (55% still retained the

MEL-14 from the original incubation). MEL-14 recognizes a single protein (based on SDS

PAGE radioautography) in a detergent extract of surface radio-iodinated mesenteric node

lymphocytes. The protein has an apparent molecular weight of 80,000 daltons, which decreases

under non-reducing conditions. Gallatin, et al. believe that this protein is the PN-specific



40

lymphocyte homing receptor, but state that formal proof will require the isolation of this molecule

in an active form. For example, can the MEL-14 antigen directly bind to PN HEV'? There are

significant differences between the MEL-14 antigen and HEBF-LN (see above) that will be

examined in the "Discussion" section.

J. Homing Specificities Extend beyond Normal Lymphoid Tissues.

This section breifly digresses from the studies described above, which address the organ

specific receptors involved in the lymphocyte/HEV interaction, to discuss the possibility that HEV

recognition determinants are present on a broader range of microvascular endothelial cells. In

some cases, transient expression of recognition determinants by non-HEV endothelial cells may

be under hormonal regulation. The in vivo studies that follow actually address functional aspects

of organ-specific lymphocyte recirculation, but ones which can be better appreciated with the

knowledge of the studies described above.

Mesenteric node blast cells preferentially localize within Peyer's patches, but also appear to

directly localize within the gut wall (Smith, et al., 1980). Small lymphocytes also migrate directly

into the wall of the intestine, although their number/gram of tissue is minimal (Butcher, 1982).

With short term in vivo localization studies (using small lymphocytes), Butcher reported that the

ratio of homing of Peyer's patch lymphocytes versus peripheral node lymphocytes is 0.46 to

peripheral lymph nodes, 1.46 to Peyer's pâtches, and 1.42 for the gut wall (outside of Peyer's

patches). Although the gut wall is not considered a lymphoid tissue, endothelial cells within this

organ may express the same recognition determinants as Peyer's patch HEV. Why then, do gut

derived immunoblasts localize to the gut wall in much higher numbers than small lymphocytes?

Butcher proposed that microvascular endothelial cells within the gut wall express low amounts of

the mucosal-specific recognition determinant. Immunoblasts may have a high density of homing

receptors on their cell surface, and therefore interact better than small lymphocytes with

endothelial cells in the gut-wall microvasculature. Alternatively, the large size of the blast cells
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may cause them to travel through the gut microvasculature at a slow rate, thereby allowing them

sufficient time to interact with the limited number of endothelial recognition determinants. Such

differences between small lymphocytes and blast cells would be insignificant within PP HEV

because these blood vessels are specialized for the attachment interaction.

Gut-derived immunoblasts also show remarkable, but transient homing specificity for the

mucosal surfaces of the breast (Roux, et al., 1977). Blast cells were isolated from mesenteric or

peripheral lymph nodes and radiolabeled with 3H-thymidine. These cells were then injected i.v.

into female mice before, during, or after pregnancy. As expected, MN blast cells were found to

localize better than PN blast cells to the gut. Both cell types localize equally poorly within the

non-lactating breast. However, just before the onset of lactation the gut-derived immunoblasts

localize within the breast as well as within the gut wall, while the peripheral node blast cells

continue to home selectively to peripheral lymph nodes. When lactation diminishes, so does the

preferential homing tendencies of MN blast cells to the breast. Consistent with these findings, it

is known that during lactation the number of IgA plasma cells increases 900-fold in breast tissue

(Weisz-Carrington, et al., 1977). Roux, et al. (1977) proposed that under normal conditions,

IgA-precursor blast cells leave the gut via the lymph, enter the blood stream and travel to the

lamina propria of the lactating breast. In support of this proposal, Roux, et al. cited that IgA

antibodies found in the milk are specific for antigens commonly found in the gut (or for ones

artificially placed there). Expression of mucosal-type endothelial recognition determinants in the

lactating breast may account for the specific accumulation of IgA-plasma cells, and thus, the

secretion of antibodies into milk (Butcher, 1982). McDermott and Bienenstock (1979) suggest

that there is a common system of immunity which is shared by all mucosal organs. They found

that gut-derived immunoblasts home preferentially to the gut and somewhat to the lymphoid tissue

in the lung, but poorly to peripheral lymph nodes. The breast is unique in that its involvement in

this system appears to be under hormonal regulation. Therefore, it may be valuable to study this

tissue, not only to perhaps identify a mucosal-specific endothelial recognition determinant, but

also to determine what factors govern its selective expression.
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The skin appears to share a unique relationship with peripheral lymph nodes. Rose, et al.

(1976, 1978) have shown that T-cell immunoblasts, isolated from peripheral lymph nodes,

localize preferentially (following intravenous injection) within PN and sites of inflammation in the

skin. In contrast, MN blast cells preferentially localize in MN and in the gut wall, avoiding the

skin. If PN T-cell immunoblasts are injected into animals that have inflammatory sites in both the

skin and gut, they will localize better within the skin site. Chin and Hay (1980) have reached

similar conclusions based on studies with small lymphocytes in the sheep. Small lymphocytes

were isolated from intestinal or peripheral lymph, radiolabeled ( 31Cr or 111 In), and then

intravenously injected. These lymphocytes are preferentially recovered from their respective

lymph compartments (as discussed above). If cells are isolated from the lymph draining a skin

granuloma, then radiolabeled and injected i.v., they are largely recovered in the peripheral lymph,

but poorly from the intestinal lymph. Therefore, subsets of lymphocytes that express homing

preferences for peripheral lymph nodes also appear to selectively migrate into inflamed skin.

This migration is most likely through HEV which develop during chronic inflamation (Graham

and Shannon, 1972).

In summary, blast cells (and perhaps their progeny) acquire selective homing properties

which correspond to the organ in which they were originally stimulated by a particular antigen

(Guy-Grande, et al., 1978; Rose, et al., 1976, 1978). Thus, these cells will recirculate and

selectively localize within either PP or PN. In addition, the PN-specific cells appear to localize

with equal affinity within sites of inflammation in the skin. PP-specific blast cells localize in high

numbers directly within the gut wall as well as within the lactating breast. The mechanism by

which the PP-specific blast cells localize in these non-lymphoid tissues is not clear; however this

mechanism appears to have the same specificity as the PPHEV interaction and may therefore

involve similar recognition molecules. In a functional sense, such homing patterns can be

understood. Peripheral lymph nodes receive lymph which drains from the skin, and Peyer's

patches are exposed to antigens that are common to the intestine. When lymphocytes are exposed

to antigens within these tissues, specific memory cells are generated, as well as effector cells
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which produce antibody or have specific cytotoxic activity. These cells would be most effective

agents of immune protection if they were to populate other tissues that are likely to be exposed to

the same antigen. Thus, PP-stimulated cells would populate the gut wall and PN-stimulated cells

would populate other PN as well as sites in the skin. The lactating breast, while not typically

exposed to gut antigens, produces milk which confers protective antibodies to the digestive

system of the newborn. This functional interpretation can be extrapolated to mesenteric lymph

nodes. These organs receive a large input of lymph from the gut wall and also peripheral

drainage from the lower extremities. This may explain the intermediate characteristics of these

lymph nodes, which appear to express both PP and PN-specific HEV recognition determinants.

K. The Involvement of Carbohydrate Recognition in Lymphocyte Recirculation:

The immunologic studies described in previous sections have clearly implicated a least

two sets of recognition molecules involved in lymphocyte recirculation (figure 5). Although

these studies have provided a wealth of information concerning the distribution of receptor types

among classes of lymphocytes and lymphoid tissues, little is known concerning the biochemical

nature or the complexity of the recognition molecules involved. As discussed previously, Gesner

and Ginsberg (1964) proposed that lymphocytes utilize carbohydrate on their cell surface to attach

to "complementary" sites on HEV. Although the experimental approach taken in the early studies

produced misleading results (see above), the hypothesis of carbohydrate recognition is still

viable. The accessibility and the potential variety of membrane oligosaccharides makes these

structures likely candidates as mediators of cellular interactions (Sharon, 1975). Carbohydrate

binding proteins (lectins) and complementary carbohydrate recognition determinants have been

implicated in several cell recognition systems (Barondes, 1981, Frazier and Glaser, 1979).

These systems include the attachment of viruses to host cells (Markwell, et al., 1981), the

symbiotic-association of nitrogen-fixing bacteria with the roots of legumes (Bohlool and Schmidt,

1974), the aggregation of differentiated slime mold cells (Rosen et al., 1974), and the attachment

of sperm to egg in both invertebrates (Glabe, et al., 1982) and vertebrates (Huang, et al., 1982).
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The studies described below will outline various approaches taken to explore the involvement of

carbohydrates in lymphocyte recirculation.

Since the process of recirculation establishes a balance between lymphocytes entering and

exiting the blood stream, conditions that disrupt either one of these movements should directly

affect the size of the lymphocyte blood pool. Several investigators have injected polysaccharides

directly into the blood stream to determine the effect on the concentration of recirculating

lymphocytes. Jansen, et al. (1962), demonstrated that the intravenous administration of heparin

causes lymphocytosis. After injection of 300 mg of heparin into a calf, they noted a large

increase in the output of lymphocytes from the thoracic duct during the next eight hours. Jansen,

et al. concluded that the increased thoracic duct output was responsible for the lymphocytosis

produced by heparin. Sasaki and Suchi (1967) reached a similar conclusion using a different

polysaccharide, dextran sulfate. They found that intraperitoneal (i.p.) administration of dextran

sulfate into rats produces a lymphocytosis similar to that seen with heparin. Furthermore, they

noted a marked depletion of lymphocytes within lymph nodes and the white pulp of the spleen.

These workers concluded that dextran sulfate-induced lymphocytosis is the result of increased

lymphocyte mobilization from lymphoid organs.

Bradfield and Born (1974) extended these studies by examining the effect of a number of

injected polysaccharides on the size of the lymphocyte blood pool (50 mg injected i.p./kg body

weight). These workers found that heparin produces lymphocytosis in mice in a dose-dependent

manner, with maximum effect three hours after administration. Similar results were obtained

with dextran sulfate, although higher molecular weight dextran sulfate was found to cause a

greater degree of lymphocytosis. In contrast, dextran phosphate, chondroitin sulfate, or neutral

dextran do not affect the concentration of lymphocytes in the blood. Positively charged

compounds such as protamine sulfate and DEAE dextran also have no effect. Thus, sulfation

appears to be crucial for the activity of dextran sulfate. Based on measurements of thoracic duct

output, Bradfield and Born determined that the observed lymphocytosis could not be explained

=
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soley by an increased lymphocyte output into the blood stream. They suggested that heparin and

dextran sulfate inhibit lymphocyte exit through HEV.

Ford, et al. (1978) confirmed that dextran sulfate produces lymphocytosis. However, in

contrast to the previous reports, there was no apparent increase in the thoracic duct output of

lymphocytes. To address the cause of lymphocytosis, these workers examined the in vivo

localization of radiolabeled rat lymphocytes which had been pre-treated with dextran sulfate (100

and 500 ug/ml). One hour after injection, the localization of treated lymphocytes within lymph

nodes is 44% lower than that of untreated lymphocytes (there is a slight lymphocyte surplus in the

blood). When dextran sulfate is injected into rats in conjunction with the radiolabeled

lymphocytes, lymphocyte localization within lymph nodes is inhibited 89%, and the concentration

of lymphocytes in the blood increases two-fold. Since dextran sulfate did not increase the

thoracic duct output of unlabeled lymphocytes, Ford, et al. concluded that dextran sulfate

interferes with recirculation at the level of the HEV interaction. Furthermore, they concluded that

dextran sulfate interacts with the HEV to inhibit the lymphocyte interaction because pretreatment

of the lymphocytes with dextran sulfate was two-fold less effective than when the polysaccharide

was administered directly to the blood stream. However, since a significant degree of inhibition

was obtained after lymphocyte pre-treatment, it seems more likely that dextran sulfate interacts

reversibly with the lymphocyte surface. In such a case, dextran sulfate would be a more effective

inhibitor when present in the blood because the lymphocyte surface would remain saturated.

The effects of heparin and dextran sulfate on the lymphocyte/HEV interaction are unclear.

It is difficult to estimate the concentration of these polysaccharides in the blood during the

experiments described above. If the average mouse weighs 25 grams and has a blood volume of

2 ml, then the concentrations of these compounds ranged from 100 - 600 pig■ ml. At these high

concentrations, the specificity of heparin and dextran sulfate is questionable. Bradfield and Born

noted that dextran sulfate causes the precipitation of plana proteins, which could conceivably

interfere non-specifically with the lymphocyte/HEV interaction. Furthermore, there is a question

concerning the cause of the lymphocytosis; was lymphocyte input increased, or was output
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decreased? Therefore, once again, interpretation of recirculation studies is confounded by the

problems associated within vivo assays.

Stoolman and Rosen (1983) addressed the question of carbohydrate involvement in

lymphocyte recirculation using a modified version of the the Stamper-Woodruff in vitro assay.

All experiments in these studies examined lymphocyte attachment to frozen sections of rat

peripheral (cervical) lymph nodes. The strategy of these workers was to determine if particular

mono- or polysaccharides could inhibit the lymphocyte/HEV interaction. If a lectin/carbohydrate

interaction mediates lymphocyte attachment to HEV, then the appropriate carbohydrate haptens

should be able to compete lymphocyte binding. A number of simple sugars were independently

added at high concentration (0.15M) to the medium during the lymphocyte-binding incubation.

Surprisingly, most of the sugars, except for D-mannose and L-fucose, enhance lymphocyte

attachment to HEV. D-mannose and L-fucose have no effect on the interaction relative to the no

addition control. Stoolman and Rosen suggested that the hypertonic conditions produced by the

high concentration of the sugars, enhance lymphocyte binding non-specifically. They further

speculated that D-mannose and L-fucose exert a specific inhibitory effect on the HEV interaction

that is masked by the enhancing-effect of hypertonicity. Consistent with this hypothesis, D

mannose and L-fucose are structurally related sugars (they share an axial 2-OH and an equatorial

4-OH) and there are lectins which express a combined specificity for these saccharides

(Townsend and Stahl, 1981, Shepherd, et al., 1981).

By increasing the ionic strength of the medium, Stoolman and Rosen (1983) found that

the inhibitory effects of mannose and fucose are enhanced. Above physiologic concentrations,

NaCl weakens the lymphocyte/HEV interaction and perhaps leaves it more succeptible to the

action of specific inhibitors. In the presence of 60 mM supplementary NaCl, L-fucose and D

mannose (150 mM) inhibit lymphocyte attachment to peripheral lymph node HEV by 88% and

95%, respectively (relative to the no-sugar-added control). In the presence of D-galactose, L

rhamnose, N-acetyl-D-galactosamine, D-ribose, D-glucose, or D-fucose the level of lymphocyte

attachment to HEV is the same or higher than that of the no-sugar-added control. The inhibitory

.
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effects of D-mannose and L-fucose are dose-dependent (I-50 at 50mM) and do not appear to be

caused by selective toxicity (trypan blue exclusion and the rate of protein synthesis are

comparable in the presence of any of the sugars).

In a subsequent report, Stoolman et al. (1984) found that the inhibitory effect of D

mannose is greatly potentiated if that sugar is phosphorylated on the sixth carbon. At 10 mM, D

mannose-6-phosphate (M-6-P) inhibits lymphocyte attachment to peripheral lymph node HEV by

80-90%, whereas D-mannose-1-phosphate (M-1-P) and five other phosphorylated

monosaccharides have no significant inhibitory activity. D-fructose-1-phosphate is structurally

similar to M-6-P (Kaplan, et al., 1978) and has similar inhibitory activity in the HEV-binding

assay, whereas D-fructose-6-phosphate has no significant effect. M-6-P reduces binding 50% at

a concentration of 2-3 mM and this inhibitory activity does not depend upon the addition of

supplementary NaCl to the medium. Therefore, phosphorylation of mannose at the sixth position

increases its inhibitory activity greater than 25-fold.

Stoolman and co-workers described two polysaccharides, one containing fucose and the

other M-6-P, which are potent inhibitors in the in vitro assay. Polysaccharides often interact with

lectins better than their simple sugar constituents. This is likely to be due to the increased valency

of the polysaccharide, which allows the lectin to interact with multiple sites on the same molecule

(Krantz, et al., 1976). Alternatively, a polysaccharide may contain the sugar groups in a linkage

which is more tightly bound by the lectin (Goldstein and Hayes, 1978). Stoolman, et al. (1984),

found that PPME, a yeast mannan containing only mannose and phosphate (Jeanes, et al., 1962),

is a potent inhibitor of the lymphocyte/HEV interaction. PPME inhibits up to 80% of the

lymphocyte binding at a concentration of 100 pg/ml (10-7 M). In addition, fucoidin, a highly

sulfated polysaccharide rich in L-fucose (Mian and Percival, 1973), completely eliminates

lymphocyte attachment to HEV at 10 pg/ml (10-7 M) (Stoolman and Rosen, 1983). At 1000

plg/ml, native yeast mannan, Mnn-1 mannan, Mnn-2 mannan, glycogen, invertase, and

horseradish peroxidase have no effect on lymphocyte attachment to HEV. Dermatan sulfate,

chondroitin sulfate, hyaluronic acid, milk oligosaccharides, and sea urchin egg jelly fucan have
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marginal inhibitory activity at high concentrations. Consistent with the in vivo studies described

above, heparin and dextran sulfate also have inhibitory activity, however these compounds

require 25 - 100-fold higher concentrations than fucoidin to achieve 50% inhibition. High

molecular weight dextran sulfate may have increased inhibitory activity (Lloyd Stoolman,

personal communication).

PPME and fucoidin appear to exert their inhibitory effects on the lymphocyte-side of the

HEV interaction. When lymphocytes are pre-incubated with either fucoidin (Stoolman and

Rosen, 1983) or PPME (Stoolman, et al., 1984), washed with fresh medium, and then exposed

to lymph node sections, they poorly bind to HEV. These effects are rapidly reversible with time,

and therefore do not reflect toxic effects caused by the inhibitors (Stoolman and Rosen,

unpublished observation). In contrast, when the lymph node sections are pre-treated with PPME

or fucoidin, there is no residual inhibitory activity in a subsequent assay. These results led

Stoolman and Rosen (1983) to speculate that lymphocytes express a lectin-like protein on their

cell surface which interacts with specific carbohydrate determinants associated with the luminal

surface of HEV. Fucoidin or PPME presumably resemble the HEV recognition determinant and

therefore compete with HEV for lymphocyte recognition.

The following observations, which have been discussed earlier, are consistent with the

Stoolman-Rosen hypothesis: 1) Lymphocytes appear to attach to the thick "glycocalyx" on the

luminal surface of HEV. Under conditions that preserve membrane oligosaccharides, even the

closest contact points between lymphocytes and HEV are found to be separated by fibrillar

material (Anderson and Anderson, 1976); 2) Exposure of HEV (in vivo) to trypsin does not

cause obvious structural changes in the glycocalyx (Anderson and Anderson, 1976) and

lymphocyte attachment to HEV (in vitro) is not affected when PN sections are treated with this

enzyme (L.M. Stoolman, personal communication). In contrast, pretreatment of lymphocytes

with trypsin completely prevents their attachment to HEV (Woodruff, et al., 1977); 3) HEV

recognition determinants retain activity when fixed with aldehydes, which would denature most

proteins (Stamper and Woodruff, 1976); however, similar pretreatment of lymphocytes
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eliminates their ability to bind to HEV (Woodruff and Kuttner, 1979). 4). Treatment of lymph

node sections with periodate, under conditions that favor carbohydrate oxidation, complelely

prevents subsequent lymphocyte attachment (Rosen and Stoolman, 1985).

Spangrude, et al. (1984), confirmed Stoolman and Rosen's observations that fucoidin

blocks lymphocyte attachment to HEV in vitro. Furthermore, these workers found that fucoidin

prevents lymphocyte migration into lymph nodes, in vivo. Spangrude, et al., found that fucoidin

inhibits the in vivo interaction most effectively when it is injected simultaneously with the

lymphocytes. Therefore, these workers speculated that fucoidin may interact with HEV to exert

at least part of its inhibitory effect. However, as described above, Stoolman and Rosen (1983)

could detect no persistent inhibition if lymph nodes sections were pre-incubated with fucoidin. In

contrast, when lymphocytes were pre-treated with fucoidin, and washed, they poorly bound to

HEV. The persistent inhibitory effect of fucoidin significantly diminishes if the treated

lymphocytes are washed and incubated at 4°C for 45 minutes prior to the binding assay

(Stoolman and Rosen, unpublished observation). Following pre-incubation with fucoidin,

Spangrude et al. washed the lymphocytes and allowed them to incubate 60 minutes at 37°C prior

to intravenous injection. Given these conditions, it seems likely that fucoidin dissociates from the

lymphocyte surface and is, therefore, only an active inhibitor when injected simultaneously with

the lymphocytes.

The most effective carbohydrate inhibitors of the lymphocyte/HEV interaction are

charged. If fucoidin is de-sulfated or PPME is de-phosphorylated their inhibitory activity is

reduced 20-100 fold (Rosen and Stoolman, 1985). Furthermore, the activity of the simple sugars

(D-mannose and L-fucose) are enhanced by increasing the ionic strength of the incubation

medium or by selective phosphorylation (D-mannose-6-phosphate). Therefore, it appears that

charge plays an important role in the activity of these compounds. However, charge alone does

not explain the potency of PPME or fucoidin. Using cellular electrophoresis, Stoolman, et al.

(1984) found that there is no correlation between the charge imparted to the lymphocyte surface

by a given carbohydrate compound and to the activity of that compound as an inhibitor of the
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lymphocyte/HEV interaction. At a concentration of 10 mM, M-6-P and M-1-P impart equal

charge to the lymphocyte surface; yet only M-6-P effectively inhibits lymphocyte attachment to

HEV. Furthermore, fucoidin and PPME impart less charge to the cell surface than either heparin

or dextran sulfate. Dextran sulfate (25 ug/ml), in particular, contributes a great deal of negative

charge to the lymphocyte surface, while having an insignificant effect on lymphocyte attachment

to HEV. Therefore, at high concentrations, dextran sulfate may inhibit lymphocyte binding to

HEV in vivo and in vitro through non-specific charge interactions.

L. Relationship of the Proposed Lymphocyte-Surface Lectin with Other

Receptors:

Stoolman, et al. (1984) discussed the possible relationship of the putative lymphocyte

lectin with two other well-described receptors that interact with M-6-P. Ligatin is a plasma

membrane protein found in a number of tissues (Jakoi, et al., 1976). In the embryonic chick

neural retina, ligatin is thought to serve as a receptor or "baseplate" for the attachment of

glycoproteins, which then mediate intercelluar adhesion (Marchase, et al., 1981). The

comparsion between ligatin and the proposed lymphocyte lectin is complicated by the fact that the

specificity of ligatin for phophorylated monosaccharides varies depending upon the tissue from

which it is purified (Jakoi, et al., 1981). Another well-described M-6-P receptor is involved in

the recognition of lysosomal enzymes. Lysosomal enzymes are unique glycoproteins in that they

express terminal M-6-P (Kaplan, et al., 1977; Natowicz, et al., 1979). Shortly after becoming

translated and glycosylated in the rough endoplasmic reticulum, these enzymes are bound by M

6-P receptors and targeted to the lysosome (Sly and Fisher, 1982). Most cell types express this

receptor within Golgi cisternae, coated vesicles, endosomes and lysosomes (Brown and

Farquhar, 1984). Some cells types express the M-6-P receptor on their plasma membrane and

have been used to characterize the activity of this receptor by studying the cell-surface attachment,

or uptake of lysosomal enzymes (Kaplan, et al., 1978). Stoolman, et al. (1984) described the
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similarities between the lysosomal-enzyme M-6-P receptor and the proposed lymphocyte-surface

lectin: The activity of both is inhibited by M-6-P, fructose-1-phosphate, and PPME, but is

relatively insensitive to M-1-P, glucose-6-phophate, galactose-6-phosphate and alkaline

phosphatase-treated PPME. Furthermore, these two receptor activities are selectively inhibited by

D-mannose and L-fucose, but to a much lesser extent than by the specific phosphorylated

monosaccharides. In contrast to the interaction between lymphocytes and HEV, the activity of

the lysosomal enzyme receptor does not appear to be inhibited by fucoidin (Shepherd, et al.,

1984). Since fucoidin is the most potent carbohydrate inhibitor of the lymphocyte/HEV

interaction, this result implies that the proposed lymphocyte lectin is distinct from the lysosomal

enzyme receptor. Alternatively, it is possible that there are several component required for

lymphocyte attachment to HEV and that fucoidin and PPME interact with distinct lymphocyte

molecules. Therefore, a possible role for the lysosomal enzyme receptor in HEV recognition

cannot be excluded. Recently, a separate M-6-P-binding activity has been implicted in the

targeting of lysosomal enzymes (Hoflack and Kornfeld, 1985). This receptor is not yet well

characterized and it is difficult to assess its relationship with the proposed lymphocyte lectin.

Stoolman, et al. (1984) described three possible models by which a lymphocyte surface

lectin could be involved in the HEV interaction. First, the lectin activity may directly bind to

carbohydrate determinants associated with HEV (perhaps, M-6-P or M-6-P-like molecules).

Second, the M-6-P-binding activity may be similar to ligatin and act as a baseplate, or anchor, for

the attachment of peripheral components which are involved in HEV recognition. Third, there

may be several separate HEV-recognition mechanisms, one of which involves the lymphocyte

surface lectin. It is not known what relationship the proposed lectin has with the other described

PN homing receptors (the MEL-14 antigen and HEBF-LN).
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Chapter II. Materials and Methods. *
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A. Materials.

1) Supplies: Heparin (H3125), chondroitin sulfate (C3254), dextran sulfate (D7515),

hyaluronic acid (H1751), and dermatan sulfate (C4259), all phosphorylated monosaccharides,

bovine serum albumin (A4503), cyanogen bromide (C6388), fluoresceinamine isomer 1 (F7000),

guaiacol (G5502), peroxidase type II (p8250), sodium azide (S2002), trifluoracetic acid (T6508),

trypsin type III (T8253), and trypsin inhibitor type II-O (T9253) were obtained from Sigma

Chemical Co. (St. Louis, Mo.). Fucoidin was purchase from K&K Labs (Plainview, NY). The

yeast mannans, mnn 1 and mnn2 were kindly supplied by Dr. C.E. Ballou (University of

California, Berkeley) and PPME (the polyphospho-monoester core from Hansenula hostii

phosphomannan) was a generous gift of M.E. Slodki (U.S. Dept. of Agriculture, Northern

Regional Research Center, Peoria, IL). Sephacryl S-300 (superfine), Sephadex, G-75

(superfine) and Con-A Sepharose were obtained from Pharmacia (Piscataway, New Jersey).

Paraformaldehyde was purchased from MCB (Cincinnati, OH) and glutaraldehyde (25%

aqueous) from Aldrich Chemical Co. (Milwaukee, Wis.). Disodium EDTA, as well as boric acid

were obtained from Mallinckrodt (Paris, KY). Toluidine Blue is distributed by Roboz Surgical

Instrument Co. (Washington D.C.)

2) Cell Lines: The following mouse cell lines were generously provided by Dr. Eugene

Butcher (Department of Pathology, Stanford University): RAW 112 (Abelson virus-induced

Balb/c lymphoma), 38C-13 (cloned C3H/eb, B cell lymphoma), Sp 20 (fusion-partner

myeloma), BW 5147 (T-cell lymphoma), EL4 (chemical carcinogen-induced C57BL

lymphoma), and WEHI 3 (myelo-monocytoma). The mouse lymphoma cell line, S-49, was

obtained through the cell culture facility at the University of California, San Francisco. All cells

were maintained by suspension culture in RMPI 1640 growth medium (pH 7.4), supplemented

with 10% FCS, 2g/L Na bicarbonate, 2 mM L-glutamine, 1 mM Na pyruvate, non-essential

amino acids, and 100 U penicillin-streptomycin/ml, which were obtained from the cell culture
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facility at the University of California, San Francisco. In addition, 2-mercaptoethanol (Sigma,

M6250) was added to the medium at a final concentration of 1 x 10-3 M. Cells were grown at
37°C in a humidified incubator with 8% CO2 and were diluted 1/10 or 1/20 into fresh medium

every 3-4 days. Cells were maintained no longer than 6-8 weeks in continuous culture. In

preparation for an HEV- or bead-binding assay, the cells were centrifuged (1200 rpm, 5 minutes

at 4°C) and then resupended in cell suspension buffer. This process was repeated once. The cell

concentration and viability were determined as described above in "Preparation of cell

suspensions".

3) Antibodies: The rat monoclonal antibodies, MEL-14 (anti mouse "PN-specific

homing receptor"), 30 G12 (anti T-200, class-matched (IgG2a) with MEL-14), 9B5 (class

matched with MEL-14, does not bind antigen on mouse lymphocyte surface), 6B2 (anti B 220),

FD 18.5 (anti LFA 1, alpha subunit), and FD 441.8 (anti LFA 1, beta subunit), as well as the

mouse monoclonal antibodies, 11.4.1 (anti H-2k) and 34.1.2 (anti H-2d+b) were kindly

provided by Dr. Eugene Butcher (Department of Pathology, Stanford University). For immuno

fluorescence studies, these antibodies were detected with a fluorescein-conjugated, affinity

5urified, goat anti-rat IgG (whole molecule) (Sigma, St. Louis Mo., Catalog #F6258). This

antibody significantly cross-reacts with mouse IgG and could therefore be used to detect the two

mouse monoclonal antibodies listed above (in these cases, mouse serum was replaced with FCS

juring the second antibody incubation).

3. Preparation of Cell Suspensions: Cell suspension buffer was either Dulbecco's

Shophate buffered saline (PBS), or Eagle's minimal essential medium (MEM) in Earle's salts.

WEM was buffered (pH 7.4) with 40 mM tricine rather than sodium bicarbonate. Typically,

3SA (1mg/ml) was added to the cell suspension buffer to minimize cell clumping. Cells were

maintained at 4°C. Lymphocytes were obtained from the brachial, cervical, axillary and

mesenteric lymph nodes of cervically-dislocated mice (Balb/c female, 6-10 weeks) or from the
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cervical lymph nodes of CO2-anesthetized rats (Sprague-Dawley, 180-200g). For the preparation

of thymocytes, the thymus was carefully dissected and cleaned to exclude the parathymic lymph

nodes. The lymphoid tissues were placed on a rigid, stainless steal, fine-meshed screen and

thoroughly teased with fine needles. Using a pasteur pipet, the tissue was repeatedly flushed

with a total of 15 mls of cell suspension buffer and the cells were collected in a petri dish

(supported on ice). The cell suspension was then transferred to a 15 ml conical centrifuge tube

and centrifuged 1200 rpm (265 x g) for 5 minutes, at 4°C, in a Beckman TJ-6 table top centrifuge

(swinging-bucket rotor, TH-4). The supernatant was removed with aspiration and the pellet

resuspended in 2-4 ml of suspension buffer with vigorous pipetting. The cell concentration was

determined with a hemocytometer in the presence of 0.1% trypan blue and was adjusted to 1-2 x

107 viable cells/ml. Typically, greater than 80% of the lymphocytes were viable. The cell

suspensions were stored on ice until the beginning of the assay (generally, no longer than one

hour).

C. Treatment of Cells with Trypsin: The conditions for trypsin treatment was adapted

from a report by Stamper and Woodruff (1977). 2 x 10 7 lymphocytes in 0.5 ml PBS (without

BSA) were mixed with an equal volume of PBS containing trypsin (pre-warmed to 37° C), and

incubated for five minutes at 37° C. A 10-fold excess of trypsin inhibitor was added to one

sample, containing the highest concentration of trypsin, before the onset of the incubation. After

the incubation, the remaining tubes received an equivalent amount of trypsin inhibitor. All tubes

were then centrifuged for ten seconds in a Beckman B microfuge, and the supernatants were

removed by aspiration. The cell pellets were resuspended in 0.6 ml cold PBS (containing 1

mg/ml BSA) and adjusted to a concentration of 1 x 107/ml. The cells were then immediately

employed in the HEV and bead-binding assays, as described above.
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D. HEV Attachment Assay: This assay was originally reported by Stamper and Woodruff

(1976) and was subsequently modifed by Butcher, et al. (1979) and by Stoolman, et al. (1984).

The assay, in current form, is described below.

1) Preparation of tissue sections: Tissue sections were freshly prepared prior to each

experiment. Peripheral lymph nodes (brachial, cervical and axillary) and Peyer's patches were

dissected from mice or rats. The tissues were positioned closely together on a mounded surface

of gum tragacanth paste (Fisher Scientific, Fair Lawn, NJ; prepared by mixing the powder with a

few drops of H2O), then quickly frozen at -160°C in liquid-nitogen-cooled 2-methyl butane

(Fisher Scientific, Fair Lawn, NJ). 10 plm-thick sections were immediately cut on a cryostat

(IEC, minotome, Needham Hts., Mass; -20°C) and then transfered to a glass slide (in the center

of a 14 mm well, pre-formed within a thin epoxy-coating, Carlson Scientific Inc., Petone, Ill.,

#00301). This transfer was accomplished by touching the tissue section (while it was still resting

on the cold knife blade) with the room-temperature slide. The sections were then allowed to air

dry at room temperature for 1-3 hours. Shortly before the assay, the sections were fixed in

freshly-prepared paraformaldehyde (1% in 0.1M Na cacodylate, pH 7.3) for 20 minutes at 4°C.

After fixation, the sections were washed by dipping five times in each of three changes of buffer

(PBS, 4°C). Separately, the slides were placed on a paper towel and the epoxy coating was

"vacuumed" dry with an aspiration line (taking care not to disturb the section within the well).

Each slide was quickly positioned on a metal tray, which was supported by packed ice, and the

wells were filled with 110 pil of cell suspension buffer. With this arrangement, the temperature of

the slides was determined to remain at less than 10°C throughout the assay (Stoolman and Rosen,

1983).

2) HEW Attachment Incubation: Carbohydrates and antibodies (potential inhibitors)

were exposed to lymphocytes 30 minutes prior to the assay, at 4°C, and were usually present

throughout. The final cell concentration was 3-10 x 10 6/ml. The medium present in each slide

º
º
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well (see above) was individually removed with aspiration and 110 pil of the appropriate cell

sample was added. After the the samples were loaded the binding-incubation was initiated, and

continued for 30 minutes, with rotary agitation (80 rpm, G-24, New Brunswick Scientific Co.,

Inc, Edison, NJ; 3/4 inch radius of gyration). The cell suspensions were then carefully decanted

from the wells and the slides were placed in 2.5% gluteraldehyde (in PBS, 4°C, 20 minutes).

The sections were washed by dipping five times in PBS and then immersed in 0.5% toluidine

blue (in a 20% solution of ethanol). After 15-60 seconds in the staining solution, the slides were

dipped once in 100% ethanol and quickly mounted under glass coverslips with "immu-mount"

(Shandon, Sewickley, PA, cat. #999 x 0402).

3) Quantification of Lymphocyte Attachment: As shown in figure 4, exogenous

lymphocytes, which have bound to the section, are easily distinguished from their sectioned

counterparts because they stain darker (being whole cells), and because they are present in a

slightly different plane of focus. HEV within the tissue section can be readily identified by their

prominent basement membrane and distincitve endothelial cells. Under control conditions, the

density of lymphocyte binding to areas of exposed HEV is generally 25 - 50-fold greater than to

other areas of the tissue section.

In early experiments, lymphocyte attachment was quantified employing a technique similar

to that described by Stoolman and Rosen (1983). Briefly, the cortical areas of lymph nodes were

divided into non-overlapping microscopic fields (200X) and all lymphocytes bound to HEV

within at least 10 fields were counted. The degree of binding was expressed as the number of

lymphocytes bound to HEV/microscopic field. Although this system was satisfactory for

quantifying lymphocyte binding to rat peripheral lymph nodes, which are relatively large, it was

difficult to apply to the smaller mouse tissues. For example, a typical cortical area of a mouse

Peyer's patch section was often not large enough to fill even a single 400X microscopic field.

Lymphocyte attachment in subsequent experiments was quantified using a Bioquant II

digitizing morphometry system (R & M Biometrics, Nashville, TN). Tissue sections were
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examined at 200X magnification. The total area of 15-30 individual HEV segments was

determined, as well as the total number of exogenous lymphocytes bound to these segments (see

figure 4). The degree of binding was expressed as the number of lymphocytes bound/total area

of HEV (in units of 104 Hm?). A minimum of three separate sections was counted in this manner

for each condition tested. The degree of binding in the presence of potential inhibitors was

expressed as the percentage of binding in the no-addition controls (set at 100%). Therefore, the

effects of various inhibitors could readily be compared from experiment to experiment.

E. Preparation of Derivitized Beads: Polystyrene Beads, with an amine-coated surface,

were purchased from Covalent Technology Corporation (Ann Arbor, MI. The beads are listed as

Covaspheres FX, 0.5 pum diameter, fluorescent green, #112030-30). PPME, chondroitin sulfate

and heparin were activated with cyanogen bromide using a procedure adopted from Glabe, et al.

(1983). 0.3 ml of each carbohydrate (10 mg/ml H2O) was added separately to an equal volume

of cyanogen bromide (100 mg/ml H2O). The pH was adjusted to 11 with 1 N NaOH and

maintained between pH 10.5 and 11.5 by drop-wise addition of O.2 N NaOH for five minutes.

The solution was immediately subjected to gel filtration on a 1 x 20 cm column of Sephadex G-75

(superfine) in 0.2 M sodium borate (pH 8.0) at room temperature. One ml fractions were

collected and the carbohydrate content of each was rapidly determined with analysis of a 50 pil

aliquot using the phenol-sulfuric method (Dubois, et al., 1956). The three fractions containing the

highest concentration of carbohydrate were pooled and immediately mixed with 100 pil beads per

ml of activated carbohydrate solution. Native beads were prepared by mixing the same ratio of

beads with borate buffer. The tubes were then capped and placed on a rocker-shaker overnight at

room temperature. When the beads were stored at 4°C cell-binding activity was lost gradually

within three weeks. Activity of the beads was maintained at least 5 months by snap-freezing 200

pul aliquots of beads (in microfuge tubes) in liquid nitrogen and then storing the aliquots at -20°C.
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F. Degree of Carbohydrate Substitution on Derivatized Beads: The amount of

PPME conjugated to the beads was based on phosphate content. Three ml of each PPME and

native bead solutions were centrifuged for 30 minutes at 10,000 x g in a Beckman B microfuge.

The supernatant was removed with aspiration and the beads were resuspended in an equal volume

of de-ionized H2O. The beads were pelleted and resupended in H20 a total of three times to

effectively remove unbound PPME and phosphate. In order to hydrolyze the bead-associated

PPME, the final pellets were resuspended in 0.5 ml of 2N trifluoroacetic acid and heated at 100°C

for two hours in sealed tubes with teflon cap liners under nitrogen (hydrolysis conditions

recommended by M.E. Slodki, personal communication). In parallel, two samples of PPME (10

and 100 pig, to be used as standards) and a blank sample (no PPME, no beads) were subjected to

hydrolysis as described above. After hydolysis, each sample was loaded into a syringe and

passed through a pre-moistened millipore filter to remove the bead fragments. The filter was

flushed twice with an equal volume of water to collect residual phosphate. The contents of each

of the five tubes was dried under a stream of nitrogen. The dried residue was dissolved in O.5 ml

of deionized water, neutralized with NaOH, and analyzed for phosphate content according to

colorimetric assay described by Ames and Dubin (1960). Optical density (OD) of the samples

was read against the blank and the OD produced by native beads was subtracted from that

produced by PPME beads (the native bead background was approximately 30% of the PPME

bead signal). Serial dilutions of the two hydrolized samples of PPME (10 pig and 100 pig) were

used as phosphate standards to calibrate the assay; thus, a linear relationship was established

between the phosphate OD and pug PPME.

A similar method was used for determining the degree of substitution of chondroitin sulfate

beads. However, in this case the beads were subjected to hydrolysis with 4N HCl in sealed tubes

under nitrogen at 100°C for four hours (hydrolysis conditions recommended for amino-sugars by

Cook, 1976). The filtered hydrolysates were dried under a stream of nitrogen, neutralized, and

then analyzed for hexosamine content according to colorimetric assay described by Hardman and

Ainsworth (1972). As described above, the OD reading produced by hydrolysed native beads
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was subtracted from that of chondroitin sulfate beads (the native bead background was less than

10% of the chondroitin sulfate bead signal). Hydrolyzed chondroitin sulfate was used as an

amino-sugar standard to calibrate the assay.

G. Preparation of HRP- or Fluorescein-conjugated PPME. PPME was activated with

cyanogen bromide and subjected to gel filtration as described in "Preparation of derivitized

Beads". The three fractions containing the highest concentration of activated PPME were pooled

and then combined with 10 mg of HRP or fluoresceinamine, then incubated on a rocker-shaker

for 3 hr. Non-conjugated HRP or fluoresceinamine was separated from PPME with gel filtration;

the mixture was chromatographed on a 1 x 20 cm column of Sephacryl S-300 (superfine) in PBS

at room temperature. One ml fractions were collected and the carbohydrate concentration of each

was determined by analyzing 50 pil aliqouts by the phenol-sulfuric method (Dubois, et al., 1956).

The concentration of HRP in each fraction was determined with the guaiacol method described by

Maehly (1954). Fluorescein content was determined by absorbance of the fractions at 440 nm.

The amount of HRP or fluorescein detected in the PPME fractions was used to calculated the

degree of conjugation; HRP or fluorescein were not detected in the PPME fractions during mock

runs when they had been incubated with non-activated PPME.

H. Bead-binding assay: This assay was based on a procedure, described by Mirro, et al.

(1981), which examined cell-surface attachment of antibody-coated fluorescent beads. Cells (1 x

107/ml cell suspension buffer) were remained with potential inhibitors (carbohydrates or

antibodies) for 30 minutes, at 4°C, prior to the beginning of the assay. Carbohydrate-conjugated

and native beads were thawed (see above) and washed by 1/7 dilution with cell suspension

buffer, followed by centifugation (10,000 x g) in a Beckman B microfuge for 20 minutes in a 7°C

cold closet. The supernatant was carefully removed with aspiration. The beads were

resuspended in 10 times the starting volume and then sonicated for 20 sec using a microtip

sonifier (Branson, model 200) at 20-30 watt power output (continuous). Individual wells of a
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flat-bottomed microtiter plate (Linbro/Titertek, 96 wells - 1.0 x 0.6 cm, Flow Laboratories, Inc.,

McLean VA cat.:#76-203-05) each received 100 pil of a bead suspension and then an equal

volume of the appropriate cell suspension. The plate was centrifuged in a Beckman TJ-6 table top

centrifuge (swinging plate-holders, TH-4 rotor) at 1100 rpm (225 x g) for 12 minutes at 4°C.

The plate was then gently placed on ice and left undisturbed for 60 minutes. The cells and beads

from each well were resuspended by gentle pipetting and layered over 0.5 ml PBS, containing

7% BSA and 1 mM sodium azide at 4°C (in 1.5 ml microfuge tubes). The tubes were centrifuged

at 1000 rpm (185 x g) for five minutes at 4°C in a Beckman TJ-6 centrifuge (swinging-bucket,

TH-4 rotor). The supernatant, containing unbound beads, was carefully removed with

aspiration. The cells were resuspended in 200 pil of PBS (4°C) by pipetting up and down ten

times and were then fixed by the addition of 200 pil of 2% paraformaldehyde in PBS. The

samples were analyzed by flow cytometry (see below) within 24 hours. In some instances, the

cells were not fixed. In these cases, the final cell pellet was resuspended in 400 pil of PBS and

the samples were analyzed by flow cytometry immediately. Fixation did not alter the mean

fluorescent intensity of the single cell population decorated with beads (although it did decrease

the percentage of single cells, with an increase in cellular debris). The major advantage of

fixation was that the fluorescence histogram of the bead-decorated lymphocytes did not change

during the course of analysis, and hence consistent values among the replicate samples were

obtained.

I. Treatment of Cells with Antibodies for Immunofluorescence: Each antibody was

titered, using immunofluorescence, to determine the concentration required for saturation of cell

surface binding sites. 200 pil of cells (at 5 x 10 6/ml PBS, containing 5% fetal calf serum (FCS)

and 1 mM Na azide) were incubated with the primary antibody for 30 minutes on ice. The cells

were then layered over 0.5 ml FCS (in 1.5 ml conical microfuge tubes) and centrifuged for 5

minutes at 1100 rpm (225 x g) at 4°C. The pellets were resuspended in 100 pil PBS (with 5%

mouse serum, 1 mM Na azide) to which was then added 100 pil of the fluorescein-labeled
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secondary antibody (diluted 1/5 into PBS with 5% mouse serum and 1 mM Na azide, see

"Antibodies" below for source). After a 15 minute incubation on ice, the cells were again layer

over O.5 ml of FCS and pelleted as above. These cells were resuspended in 400 pil PBS

(containing 1 mM Na azide) and analyzed immediately by flow cytometry (see below). In some

instances, the cells were fixed before fluorescence analysis. Although fixation did not affect the

relative fluorescent values of the experimental samples, it greatly reduced the sensitivity of the

assay by increasing background and decreasing absolute fluorescent intensities. This is in

contrast to the effects of fixation on bead-decorated cells (see above) because the beads have a

stable and intense fluorescence.

J. Fluorescent cell analysis: Cells were analysed with a fluoresence-activated research

analyzer (Becton-Dickinson, FACS Analyzer), located in the Laboratory for Cell Analysis at

UCSF. Electronic gates were established such that only single-cell sized particles were

examined. Clumping and cellular debris were rarely a problem, except in the presence of high

concentrations of heparin or anti-T 200 (30 G12 monoclonal antibody). The amplifier gain was

adjusted such that the fluorescent intensity of one bead was just on the lower end of the

logarithmic scale. In the case of the immuno-fluorescence studies, the lower end of the scale was

established by background or autofluorescence of the cells. The fluorescent gain setting remained

the same throughout the analysis. 5000 single cells were counted for each sample and the data

was displayed as a histogram, depicting the amount of fluorescence vs. cell number (see figure

15). The average fluorescence of the total population was electonically integrated and then

recorded. These values are logarithmic, with a calculated base of 1,0306. For comparisons, they

were converted into linear values. The control level of PPME bead-binding was established with

two replicate cell samples in the absence of inhibitors; this value was set at 100 percent. The

degree of native bead binding to lymphocytes was typically 3-8 fold less than the level of PPME

bead binding (under control conditions). The level of native bead binding was usually not
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Chapter III. Results and Discussion.

-
-



65

Lymphocytes recirculate throughout the body, selectively migrating through different

es. This non-random pattern of movement is known to involve highly specific cell

gnition molecules which govern the attachment of blood-borne lymphocytes to endothelial

s. This interaction most avidly occurs within the high endothelial venules (HEV) found in

:ondary lymphoid organs. Recent reports have suggested that lymphocytes express a cell

rface lectin-like molecule (carbohydrate-binding protein) which mediates their attachment to

arbohydrate determinants associated with the luminal surface of HEV. The main objective of

he work discussed below was to test this hypothesis. There were three specific aims: 1) to

dentify and characterize the proposed lymphocyte cell-surface lectin activity; 2) to establish

a correlation between this lectin activity and the ability of lymphocytes to bind to PN HEV; and

3) to determine the relationship between this lectin activity and other lymphocyte receptors

which have been implicated in HEV recognition. For the most part, these aims are addressed in

the final two sections of this chapter. In the initial section, preliminary studies are described

which address the organ specificity of the lymphocyte/HEV interaction. Some of these studies

have been published as part of another manuscript (Rosen, et al., 1985), and the rest are initial

findings which have been pursed to various degrees by myself and others. These initial studies

are discussed in this section and establish a foundation for the work that follows.

* .
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Part 1: Lymphocyte Recognition of Mouse HEV In Vitr0: Differences Between

Peripheral Lymph Nodes and Peyer's Patches.

-sº
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Previous work in this laboratory examined lymphocyte attachment to HEV within frozen

sections of rat peripheral lymph nodes (PN). At the time that the present work began there had

been no published report of lymphocyte attachment to HEV within frozen sections of rat

Peyer's patch (PP). However, in the mouse system in vitro PP-binding was well documented

and appeared to involve a recognition specificity distinct from that of PN (Butcher, et al.,

1980). Rat and mouse tissues were compared in a modified version of the Stamper-Woodruff

frozen section assay (see methods). Lymphocytes (of the appropriate species-type) were found

to attach to mouse PP and PN HEV, as well as to rat PN HEV; however, lymphocyte

attachment to rat PP HEV was not observed. Therefore, the mouse was chosen as the animal

of study because the PP and PN-specific lymphocyte interactions could both be examined. In

order to make a transition from the rat system, the key results of past work had to be re

established using mouse tissues. It had been previously demonstrated that certain structurally

related carbohydrate compounds effectively prevent lymphocyte attachment to rat PN HEV

(reviewed in Rosen and Stoolman, 1985). In the first set of experiments, these studies were

repeated using mouse tissues, and the PN- and PP-interactions were compared.

A. Carbohydrate Specificities

Figure 6a shows the effect of eight phosphorylated monosaccharides on the attachment

5f lymphocytes to mouse PN HEV. The sugars were all tested at a concentration of 10 mM and

were present in the medium throughout the binding assay. Mannose-6-phosphate (M-6-P) and

tructurally-related fructose-1-phosphate were the only sugars to have a significant inhibitory

ffect at this concentration. Stoolman, et al. (1984), reported that these sugars inhibit

mphocyte attachment to rat PN HEV with comparable activity and specificity.
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Interestingly, none of the phosphorylated monosaccharides were particularly potent

inhibitors of lymphocyte attachment to PP HEV (figure 6b). While M-6-P and fructose-1-

phosphate inhibited lymphocyte attachment to PN HEV by 80-90%, they had only a 40-50%

inhibitory effect on PP-binding. These differences were more apparent in a dose/response

study (figure 7). At 5 mM, M-6-P inhibited 80% of the lymphocyte attachment to PN HEV,

while having no significant effect on PP binding. Furthermore, M-6-P was only marginally

more effective than NaCl as an inhibitor of lymphocyte attachment to PPHEV, indicating that

its inhibitory activity can be partically attributed to its ionic properties. However, the inhibitory

activity of M-6-P on the PP interaction cannot be entirely attributed to hyperionic effects

because M-6-P has consistently proven to be a slightly better inhibitor than the other

phosphorylated monosaccharides. In contrast to the PP interaction, M-6-P and M-1-P were

both clearly more effective than NaCl as inhibitors of lymphocyte attachment to PN HEV; M-6-

P being 3-5 times more potent than M-1-P (figure 7a).

A variety of polysaccharides were compared for their effect on lymphocyte attachment to

mouse PP and PN HEV. The peripheral node interaction was found to be sensitive to inhibition

by fucoidin and PPME. At a concentration of 0.1 puM, PPME inhibited 80% of the lymphocyte

attachment to PN HEV, and fucoidin reduced this interaction by greater than 95% (figure 8a).

Heparin, at approximately three times the molar concentration (0.3 plM), had no significant

effect on the PN interaction. Furthermore, when tested at high concentrations, six other

polysaccharide-containing compounds were found to have no significant inhibitory activity

(figure 9a, the effects of heparin will be discussed below). In this experiment PPME inhibited

ymphocyte binding by 90%. These results are consistent with those published by Stoolman, et

1. (1984), who found that only PPME and fucoidin, among an extensive series of

olysaccharides, had significant inhibitory activity on the rat PN interaction. Furthermore, in

rms of both concentration and the degree of inhibition, the relative potency of these two

rbohydrates is comparable for rat and mouse.

*
º
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The distinct specificity of the Peyer's patch interaction is again indicated when the

polysaccharides are examined. At 0.1 p.M, PPME had no significant effect on the Peyer's

patch interaction and fucoidin produced only 50% inhibition (figure 8b). Furthermore, heparin

at a three-fold higher molar concentration had no effect on lymphocyte attachment to either HEV

type. At high concentration, none of the polysaccharides shown in figure 9b were potent

inhibitors of the PP interaction, including PPME (the effect of heparin is discussed below).

When compared in a dose/response study (figure 10b), PPME inhibited PN binding 50% at a

concentration of 5 pig/ml (approximately 5 x 10-9 M), but did not inhibit Peyer's patch binding

significantly beyond 50% even at 1000 pg/ml. Furthermore, fucoidin inhibited PN-binding

greater that 90% at 1 plg/ml (approximately 10 -9 M) while requiring a 100-fold higher

concentration to inhibit PP-binding to a similar degree. At this high concentration, the

possibility of non-specific effects or toxicity must be considered, and will be discussed below.

As seen in figure 8, heparin did not affect lymphocyte binding to HEV at a concentration

of 0.3 plM. However, at higher concentrations (3.3 plM, or 100 pg/ml) heparin often produced

a gelatinous "cloud" when exposed to lymphocytes and trapped the cells in a fibrous

meshwork. As seen in figure 9, heparin at 1000 pg/ml completely eliminated lymphocyte

binding to both PP and PN HEV. This effect was most likely due to the fact that the

lymphocytes were clumped and unavailable for proper interaction with the HEV. At a

concentration of 1000 pig■ ml, hyaluronic acid caused a similar, although less pronounced,

change in the medium's viscosity, which may account for the small reduction in lymphocyte

binding to both PP and PN HEV in the presence of this compound (figure 9). These findings

perhaps explain, at least in part, the effect of heparin on lymphocyte recirculation in vivo (see

"Background", section K). The quantity of the heparin that was typically injected into animals

ranged from 100 - 600 pg/ml blood. Therefore, it is likely that heparin non-specifically altered

the ability of lymphocytes to interact with HEV. Consistent with this proposal are the

observations that heparin causes an uncharacteristic accumulation of lymphocytes in the red

pulp of the spleen (Sasaki and Suchi, 1967) and that it imparts a large negative charge to the
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lymphocyte surface (Stoolman, et al., 1984). It cannot be said with certainty that the effect of

heparin was entirely non-specific, but it is clear that relatively high concentrations were required

to inhibit lymphocyte attachment to HEV, and that at these concentrations heparin adversely

affected the lymphocytes.

The effects of fucoidin and PPME are in marked contrast to those of heparin. Not only

were fucoidin and PPME potent inhibitors at relatively low molar concentrations, but they had

differential effects on the PP and PN interactions. Fucoidin, for example, eliminated

lymphocyte binding to PN HEV at a concentration of 1 to 5 pig■ ml. This effect was clearly not

the result of a change in the medium's viscosity because the cells were still quite capable of

binding to PPHEV (figure 10). This is in apparent contrast to a report by Spangrude, et al.

(1984), which examined the effect of fucoidin on lymphocyte recirculation in vivo. These

workers injected radiolabeled lymphocytes into mice in conjunction with fucoidin. At a blood

concentration of 200 pig/ml, fucoidin was found to completely prevent lymphocyte entry into

both PN and PP. Spangrude, et al. concluded that fucoidin is not an organ-specific inhibitor.

However, fucoidin significantly increased lymphocyte localization within the spleen and lungs,

which may have indirectly decreased the HEV interactions. Furthermore, as illustrated in figure

10b, it is likely that 200 pig fucoidin/ml would eliminate lymphocyte attachment to both PN and

PPHEV. Since, in vivo interactions were not examined in the work presented here, and since

Spangrude, et al. did not compare PN and PP binding in vitro, it is difficult to further contrast

these studies.

M-6-P, fucoidin and PPME are effective inhibitors of lymphocyte attachment to PN

HEV, while they interfere significantly less well with the PP interaction. These results are

consistent with the hypothesis that the PN and PP interactions involve a distinct set of

‘ecognition molecules (see "background"). There is good evidence that M-6-P, fucoidin and

'PME interact directly with a lymphocyte cell-surface receptor which is involved in PN-specific

scognition (see the following sections). Why then, do these inhibitors exert a partial inhibitory

ºfect (up to 50%) on PP-binding? It is possible that M-6-P, fucoidin and PPME weakly cross
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react with the PP-specific receptor. Alternatively, PPME or fucoidin may selectively bind to the

PN homing receptor, but because they are large, charged molecules they may indirectly

interfere with the PP interaction. Consistent with this possibility, it is thought that both the PN

and PP-specific homing receptors are expressed on the surface of most recirculating small

lymphocytes (Butcher, et al., 1980; see figure 5). Therefore, specific interaction of PPME or

fucoidin with the PN receptor could interfere sterically or electrostatically with the lymphocyte

attachment to PP HEV. If the PP- and PN-specific receptors are closely associated, the

interaction of fucoidin, PPME, or M-6-P with the PN-receptor may even cause direct

conformational changes in PP-specific receptor. These possibilities could be tested using PP

specific lymphoma cell lines or with normal lymphocytes which have been treated to eliminate

the capability of PN interactions (see below). It may be found that such cells, which express

absolute specificity for PPHEV, are affected minimally by fucoidin, PPME, or M-6-P in their

attachment to PP HEV. However, if these compounds continue to interfere with the PP

interaction, cross reactivity with the PP-specific homing receptor would be suspected.

º,
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Figure 6. The Effect of Phosphorylated Monosaccharides on Lymphocyte Attachment to

Mouse PN and PP HEV. Lymphocytes were exposed to sections of PN (panel A) and PP

(panel B) in the presence of the indicated sugars (at 10 mM). The x-axis represents the number

of lymphocytes attached to HEV per microscopic field (200x) of lymphoid tissue. This value is

expressed as a percentage of binding in the no-addition-control (not shown). Details of the

assay are described in "Methods". Means and SEMs are based on 3-5 independent replicates.
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Figure 7. The Effect of Increasing Concentrations of M-6-P, M-1-P, and NaCl on Lymphocyte

Attachment to Mouse PN and PPHEV. Lymphocytes were exposed to sections of PN (panel A)

and PP (panel B) in the presence of increasing concentrations of the indicated inhibitors. The y

axis represents the number of lymphocytes bound per unit area of HEV (expressed as a

percentage of binding in the no-addition-control). Details of the assay are described in

"Methods". Means and SEMs are based on 5 independent replicates.
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Figure 8. The Effect of Heparin, Eucoidin and PPME on the Attachment

of Lymphocytes to Mouse PN and PPHEV. Lymphocytes were exposed to

sections of PN (panel A) and PP (panel B) in the presence of the

polysaccharides at the specified concentrations. The 1evel of 17mphocyte

binding to HEW in the absence of inhibitors (not shown) was set at 100%.

Means and SEMs are based on four independent replicates.

Yº
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Figure 9. The Effect of Polysaccharide-Containing Compounds on Lymphocyte Attachment to

Mouse PN and PPHEV. Lymphocytes were exposed to sections of PN (panel A) and PP (panel

B) in the presence of 1000 pig■ ml of the indicated compound. The x-axis represents the number -
*

of lymphocytes attached per unit area of HEV (expressed as a percentage of binding in the no- 2

addition control). Details of the assay are described in "Methods". Means and SEMs are based tº Tº

on three to four independent replicates.
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Figure 10. The Effect of Increasing Concentrations of Fucoidin and PPME on Lymphocyte

Attachment to PN and PP HEV. Lymphocytes were exposed to sections of PN and PP (as

indicated) in the presence of increasing concentrations of fucoidin (panel A) and PPME (panel

B). The y-axis represents the number of lymphocytes attached to HEV per microscopic field

C2OOX) of lymphoid tissue. These values are expressed as a percentage of binding in the no

addition control. Details of the assay are described in "Methods". Means and SEMs are based on

three to four independent replicates.

* * *
* * * *
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B. Lymphocyte Recognition of Peyer's Patch and Peripheral Lymph Node

HEV: The Requirement for Divalent Cations and the Effects of Trypsin and

Neuraminidase.

It has been well established that lymphocyte attachment to PP and PN HEV involve

different recognition molecules (see "background"). In the previous section, it was shown that

these two interactions vary in their sensitivity to inhibition by defined carbohydrates.

However, most studies in the literature have examined lymphocyte attachment to PN HEV, and

consequently the basic characteristics of the PP interaction are largely unknown. This section

compares three aspects of the PP and PN interactions: 1) The requirement for divalent cations;

2) The sensitivity of the specific lymphocyte homing receptors to trypsin; 3) The sensitivity of

the HEV recognition determinants to treatment with neuraminidase. In each case the PP and

PN interactions were found to exhibit significant differences.

1) The Requirement of Divalent Cations for HEV Recognition.

Stamper and Woodruff (1977) demonstrated that lymphocyte attachment to HEV within

rat PN sections requires calcium. Consistent with this result it was found that EDTA

completely eliminated lymphocyte binding to mouse PN HEV, as well as to mouse PP HEV

(figure 11). Addition of excess calcium restored both the PN and PP interactions; however,

excess magnesium had no significant effect on lymphocyte binding to either HEV type.

Therefore, Catt is selectively required for both the PN- and PP-specific interactions.

Preliminary evidence suggests that the PP interaction may have a more complex divalent

cation requirement than is indicated above (Singer, Rosen and Yednock, unpublished). In the

absence of Catt (less than 10–6 M), Mg++ has very little ability to support lymphocyte

attachment to either PP or PN HEV. However, in the presence of a low concentration of Cat"

(less than 10-4 M, not enough to support good binding itself) Mg++ will restore lymphocyte
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attachment to Peyer's patch HEV but not to peripheral node HEV. A divalent cation

requirement similar to that indicated for the PP interaction has been reported by Phillips and

Baughan (1983) for the aggregation of platelets. These workers propose that platelet

aggregation involves two steps. First, the platelet membrane glycoproteins, GP IIb and IIIa,

form a heterodimer. This activates the expression of a fibrinogen receptor (most likely the

heterodimer itself). Second, fibrinogen binds to this receptor and mediates platelet aggregation.

Phillips and Baughan demonstrated that a low concentration of Catt (10-6 M) is required for

IIa-IIIb heterodimer formation (Mg++ will not sustain this interaction). Fibrinogen binding to

the platelet membrane also requires divalent cations, but at a higher concentration ( 103 M), and

NMg++ functions as well as Catt. Therefore, platelet aggregation resembles the interaction of

1ymphocytes with PPHEV in that they both require at least a low concentration of calcium (in

addition to higher concentrations of either calcium or magnesium). While the PP results are

preliminary, they indicate that two separate events may be involved in lymphocyte adhesion to

PP HEV; one which has an absolute requirement for a low concentration of Catt, and the

other satisfied by either Catt or Mg++. Lymphocyte attachment to PN HEV may or may not

involve a similar two-step interaction; however, if it does, Ca++ appears to be required for

both. Further experiments are needed to examine these possibilities because they may identify

several components involved in lymphocyte recognition of HEV.
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Figure 11. The Calcium Requirement of Lymphocyte Attachment to PN and PP HEV.

Lymphocytes were incubated for 5 minutes at 4°C in one of the following conditions: 1)

control buffer (PBS with 1 mg/ml BSA); 2) buffer with 2 mM EDTA; 3) buffer with 2 mM

EDTA and 4 mM CaCl2; 4) buffer with 2 mM EDTA and 4 mM MgSO4. The cells (and

solutions) were then exposed to frozen sections of PN (light bars) and PP (dark bars) as

described in "Methods". The y-axis represents the number of lymphocytes bound per unit area

of HEV (expressed as a percentage of binding in the no-addition control). Means and SEMs are

based on five replicate samples.
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2) Treatment of Lymphocytes with Trypsin.

Stamper and Woodruff (1977) reported that treatment of rat lymphocytes with trypsin

prevents their attachment to HEV within frozen sections of PN. Consistent with this

observation, it was found that similar pre-treatment of mouse lymphocytes prevented binding to

mouse PN HEV; however, binding of trypsin-treated mouse lymphocytes to PP HEV

remained close to control levels (figure 12). While exposure of lymphocytes to 5 pig■ ml of

trypsin G5 minutes at 37°) reduced binding to PN HEV by 60%, there was no effect on the PP

interaction. This result has been more closely examined by Geoff Qwiat and myself. Pre

treatmerht of lymphocytes with even 100 pg/ml of trypsin for 15 minutes (37°C, in the presence

of Ca"T"- and Mg++) does not significantly reduce their ability to bind to PPHEV. Therefore,

the PP-specific lymphocyte homing receptor appears to be resistant to proteolysis by trypsin.

This finding may clarify earlier observations reported by Ford, et al. (1976). These

workers examined the attachment of trypsin-treated lymphocytes to HEV, using the Sedgley

Ford in vitro assay. In this assay, radiolabeled lymphocytes are infused through an isolated

chain of mesenteric lymph nodes (MN). Ford, et al. found that pretreatment of the lymphocytes

with trypsin reduces their localization within the MN by 30-50%. However, with short-term in

Xixo localization studies, these workers found that trypsin-treatment of lymphocytes almost

°mpletely prevents their entry into peripheral lymph nodes. Ford, et al. could not explain why

*YPsin–treatment apparantly had different effects on lymphocyte localization in vitro (30-50%

inhibition) and in yivo ( > 90% inhibition). However, due to the design of their assays,

Peripheral nodes were always examined in vivo and mesenteric nodes were always examined in

Xitro. Therefore, Ford et al. were most likely observing the differences between mesenteric and

Peripheral lymph nodes. Mesenteric nodes are thought to express a mixture of PP- and PN

SPecific recognition determinants (see figure 5). Butcher et al. (1982b) have found that certain

*Phoma cell lines express absolute binding specificity for PP or PN HEV. These two types
O - -f cell lines, however, both bind to HEV within mesenteric lymph nodes. Because trypsin
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treated lymphocytes cannot bind to PN HEV, they would most likely be unable to bind "PN"

determinants within MN HEV; however, trypsin-treatment does not prevent the PP interaction

and treated lymphocytes would therefore most likely interact with "PP" determinants within

MN HEV. Thus, treatment of lymphocytes with trypsin should reduce their binding to MN

HEV by up to 50%. This hypothesis is supported by an experiment in this laboratory, utilizing

the in vitro frozen section assay. Trypsin treatment of lymphocytes eliminated binding to PN

HEV, had no effect on PP binding, but decreased binding to MN HEV by 50% (Rosen, Singer

and Yednock, unpublished).

At present, the possibility is being examined that the PP-specific binding activity is

selectively protected from trypsin by Catt. Preliminary experiments have shown that if

lymphocytes are exposed to trypsin in the presence of EGTA, their binding to PP HEV is

significantly reduced (Qwiat and Yednock, unpublished). There are several reports of calcium

dependent cell adhesion molecules which are protected from extensive proteolysis in the

presence of Catt. For example, Grunwald, et al. (1980) identified a calcium-dependent

component involved in the reaggregation of isolated chick neural retina cells. If these cells are

trypsinized in the absence of Catt they fail to reaggregate (unless allowed a period of protein

synthesis). However, if they are trypsinized in the presence of Catt, reaggreagtion can

proceed even in the presence of protein synthesis inhibitors. Similar cell adhesion molecules

have been identified in teratocarcinoma cells (Yoshida and Takeichi, 1982) and embryonic

chicken liver (Brackenbury, et al., 1981). Interestingly, calcium-dependent cell adhesion

molecules from these embryonic tissues have been found to share biochemical and

immunological properties (Ogou, et al., 1983; Gallin, 1983).

It may be useful to characterize further the trypsin sensitivity of the PP and PN

interactions. Normal lymphocytes that have been trypsin-treated in the presence of Catt are

essentially a Peyer's patch-specific population. Therefore, trypsin treatment may help to

identify and purify the lymphocyte-surface component(s) involved in PPHEV recognition. For

example, Cook and Lilien (1982) have used two-dimensional gel analysis to compare extracts
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of neural retina cells which had been trypsinized in the presence or absence of Catt. These

workers identified a major protein component that was seen only when the cells had been

trypsinized in the presence of Catt. Therefore, the trypsin treatment allowed Cook and Lilien

to distinguish possible components of the calcium-dependent and -independent adhesive

mechanisms. Extracts of lymphocytes, which have been trypsinized in the presence of calcium,

could also be examined with gel analysis or perhaps in activity assays. Trypsin treatment

would eliminate (or greatly alter) the PN-specific components, and perhaps many other

lymphocyte cell surface proteins, but should leave the PP components largely intact.
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Figure 12. The Attachment of Trypsin-Treated Lymphocytes to PP and PN HEV.

Lymphocytes, pretreated with increasing concentrations of trypsin, were exposed to frozen

sections of PN (open squares) and PP (closed squares). The x-axis represents the number of

1ymphocytes bound per unit area of HEV (expressed as a percentage of binding in the non

treated control). The bars on the right side of the graph represent the attachment of

Iymphocytes (to the indicated type of HEV) which were pretreated with the highest concentation

of trypsin (20 pg/ml) in the presence of 200 pig trypsin inhibitor (TI)/ml. Details of the trypsin

treatment and the binding assay are presented in "Methods". Means and SEMs are based on

five independent replicates.
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3) Treatment of Lymphoid Tissue Sections with Sialidase.

As mentioned earlier, it has been shown that treatment of lymph node sections with

periodate, under conditions that favor carbohydrate oxidation, completely eliminates subsequent

lymphocyte attachment. This effect is true for both PN and PP sections, suggesting that

carbohydrate determinants associated with both types of HEV are involved in lymphocyte

attachrment. In an attempt to characterize these determinants more completely, Stoolman and

Rosen (personal communication) have subjected rat PN sections to treatment by a variety of

enzyrrhes, which include: alpha-fucosidase, hyaluronidase, chondroitinase ABC, heparinase,

heparatinase, endoglycosidase H, endo-B-D-galactosidase, alkaline phosphatase, and aryl

sulfatase. None of these enzymes were found to have an effect on the subsequent binding of

lymphocytes to PN HEV. These results, however, do not rule out the involvement of any

particular compound as part of the HEV recognition determinant because the activity of

enzyrnes on complex substrates is often limited (Sharon, 1975). It was recently found that

treatment of rat PN sections with sialidase completely prevents the attachment of lymphocytes

to HEV (Rosen and Singer, unpublished). This experiment was repeated using mouse tissues.

Sialidase was found to completely prevent lymphocyte attachment to PN HEV; however it did

not affect attachment to PPHEV (figure 13). If present during the enzyme incubation, free

sialic acid completely protected the PN HEV attachment sites. This result indicates that the

effect of sialidase is specific, rather than due to contaminating enzymes. These results have

been confirmed using affinity-purified sialidase from another source (Rosen, et al., 1985).

Furthermore, Rosen, et al. have found that sialidase treatment of mesenteric lymph node

**tions reduces lymphocyte binding by 50%. This provides additional evidence that MN HEV
e - *-- - - - - -*Presses both PP- and PN-specific recognition determinants (see previous section).
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Figure 13. Lymphocyte Attachment to HEV within Sialidase-Treated PP and PN Sections.

Sections of PN (panel A) and PP (panel B) were cut from a common frozen block and fixed as

clescribed in "Methods". These sections were then exposed to one of the following conditions:

1) buffer with no additions (50 mM sodium acetate, 100mM NaCl, 4mm CaCl2, pH 5.5); 2)

buffer containing 2 Gibco units of Vibriocholera sialidase; 3) buffer containing 2 units of

sialidase and 100 mM sialic acid. The sections were incubated at 37°C for 30 minutes in a

humidified chamber. The solutions were decanted and the sections were washed with PBS at

4°C. Lymphocytes were then exposed to the sections as usual (see "Methods"). The x-axis

represents the number of lymphocytes bound per unit area of HEV (expressed as a percentage

of binding in the buffer-treated control). Means and SEM's are based on 5 independent

replicates.



92

Peripheral Lymph Node HEV
13A

Nno additions

sialidase

sialidase
With sialic acidN

O 20 40 60 80 100 120

Lymphocytes bound / unit area of HEV

Peyer's Patch HEV
— 13B

no additions

sialidase

sialidase .
with sialic acid

O 20 40 60 80 100 120

Lymphocytes bound / unit area of HEV



93

The observation that sialic acid may be a necessary component of the PN HEV

recognition determinant appears to be inconsistent with the carbohydrate studies mentioned

above and those that will be described in the next section. It has been proposed that fucoidin,

PPME and M-6-P contain structural features that resemble the PN-specific recognition

determinant and therefore effectively compete for lymphocyte binding. Since none of these

carbohydrates contain sialic acid several models must be considered to explain their inhibitory

activity: 1) Their inhibitory activity may be mediated by an indirect, and perhaps uninteresting

rmechanism. This concern is better addressed in the following sections of this chapter; 2)

There may be several mechanisms which operate in parallel to mediate lymphocyte attachment

to PN HEV. For example, M-6-P (or its analog) may comprise one lymphocyte-binding site on

the HEV and sialic acid may constitute another; both of which may be necessary to establish a

strong adhesive interaction. Sialic acid is known to serve as a recognition determinant in other

systems. For example, sialic acid, in a specific linkage, has been identified as the attachment

site of Sendai virus to host cells (Markwell and Paulson, 1980); 3) Alternatively, sialic acid

may not be a component of the PN HEV recognition determinant, but may be required for its

proper presentation (illustrated in Figure 14a). In this model, M-6-P (or an analog) comprises

the recognition determinant, and removal of sialic acid causes this structure to collapse; 4)

Finally, sialic acid may contribute an important component of negative charge to the HEV

recognition determinant (figure 14b). In this model, sialic acid and mannose (or fucose) both

comprise the recognition determinant. Calcium, which is required for the PN interaction,

serves to bridge a negatively-charged lymphocyte homing receptor and the sialic acid moiety in

the PN recognition determinant, thereby strengthening the interaction. Consistent with this

hypothesis, sialic acid is known to bind avidly Catt (Jaques, et al., 1977). M-6-P could

effectively compete such an interaction because the negative charge on phosphate may mimic the

*egatively charged carboxyl group on sialic acid. M-1-P would have less inhibitory activity

because the charged phosphate is positioned ineffectively (refer to Key in figure 14).



94

As described in chapter 1, several lines of evidence suggest that charge is an important

component of the interaction between lymphocytes and PN HEV. First, the inhibitory activities

of the simple monosaccharides, D-mannose and L-fucose, are greatly accentuated if the ionic

strength of the medium is increased by the addition of 60 mM NaCl. Second, phosphorylation

of mannose, in the sixth position, increases its inhibitory activity greater than 25-fold. Third,

the best polysaccharide inhibitors are either phosphorylated (PPME) or sulfated (fucoidin). If

PPME is de-phosphorylated, or fucoidin de-sulfated, their inhibitory activity is decreased 20

and 100-fold, respectively. Charge is not the only important factor because other highly

charged compounds do not have significant inhibitory activity (see chapter 1). Therefore,

perhaps the lymphocyte homing receptor specifically recognizes mannose or fucose and the

interaction is strengthened by a properly positioned negative charge (sialic acid in the PN

specific recognition determinants and phosphate or sulfate in the specific inhibitors). The

models proposed above will be examined further in Chapter IV.

Branched carbohydrate molecules that contain terminal fucose and sialic acid have been

identified with monoclonal antibodies as components of tumor-specific glycolipids (Magnani, et

al-, 1982; Fukushi, 1984). Magnani, et al. (1982) has found that the antigenic determinant

recognized by two of these antibodies is most likely comprised of both sialic acid and fucose;

treatment of the glycolipid with sialidase eliminates antibody-binding and antibody fails to bind

to an identical glycolipid which lacks the terminal fucose group. Another molecule which

appears to specifically recognize fucose and sialic acid is macrophage migration-inhibitory

factor (MIF), which inhibits the migratory activity of macrophages (David, 1966) and

stimulates their ability to kill target cells (Ruco and Meltzer, 1977). This factor is released by

stimulated lymphocytes and appears to bind to a glycolipid on the surface of macrophages (Liu,

set al., 1984). Interestingly, the macrophage cell-surface recognition determinant for this factor

a Ppears to be comprised of D-mannose (Yamamoto and Tokunaga, 1981) or L-fucose (Liu, et

al-, 1980) in conjunction with sialic acid. Yamamoto and Tokunaga found that treatment of

** acrophages with alpha-D-mannosidase or with sialidase prevents the stimulatory effects of
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MIF. Furthermore, these workers found that D-mannose prevents the attachment of MIF to the

macrophage surface, as does treatment of macrophages with lectins that bind D-mannose, L

fucose, or sialic acid.
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Figure 14. Hypothetical Models Illustrating the Potential Roles for M-6-P and Sialic Acid as

Components of the PN HEV Recognition Determinant.

Model 1: As illustrated in diagram A, mannose-6-phosphate (M-6-P), or an analog,

directly serves as an HEV determinant which is recognized by the lymphocyte homing receptor.

The proper presentation of this determinant depends upon sialic acid. As illustrated in diagram

B, pretreatment of the HEV with sialidase removes sialic acid and causes the M-6-P determinant

to collapse. The determinant in this configuration cannot be recognized by the lymphocyte

receptor and binding does not occur.

Model 2: As illustrated in diagram C, the lymphocyte homing receptor specifically

recognizes mannose as a component of the HEV determinant. Binding is greatly facilitated by a

calcium-dependent charge interaction between sialic acid and the lymphocyte homing receptor

Gsimilar to model 1). M-6-P is strongly recognized by the homing receptor because the

rhegatively-charged phosphate group mimicks the charge of sialic acid. Therefore, when

present during the HEV-binding assay, M-6-P effectively competes lymphocyte attachment

Coliagram D). M-1-P, illustrated in the key, cannot strongly interact with the homing receptor

because the phosphate group is improperly positioned. Therefore, M-1-P would be a weak

inhibitor of the lymphocyte/HEV interaction, but would be a better inhibitor than other

Phosphorylated monosaccharides because the homing receptor specifically recognizes mannose.

As in model 1, treatment of the HEV recognition determinant with sialidase would prevent

lymphocyte attachment (not illustrated).
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C. Section Summary.

The studies described in this section have examined lymphocyte attachment to PN and PP

HEV and these interactions were found to have a number of distinctive characteristics.

Mannose-6-phosphate, PPME and fucoidin were effective inhibitors of lymphocyte attachment

to PN HEV, but only weakly affected the PP interaction. Therefore, these three structurally

related carbohydrates' appeared to inhibit the PN interaction with a limited, but distinct degree

of tissue specificity. In other studies it was found that lymphocyte attachment to PP and PN

HEV required calcium; however, magnesium was found to effectively supplement a low

concentration of calcium to support PP-, but not PN-binding. Treatment of lymphocytes with

trypsin, in the presence of calcium, completely prevented attachment to PN HEV, while having

a minimum effect on the PP interaction. Finally, treatment of PN sections with sialidase

completely prevented lymphocyte attachment to HEV. In contrast, sialidase treatment of PP

sections did not affect lymphocyte binding.

Two observations were found to support the hypothesis, put forth by Butcher, et al.

(1980), that MN HEV is comprised of a mixture of PP and PN HEV recognition determinants.

First, treatment of lymphocytes with trypsin completely prevented the PN interaction, but

minimally affected binding to PPHEV. Trypsin-treatment of lymphocytes reduced binding to

MN HEV by only 50%, suggesting that these cells continued to bind to the PP-type HEV

determinants within the MN HEV. Second, treatment of sections with sialidase eliminated

lymphocyte attachment to PN HEV, but did not affect binding to PPHEV. Sialidase treatment

of MN sections reduced lymphocyte binding by 50%. Therefore, these two treatments, one a

!Mannose and fucose are the only simple sugars known to inhibit lymphocyte attachment to PN
HEV (Stoolman and Rosen, §). These sugars share an axial 2-OH and an equitorial 4-OH
and have been found to be equally effective inhibitors in several lectin systems (Townsend and
Stahl, 1981, and Shepard, et al., 1981). PPME contains only mannose, which is linked alpha
1.2- and alpha 1,3 ■ . et al., 1973) and phosphate, in a ratio of 6:1 (Jeanes, et al., 1961).
The phosphate is represented entirely as M-6-P (Sly and Fischer, 1982; Sahagian, et al., 1981).
Fucoidin is particularly rich in alpha1,2- and alpha 1,3-linked L-fucose and is highly sulfated
(Mian and Percival, 1973).
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Results, Part II. The Involvement of a Lymphocyte Cell-Surface Mannose-6-

Phosphate Binding Activity in PN HEV Recognition.
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As outlined above, specific mono- and polysaccharides inhibit lymphocyte attachment to

PN HEV. How are these sugars exerting their inhibitory effect? It has been reported that pre

incubation of lymphocytes with either PPME or fucoidin, followed by washing, significantly

decreases their ability to attach to HEV within frozen sections of peripheral lymph nodes

(Stoolman, et al., 1984; Stoolman and Rosen, 1983). Pre-treatment of the lymph node sections

with these polysaccharides does not affect HEV-binding. It has thus been concluded that

PPME and fucoidin are exerting their inhibitory effects of the lymphocyte-side of the

interaction, perhaps by interacting with specific receptors that are involved in PN HEV

recognition. Based on these and other studies, Stoolman and Rosen have proposed the

following hypothesis: Lymphocytes express a cell-surface carbohydrate-binding protein which

recognizes specific carbohydrate determinants, perhaps similar to M-6-P, associated with the

luminal surface of PN high endothelial cells. Therefore, this lectin/carbohydrate interaction

would mediate lymphocyte attachment to HEV.

In order to examine this hypothesis several issues must be addressed. First, the presence

of receptors for PPME, fucoidin, or M-6-P on the lymphocyte surface must be demonstrated.

Second, it should be determined if these three compounds interact with the same receptor.

Third, if a receptor-activity is identified, it must be determined if it is involved in the binding

interaction between lymphocytes and HEV. These issues have each been examined and the

results are presented below.
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A. Detection of a Mannose-6-Phosphate-Binding Protein on the Lymphocyte

Cell Surface.

1) Preliminary Studies

PPME is a polysaccharide that contains only mannose and M-6-P in a ratio of 5:1

(Jeanes, et al., 1961, Sly and Fischer, 1982). Because of its well-defined composition, PPME

was chosen as the basis of a labeled-probe which was to be used to detect receptor activity on

the surface of lymphocytes. Using the method of Glabe, et al. (1983), PPME was activated

with cyanogen bromide and coupled to HRP. Cyanogen bromide reacts with hydroxyl groups

within the carbohydrate to form an unstable complex, which can then react with primary amino

groups in proteins to form a covalent linkage (Kohn, and Wilchek, 1981). This procedure

resulted in the attachment of approximately 20 HRP molecules/molecule of PPME (see

"Methods"). Lymphocytes were incubated with PPME-HRP, washed, fixed with

glutaraldehyde, and then reacted with DAB to detect the presence of surface-bound enzyme

(Adams, et al., 1981). Staining was observed on the surface of most lymphocytes; however,

many cells were clumped and DAB reaction product appeared to be trapped within these

aggregates. Furthermore, binding of the probe was not significantly inhibited by non

derivitized PPME. When conditions were changed in order to minimize cell-clumping and non

specific accumulation of reaction product, only a low level of staining was observed. It was

impossible to quantify accurately the amount of reaction product present, or the degree of

inhibition produced by unlabeled ligand.

In light of these problems, PPME was conjugated to fluoresceinamine rather than to HRP

(by the cyanogen bromide activation procedure). It was hoped that the amount of this probe

bound to the cell surface could be quantified using fluorescence-activated cell analysis. A

PPME-fluorescein conjugate was successfully produced, comprised of approximately 3

fluorescein molecules/molecule of PPME (see "Methods"). This conjugate strongly labeled
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Con A-derivatized Sepharose beads, and this binding was inhibited by the inclusion of 100-fold

excess alpha-methyl mannoside. However, conditions could not be found which would allow

measurable binding of the probe to the lymphocyte surface (mouse or rat lymphocytes).

In the frozen section assay, both the fluorescein and HRP conjugates retained at least as

much inhibitory activity as non-derivatized PPME. Therefore, the activation procedure

apparently did not change PPME so as to prevent its interaction with the proposed lymphocyte

cell-surface receptor. It was concluded that these conjugates failed as probes because the off

rate of PPME from the cell surface is intrinsically high, or because the number of PPME

receptors on the surface of the lymphocyte is too low.

2) PPME Bead Studies.

In an attempt to produce a probe with increased sensitivity, PPME was conjugated to

fluorescent latex amino-beads (0.6 plm in diameter) rather than to free fluoresceinamine.

Because these beads are covalently coated with free amino groups (as purchased) they could be

directly coupled to cyanogen bromide-activated PPME. Furthermore, the beads are

impregnated with a dye similar to fluorescein and are highly fluorescent; one bead bound to the

cell surface can easily be seen in a fluorescent microscope, even with low-level background

phase illumination. These beads offered two major advantages over the fluorescein or HRP

probes. First, their strong fluorescence could be readily detected and quantified using a

fluorescence-activated flow analyzer. Second, because the beads presented a large surface

coated with PPME, lymphocytes had the potential to interact with multiple PPME molecules on

each bead; this, in effect, would greatly increase the valency, and thus avidity, of PPME for

potential cell-surface receptors. PPME beads bound to the lymphocyte surface in large

numbers when compared to native (non-derivatized) beads. This interaction is illustrated in

figure 15.
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Figure 15. PPME Bead Binding to the Lymphocyte Surface. The left-hand picture

illustrates lymphocyte binding to fluorescent beads (0.6 pum in diameter) which have been

derivatized with PPME (the binding assay is described in "Methods"). The right-hand picture

shows the attachment of non-derivatized (native) beads to lymphocytes (both pictures

approximately 580X magnification). Below each picture is the corresponding histogram

generated by a fluorescence-activated cell analyzer. Electronic "gates" were established such

that only cells with a Coulter volume equivalent to that of living small lymphocytes were

detected (therefore, erythrocytes, cell clumps, and most dead lymphocytes were excluded). A

total of 5000 lymphocytes were counted and plotted as the number of cells versus the amount of

fluorescence associated with each cell (which is related to the number of beads bound). On the

x-axis, represented by 256 fluorescent channels, every 23 channels is equivalent to one

doubling of fluorescent intensity. In this case, a channel number of 70 is equivalent to the

fluorescent intensity of cells with one bead bound, channel 93 represents cells with two beads

bound, and up to channel 220, where there is approximately 100 beads attached to every

lymphocyte. Therefore, most lymphocytes exposed to PPME beads bind between 2 and 100

beads, whereas those exposed to native beads largely bind one bead or less. The average

number of beads bound is directly proportional to the mean fluorescent intensity of the total

lymphocyte population. Therefore, on conversion to a linear scale, the PPME bead signal is 7

8 fold higher than the signal produced by native beads. Such results are very reproducible and

there is normally less than 10% variance between replicate samples.
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The bead derivatization procedure is relatively simple and has been applied to

polysaccharides other than PPME (see below). It is difficult and expensive, however, to

determine accurately the degree of polysaccharide substitution of these beads because the

quantity of derivatized beads available for analytical measurements is small. One preparation of

PPME beads (approximately 20 pil of packed beads - enough for three hundred lymphocyte

binding assays) was used to determine the degree of PPME substitution. The derivatized beads

were subjected to acid hydrolysis to release the PPME, which was then quantified based on

phosphate content (see "Methods"). This preparation of beads contained approximately 1.3 pg

PPME, or roughly 2 x 10-10 pig PPME/bead (this corresponds to roughly 120 molecules of

PPME or 1.2 x 1015 M-6-P moieties/bead). In a similar manner, a preparation of chondroitin

sulfate beads was found to contain approximately 15 x 10 -10 pig chondroitin sulfate/bead (the

amount of chondroitin sulfate was quantified with an assay for amino-sugars, see "Methods").

The degree of substitution cannot be calculated for every bead preparation and there may be

variability. However, little variance has been found between the many different PPME bead

preparations in terms of the degree of bead-binding to the lymphocyte surface (including the

PPME bead preparation measured for phosphate content). Therefore, the level of derivatization

is likely to be similar between the different batches of beads. The activity of the bead

conjugates diminishes within two weeks if they are stored at 4°C, but is preserved for at least 5

months if the beads are snap-frozen in liquid nitrogen and stored at -20°C.

As shown in figure 16, the attachment of PPME beads to lymphocytes was effectively

competed by free PPME but not by another phosphorylated yeast mannan, Mnn 1 mannan.

The level of native bead binding was not affected by either carbohydrate. These results indicate

that the derivatized beads are most likely interacting with the lymphocyte surface via PPME,

rather than through a non-specific interaction caused by the coupling procedure. Therefore,

these beads have been used as a probe to examine the PPME/lymphocyte interaction.
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Figure 16. The Effect of Increasing Concentrations of PPME and Mnn-1 Mannan on the

Attachment of PPME Beads to Lymphocytes. Lymphocytes were exposed to PPME and native

beads in the presence of the specified concentrations of PPME and Mnn-1 mannan. The x-axis

represents the level of bead binding to the lymphocyte population (expressed as a percentage of

the level of PPME binding in the no-addition control). The level of native bead binding (with

no additions) did not change in the presence of the highest concentration of PPME or Mnn-1,

and is set at 0%. The assay is described in figure 15 and in "Methods".
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B. Characterization of PPME Bead Attachment to the Surface of Lymphocytes.

1) Inhibition by Carbohydrates: Similarities to PN HEV Recognition.

Figure 17 shows the effect of eight phosphorylated monosaccharides on PPME bead

attachment to lymphocytes. As in the PN HEV studies (figure 6), only M-6-P and structurally

related fructose-1-phosphate had a significant inhibitory effect at 10 mM. It can be concluded

that lymphocytes express a receptor on their cell surface which recognizes M-6-P and that

PPME interacts with the lymphocyte surface through its M-6-P determinants. It is unlikely that

mannose-6-phosphate is producing selective toxicity because Stoolman et al. (1984) found that

none of the phosphorylated monosaccharides (10 mM) adversely affect the viability of rat

lymphocytes.

When compared in a dose/response study, M-6-P was approximately three-fold more

potent than M-1-P as an inhibitor of PPME bead binding (figure 18). Both sugars were

significantly more effective inhibitors than NaCl. The relative potencies of M-6-P, M-1-P, and

NaCl as inhibitors are similar for the binding interactions of lymphocytes to PPME beads and to

PN HEV (figure 7a). Therefore it is likely that M-6-P is acting through the same mechanism in

both assays.

Studies comparing the effect of polysaccharides also demonstrate similarities between

lymphocyte attachment to PPME beads and to PN HEV. Figure 19 shows that 10 pg/ml

fucoidin (1 x 10-7 M) completely eliminated PPME bead binding to mouse lymphocytes. At

1000 pg/ml, PPME reduced bead binding by 80%, whereas five other polysaccharide

containing compounds had no significant inhibitory activity. Therefore, fucoidin and PPME

inhibit lymphocyte attachment to PPME beads and to PN HEV, in a comparable fashion. This

is in contrast to their relatively weak effect on the PP interaction.
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Figure 17. The Effect of Phosphorylated Monosaccarides on PPME Bead Binding to Mouse

Lymphocytes. Lymphocytes were exposed to the beads in the presence of the indicated sugars

(at 10 mM). The x-axis represents the level of PPME bead binding to the lymphocyte
population (expressed as a percentage of the level of PPME bead binding in the no-addition

control). The degree of binding exhibited by native beads was 3-fold lower than that of PPME

beads, was not affected by any of the sugars, and was set at 0%. The assay is described in

figure 15 and in "Methods".
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Figure 18. The Effect of Increasing Concentrations of M-6-P, M-1-P, and NaCl on

Lymphocyte Attachment to PPME Beads. Lymphocytes were exposed to beads in the presence

of the inhibitors at the specified concentrations. The y-axis represents the level of PPME bead

binding to the lymphocyte population (expressed as a percentage of the level of PPME bead

binding in the no-addition control). The degree of native bead binding was 3-fold lower than

that of PPME bead binding (with no additions) and was set at 0%. The assay is further

described in figure 15 and in "Methods".
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Figure 19. The Effect of Polysaccharide-Containing Compounds on Lymphocyte Attachment to

PPME beads. Fucoidin (10 pg/ml) and all other compounds (1000 pig■ ml) were present

throughout the binding incubation. The x-axis represents the level of PPME bead binding to the

lymphocyte population (expressed as a percentage of the level of PPME bead binding in the no

addition control). The degree of native bead binding was half the level of PPME bead binding

and was set a 0%. The assay is further described in figure 15 and in "Methods".
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It is significant that lymphocyte binding to PPME beads and to PN HEV show the same

relative degree of inhibition by M-6-P, PPME and by fucoidin. However, these carbohydrates,

while they appear to interact with a specific cell-surface receptor, may only indirectly interfere

with lymphocyte attachment to PN HEV. In order to clarify the relationship between PPME

bead- and PN HEV-binding, these interactions were compared under a variety of conditions. If

these two interactions involve the same lymphocyte cell-surface receptor, then they should

respond in a similar manner to these test conditions.

2) Comparisons between Lymphocyte Attachment to PPME beads and to PN

HEV.

Thymocytes consist largely of immature T cells. They do not recirculate in vivo and have

been found to poorly bind HEV in vitro (Stamper and Woodruff, 1976, Butcher, et al., 1979a).

Compared to lymphocytes, thymocytes bound to PPME beads and to mouse peripheral lymph

node HEV equally poorly (figure 20). This result is important because it not only established a

correlation between PPME bead- and HEV-binding, but it also demonstrates that PPME beads

will not bind indiscriminately to every cell surface.

Beads which have been conjugated to chondrotin sulfate or to heparin showed very

different binding characteristics than PPME beads (figure 21). Chondroitin sulfate and heparin

beads bound to lymphocytes no better than did native beads. Yet chondroitin sulfate beads

showed a significant degree of binding to thymocytes, and heparin beads bound thymocytes in

remarkably high numbers. Native beads bound to both cell types equally poorly. Furthermore,

M-6-P and M-1-P did not affect heparin bead-binding to thymocytes (figure 22). Therefore,

these sugars do not interfere with every type of bead/cell interaction.

The results described above show the following: 1) The procedure by which

carbohydrates are linked to beads did not cause general non-specific binding to cells; 2) PPME

beads bound to lymphocytes and to thymocytes in relation to how well these cells bind to PN
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HEV; 3) Thymocytes may express receptors that specifically bind heparin and chondroitin

sulfate. While no further experiments have been done to support this latter point, it is

noteworthy that heparin-binding activities have been described in association with various

molecules and tissues (Yamada, et al., 1980; Cole, et al., 1985; Shing, et al., 1984; Cardin, et

al., 1984; Ozawa, et al., 1983; Ceri, et al., 1981), including the thymus (Parish, et al., 1984).

Such a receptor on the surface of thymocytes may be involved in maintaining the proper

localization of these cells within the thymus or in cellular interations that direct their maturation.

Carbohydrate-conjugated beads may be useful in probing the characteristics of a variety of cell

surface lectins.

As described in the previous section, brief treatment of lymphocytes with low

concentrations of trypsin destroyed their ability to bind to peripheral lymph node HEV.

However, Peyer's patch binding was minimally affected after exposure of lymphocytes to high

levels of trypsin. Figure 23 shows that mild trypsin treatment completely eliminated the ability

of lymphocytes to bind to PPME beads. This effect was prevented in the presence of trypsin

inhibitor. Therefore, pre-treatment of lymphocytes with trypsin eliminated their ability to bind

to PN HEV, as well as to PPME beads, but had little effect on their ability to attach to PPHEV

(see figure 12). These results illustrate that a population of lymphocytes which are essentially

PP-specific (trypsin-treated lymphocytes) failed to bind PPME beads.
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Figure 20. Thymocyte versus Lymphocyte Attachment to PPME beads and to PN HEV. Panel

A: Lymphocytes and thymocytes (both at 7 x 106/ml) were exposed to frozen sections of

peripheral lymph nodes. The x-axis represents the number of cells bound per unit area of HEV

(expressed as a percentage of the degree of lymphocyte binding). The means and SEMs were

determined with 5 replicate samples. Panel B: Lymphocytes and thymocytes were exposed to

PPME beads. The x-axis represents the level of PPME bead binding to the indicated cell

population (expressed as a percentage of the level of PPME bead binding to lymphocytes). The

level of native bead binding to either cell type was approximately 6-fold lower than the level of

PPME bead binding to lymphocytes. This value was set at 0%. Procedural details are

described in figure 15 and in "Methods".
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Figure 21. The Attachment of Lymphocytes and Thymocytes to Native Beads and to Beads

Derivatized with PPME, Chondroitin Sulfate, or Heparin. Lymphocytes and thymocytes were

exposed to identical aliquots of the indicated bead type. The y-axis represents the level of bead

binding to lymphocytes (light bars) and to thymocytes (dark bars). These values are expressed

as a percentage of the level of PPME bead binding to lymphocytes. The assay is further

described in figure 15 and "Methods".
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Figure 22. The Effect of Phosphorylated Monosaccharides on the Attachment of Heparin

Beads to Thymocytes. Thymocytes were exposed to heparin beads in the presence of 10 mM

M-1-P, M-6-P, and glucose-6-phosphate. The degree of bead binding in each condition is

expressed on the x-axis as the modal fluorescence (a logarithmic value) of 5000 thymocytes.

The level of native bead binding was established in the absence of sugars. Procedural details

are described in figure 15 and in "Methods".
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Figure 23. The Ability of Trypsin-Treated Lymphocytes to Bind to PPME Beads and PN

HEV. Lymphocytes were treated with one of the following: 1) control buffer; 2) buffer with

20 pg/ml trypsin; 3) buffer with 20 pig trypsin and 200 pig trypsin inhibitor/ml (as described in

"Methods"). Panel A. Lymphocyte binding to PPME beads. The x-axis represents the level of

PPME bead binding to the indicated lymphocyte population (expressed as a percentage of the

level of PPME bead binding to buffer-treated lymphocytes). Native bead binding was 4-fold

lower than the level of PPME bead binding to buffer-treated lymphocytes and was not affected

by trypsin treatment. This value was set at 0%. Panel B. Lymphocyte binding to mouse PN

HEV. The x-axis represents the number of lymphocytes bound per unit area of HEV

(expressed as a percentage of the buffer-treated control). Means and SEMs represent 5 replicate

samples. Procedural details of the assay are given in figure 4 and "Methods".

----
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Lymphocyte adhesion to either PN or PP HEV was selectively dependent on Catt

(figure 11). Figure 24 shows that EDTA completely prevented lymphocyte attachment to

PPME beads and that binding was restored in the presence of excess Cat", but not Mg++.

Therefore, lymphocyte attachment to PPME beads, as well as to HEV, required Ca++. It

would be interesting to determine the concentration of calcium required for each of these

interactions. Preliminary evidence suggested that lymphocyte attachment to PPHEV required

at least a 10-fold higher concentration of Catt (10–3 M) than the interaction with PN HEV (10

4 M) (Rosen, Singer and Yednock, unpublished). Furthermore, Mg++ could augment PP

binding, but not PN-binding, in the presence of low calcium concentrations (less than 10-4 M).

Close examination of the divalent cation requirement for the attachment of PPME beads to the

lymphocytes would reveal which tissue-type interaction it resembles.

Based on the results presented above, it is likely that the M-6-P-binding activity on the

surface of lymphocytes is distinct from the receptor (215,000 apparent M.W.) involved in the

recognition of lysosomal enzymes (see "Background", section K). The evidence is as follows:

1) PPME bead-binding to lymphocytes was completely inhibited by fucoidin; whereas,

fucoidin does not affect the binding of lysosomal enzymes to the surface of rat alveolar

macrophages (Shepard, et al., 1984); 2) PPME bead binding required Catt; however, the

lysosomal-enzyme receptor does not require divalent cations for activity (Fischer, et al., 1980);

3) M-6-Pinhibited PPME bead-binding three-fold more effectively than M-1-P; whereas, M

6-P is 200-fold more potent than M-1-P for inhibition of the lysosomal-enzyme receptor

(Natowicz, et al., 1983). Therefore, the 215K-receptor for lysosomal enzymes is probably not

responsible for the M-6-P-binding activity detected on the surface of lymphocytes. Recently,

another lysosomal-enzyme receptor has been described in association with membranes isolated

from a mouse macrophage cell line (Hoflack and Kornfeld, 1985). This receptor requires

divalent cations for activity, however Mgtt supports activity to the same degree as Catt.

Based on this preliminary evidence, the newly-described lysosomal-enzyme receptor also

appears to be distinct from the lymphocyte-surface M-6-P-binding activity.

-* =
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Rat and mouse lymphocytes were found to bind PPME beads in a similar manner.

PPME bead-binding to either cell type was inhibited by EDTA (2mVM) or M-6-P (10 mM), but

not by 10 mM M-1-P. Pretreatment of both rat and mouse lymphocytes with 20 pig trypsin/ml

for 5 minutes at 37°C eliminated PPME bead-binding. Furthermore, rat and mouse thymocytes

were equally poor binders of PPME beads. It has been shown that mouse lymphocytes

strongly bind to rat PN HEV (Woodruff and Kuttner, 1980) and that rat lymphocytes recognize

mouse HEV (Butcher, et al., 1979b). These results indicate that important aspects of the

recognition mechanism by which lymphocytes bind PN HEV and PPME beads have been

conserved in evolution.
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Figure 24. The Calcium Requirement for Lymphocyte Binding to PPME beads and to PN

HEV. Lymphocytes were exposed to beads and to frozen sections of PN under one of the

following conditions: 1) buffer (PBS with 1 mg/ml BSA); 2) buffer with 2 mM EDTA; 3)

buffer with 2 mM EDTA and 4 mM CaCl2; or 4) buffer with 2 mM EDTA and 4 mM

MgSO4. Details are described in figure legend 11. Panel A. Lymphocyte attachment to PPME

beads. The x-axis represents the level of PPME bead binding to the indicated lymphocyte

population (expressed as a percentage of the level of PPME bed binding in the no-addition

control). Native bead binding was 4-fold lower than the level of PPME binding (in the no

addition control) and did not change in the presence of EDTA, CaCl2, or MgSO4. This value

was set at 0%. Procedural details are described in figure 15 and in "Methods". Panel B.

Lymphocyte attachment to mouse PN HEV. The x-axis represents the number of lymphocytes

bound per unit area of HEV (expressed as a percentage of binding in the no-addition control).

Values are based on 5 replicate samples. Procedural details are provided in figure 4 and in

"Methods".



129

PPME Bead Binding 24A

No Additions§–

EDTA with ca” WH

EDTA with Me" NS

*:::::::::::::::::: *

PN HEV Binding 24B

No Additions§

EDTA

§—

EDTA with Me" Nº

EDTA with Caº”

O 20 40 60 80 100

Lymphocytes Bound / Unit Area HEV
(?, no-addition control)



130

C. Section Summary.

This section described the production of a PPME probe. PPME was conjugated to

fluorescent beads which were found to bind to the lymphocyte surface in large numbers. Since

PPME and M-6-P selectively inhibited this interaction, it was concluded that the bead

interaction was specific and that lymphocytes express a M-6-P-binding activity. In all aspects

examined, lymphocyte attachment to PPME beads mimicked lymphocyte binding to PN HEV.

Both interactions were inhibited by PPME and fucoidin, but not by other polysaccharides. M

6-P was a better inhibitor of these interactions than M-1-P, and both sugars had more inhibitory

activity than NaCl. Furthermore, thymocytes, which poorly bind to HEV, bound low numbers

of PPME beads. Chondroitin sulfate and heparin are weak inhibitors of lymphocyte attachment

to PN HEV and it was found that beads derivatized with these carbohydrates did not bind to the

lymphocytes significantly better than did native beads. In contrast, thymocytes bound large

numbers of chondroitin sulfate and heparin beads. Pretreatment of lymphocytes with trypsin

completely eliminated both the PN HEV interaction and PPME bead-binding. Finally,

lymphocyte attachment to HEV and to PPME beads was found to require calcium.

These results provide strong evidence that a lymphocyte-surface M-6-P-binding activity

is involved in lymphocyte recognition of PN HEV. It is of interest, then, if this activity is

related to the PN-specific homing receptors which have been described in the literature. The

next section examines one of these homing receptors, the MEL-14 antigen, and illustrates that

this molecule is either closely associated with, or identical to, the M-6-P-binding activity.
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Results. Part III. Relationship of the M-6-P Binding Activity and the MEL-14

Antigen.
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As reviewed in chapter 1, Gallatin, et al. (1983) have developed a monoclonal antibody

(MEL-14) which apparently recognizes a single protein on the mouse lymphocyte surface. This

antibody completely prevents lymphocyte attachment to PN HEV, while not affecting binding

to PPHEV. Based on this observation and on additional evidence described in the introductory

section, MEL-14 is thought to recognize a PN-specific homing receptor. Is this homing

receptor related to the molecule responsible for PPME bead-binding activity? Two approaches

have been employed to address this question. The first one involves competition studies: If

MEL-14 and PPME both bind to the active site on a single receptor, then they should compete

with each other for occupation of that site. The second approach examines a number of

lymphoma cell lines: These cell lines were compared in their ability to bind to HEV (in vitro), to

attach to PPME beads, and in their expression of the MEL-14 antigen.

A. MEL-14 and PPME Bead Competition Studies.

Pretreatment of lymphocytes with MEL-14 completely reduced the level of PPME-bead

binding to that of native beads (figure 25). Native bead binding was not affected by MEL-14.

In a dose/response study it was found that as the level of MEL-14 bound to the lymphocyte

surface increased (determined with a second fluorescent antibody against MEL-14), the degree

of PPME bead binding decreased in exact correspondence (figure 26). These results strongly

suggest that the MEL-14 antigen is associated with the mannose-6-phosphate binding activity;

however, it is possible that MEL-14 non-specifically interferes with the lectin activity. The

experiments described below explore the specificity of MEL-14's inhibitory activity.
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Figure 25. The Effect of the Monoclonal Antibody, MEL-14, on Lymphocyte Binding to

PPME Beads. Lymphocyte binding to PPME beads (light bars) and native beads (dark bars)

was determined in the presence of a 1/6 dilution of MEL-14 hybridoma supernatant (MEL-14

A) or in the presence of 16 pig purified MEL-14/ml (MEL-14 B). The x-axis represents the

level of bead binding to the lymphocyte populations (expressed as a percentage of the level of

PPME bead binding in the no-addition control). Procedural details are described in figure 15

and in "Methods".
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Figure 26. The Effect of Increasing Concentrations of MEL-14 on the Level of PPME Bead

Binding to Mouse Lymphocytes. After treatment with the various concentrations of MEL-14,

the level of MEL-14 associated with the lymphocyte populations (open squares) was detected

using fluorescein-label goat-anti rat IgG (as described in methods). The x-axis represents the

level of MEL-14 bound to the treated lymphocyte populations (expressed as a percentage of the

level of MEL-14 bound at saturation). Independently, lymphocytes were exposed to PPME

beads (closed squares) and to native beads (diamonds) in the presence of the indicated

concentrations of MEL-14. The x-axis represents the level of bead binding to the treated

lymphocyte populations (expressed as a percentage of the level of PPME bead binding in the

no-addition control). These procedures are described in figure 15 and in "Methods".
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Does the presence of any antibody on the lymphocyte surface non-specifically block

PPME bead binding? The monoclonal antibody "30G12" is directed against the T-200 antigen

and is class-matched (IgG2a) with MEL-14 (thus, these antibodies would have the same

potential FC interactions). T-200 is expressed on all subsets of lymphocytes, and is present

with a higher surface representation than the MEL-14 antigen. At saturating concentrations,

30G12 was found to have an insignificant effect on PPME bead binding (figure 27).

Furthermore, seven other monoclonal antibodies, many of which bind to the lymphocyte

surface to a higher degree than Mel-14, also failed to have any significant effect on PPME bead

binding (figure 28). It is of interest that the anti-LFA-1 antibodies did not affect PPME bead

binding because LFA-1 appears to be crucial in a number of interactions between lymphocytes

and other cells (Springer, et al., 1982). For example, antibodies to LFA-1 block the adhesion

of NK- and cytotoxic T-cells to target cells, and also prevent T-cell dependent B-cell responses

to specific antigens (Davignon, et al., 1981). LFA-1 antibodies do not, however, affect

lymphocyte attachment to HEV (Butcher, personal communication). Therefore, a number of

antibodies, including those that block certain lymphocyte cell-cell interactions, did not affect

PPME bead binding. These results strongly argue that the simple presence of an antibody on

the surface of lymphocytes did not interfere with lymphocyte attachment to PPME beads.

It is possible that MEL-14 prevented PPME bead binding by some mechanism other than

specific recognition of its antigen on the lymphocyte surface. Perhaps MEL-14, or a

contaminant, coated PPME beads and prevented proper interaction with a lymphocyte receptor.

This possibility was tested by comparing the effects of MEL-14 on PPME bead binding to

mouse and rat lymphocytes; MEL-14 specifically recognizes mouse lymphocytes and does not

interfere with the attachment of rat lymphocytes to HEV (Butcher, personal communication).

As shown in figure 29, MEL-14 eliminated PPME bead attachment to mouse lymphocytes,

while having no effect on their attachment to rat lymphocytes. Therefore, the effect of MEL-14

on PPME bead attachment to mouse lymphocytes was mediated through the recognition of an

antigen on the lymphocyte surface. Furthermore, this experiment highlights different and
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useful properties of the two cell-surface probes. MEL-14 is a highly specific reagent which

will be important for identifying its antigen and the antigen's possible expression within other

mouse tissues. PPME beads are important because they may define a biological activity of the

homing receptor (i.e., a lectin activity) that appears to cross species boundaries (see the

previous section). Therefore, PPME beads may be useful in probing the mechanism of

lymphocyte recirculation in other animals, including humans. Such studies are underway in

conjunction with Dr. Lloyd Stoolman (Department of Pathology, University of Michigan). He

has found that human lymphocytes bind to PPME beads. This interaction is inhibited by

PPME, mannose-6-phosphate, fucoidin, and EDTA (personal communication), indicating that

major features of the binding mechanism have been conserved throughout evolution.

If MEL-14 interacts directly with the active site of the M-6-P-binding molecule on the

mouse lymphocyte surface, then it should be possible to compete the binding of the antibody

with PPME, mannose-6-phosphate, or fucoidin. The problem with such a study is that the

specific carbohydrate inhibitors are known to dissociate from the lymphocyte surface rapidly

(Stoolman and Rosen, personal communication), whereas MEL-14 has a negligible off-rate

(Butcher, personal communication). In order to maximize the inhibitory potential of the

carbohydrates, a slightly subsaturating concentration of MEL-14 was chosen and the

carbohydrates were tested at high concentrations. The level of MEL-14 binding was monitored

with a fluorescent-second antibody. As shown in figure 30, fucoidin had a significant

inhibitory effect on MEL-14 binding to the lymphocyte surface, whereas the other

polysaccharides did not interfere (all at a concentration of 1000 pg/ml). Fucoidin is the most

potent and effective carbohydrate inhibitor of lymphocyte attachment to PN HEV. Therefore,

fucoidin may have been the only polysaccharide with a high enough affinity for its receptor to

displace MEL-14. Alternatively, at such a high concentration (1000-fold higher than required

to almost completely eliminate lymphocyte attachment to PN HEV), fucoidin may have exerted

non-specific inhibitory effects; however, the cells excluded trypan blue and were not clumped,

arguing against a general effect on cell viability in the presence of fucoidin.
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Figure 27. The Effect of Increasing Concentrations of MEL-14 and 30 G12 on the Attachment

of PPME Beads to Mouse Lymphocytes. Lymphocytes were incubated with the specified

concentrations of MEL-14 (panel A) or 30 G12 (panel B), which are class-matched (IgG2a)

monoclonal antibodies. Half of each sample was exposed to beads in the presence of the

antibodies. In these cases (light bars), the x-axis represents the level of PPME bead binding to

the lymphocyte populations (expressed as a percentage of PPME binding in the no-addition

control). The level of native bead binding (not shown) to non-treated lymphocytes was 20% of

that produced by PPME beads. The other half of each sample was examined to determine the

level of antibody associated with the lymphocytes (using fluorescein-label goat-anti rat IgG, as

described in "Methods). In these cases (dark bars), the x-axis represents the level of antibody

bound to the lymphocyte population (expressed as a percentage of the level of the antibody

bound at saturation). At saturation, the modal fluorescence (a logarithmic value) produced by

MEL-14 and 30 G12 was 64.14, and 114.68, respectively. The modal fluorescence of the

lymphocyte population in the presence of second antibody alone was 34.14 (set at 0%).

Procedures are described in "Methods".
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Figure 28. The Effect of Eight Monoclonal Antibodies on Lymphocyte Attachment to PPME

Beads. All antibodies (described in "Materials and Methods"), except 30 G12, were present at

saturating concentrations during the exposure of lymphocytes to PPME beads. 30 G12 caused

substantial lymphocyte clumping in this experiment at concentrations greater than 0.25 pg/ml.

However, as shown figure 27, saturating concentrations of 30 G12 have an insignificant effect

on PPME bead binding. Furthermore, in this experiment 30 G12 (at 0.25 pig■ ml) bound to

lymphocytes to a higher degree than MEL-14 and had no effect on lymphocyte binding to

PPME beads. The x-axis represents the level of bead binding to the lymphocyte populations

(expresed as a percentage of the level of PPME bead binding in the no-addition control). The

level of native bead binding was determined in the absence of antibodies. The modal

fluorescence (logarithmic values) of independent samples of lymphocytes treated with each of

these antibodies was determined using an anti-rat, fluorescein-conjugated second antibody.

These values were as follows: MEL-14 - 133.18; 30G 12 - 149.38; anti-LFA alpha -

128. 89; anti-LFA beta - 131.15; anti-H-2k - 73.24; anti-H-2bºd - 147.92; 9B5 -

56.81; anti-B220 - 101.12; Second antibody alone - 69.94. Procedural details are

described in "Materials and Methods".
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Figure 29. The Effect of MEL-14 on PPME Bead Binding to Mouse and Rat Lymphocytes.

Mouse (light bars) and rat (dark bars) lymphocytes were exposed to beads in the presence of

0.1 pig MEL-14 / 106 cells. The y-axis represents the level of PPME bead binding to the

lymphocyte populations (expressed as a percentage of PPME bead binding to the same cell type

under control conditions). The level of native bead binding to either cell type was 5-fold lower

than the level of PPME bead binding (in the absence of MEL-14). This value was set at 0%.

Procedural details are described in "Methods".
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Figure 30. The Effect of Polysaccharides on the Binding of MEL-14 to Mouse Lymphocytes.

Lymphocytes were incubated in the presence of the carbohydrates (1000 pig■ ml), or in buffer

alone, for 30 minutes at 4°C. A slightly sub-saturating concentration of MEL-14 (0.02 pg/10 6

cells) was added to each of the samples, which were then incubated an additional 30 minutes.

The cells were washed, and the level of MEL-14 associated with the lymphocytes was

determined using fluorescein-labeled goat anti-rat IgG. The x-axis represents the level of MEL

14 bound to the lymphocyte populations (expressed as a percentage of the level of fluorescence

in the no-addition control). The level of fluorescence produced by the second antibody alone

(in the absence of polysaccharides) was 10-fold lower than the level of fluorescence produced

in the presence of MEL-14 (with no additions). This value was set at 0%. Procedural details

are described in "Materials and Methods".
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B. PPME Bead Binding to Mouse Lymphoma Cell Lines.

As mentioned earlier, there are a number of mouse lymphoma cell lines which have been

characterized according to their ability to bind to HEV (Butcher, et al., 1980). Some of these

lymphoma lines bind almost exclusively to PPHEV, others preferentially bind to PN HEV, and

still others bind to both or to neither HEV types. Furthermore, only those lymphoma cell lines

which recognize PN HEV express the MEL-14 antigen, and conversely, only those lymphoma

lines expressing the MEL-14 antigen can bind to PN HEV (Gallatin, et al., 1983). Six mouse

lymphoma lines were obtained and were characterized with respect to PPME bead binding. Of

these, two lymphoma cell lines bound PPME beads significantly better than native beads, three

lines bound both bead types equally well, and one line bound native beads better that PPME

beads (Table 1). Unlike normal lymphocytes, several of these cell lines bound large and

variable numbers of native beads. This presented a problem in understanding what

significance, if any, could be assigned to the level of PPME bead binding. Therefore, EDTA

and MEL-14 were used as inhibitors to determine the specificity of PPME bead binding. Of the

six lymphoma lines, only two (38C-13 and S-49) showed appreciable inhibition of PPME bead

binding by either MEL-14 or EDTA. 38C-13 is the cell line that was used by Gallatin, et al.

(1983), as the immunogen for the production of MEL-14. This cell line strongly bound to PN,

but not to PPHEV, and expressed high levels of the MEL-14 antigen. S-49 has been in culture

for years and has been extensively used for characterizing the regulatory mechanisms of

adenylate cyclase activity (Johnson, et al., 1980). This cell line showed weak and variable

binding to peripheral node HEV and did not bind PP HEV (personal observation). S-49

expressed a low level of the MEL-14 antigen. Interestingly, PPME beads bound no better than

native beads to S-49; yet, MEL-14 and EDTA each decreased the level of PPME binding

significantly below that of native beads. This result suggests that native beads may not always

serve as the best control to establish "background" binding. S-49 cells appeared to bind PPME

beads by a mechanism which was MEL-14- and EDTA-sensitive. In the presence of these
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inhibitors, the "specific" interaction was eliminated and it became apparent that PPME beads

had a lower "non-specific" affinity for the cell surface than did native beads (perhaps due to

repulsion of PPME's negatively charged phosphate groups). In the case of RAW 112, PPME

beads also bound less well than native beads. However, unlike S-49, the binding of PPME

beads to this cell line was not affected by MEL-14 and was greatly enhanced by EDTA.

It was apparent that native beads couldnot be used to establish the level of background

binding to the lymphoma lines. Therefore, table 2 summarizes the level of "characteristic" bead

binding to each cell line by listing the degree of inhibition produced by Mel-14 or EDTA,

relative to the no-addition control. Only 38C-13 and S-49 expressed the MEL-14 antigen and

only these two cell lines bound PPME beads in a MEL-14- and EDTA-sensitive fashion.

Furthermore, the level of MEL-14 expression corresponded to the degree of PPME bead- and

HEV-binding. Thus, 38C-13 had high levels of the Mel-14 antigen, bound strongly to PN

HEV and bound high levels of PPME beads. However, S-49 expressed very low levels of the

MEL-14 antigen, weakly bound PN HEV and showed a low level of characteristic PPME bead

binding. The other lymphomas did not bind PN HEV. Taken together, the results with the

lymphoma cell lines provide very strong evidence that the expression of the MEL-14 antigen is

required for the characteristic recognition of PPME beads.
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Cell MEL-14 PPME Bead Binding Native Bead Binding
Type expression

--

-
— No Add +MEL-14 +EDTA No Add +MEL-14 +EDTA

MNL 100% 100 + 10 10+ 0 13 + 1 9 + 0 7+ 1 7+ 1

38C-13 569 408 + 27 24 + 1 27 HE O 21 + 3 16:E 2 16 H- 1

S-49 11 55 + 3 34 + 1 40 + 2 62 + 4 66+ 0 50 + 1

RAW 112 O 41 + 2 43 + 5 188 + 5 105 + 4 106 + 9 161 + 10

EL4 O 35 + 0 34 + 1 47-E 2 21 + 1 22 + 1 23 + 0

Bw 5147 O 189 + 21 183 + 55 265 + 8 65 + 5 71 + 5 94 + 4

Sp 20 O 36 -E 4 N.D. 100 + 7 27-E 3 N.D. N.D.

WEHI 3 197 41 + 3 12 + 1 16 H- 1 13 + 2 12 + 1 11 + 0

Table 1. The Level of PPME and Native Bead Binding to Normal Lymphocytes and to Seven

Cell Lines. Mesenteric node lymphocytes (MNL), six lymphoma cell lines, and one myelo

monocytic cell line (WEHI 3) were each examined in the standard bead-binding assay (see

"Methods"). Bead binding was measured in the presence of control buffer (PBS with 1 mg/ml

BSA), buffer with 0.5 pig MEL-14/ml, and buffer with 2 mM EDTA. The level of bead

binding (PPME or native) to each cell type is expressed as the percentage of the level of PPME

bead binding to MNL (in the absence of inhibitors), and is displayed as the average of two

replicate samples. The level of the MEL-14 antigen expressed on each cell type was determined

by exposing the cells to 0.5 pig MEL-14m, followed by washing and detection with an anti-rat

IgG, fluorescein-conjugated, second antibody (as described in "Methods"). This concentration

of MEL-14 has been determined to saturate all binding sites on the surface of MNL, 38C-13, S

49 and WEHI 3. The level of the MEL-14 antigen expressed on each cell type is displayed as a

percentage of that on MNL (set at 100%).
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Decrease in the level Decrease in the Level
Cell MEL-14 of PPME Bead Binding: of Native Bead Binding:
Type Expression —(percentage units)—— (percentage units)————
-

— with MEL-14 with EDTA with MEL-14 with EDTA

MNL 100% 90 87 2 2

38C-13 569 384 381 5 5

S-49 11 21 15 0 12

RAW 112 O O 0 O 0

EL4 O O O 0 O

BW 5147 O O O O O

Sp 20 0 O 0 0 O

WEHI 3 197 29 25 O O

Table 2. The Effect of MEL-14 and EDTA on the Level of PPME and Native Bead Binding.

Values from table 1 have been re-expressed to illustrate the decrease in PPME and native bead

binding produced on each cell type by MEL-14 and EDTA. These values are represented in

percentage units. The level of bead binding in the presence of the inhibitors (from table 1) was

subtracted from the the level of bead binding to the same cell type in the presence of control

buffer. For example, the degree that Mel-14 decreased PPME bead binding to 38C-13 was

calculated as follows: 408% (level of binding in control buffer) - 24% (level of binding in the

presence of MEL-14) = 384 percentage units. These values illustrate, in simple terms, the

inhibitory effect of EDTA and MEL-14 on bead binding to each of the cell lines. PPME bead

binding was decreased by MEL-14 or EDTA only in those cell lines which express the MEL-14

antigen (levels of MEL-14 expression from table 1). Further discussion is presented in the text.
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Data obtained with a non-lymphoid cell line, WEHI 3, is also presented in tables 1 and 2.

Interestingly, this cell line expressed relatively high levels of the MEL-14 antigen; however, it

did not bind to HEV and only weakly bound PPME beads. The level of PPME bead binding

was similar to that of S-49, which expressed a very low level of the MEL-14 antigen. PPME

bead binding to WEHI 3 was completely eliminated by MEL-14 or by EDTA. Therefore,

despite the fact that there was no detectable HEV binding, there was a small degree of

characteristic PPME bead binding. This result may indicate that the bead-binding assay is more

sensitive than the frozen-section assay. Still, it must be explained why the level of expression

of MEL-14 did not support the predicted level of PPME bead- or PN HEV-binding. Perhaps

because WEHI 3 is derived from a myelo-monocytic lineage the MEL-14 antigen is expressed

in an altered configuration which does not favor interaction with HEV or PPME beads.

Alternatively, the MEL-14 antigen may not be the only component necessary for HEV (or bead)

binding. This possibility is discussed in detail in chapter 4. It is noteworthy that the one

instance in which MEL-14 expression did not correspond with the ability of a cell population to

bind to PN HEV, there also was not a correspondence with the ability of the cell line to bind

PPME beads.

The mechanism by which the BW-5 lymphoma line interacted with the PPME beads

remains a question (table 1). This interaction was not inhibited by MEL-14 and was actually

enhanced by EDTA. BW-5 may express the lysosomal-enzyme M-6-P receptor or a different

mannose-specific receptor on its cell surface. This possibility could be examined by testing

mannose, M-6-P and other compounds as potential inhibitors. Alternatively, the interaction

with PPME beads may have been through a mechanism which does not depend on a specific

receptor (for example, charge interactions). Such studies would be useful to further

characterize PPME beads as a cell-surface probe.
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C. Section Summary.

MEL-14, a monoclonal antibody which specifically blocks lymphocyte attachment to PN

HEV, was found to completely eliminate PPME bead binding to mouse lymphocytes (to the

level of native beads). MEL-14 does not affect the attachment of rat lymphocytes to PN HEV,

and did not inhibit the binding of these cells to PPME beads. The effect of the antibody was

dose-dependent. Other antibodies, including those which bound to the lymphocyte surface to a

higher level than MEL-14, did not interfere with PPME bead-binding. Fucoidin, the most

potent carbohydrate inhibitor of lymphocyte attachment to PN HEV and to PPME beads,

significantly inhibited the attachment of MEL-14 to the surface of mouse lymphocytes. Finally,

using a number of lymphoma cell lines, a positive correlation was established between the

ability of these cells to bind to PN HEV, their ability to bind PPME beads, and in their

expression of the MEL-14 antigen.

These results provide strong evidence that PPME beads interact directly with the MEL-14

antigen on the surface of lymphocytes and the various lymphoma cell lines. It is strongly

suspected that PPME beads mimic a PN HEV recognition determinant for lymphocyte

attachment. In order to unambiguously establish that the mannose-6-phosphate binding

molecule is the same as the MEL-14 antigen, the lectin will have to be purified based on its

carbohydrate-binding activity and probed directly with MEL-14. Such experiments are

currently in progress in this laboratory and are discussed further in the next chapter.
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Chapter IV. Summary and Conclusions.
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Part 1: Summary

Lymphocytes continuously move throughout the widely-scattered lymphoid tissues of the

body. This process maximizes the contact of lymphocytes, expressing rare antigen receptors,

with randomly distributed and potentially dangerous foreign agents. During the course of

recirculation, blood-borne lymphocytes attach to microvascular endothelial cells and migrate

through the vessel wall to enter the parenchyma of tissues. This process occurs, to some degree,

within most tissues of the body, but is particularly prominent within the secondary lymphoid

organs. Here, venular endothelial cells (within HEV) are highly specialized for the attachment of

lymphocytes. An in vitro assay, based on lymphocyte attachment to HEV within frozen sections,

has been extensively used to characterize this interaction. It has been found that lymphocyte

attachment to HEV is organ-specific: particular subsets of lymphocytes preferentially bind to

Peyer's patch HEV and others to HEV within peripheral lymph nodes. It is clear that the high

endothelial cells within these two organs express different recognition determinants, and that most

recirculating lymphocytes express both PN-specific and PP-specific "homing receptors".

However, the biochemical nature of these receptors, and of the determinants to which they attach,

is not well understood.

Cell surface oligosaccharides are likely candidates for recognition molecules because they are

in high abundance and accessibility on the cell surface, and because they display a rich degree of

diversity. There is supportive evidence for the role of carbohydrate-recognition molecules in

lymphocyte recirculation. In brief: 1) lymphocyte attachment to rat PN HEV (in vitro) is

selectively inhibited by D-mannose and L-fucose, and particularly by two charged

polysaccharides which contain these sugars (PPME and fucoidin); 2) when lymphocytes are

exposed to PPME or fucoidin, then washed, their ability to bind to HEV is reversibly inhibited;

3) treatment of the lymph node sections with periodate, under conditions that favor carbohydrate

oxidation, eliminates subsequent lymphocyte attachment. Based on this and additional evidence,

Stoolman and Rosen have proposed the following hypothesis: Lymphocytes express a cell
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surface carbohydrate-binding protein that recognizes specific carbohydrate determinants

associated with high endothelial cells. In this manner a lectin/carbohydrate interaction would

mediate the attachment of lymphocytes to HEV. The evidence supporting the conclusions

described above is reviewed in chapter I.

The objective of my thesis was to test the Stoolman-Rosen hypothesis. Specifically, there

were three major aims: 1) To identify and characterize a specific carbohydrate-binding activity on

the surface of recirculating lymphocytes; 2) To establish a correlation between the expression of

this activity and the ability of lymphocytes to recognize PN HEV; 3) To determine the

relationship between the carbohydrate-binding activity and other reported lymphocyte homing

receptors. The results of these studies are summarized below.

A corollary of the Stoolman-Rosen hypothesis is that structual components of PPME, M-6-

P, and fucoidin resemble recognition determinants associated with high endothelial cells, and

therefore, that these carbohydrates compete for lymphocyte attachment to HEV. Since it is

known that PP and PN HEV express different recognition determinants, it was of interest to

know if these carbohydrates would exert tissue-specific inhibition. In the first set of experiments

it was found that PPME, fucoidin and M-6-P had differential effects on the PP and the PN

interactions. At concentrations of these inhibitors that eliminated 80-100% of lymphocyte

attachment to PN HEV, the PP interaction was typically reduced no greater than 50%. Therefore,

the carbohydrate inhibitors exhibit a limited, but distinct degree of tissue specificity. In order to

examine the cause of the partial reduction in PP binding, future studies will examine the effect of
the carbohydrate inhibitors on cell populations which bind exclusively to PPHEV.

Three other differences were found in the interaction of lymphocytes with PPHEV versus

PN HEV: 1) Trypsinized lymphocytes failed to bind to PN HEV (in vitro), as previously

reported. Suprisingly, however, these cells bound to PPHEV almost as well as non-treated

lymphocytes. 2) Catt was required for both the PP and PN interactions. However, under

low-calcium conditions, Singer, Yednock and Rosen found that Mg+* could support

lymphocyte attachment to PP HEV, but not to PN HEV. 3) Sialidase treatment of frozen
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sections was found to completely prevent lymphocyte attachment to PN HEV, but had no effect

on the PP interaction. Therefore, under each of these three conditions, significant differences

between the PP and PN interactions emerged. In these studies, evidence was also found to

support the hypothesis that MN HEV expresses both PP- and PN-specific HEV recognition

determinants; trypsin treatment of lymphocytes, or treatment of sections with sialidase reduced

lymphocyte binding to MN HEV by 50%. The experiments summarized above, which examined

the organ-specificity of the lymphocyte/HEV interaction, are discussed in chapter III. Part 1.

In order to examine the inhibitory effects produced by PPME, fucoidin, and M-6-P on the

PN HEV interaction, it was first necessary to determine if lymphocytes express cell-surface

receptors that bind to these carbohydrates. PPME was chosen as the basis for a cell-surface

probe to address this issue. After unsuccessful attempts with HRP- and fluorescein-conjugates,

PPME was covalently linked to fluorescent polystyrene microspheres (0.6 pum in diameter).

These beads were found to bind to the lymphocyte surface in large numbers, compared to non

derivatized beads, and the degree of bead-binding could be readily quantified using fluorescence

activated cell analysis. It was found that the attachment of PPME beads to the lymphocyte

surface could be competed with free-PPME but not with a another yeast mannan (mnn-1

mannan). Therefore, it was concluded that lymphocytes most likely bind to PPME beads through

the specific recognition of PPME. These beads contain approximately 120 molecules of

PPME/bead (roughly 7.3 x 104 M-6-P moieties), and their activity was found to be stable when

stored at -20°C.

The attachment of PPME beads to the lymphocyte surface was selectively inhibited by M-6-

P and structurally-similar fructose-1-phosphate. Furthermore, PPME bead binding was potently

inhibited by fucoidin. Other polysaccharides and phosphorylated monosaccharides were

significantly less effective inhibitors of this interaction. It was concluded that lymphocytes

recognize PPME through its M-6-P determinants and that these cells, therefore, express a "M-6-P

binding activity". Compared to PPME bead binding, lymphocyte attachment to PN HEV showed

similar degrees of inhibition by the same concentrations of the carbohydrate compounds. The
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PPME bead binding activity and the in vitro PN HEV binding activity were further compared

under a number of conditions. In every case, these activities were found to have similar

characteristics: 1) thymocytes poorly bound to both PN HEV and to PPME beads. In both

instances, thymocyte-binding was 80% below that of mesenteric node lymphocytes; 2) in

contrast, chondroitin sulfate and heparin beads avidly bound to the thymocytes. Neither of these

bead types bound significantly better to mesenteric node lymphocytes than did native beads.

These striking differences indicate that the bead-derivitization process did not lead to non-specific

affinity for the cell surface. These results also highlight the selectivity with which lymphocytes

interact with PPME; 3) pre-treatment of lymphocytes with trypsin completely eliminated specific

PPME bead-binding. Identical trypsin conditions eliminated lymphocyte attachment to PN, but

not to PPHEV; 4) PPME bead binding to lymphocytes required Ca++; however, native bead

binding was not influenced by the addition of EDTA, Catt or Mg++. The results presented in

this section suggest that the M-6-P-binding activity on the surface of lymphocytes is distinct from

the M-6-P receptor (215,000 apparent M.W.) which has been implicated in the targeting of

lysosmal enzymes. In contrast to the lymphocyte M-6-P-binding activity, the lysosomal enzyme

receptor is Catt-independent, is not inhibited by fucoidin, and is 200-fold more sensitive to

inhibition by M-6-P than by M-1-P. The experiments summarized above, which characterize the

attachment of PPME beads to lymphocytes, are described in chapter III. Part 2.

The results from the previous section strongly suggest that the M-6-P-binding activity is

involved in lymphocyte attachment to PN HEV. The next step was to examine the relationship of

this lectin-activity to the MEL-14 antigen, an identified PN-specific homing receptor. It was

found that the monoclonal antibody, MEL-14, completely inhibited the attachment of PPME

beads to mouse lymphocytes (down to the level of native bead binding). The specificity of this

effect was established as follows: 1) The effect of the antibody was dose-dependent; PPME

bead binding was completely inhibited just as the level of MEL-14 bound to the lymphocyte

surface reached saturation; 2) Other antibodies, even those that bound to the cell surface to a

higher degree than MEL-14, had no significant effect on PPME bead binding; 3) MEL-14, an
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antibody which is spec■ ic for mouse lymphocytes, did not inhibit PPME bead binding to rat

lymphocytes; 4). Fucoidin (the most potent carbohydrate inhibitor of lymphocyte attachment to

PN HEV) significantly decreased the attachment of MEL-14 to the lymphocyte surface. It was

concluded, based on these results, that the MEL-14 antigen and the M-6-P binding activity are

most likely closely associated, if not identical, molecules.

Six lymphoma cell lines were each examined for expression of the M-6-P-binding activity,

the MEL-14 antigen, and HEV-binding activity. Four of these cell lines failed to exhibit any of

these properties. In contrast, the remaining two lymphoma lines expressed each of these

characteristics, but in a distinctive fashion: One line (38C-13) strongly bound to PN HEV,

expressed high levels of the MEL-14 antigen and bound very large numbers of PPME beads; the

other cell line (S-49) weakly bound HEV, expressed low levels of the MEL-14 antigen, and

bound very low levels of PPME beads. These data clearly imply an association between

expression of the MEL-14 antigen and the ability of lymphocytes to bind to PPME beads and PN

HEV. An additional cell line (of myelo-monocytic lineage) expressed high levels of the MEL-14

antigen, but did not to bind to HEV and bound very low numbers of PPME beads. Therefore, in

this isolated case there was not a correspondence between expression of the MEL-14 antigen and

the two binding-activities. It is possible that the MEL-14 antigen is inactive on the myelo

monocytic cell line. Alternatively, this cell line may lack an additional component or recognition

system that is required for HEV- and bead-binding. It is noteworthy that PPME bead binding

closely paralleled the ability of these cells to bind HEV. The studies with MEL-14, which are

described in chapter III. Part 3, strongly suggest that the PPME bead- and PN HEV-binding

activities are closely associated.

The studies described above provide strong evidence to support the following conclusions:

1) Lymphocytes express a receptor on their cell surface that binds M-6-P; 2) This receptor is

most-likely distinct from the M-6-P receptor which has been implicated in the targeting of

lysosomal enzymes; 3) The structurally-related carbohydrates PPME, fucoidin, M-6-P, and

fructose-1-phophate appear to interact with the same receptor activity on the lymphocyte surface;
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4) These carbohydrates interfere with the attachment of lymphocytes to PN HEV in a organ

selective fashion; 5) Sialic acid is either a part of the PN HEV recognition determinant or it plays

an important role in the presentation of that determinant; 6) The M-6-P-binding activity is closely

associated with, or identical to, the MEL-14 antigen; 7) Expression of the M-6-P-binding

activity is associated with, if not required for, the ability of lymphocytes to bind to PN HEV.

These conclusions provide significant support for, but do not prove, the Stoolman-Rosen

hypothesis. Formal proof awaits the purification of the M-6-P-binding activity and demonstration

that it directly attaches to HEV in a tissue-specific fashion. Even with this demonstration it

cannot be stated that the M-6-P-binding activity is the only component required for lymphocyte

homing. These issues and others will be addressed below.
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Part II: Conclusions and Future Studies.

A. The M-6-P-binding activity and the MEL-14 antigen: The exact relationship

between these two molecules is presently unclear. This issue is currently being addressed by

members in this laboratory. A crude preparation of lymphocyte membranes has been subjected to

detergent extraction and fractionation on a PPME affinity column. As determined by SDS

PAGE, this column has consistently enriched for a limited number of proteins, a prominent

member of which has an apparent molecular weight of 80,000 daltons (the size of the MEL-14

antigen). Furthermore, preliminary experiments have indicated that MEL-14, but not anti-T 200

(30 G12), can prevent the attachment of this 80K protein to the PPME column. Future

experiments will involve the analysis of the affinity-isolated proteins with 2-D electrophoresis

because is known that the MEL-14 antigen has an unusually low pl of 4.2 (Butcher, personal

communication). Furthermore, MEL-14 may be used to directly identify its antigen among the

PPME-selected proteins, either by immunoprecipitation or with nitrocellulose blotting. Using

these techniques, we hope to devise a purification scheme for the isolation of preparative amounts

of the active M-6-P-binding protein.

B. Does the M-6-P binding activity directly interact with PN HEV2 The

biological activity of the MEL-14 antigen has never been analyzed. Therefore, even if the M-6-P-

binding activity is decisively shown to be a component of this antigen, evidence is still lacking

concerning its ability to bind to PN HEV. The isolated M-6-P-binding activity (described above)

could be a very useful reagent for these studies. This molecule could be radiolabeled or

incorporated into fluorescent lipid vesicles and used to directly probe HEV within tissue sections.

If direct attachment to HEV can be demonstrated, and this binding is organ-specific, then it can be

concluded that the M-6-P-binding protein (whether or not it is the same as the MEL-14 antigen) is

directly involved in mediating PN-specific recognition. The simplest model of this interaction

was previously illustrated in figure 14c. The HEV recognition determinant is comprised of

mannose (or fucose) and sialic acid. Catt is required for recognition by the lymphocyte receptor
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because it is able to bridge two opposing negative charges and strengthen the adhesive interaction.

M-6-P effectively competes this interaction because it strongly resembles the HEV-recognition

determinant, whereas M-1-P is poorly recognized. In figure 14a, M-6-P (or an analog) actually

comprises the HEV recognition determinant, and sialic acid, while not directly recognized by the

lymphocyte receptor, is required for the determinant's proper presentation.

The best way to distinguish between the models in figures 14 a and c would be to directly

analyze the HEV recognition determinant. Two approaches may be useful to identify and perhaps

isolate this molecule. First, PN HEV sections could be de-sialylated with sialidase and then

perhaps re-sialylated with specific sialyltransferases and radiolabeled sialic acid (Markwell and

Paulson, 1980). If lymphocyte-binding to HEV is restored by a particular transferase, then the

actual linkage of sialic acid in the recognition determinant would be known. Furthermore, HEV

may incorporate a substantial proportion of the labeled sialic acid (as determined with

autoradiography). If this is the case, then lymphocyte-depleted, lymph node extracts could

perhaps be radiolabeled in a similar fashion. The incorporated sialic acid may then serve as a

tracer to follow the enrichment of the HEV recognition determinant during fractionation

procedures. In conjunction with these studies, the isolated M-6-P-binding protein could be used

as an affinity reagent to fractionate either labeled or unlabeled lymph node extracts. The

specifically-eluted fraction could be attached to fluorescent beads and then examined in

lymphocyte-binding assays; Does this fractionated material possess the expected characteristics

of the HEV recognition determinant? For example, is lymphocyte binding to the material

inhibited by the specific inhibitors, is the ment. activity sensitive to sialidase, can specific

sialyltransferases restore the activity following sialidase treatment? If the HEV determinant can be

isolated, its composition can then be analyzed. Does the determinant contain mannose, fucose,

sulfate or phosphate? Which of these components are essential for the determinant's activity?

The structure of the recognition determinant may be more complex than proposed in the

models above. As a result, attempts to isolate an HEV determinant may identify a molecule which

does not contain sialic acid, or a molecule that is not recognized by the M-6-P-binding protein. In
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either case, alternative models for HEV recognition must be considered. Figure 31a illustrates

two separate recognition systems, one involving M-6-P (or its analog) and the other comprised of

sialic acid (either alone or as part of a more complex, unknown, molecule). Figure 31b

demonstrates the possibility of an intermediate bridging molecule. In this example, the molecule

is linked to the lymphocyte surface by the M-6-P-binding activity. Then the intermediate factor

binds to the HEV by recognizing sialic acid. These models will serve as a point of reference in

the discussions that follow.
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Figure 31. Hypothetical Models Illustrating Multiple Components Involved in Lymphocyte

Attachment to PN HEV.

Panel A. Parallel adhesive mechanisms. The HEV expresses two recognition determinants,

one comprised of sialic acid and the other of M-6-P (or an analog). Complementary homing

receptors on the lymphocyte cell-surface bind to these determinants and, together these molecules

effectively mediate lymphocyte attachment. One, or perhaps both, interactions require Catt.

Interference with either mechanism (as with the addition of free M-6-P during the binding

incubation, or treatment of the sections with sialidase prior to the assay) would weaken the HEV

interaction and lymphocyte binding would be reduced.

Panel B. A soluble mediator bridges lymhocytes to HEV. As illustrated, the lymphocyte

cell-surface M-6-P-binding activity recognizes M-6-P determinants associated with the soluble

molecule. This molecule then specifically binds to sialic acid determinants on the endothelial

surface, thereby linking lymphocytes to HEV. As shown, one or both of these interactions may

require Catt. Sialidase treatment of the sections or addition of M-6-P during the binding

incubation would effectively inhibit lymphocyte binding to HEV. The soluble attachment factor

could be a multivalent molecule and, therefore, interact with several HEV determinants and

lymphocyte cell-surface receptors. Such a mechanism would contribute to a strong adhesive

interaction between lymphocytes and HEV, which would be required to withstand the shearing

forces of the venular blood flow.
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Figure 31 A. Lymphocyte Attachment to HEV
Mediated by Parallel Recognition Mechanisms.
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C. Parallel mechanisms of HEW attachment: There is no direct evidence that

multiple recognition systems are involved in lymphocyte attachment to HEV (as illustrated in

figure 31A). However, two independent laboratories have each described a lymphocyte cell

surface receptor which is specifically involved in PN HEV recognition. HEBF-LN is a PN

specific homing receptor on rat lymphocytes which has been described by Chin, et al. (1984).

This receptor and the MEL-14 antigen (on the surface of mouse lymphocytes) are similar in two

significant respects: 1) both are expressed on the majority of recirculation-competent

lymphocytes, but are poorly expressed on bone marrow cells or thymocytes, and 2) antibodies

to both receptors block lymphocyte attachment to PN, but not PPHEV. However, the MEL-14

antigen has quite different biochemical properties than HEBF-LN. The MEL-14 antigen has an

apparent molecular weight of 80,000 dalton, which increases under reducing conditions (Gallatin,

et al., 1983), and has a pl of 4.2 (Butcher, personal communication). In contrast, HEBF-LN has

most recently been described as a series of three proteins with apparent subunit molecular weights

of 135,000, 63,000, and 40,000 daltons (Rasmussen, et al., 1985). Furthermore, the molecular

weights of these subunits either decreases (Chin, et al., 1983) or does not change (Rasmussen, et

al., 1985) under reducing conditions. HEBF-LN has been reported to have a pl of 8.3 - 8.6

(Chin, et al., 1983). It seems quite unlikely that the differences between the MEL-14 antigen and

HEBF-LN merely reflect species variation. Therefore, these two molecules may constitute

different, but associated, recognition systems (perhaps as in figure 31a). However, it is possible

that one of these receptors has been incorrectly characterized and that HEBF-LN and the MEL-14

antigen represent the same molecule. HEBF-LN and its possible relation to the M-6-P-binding

activity will be discussed below.

D. The Involvement of an Intermediate Molecule in Lymphocyte Attachment

to HEV. Soluble cell adhesion factors have been proposed in a number of systems, including

species-specific reaggregation of sponge cells (Jumblatt, et al., 1980), tissue-specific

reaggregation of neural retina cells (Schubert, et al., 1985, Marchase, et al., 1982) and myoblasts

(Schubert, et al., 1983), and in granulocyte attachment to vascular endothelial cells (Boxer, et al.,
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1982). There is no direct evidence that such a system is involved in lymphocyte recirculation (as

in figure 31b). However, it is possible that HEBF-LN is actually a soluble attachment factor,

which works in conjunction with the MEL-14 antigen rather than as a separate adhesive system

(described above). This novel claim requires cautious justification. Consistent with the proposal

that HEBF-LN is a soluble attachment factor is the following observations: 1). In contrast to the

MEL-14 antigen, HEBF-LN has a described biological activity; it has been shown to interact

with PN HEV. Treatment of PN sections with this molecule, followed by washing, inhibits

subsequent lymphocyte attachment. However, similar pretreatment of PP sections does not affect

lymphocyte binding. 2). HEBF-LN was first identified as a soluble component of lymph, where

it is present at a concentration of 14 pug/ml (Chin et al., 1983). 3). There is no published

evidence that HEBF-LN is an integral component of the lymphocyte cell-surface membrane.

HEBF-LN can be isolated from intact lymphocytes by detergent solubilization (Chinet al., 1983),

but other extraction methods (not involving detergents) have not been reported. Furthermore,

there is no evidence that the soluble lymph factor is a subunit or a proteolytic fragment of an

integral membrane protein; detergent solubilized HEBF-LN (from lymphocytes) is comprised of

proteins components with a range of molecular weights similar to those obtained from the soluble

lymph-associated HEBF-LN (Chin, et al., 1983, Rasmussen, et al., 1985). Therefore, it is

possible that HEBF-LN is attached to the lymphocyte surface through a peripheral association; 4)

The high pi of HEBF-LN (8.3-8.6) would favor its interaction with acidic molecules such as the

MEL-14 antigen, which could serve as a "baseplate" to hold HEBF-LN to the lymphocyte cell

surface.
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The significant biochemical differences between HEBF-LN and the MEL-14 antigen, and the

observations listed above, are consistent with the following proposal: The MEL-14 antigen

anchors HEBF-LN to the surface of lymphocytes and HEBF-LN then binds to PN HEV. Where

does the M-6-P-binding activity best integrate into this hypothesis? This activity would have to

be associated with HEBF-LN rather than the MEL-14 antigen for the following reason: Pre

incubation of lymphocytes with M-6-P, followed by washing, does not reduce binding to HEV in

a subsequent assay (Stoolman and Rosen, unpublished). As shown in figure 32a, if the MEL-14

antigen were to express the M-6-P-binding activity, which then binds HEBF-LN, then HEBF-LN

should be effectively eluted by M-6-P. Therefore, HEBF-LN would be washed away after M-6-

P treatment and persistent inhibition would be expected (if secretion of new HEBF-LN is

minimized, as at 4°C). However, even the persistent inhibitory effect of PPME is readily

reversed with time (after the lymphocytes are washed and held at 4°C; Stoolman and Rosen,

unpublished). Therefore, the carbohydrates appear to associate reversibly with the lymphocyte

cell surface, and most likely exert their inhibitory effects by competition with the HEV

determinant, rather than by elution of soluble attachment factors. This is consistent with the

model in figure 32b, where the M-6-P-binding activity is associated with HEBF-LN and directly

binds to HEV determinants.
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Figure 32. Hypothetical Models Illustrating the Possible Relationship of the M-6-P Binding

Activity with an Intermediate Soluble Adhesion Molecule.

Panel A. Similar to the model presented in 31b, the M-6-P-binding activity is an integral

component of the lymphocyte surface membrane (possibly the MEL-14 antigen). The soluble

attachment factor (possibly HEBF-LN) is held to the lymphocyte surface through its M-6-P-like

determinants. Pretreatment of lymphocytes with M-6-P would elute the soluble factor.

Therefore, the factor would be lost during the wash procedure, and would be unavailable to

mediate the lymphocyte/HEV interaction in a subsequent assay. This, however, is not observed.

Stoolman and Rosen (unpublished) found that pretreatment of lymphocytes with M-6-P produces

no persistent inhibitory effect, even if the cells are maintained at 4°C in the presence of monensin

or metabolic inhibitors (thus, it is unlikely that new factor is secreted by the cells after elution

with M-6-P).

Panel B. A cell surface receptor, of unknown specificity (perhaps the MEL-14 antigen),

binds the soluble attachment factor (possibly HEBF-LN). This latter factor expresses the M-6-P-

binding activity. Preincubation of lymphocytes with M-6-P saturates the factor's binding sites,

but does not elute the factor from the cell-surface. Since M-6-P is a univalent determinant, it

readily dissociates from the factor during the wash procedure. Therefore, preincubation of the

cells with M-6-P has no persistent inhibitory effect and the cells bind HEV normally in a

subsequent asssay. In this case the HEV recognition determinant is comprised of mannose and

sialic acid as discussed in figure 14c.
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There are no significant contradictions to the hypothesis illustrated in figure 32b, either in the

results of this thesis, or in the literature. PPME-bead binding would correlate well with MEL-14

expression because HEBF-LN depends upon MEL-14 for association with the lymphocyte

surface. Consequently, the PPME-affinity column could even bind the MEL-14 antigen because

the antigen may remain associated with the actual M-6-P-binding activity (in this case, HEBF

LN). Furthermore, it seems plausible that MEL-14 might inhibit HEV and PPME bead binding

by irreversibly displacing HEBF-LN from the lymphocyte surface. One question that arises is

why fucoidin reduces the attachment of MEL-14 to its antigen if the antigen does not interact

directly with the carbohydrate inhibitors. There are three possible explanations for this finding:

1) As mentioned before, fucoidin was present in this experiment at a high concentration (1000

fold greater than required to completely inhibit PPME bead binding or in vitro HEV-binding).

Therefore, its effects could have been non-specific; 2) Unlike PPME, fucoidin may interfere

with the activity of both the MEL-14 antigen and HEBF-LN, although only weakly with the

former; 3) Fucoidin may interact so strongly with HEBF-LN that the complex aquires a

configuration which cannot be displaced from the MEL-14 antigen by MEL-14.

The model illustrated in figure 32b provides possible solutions for two previously

unexplained observations. First, immunoprecipitation of HEBF-LN, even with a monoclonal

antibody, results in the isolation of several proteins (Rasmussen, et al., 1985). Such a finding

might be expected if HEBF-LN were associated in a complex with other cells surface molecules

(e.g., a MEL-14-like antigen). Furthermore, HEBF-LN may be a multivalent complex which is

comprised of at least two subunits, one which binds the MEL-14 antigen, and one which

recognizes HEV. Second, the soluble-factor hypothesis offers an explanation for the results with

the myelo-monocytic line (WEHI 3). This cell line expresses a high level of the MEL-14 antigen,

but does not bind to HEV and poorly binds PPME-beads. WEHI 3 may produce small quantities

of HEBF-LN and thus be deficient in PPME bead-binding and in vitro HEV-binding activities.

Several predictions would be made based on the hypothesis presented above: 1) Binding of

HEBF-LN (labeled with 1251 or other marker) to PN HEV should be inhibited by M-6-P and also
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by pre-treatment of the sections with sialidase. However, MEL-14 should not affect binding of

HEBF-LN to PN sections!. 2) HEBF-LN should bind to the PPME affinity column and be

eluted with M-6-P. 3). HEBF-LN should bind to the lymphocyte surface (assuming that its cell

binding site is not inactivated during its initial release from the cell surface). The attachment of

HEBF-LN to lymphocytes should be inhibited by MEL-14, but not by M-6-P. 4). If WEHI-3

expresses the MEL-14 antigen in an active form, then addition of HEBF-LN to cultures of these

cells may allow them to attach to PN HEV.

There are two molecules, other than HEBF-LN, which have been described in the literature

and should be listed as possible soluble attachment factors. First, Carey, et al. (1981) described

a component, called adherence enhancing factor or AEF, which was also isolated from rat lymph.

When present during the in vitro HEV-binding incubation, this factor enhances lymphocyte

attachment to PN HEV by a factor of two- to four-fold above control values (the PP interaction

was not examined). However, the factor does not promote the attachment of thymocytes or bone

marrow cells to HEV, nor does it increase lymphocyte binding to non-HEV areas of the lymph

node section. Interestingly, this factor is isolated from the same fraction of lymph (a 60-80%

ammonium sulfate cut) as the inhibitory factor, but appears to be inactivated by a lyophilization

step used in the preparation of HEBF-LN. AEF does not cause lymphocyte auto-aggregation.

Carey, et al., suggest that AEF may be a soluble ligand that bridges lymphocytes to HEV, or that

it may work in conjunction with the inhibitory factor (HEBF) to regulate the lymphocyte

interaction with HEV. Unfortunately all subsequent reports have concerned only the inhibitory

factor. It is difficult to assess the significance of the biological activity of AEF because

lymphocyte attachment to HEV can be noticably "enhanced" by simply increasing the tonicity of

the assay buffer with monosaccharides (except mannose or fucose, Stoolman and Rosen, 1983).

However, in the context of the model proposed above, it is tempting to speculate that AEF and

!Mel-14 selectively recognizes an antigen on the surface of mouse lymphocytes, and does not
cross-react with rat cells. Therefore, some of the experiments proposed in this section may
require the mouse equivalent to HEBF-LN (a component of rat lymph) or a cross-reactive
antibody made against the MEL-14 antigen.
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HEBF-LN are actually the same molecule; HEBF-LN has lost its lymphocyte attachment site

when it was released from the lymphocyte surface, but AEF represents the entire soluble

attachment factor.

As mentioned previously, macrophage migration inhibitory factor (MIF) has been reported

to bind to mannose (or fucose) in conjunction with sialic acid on the surface of macrophages

(Yamamoto and Tokunaga, 1981; Liu, et al., 1980). This factor is secreted by stimulated

lymphocytes (Liu, et al., 1984). In the context of model 14c or 32b, it is possible that MIF

exhibits a similar carbohydrate-binding specificity as the lymphocyte PN-specific homing

receptor. It would be interesting to determine if treatment of PN sections with MIF would affect

lymphocyte binding to HEV. Perhaps MIF is a modified form of the PN-specific homing

receptor which is released by lymphocytes following stimulation. It is possible that HEBF-LN

and MIF are related. Furthermore, it is interesting to speculate that lymphocytes may be able to

interact with macrophages using the PN-specific homing receptor. Perhaps the mannose/sialic

acid glycoconjugate on the surface of macrophages is analogous to the PN HEV recognition

determinant. These questions may address a possible relationship between cell surface receptors,

soluble mediators and/or soluble cell-cell attachment factors.

E. The specificities of other HEV types: As discussed in chapter I and chapter III,

the PP and PN specific homing preferences involve unique HEV recognition determinants.

Furthermore, this specificity appears to extend beyond the lymphoid tissues and involves other

regions of the body; If blast cells are isolated from Peyer's patches, then injected intravenously,

they localize preferentially within the gut wall, whereas those isolated from peripheral lymph

nodes prefer to localize within the skin. In a functional sense, this pattern of homing specificity

can be understood. Although the gut and skin both serve as a major interface between the body

and the outside world, the type of antigens that they are normally encounter are quite different.

Therefore, lymphocytes stimulated in Peyer's patches would probably be most needed in other

parts of the gut wall. Since peripheral lymph nodes largely drain the skin, lymphocytes
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stimulated in this environment would be most effective in the periphery (Streilein and Tigelaar,

1982).

A third major interface between the body and the outside world is the lungs. Again, air

borne antigens that are trapped in the mucus of the bronchial tree are likely to be quite different

than ingested antigens or antigens that penetrate the skin. Therefore, it is reasonable to suggest

that HEV within the lymphoid tissue of the lung will express a third type of HEV recognition

determinant. Current emphasis has been placed on mucosal vs. peripheral specificities. The

lymphoid tissue of the lung has been included in the mucosal-type specificity because it has an

architecture very similar to that of gut-associated Peyer's patches. Furthermore, lung-associated

lymphoid tissue and Peyer's patches predominately produce an IgA-type antibody response

(Bienenstock, et al., 1982). Yet, in a paper curiously titled "Evidence for a common mucosal

immunologic system" (McDermott and Bienenstock, 1979), there is clear evidence for the

existence of a distinct lung specificity. When blast cells were isolated from the lung or from the

gut wall, radiolabeled, and then injected intravenously, they were found to localize equally poorly

within PN. As expected, the gut blast cells homed very well to the gut wall (10-fold better than

to PN), but the lung blast cells localized no better within the gut wall than within PN. Instead,

the lung cells localized 10-fold better within the lung than within PN, whereas gut blast cells

localized only 3-fold better within the lung than within PN. This is a dramatic demonstration of

the preferential homing of lung blast cells to the lung. In a recent report, the specificity of

lymphocyte binding to HEV in the lung was examined with the in vitro frozen-section assay (Van

Der Brugge-Gamelkoorn and Kraal, 1985). They found that B and T cells (rat or guinea pig)

attach equally well to lung-associated HEV of the respective species. B and T cells also bind

equally well to MN HEV, but B cells bind significantly better to PP HEV than do T cells.

Therefore, they argued that lung-associated HEV is not like PPHEV, but rather it is similar to the

HEV within MN. This study, however, does not address the possibility of a distinct lung

associated recognition system, as proposed above. Future experiments should examine this

question. What effect will MEL-14, anti-HEBF-LN or anti-HEBF-PP have on the lung
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interaction? Will this HEV-type be affected by sialidase, or will it be recognized by trypsinized

lymphocytes? What are the carbohydrate specificities involved in lymphocye binding to HEV in

the lung and PP7

F. Localization Patterns of Malignant Lymphocytes. Specific endothelial

determinants direct the pattern of migration of normal lymphocytes. Such determinants may also

play a significant role in directing the primary localization and metastatic spread of lymphoid

malignancies (or other tumor types). Preliminary evidence suggests that lymphoma cell lines

which bind specifically to PP or PN HEV tend to establish primary tumors, following

intravenous injection, within Peyer's patches and peripheral lymph nodes, respectively

(Weissman, personal communication). As described by Nicolson (1978), malignant melanoma

cells will establish tumor foci in a number of organs following intravenous injection. Tumor cells

from a particular organ can be isolated and then re-injected into a syngeneic animal. When cells

are passed in this fashion a number of times through the same organ, a tumor line results that

selectively establishes foci in that organ. Further evidence suggests that these cells are not merely

being adapted to grow in a particular tissue environment, but rather that they are being selected to

localize preferentially within that tissue (Nicolson and Custead, 1982). In support of this,

Netland and Zetter (1984) demonstrated that tumor lines which characteristically metastasize to

lung or to liver will preferentially bind to the respective tissues in an in vitro frozen-section assay.

A plausible hypothesis of such localization patterns is that tumor cells exhibit tissue-specific

interaction with microvasular endothelial cells. As pointed out by Kramer and Nicolson (1979),

blood-borne malignant cells must first interact with the vascular endothelium in order to invade

normal tissues. The study of lymphocyte recirculation and its specificities may be relevant in

understanding the localization of malignant cells.

G. Cell Adhesion Molecules in Other Systems. Calcium-dependent cell adhesion

molecules have been identified in a large number of embryonic and adult tissues. Cross-reactive

antibodies have defined at least three immunolgically distinct sets of these molecules in

association with the following tissues: 1) neural tissues, striated and cardiac muscle
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(Brackenbury, et al. 1981, Hatta, et al. 1985), 2) fibroblasts and endothelial cells (Hatta, et al.,

1985), and 3) early embryonic cells (Hyafil, et al., 1981; Damsky, et al., 1983), teratocarcinoma

stem cells (Yoshida and Takeichi, 1982), liver cells (Gallin, et al., 1983), and adult epithelial

tissues (Thiery, et al., 1984). There is suggestive evidence that in the embryo these cell adhesion

molecules are coordinately expressed at times when cells are involved in the organization of new

structures (Thiery, et al., 1984) and may be an important component of all solid adult tissues

(Hatta, et al. 1985). The neural and embryonic-type calcium-dependent adhesion molecules

appear to share one interesting feature; calcium protects these molecules from extensive

degradation by trypsin. The PN-specific homing receptor differs from these calcium-dependent

cell adhesion molecules because its activity is rapidly lost with low concentrations of trypsin, in

the presence of calcium. The PP-specific homing receptor, however, may resemble the other

calcium-dependent adhesion molecules because it is relatively insensitive to trypsin (at least in the

presence of calcium).

A large number of calcium-independent cell adhesion molecules have also been identified.

At least four functionally-distinct molecules have been described on neural tissues alone. These

have been identified by antibodies that block particular cellular interactions: 1) the migration of

granule cells in the cerebellar cortex (Lindner, et al. 1983); 2) the fasiculation of neurites and the

formation of neural muscular junctions (Rutishauser, et al., 1978, Grumet, et al., 1982); 3) the

interaction between nerve axons and myelinating cells (Itoyama, et al., 1980); and 4) the

interaction between neurons and astrocytes (Kruse, et al., 1985). These molecules also appear to

be related in that they share a common carbohydrate epitope, yet they most likely have distinct

protein backbones (Kruse, et al., 1985). It is tempting to speculate that this epitope may be

directly involved in the recognition activity of these molecules or may play an important

regulatory function.

It is of interest to determine if the lymphocyte homing receptors are related to other cell

adhesion molecules, or perhaps define their own distinctive family. Several cell-surface

molecules are known to interact with M-6-P or fucoidin, and are perhaps related to the



176

lymphocyte M-6-P-binding activity. For example, the M-6-P receptor for lysosomal enzyme

targeting has been identified on the surface of a number of cell types such as fibroblasts (Hasilik

and Neufeld, 1980), macrophages (Shepard, et al., 1984), and liver cells (Fischer, et al., 1980).

The actual function, if any, of this molecule on the cell surface is not known. Ligatin is another

molecule that recognizes phosphorylated saccharides, including M-6-P in some systems (Jakoi, et

al., 1981). It has been implicated in cell adhesion in the neural retina (Marchase, et al., 1982). A

fucoidin-specificity has been implicated in a number of cell-cell interactions. For example it has

been found to interfere with sperm/egg interactions in several vertebrate and invertebrate species,

including brown algae (Bolwell, et al., 1980), sea urchin (Glabe, et al., 1982), horseshoe crab,

(Barnum and Brown, 1983), hamster (Ahuja, 1982), and guinea pig (Huang, et al., 1982).

Fucoidin has also been found to inhibit intercellular adhesion of teratocarcinoma stem cells

(Grabel, et al., 1982) and to disrupt the junctions between cultured endothelial cells (Glabe, et al.,

1983). The receptors involved in lymphocyte recirculation may be similar, in carbohydrate

specificity at least, to a large class of cell adhesion molecules.



177

Bibliography



178

Adams, J.C. 1981. Heavy metal intensification of DAB-based HRP reaction product. J.

Histochem. Cytochem. 29: 775-775.

Ahuja, K.K. 1982. Fertilization studies in the hamster. Exp. Cell Res. 140: 353–362.

Ames, B.N., and P.T. Dubin. 1960. The role of polyamines in the neutralization of

bacteriophage deoxyribonucleic acid. J. Biol. Chem. 235: 769-775.

Anderson, A.O., and N.D. Anderson. 1975. Studies on the structure and permeability of the

microvasculature in normal rat lymph nodes. Am. J. Path. 80:387-412.

Anderson, A.O., and N.D. Anderson. 1976. Lymphocyte emigration from high endothelial

venules in rat lymph nodes. Immunology 31: 731-748.

Anderson, D., A. O. Anderson and R.G. Wyllie. 1976. Specialized structure and metabolic

activities of high endothelial venules in rat lymphatic tissues. Immunol. 31:455-473.

Andrews, P., W.L. Ford, and R.W. Stoddart. 1980. Metabolic studies of high-walled

endothelium of postcapillary venules in ratlymph nodes. In: Blood Cells and Vessel Walls,

CIBA Symposium, 71: 211-230. Amsterdam: Exerpta Medica.

Andrews, P., D.W. Milsom and W.L. Ford. 1982. Migration of lymphocytes across specialized

vascular endothelium. V. Production of a sulphated macromolecule by high endothelial

cells in lymph nodes. J. Cell Sci. 57: 277-292.

Andrews, P., D.W. Milsom, and R.W. Stoddart. 1983. Glycoconjugates from high endothelial

cell. I. Partial characterization of a sulphated glycoconjugate from the high endothelial cells

of rat lymph nodes. J. Cell Sci. 59: 231-244.

d.º.



179

Ashwell, G. and A.G. Morell. 1974. The role of surface carbohydrates in the hepatic

recognition and transport of circulating glycoproteins. Adv. Enzymol. 41: 99-128.

Barnum, S.R. and G.G. Brown. 1983. Effect of lectins and sugars on primary sperm

attachment in the horseshoe crab Limulus polyphemus L. Dev. Biol. 95: 352-359.

Barondes, S.H. 1981. Lectins: Their multiple endogenous cellular functions. Ann. Rev.

Biochem. 50: 207-231.

Bienenstock, J., M.R. McDermott, and A.D. Befus. 1982. The significance of bronchus

associated lymphoid tissue. Bull. Europ. Physiopath. Resp. 18: 153-177.

Binns, R.B. 1980. Pig lymphocytes - Behavior, distribution and classification. In: Monogr.

Allergy. (Z. Trnka and RNP Cahill, eds.), Vol. 16, pp. 19-37. Krager, Basel.

Bohlool, B.B. and E.L. Schmidt. 1974. Lectins: A possible basis for specificity in the

rhizobium-legume root nodule symbiosis. Science 185: 269-271.

Bolwell, G.P., J.A. Callow, and L.V. Evans. 1980. Fertilization in brown algae. Preliminary

characterization of putative gamet receptors from eggs and sperm of Fucus Serratus. J. Cell

Sci. 43: 209-224.

Boxer, L.A., B. Bjorksten, J. Bjork, H.H. Yang, J.M. Allen, and R.L. Baehner. 1982a.

Neutropenia induced by systemic infusion of lactoferrin. J. Lab. Clin. Med. 99: 866-872.

Boxer, L.A., R.A. Haak, H.-H. Yang, J.B. Wolach, J.A. Whitcomb, C.J. Butterick, and R.L.

Baehner. 1982b. Membrane-bound lactoferrin alters the surface properties of

polymorphonuclear leukocytes. J. Clin. Invest. 70: 1049-1057.

Braaten, B.A., G.J. Spangrude, and R.A. Daynes. 1984. Molecular mechanisms of lymphocyte

extravasation. II. Studies of in vitro lymphocyte adherence to high endothelial venules. J.

Immunol. 133: 117-122.



180

Brackenbury, R., U. Rutishauser, and G.M. Edelman. 1981. Distinct calcium-independent and

calcium-dependent adhesion systems of chicken embryo cells. Proc. Natl. Acad. Sci. 78:

387-391.

Bradfield, J.W.B. and G.V.R. Born. 1974. Lymphocytosis produced by heparin and other

sulphated polysaccharides in mice and rats. Cellular Immunology 14:22-32.

Brown, W.J., and M.G. Farquhar. 1984. The mannose-6-phosphate receptor for lysosmal

enzymes is concentrated in cis golgi cisternae. Cell 36: 295-307.

Butcher, E.C. 1982. The control of lymphocyte migration and tissue distribution. In:

Experimental and Clinical Photoimmunology. (R.A. Daynes, ed.). pp. 173-194. CRC

Press, Inc. Boca Raton, Fl.

Butcher, E.C., R.G. Scollay, I.L. Weissman. 1979a. Lymphocyte adherence to high

endothelial venules: characterization of a modified in vivo assay, and examination of the

binding of syngeneic and allogeneic lymphocyte populations. J. Immunol. 123: 1996

2003.

Butcher, E.C., R.G. Scollay, I.L. Weissman. 1979b. Evidence of continuous evolutionary

change in strutures mediating adherence of lymphocytes to specialized venules. Nature

280: 496-498.

Butcher, E.C., R.G. Scollay, I.L. Weissman. 1980. Organ specificity of lymphocyte migration:

mediation by highly selective lymphocyte interaction with organ-specific determinants on

high endothelial venules. Eur. J. Immun. 10: 556-561.

Butcher, E.C. and I.L. Weissman. 1980. Cellular, genetic, and evolutionary aspects of

lymphocyte interactions with high endothelial venules. In: Blood Cells and Vessel Walls:

funtional interactions. (Ciba Foundation Symposium 71), pp. 265-286. Exerpta Medica,

Amsterdam.



18 1

Butcher, E.C., G. Kraal, S.K. Stevens, and I.L. Weissman. 1981. Selective migration of

murine lymphocyte and lymphoblast populations and the role of endothelial cell

recognition. Adv. Exp. Med. Biol. 149: 199-206.

Butcher, E.C., G. Kraal, S.K. Stevens, and I.L. Weissman. 1982a. A Recognition function of

endothelial cells: Directing Lymphocyte Traffic. In: Pathiobilogy of the Endothelial Cell.

(H.L. Nossel and H.J. Vogel, eds.) pp. 409-425. Academic Press,

Butcher, E.C., S.K. Stevens, R.A. Reichert, R.G. Scollay, and I.L. Weissman. 1982b.

Lymphocyte-endothelial cell recognition in lymphocyte migration and the segregation of

mucosal and non-mucosal immunity. In: Recent Advances in Mucosal Immunity. (K. Sell,

ed.) pp. 3-24. Raven Press, New York.Inc.

Cahill, R.N.P., I. Heron, D.C. Poskitt, and Z. Trnka. 1980. Lymphocyte recirculation in the

sheep fetus. In: Blood Cells and Vessel Walls, Ciba Symposium. 11: 145-166.

Cahill, R.N.P., D.C. Poskitt, H. Frost, and Z. Trnka. 1977. Two distinct pools of recirculating

T lymphocytes: migratory characteristics of nodal and intestinal T lymphocytes. J. Exp.

Med., 145: 420-428.

Cardin, A.D., K.R. Witt, and R.L. Jackson. 1984. Visualization of heparin-binding proteins by

ligand blotting with 125I-heparin. Anal. Biochem. 137: 368-373.

Carey, G.D., Y.-H. Chin, and J.J. Woodruff. 1981. Lymphocyte Recognition of lymph node

high endothelium. III. Enhancement by a component of thoracic duct lymph. J. of

Immunol. 127: 976-979.

Ceri, H., D. Kobiler, and S.H. Barondes. 1981. Heparin-inhibitable lectin. Purification from

chicken liver and embryonic chicken muscle. J. Cell Biol. 256: 390-394.



182

Chin, Y-H., G.D. Carey, and J.J. Woodruff. 1980a. Lymphocyte Recognition of lymph node

high endothelium. I. Inhibition of in vitro binding by a component of thoracic duct lymph.

J. Immun. 125: 1764-1769.

Chin, Y-H., G.D. Carey, and J.J. Woodruff. 1980b. Lymphocyte Recognition of lymph node

high endothelium. II. Characterization of an in vitro inhibitory factor isolated by antibody

affinity chromatography. J. Immunol. 125: 1770-1774.

Chin, Y-H., G.D. Carey, and J.J. Woodruff. 1982. Lymphocyte recognition of lymph node

high endothelium. IV. Cell surface structures mediating entry into lymph nodes. J.

Immunol. 129; 1911-1915.

Chin, Y-H., G.D. Carey, and J.J. Woodruff. 1983. Lymphocyte recognition of lymph node

high endothelium. V. Isolation of adhesion molecules from lysates of rat lymphocytes. J.

Immunol. 131: 1368-1374.

Chin, W. and J.B. Hay. 1980. A comparison of lymphocyte migration through intestinal lymph

nodes, subcutaneous lymph nodes, and chronic inflammatory sites of sheep.

Gastroenterology 79: 1231-1242.

Chin, Y-H., R. Rasmussen, A.G. Cakiroglu, and J.J. Woodruff. 1984. Lymphocyte

recognition of lymph node high endothelium. VI. Evidence of distinct structrues mediating

binding to high endothelial cells of lymph nodes and Peyer's patches. I. Immunol. 133:

2961-2965.

Cole, G.J., D. Schubert, and L. Glaser. 1985. Cell-substratum adhesion in chick neural retina

depends upon protein-heparan sulfate interactions. J. Cell Biol. 100: 1192-1199.

Cook, G.M.W. 1976. Techniques for the analysis of membrane carbohydrates. In:

Biochemical Analysis of Membranes. (A.H. Maddy, Ed.) p. 322. John Wiley and Sons,

Inc., New York.



183

Cook, J.H. and J.E. Lilien. 1982. The accessibility of certain proteins on embryonic chick

neural retina cells to iodination and tryptic removal is altered by calcium. J. Cell Sci. 55:

85-103.

Damsky, C.H., J. Richa, D. Solter, K. Knudson, and C.A. Buck. 1983. Identification and

purification of a cell surface glycoprotein mediating intercellular adhesion in embryonic and

adult tissues. Cell 34: 455-466.

David, J.R. 1966. Delayed hypersensitivity in vitro. Its mediation by cell-free substances

formed by lymphoid cell-antigen interaction. Proc. Natl. Acad. Sci. 56: 72-79.

Davignon, C., E. Martz, T. Reynolds, K. Kurzinger, and T.A. Springer. 1981. Monoclonal

antibody to a novel lymphocyte function-associated antigen (LFA-1): Mechanism of

blocking of T lymphocyte-mediated killing and effects on other T and B lymphocyte

functions. J. Immunol. 127: 590-595.

De Sousa, M. 1978. Lymphoid cell positioning: A new proposal for the mechanisms of control

of lymphoid cell migration. Soc. for Exp. Biol., Symposium. 32: 393-410.

DuBois, M., K.A. Gilles, J.K. Hamilton, P.A. Rebers, and F. Smith. 1956. Colorimetric

method for determination of sugars and related substances. Anal. Chem. 28: 350-356.

Fischer, H.D., A. Gonzalez-Noriega, W.S. Sly, and D.J. Morre. 1980. Phosphomannosyl

enzyme receptors in rat liver. J. Biol. Chem. 255: 9608–9615.

Ford, W.L. 1975. Lymphocyte migration and immune responses. Prog. Allergy. 19: 1-59.

Ford, W.L., M. Sedgley, S.M. Sparshott, and M.E. Smith. 1976. The migration of

lymphocytes across specialized vascular endothelium. II. The contrasting consequences of

treating lymphocytes with trypsin or neuraminidase. Cell Tissue Kinet. 9: 351-361.

º



184

Ford, W.L. and S.J. Simmonds. 1972. The tempo of lymphocyte recirculation from blood to

lymph in the rat. CellTissue Kinet. 5: 175-189.

Ford, W.L., M.E. Smith, and P. Andrews. 1978. Possible clues to the mechanism underlying

the selective migration of lymphocytes from the blood. Soc. for Exp. Biol., Symposium.

32: 359-392.

Fossum, S., M.E. Smith, E. B. Bell and W.L. Ford. 1980. The architecture of rat lymph

nodes. III. The lymph nodes and lymph-bourne cells of the congenitally athymic nude rat

(rnu). Scand. I. Immunol. 12: 421-432.

Frazier, W., and L. Glaser. 1979. Surface components and cell recognition. Ann. Rev.

Biochem. 48: 491-523.

Freitas, A.A. and M. de Sousa. 1976a. Control mechanism of lymphocyte traffic. Altered

migration of 51Cr-labeled mouse lymph node cells pre-treated in vitro with phospholipases.

Eur. J. Immunol. 6: 703-711.

Freitas, A.A. and M. de Sousa. 1976b. The role of cell interactions in the control of lymphocyte

traffic. Cell. Immun. 22: 345-350.

Fukushi, Y., E. Nudelman, S.B. Levery, S.-i. Hakomori, and H. Rauvala. 1984. Novel

fucolipids accumulating in human adenocarcinoma. III. A hybridoma antibody (FH6)

defining a human cancer-associated difucoganglioside. J. Biol. Chem. 259: 1051 1-10517.

Gallatin, W.M., I.L. Weissman, E.C. Butcher. 1983. A cell-surface molecule involved in

organ-specific homing of lymphocytes. Nature 304: 30-34.

Gallin, W.J., G.M. Edelman, and B.A. Cunningham. 1983. Characterization of L-CAM, a

major cell adhesion molecule from embryonic liver cells. Proc. Natl. Acad. Sci. 80: 1038

1042.



185

Gesner, B.M. and V. Ginsberg. 1964. Effect of glycosidases on the fate of transfused

lymphocytes. Proc. Natl. Acad. Sci. 52; 750-755.

Glabe, C.F., L.B. Grabel, V.D. Vacquier, and S.D. Rosen. 1982. Carbohydrate specificity of

sea urchin sperm binding: A cell surface lectin mediating sperm-egg adhesion. J. Cell Biol.

94: 123-128.

Glabe, C.G., P.K. Harty, and S.D. Rosen. 1983. Preparation and properties of fluorescent

polysaccharides. Analytical Bioch. 130: 287-294.

Glabe, C.G., T. Yednock, and S.D. Rosen. 1983. Reversible disruption of cultured endothelial

monolayers by sulphated fucans. J. Cell Sci. 61: 475-490.

Goldschneider, I. and D.D. McGregor. 1968. Migration of lymphocytes and thymocytes in the

rat. I. The route of migration from blood to spleen and lymph nodes. J. Exp. Med. 127:

155-168.

Goldstein, I.J. and C.E. Hayes. 1978. The lectins: Carbohydrate-binding proteins of plants

and animals. Adv. Carb. Chem. Biochem, 35: 127-340.

Gowans, J.L. 1959. The recirculation of lymphocytes from blood to lymph in the rat. J.

Physiol. (Lond.) 146: 54-69.

Gowans, J.L. and E.J. Knight. 1964. The route of re-circulation of lymphocytes in the rat.

Proc. Roy. Soc. B. 159: 257-282.

Gowans, J.L. and McGregor, D.D. 1965. The immunological activities of lymphocytes. Progr.

Allergy 9. 1-78.

Gowans, J.L. and J.W. Uhr. 1966. The carriage of immunological memory by small

lymphocytes in the rat. J. Exp. Med. 124; 1017-1030.



186

Grabel, L.B., G.R. Martin, and S.D. Rosen. 1982. Teratocarcinoma stem cell surface lectin:

Characterization and proposed function. In: Cellular Recognition. (C.F. Fox, ed.) pp.

879-888. Alan R. Liss, Inc., New York, NY.

Graham, R.C., Jr. and S.L. Shannon. 1972. Peroxidase arthritis. II. Lymphoid cell-endothelial

interactions during a developing immunologic inflammatory response. Amer. J. Path. 69:

7-24.

Griscelli, C., P. Vassalli, and R.T. McCluskey. 1969. The distribution of large dividing lymph

node cells in syngeneic recipients after intravenous injection. J. Exp. Med. 130: 1427

1451.

Grumet, M., U. Rutishauser, and G.M. Edelman. 1982. Neural cell adhesion molecule is on

embryonic muscle cells and mediates adhesion to nerve cells in vitro. Nature 295: 639

695.

Grunwald, G.B., R.L. Geller, and J.E. Lilien. 1980. Enzymatic dissection of embryonic cell

adhesive mechanisms. J. Cell Biol. 85: 766-776.

Guy-Grand, D., C. Griscelli, and P. Vassalli. 1978. The mouse gut T lymphocyte, a novel type

of T cell. Nature, origin, and traffic in mice in normal and graft-versus-host conditions. J.

Exp. Med. 148: 1661-1677.

Hall, J.G. and Morris, B. 1964. The effect of X-irradiation of the popliteal lymph node on its

output of lymphocytes and immunological responsiveness. Lancet. 1: 1077-1088.

Hall, J.G. and Morris, B. 1965a. The immediate effect of antigens on the cell output of a lymph

node. Brit. J. Exp. Path. 46: 450-454.

Hall, J.G. and Morris, B. 1965b. The origin of cells in the efferent lymph from a single lymph

node. J. Exp. Med. 121: 901-911.



187

Hardman, K.D., and C.F. Ainsworth. 1972. Myo-inositol binding site of concanavalin A.

Nature New Biol. 237: 54-55.

Hasilik, A., and E.F. Neufeld. 1980. Biosynthesis of lysosomal enzymes in fibroblasts.

Phosphorylation of mannose residues. J. Biol. Chem. 255: 4946-4950.

Hatta, K., T.S. Okada, and M. Takeichi. 1985. A monoclonal antibody disrupting calcium

dependent cell-cell adhesion of brain tissues: Possible role of its target antigen in animal

pattern formation. Proc. Natl. Acad. Sci. USA 82: 2789-2793.

Henriks, H.R., H.A.B. v. Hemert, and M. v.d. Heijden. 1981. The effect of stimulated

macrophages on high endothelial venules and germinal centres in lymph nodes of rat. Adv.

Exp. Med. Biol. 149: 207-212.

Hoflack, B. and S. Kornfeld. 1985. Lysosomal enzyme binding to mouse P388D-1

macrophage membranes lacking the 215-kDa mannose 6-phosphate receptor: Evidence for

the existence of a second mannose 6-phosphate receptor. Proc. Natl. Acad. Sci. 82: 4428

4432.

Huang, T.T.F., E. Ohzu, and R. Yanagimachi. 1982. Evidence suggesting that L-fucose is part

of a recognition signal for sperm zona pellucida attachment in mammals. Gam. Res. 5:

355-361.

Husband, A.J. and J.L. Gowans. 1978. The origin and Ag-dependent distribution of IgA

containing cells in the intestine. J. Exp. Med. 148: 1146-1160.

Hyafil, F., C. Babinet, and F. Jacob. 1981. Cell-cell interactions in early embryogenesis: A

molecular approach to the role of cacium. Cell 26: 447-454.

Itoyama, Y., N.H. Sternberger, H. deF. Webster, R.H. Quarles, S.R. Cohen, and E.P.

Richardson. 1980. Myelin-associated glycoprotein and myelin basic proteins in multiple

sclerosis lesions. Ann. Neurol. 1: 167-177.



18.8

Jacobson, E.B. and G.J. Thorbecke. 1969. The proliferative and anamnestic antibody response

of rabbit lymphoid cells in vitro. I. Immunological memory in the lymph nodes draining

and contralateral to the site of a primary antigen infection. J. Exp. Med. 130: 287–297.

Jakoi, E.R., K. Kempe, and S.M. Gaston. 1981. Ligatin binds phosphohexose residues on

acidic hydrolases. J. Supramol. Struct. Cell. Biochem. 16: 139-153.

Jakoi, E.R., G. Zampighi, and J.D. Robertson. 1976. Regular structures in unit membranes.

II. Morphological and biochemical charaterization of two water-soluble proteins isolated

from the suckling rat ileum. J. Cell Biol. 70: 97-111.

Jansen, C.R., E.P. Cronkite, G.C. Mather, N.O. Nielsen, K. Rai, E.R. Adamik, and C.R.

Sipe. 1962. Studies on Lymphocytes. II. The production of lymphocytosis by

intravenous heparin in calves. Blood 20: 443-451.

Jaques, L.W., E.B. Brown, J.M. Barret, W.S. Brey Jr., and W. Weltner Jr. 1977. Sialic acid:

A calcium-binding carbohydrate. J. Biol. Chem. 252: 4533-4538.

Jeanes, A., J.E. Pittsley, P.R. Watson, and R.J. Dimler. 1961. Characterization and properties

of the phosphomannan from Hansenula holstii NRRL Y-2448. Arch. Bioch. Biophy. 92:

343-350.

Jerne, N.K. 1973. The immune system. Sci. Am. 229: 52-63.

Johnson, G.L., H.R. Kaslow, Z. Farfel, H.R. Bourne. 1980. Genetic analysis of hormone

sensitive adenylate cyclase. In: Adv. Cyclic Nucleotide Res. (P. Greengard and G.A.

Robison, eds.) Vol. 13, pp. 1-37. Raven Press, New York.

Jumblatt, J.E., V. Schlup, M.M. Burger. 1980. Cell-cell recognition: specific binding of

Microciona sponge aggregation factor to homotypic cells and the role of calcium ions.

Biochem. 19: 1038-1042.

■ º



189

Kaplan, A., D.T. Achord, and W.S. Sly. 1977. Phosphohexosyl components of a lysosomal

enzyme are recognized by pinocytosis receptors on human fibroblasts. Proc. Nat. Acad.

Sci. USA 74: 2026-2030.

Kaplan, A., D. Fischer, and W.S. Sly. 1978. Correlation of structural features of

phosphomannans with their ability to inhibit pinocytosis of human beta-glucuronidase by

human fibroblasts. J. Biol. Chem. 253: 647-650.

Kohn, J., and M. Wilchek. 1981. Procedures for the analysis of cyanogen bromide-activated

sepharose or sephadex by quantitative determination of cyanate esters and imidocarbonates.

Anal. Biochem. 115: 375-382.

Kraal, G., I.L. Weissman, and E.C. Butcher. 1983. Differences in in vivo ditribution and

homing of T cell subsets to mucosal vs. nonmucosal lymphoid organs. J. Immunol. 130:

1097-1102.

Kramer, R.H. and G.L. Nicolson. 1979. Interactions of tumor cells with vascular endothelial

cell monolayers: A model for metastatic invasion. Proc. Natl. Acad. Sci. USA 76: 5704

5708.

Krantz, M.J., N.A. Holzman, C.P. Stowell, and Y.C. Lee. 1976. Attachment of thioglycosides

to proteins - enhancement of liver membrane binding. Biochem. 15: 3963-3968.

Kruse, J., G. Keilhauser, A. Faissner, R. Timpl., and M. Schachner. 1985. The J1

glycoprotein - a novel nervous system cell adhesion molecule of the L2/HNK-1 family.

Nature 316: 146-148.

Lindner, J., F.G. Rathjen, and M. Schachner. 1983. L1 mono- and polyclonal antibodies

modify cell migration in early postnatal mouse cerebellum. Nature 305: 427-430.



190

Liu, D.Y., K.D. Petschek, H.G. Remold, and J.R. David. 1980. Role of sialic acid in the

macrophage glycolipid receptor for MIF. J. Immunol. 124; 2042-2047.

Liu, D.Y., S.-F. Yu, P.A. Miller, H.G. Remold, and J.R. David. 1984. Glycolipid-dependent

interaction between human migration-inhibitory factor and mononuclear phagocytes. Cell.

Immunol. 88: 350-360.

Maehly, A.C. 1954. Catalases and Peroxidases. Meth. Biochem. Anal. 1: 386.

Magnani, J.L., B. Nilsson, M. Brockhaus, D. Zopf, Z. Steplewski, H. Koprowski, and V.

-

Ginsberg. 1982. A monoclonal antibody-defined antigen associated with gastrointestinal

cancer is a ganglioside containing sialyted lacto-N-fucopentaose II. J. Biol. Chem. 257:

14365-14369.

Marchase, R.B., P. Harges, and E.R. Jakoi. 1981. Ligatin from embryonic chick neural retina

inhibits retinal cell adhesion. Develop. Biol. 86: 250-255.

Marchase, R.B., L.A. Koro, C.M. Kelly, D.R. McClay. 1982. A possible role for ligatin and

the phosphoglycoproteins it binds in calcium-dependent retinal cell adhesion. J. Cell.

Biochem. 18: 461–468.

Marchesi, V.T., and J.L. Gowans. 1964. The migration of lymphocytes through the

endothelium of venules in lymph-nodes: an electron microscopic study. Proc. Roy. Soc. B.

159: 282-290.

Markwell, M.K. and J.C. Paulson. 1980. Sendai virus utilizes specific sialyloligosaccharides as

host cell receptor determinates. Proc. Natl. Acad. Sci. USA 77: 5693-5697.

Markwell, M.K., L. Svennerholm, and J.C. Paulson. 1981. Specific gangliosides function as

host cell receptors for Sendai virus. Proc. Natl. Acad. Sci. USA 78: 5406-5410.



191

McDermott, M.R. and J. Bienenstock. 1979. Evidence for a common mucosal immunologic

system. I. Migration of B immunoblasts into intestinal, respiratory, and genital tissues. J.

of Immunol. 122: 1892-1898.

McFarlin, D.E. and R.M. Binns. 1972. Lymph node function and lymphocyte circulation in the

Pig. In: Microenvironmental aspects of immunity. The fouth international conference on

lymphocyte tissue and germinal centers in immune reactions. (B.D. Jankovic and K.

Isakovic, eds.). pp. 87-93. Plenum press, New York, London.

Mian, A.J., and E. Percival. 1973. Carbohydrates of brown sea weeds Himanthalia lorea and

Bifurcariabifurcata. Part II. Stuctural studies of the "fucans". Carbohydr. Res. 26: 147

161.

MillerJ.J., III. 1969. Studies of the phylogeny and ontogeny of the specialized lymphatic tissue

venules. Lab. Invest. 21: 484-490.

Mirro, J. Jr., J.F. Schwartz, and C.J. Civin. 1981. Simultaneous analysis of cell surface

antigens and cell morphology using monoclonal antibodies conjugated to fluorescent

microspheres. J. Immunol. Meth. 47: 39-48.

Natowicz, M.R., M.M.-Y. Chi, O.H. Lowry, and W.S. Sly. 1979. Enzymatic identification of

mannose-6-phosphate on the recognition marker for receptor-mediated pinocytosis of beta

glucuronidase by human fibroblasts. Proc. Natl. Acad. Sci. USA 76: 4322-4326.

Natowicz, M., D.W. Hallett, C. Frier, M. Chi, P.H. Schlesinger, and J.U. Baenziger. 1983.

Recognition and receptor-mediated uptake of phosphorylated high mannose-type

oligosaccharides by cultured human fibroblasts. J. Cell Biol. 96: 915-919.

Netland, P.A. and B.R. Zetter. 1984. Organ-specific adhesion of metastatic tumor cells in vitro.

Science 224: 1113-1115.



192

Nicolson, G.L. 1978. Experimental tumor metastasis: characteristics and organ specificity.

BioScience 28: 441-447.

Nicolson, G.L. and S.E. Custead. 1982. Tumor metastasis is not due to adaptation of cells to a

new organ environment. Science 215: 176-178.

Ogou, S.-I., C. Yoshida-Noro, and M. Takeichi. 1983. Calcium-dependent cell-cell adhesion

molecules common to hepatocytes and teratocarcinoma stem cells. J. Cell Biol. 97: 944

948.

Oseas, R., H.H. Yang, R.L. Baehner, and L.A. Boxer. 1981. Lactoferrin: A promoter of

polymorphonucelar leukocyte adhesiveness. Blood. 57: 939-945.

Ozawa, M., M. Sato, and T. Muramatsu. 1983. Basement membrane glycoprotein laminin is an

agglutinin. J. Biochem. 94: 479-485.

Parish, C.R., D.B. Rylatt, and J.M. Snowden. 1984. Demonstration of lymphocyte surface

lectins that recognize sulphated polysaccharides. J. Cell Sci. 67: 145-158.

Phillips, D.R., and A.K. Baughan. 1983. Fibrinogen binding to human platelet plasma

membranes. Identification of two steps requiring divalent cations. J. Biol. Chem. 17:

10240-10246.

Rannie, G.H., M.E. Smith and W.L. Ford. 1977. Lymphocyte migration into cell-mediated

immune lesions is inhibited by trypsin. Nature 267: 520-522.

Rasmussen, R.A., Y.-H. Chin, J.J. Woodruff, and T.G. Easton. 1985. Lymphocyte

recognition of lymph node high endothelium. VII. Cell surface proteins involved in

adhesion defined by monoclonal anti-HEBF-LN (A.11) antibody. I. Immunol. 135; 19

24.



193

Rose, M.L., D.M.V. Parrot, and R.G. Bruce. 1976. Migration of lymphoblasts to the small

intestine. II. Divergent migration of mesenteric and peripheral immunoblasts to sites of

inflammation in the mouse. Cell. Immunol. 27: 36-46.

Rose, M.L., D.M.V. Parrot, and R.G. Bruce. 1978. The accumulation of immunoblasts in

extravascular tissues including mammary gland, peritoneal cavity, gut and skin.

Immunology 35: 415-423.

Rosen, S.D., D.L. Simpson, J.E. Rose, and S.H. Barondes. 1974. Carbohydrate-binding

protein form Polysphondylium pallidum implicated in intercellular adhesion. Nature 252:

128-151.

Rosen, S.D., M.S. Singer, T.A. Yednock, and L.M. Stoolman. 1985. Involvement of sialic

acid on endothelial cells in organ-specific lymphocyte recirculation. Science 228: 1005

1007.

Rosen, S.D., and L.M. Stoolman. 1985. Potential role of a cell surface lectin in lymphocyte

recirculation. In: Vertebrate Lectins (K. Olden, Ed.). in press. Von Nostrand Reinhold

Co.

Roux, M.E., M. McWilliams, J.M. Phillips-Quagliata, P. Weisz-Carrington and M.E. Lamm.

1977. Origin of IgA-secreting plasma cells in the mammary gland. J. Exp. Med. 146:

1311-1322.

Ruco, L.P. and M.S. Meltzer. 1977. Macrophage activation for tumor cytotoxicity: Induction

of tumoricidal macrophages by supernatants of PPD-stimulated bacillus Calmette-Guerin

immune spleen cell cultures. J. Immunol. 119: 889-900.

Rutishauser, U., W.E. Gall, and G.M. Edelman. 1978. Adhesion among neural cells of the

chick embryo. IV. Role of the cell surface molecule CAM in the formation of neurite

bundles in cultures of spinal ganglia. J. Cell Biol. 79: 382-393.



194

Sahagian, G.G., J. Distler, and G.W. Jourdian. 1981. Characterization of a membrane

associated receptor from bovine liver that binds phosphomannosyl residues of bovine

testicular beta-galactosidase. Proc. Natl. Acad. Sci. USA. 18: 4289-4293.

Samlowski, W.E., G.J. Spangrude, and R.A. Daynes. 1984. Studies on the liver sequestration

of lymphocytes bearing membrane-associated galatose-terminal glycoconjugates: Reversal

with agents that effectively compete for the asialoglycoprotein receptor. Cell. Immunol. 88:

309-322.

Sasaki, S. and T. Suchi. 1967. Mobilization of lymphocytes from lymph nodes and spleen by

polysaccharide polysulphate. Nature 216: 1013-1014.

Schmid, R.W., and C.N. Reilley. 1957. New complexon for titration of calcium in the presence

of magnesium. Anal. Chem. 29: 264-268.

Schoefl, G.I. 1972. The migration of lymphocytes across the vascular endothelium in lymphoid

tissue; A reexamination. J. Exp. Med. 136: 568-588.

Schubert, D. and M. LaCorbiere. 1985. Isolation of a cell-surface receptor for chick neural

retina adherons. J. Cell Biol. 100: 56-63.

Schubert, D., M. LaCorbiere, F.G. Klier, and B. Birdwell. 1983. The structure and function of

myoblast adherons. Cold Spring Harbor Symp. Quant. Biol. 48: 539-549.

Sedgley, M. and W.L. Ford. 1976. The migration of lymphocytes across specialized vascular

endothelium. I. The entry of lymphocytes into the isolated mesenteric lymph-node of the

rat. Cell Tissue Kinet. 9: 231-243.

Sharon, N. 1975. Complex Carbohydrates. Their Chemistry, BioSynthesis and Functions. A Set

of Lecture Notes. Addison-Wesley Publishing Co. (Reading Mass)



195

Shepherd, V.L., H.H. Freeze, A.L. Miller, and P.D. Stahl. 1984. Identification of mannose-6-

phosphate receptors in rabbit alveolar macrophages. J. Biol. Chem. 259: 2257-2261.

Shepherd, V.L., Y.C. Lee, P.H. Schlesinger, and P.D. Stahl. 1981. L-Fucose-terminated

glycoconjugates are recognized by pinocytosis receptors on macrophages. Proc. Natl.

Acad. Sci. USA 78: 1019-1022.

Shing, Y., J. Folkman, R. Sullivan, C. Butterfield, J. Murray, and M. Klagsbrun. 1984.

Heparin affinity: Purification of a tumor-derived capillary endothelial cell growth factor.

Science 223: 1296-1299.

Slodki, M.E., R.M. Ward, and J.A. Boundy. 1973. Concanavalin A as a probe of

phophomannan molecular structure. Biochem. Biophys Acta. 304: 449-456.

Sly, W.S., and D. Fischer. 1982. The phosphomannosyl recognition system for intracellular

and intercellular transport of lysosomal enzymes. J. Cell Biochem 18: 67-85.

Smith, J.B., A.J. Cunningham, K.J. Lafferty, and B. Morris. 1970. The role of the lymphatic

system and lymphoid cells in the establishment of immunological memory. Austr. J. Exp.

Biol. Med. Sci. 48: 57-70.

Smith, E.M., A.F. Martin, and W.L. Ford. 1980. Migration of lymphoblasts in the rat.

Monogr. Allergy 16; 202-232.

Spangrude, G.J., B.A. Araneo, and R.A. Daynes. 1985. Site-specific homing of antigen

primed lymphocyte populations can play a crucial role in the efferent limb of cell-mediated

immune responses in vivo. J. Immunol. 134: 2900-2907.

Spangrude, G.J., B.A. Braatan, and R.A. Daynes. 1984. Molecular mechanisms of

lymphocyte extravasation. I. Studies of two selceltive inhibitors of lymphocyte

recirculation. I. Immunol. 132: 354-362.



196

Sprent, J. 1973. Migration of T and B lymphocytes in the mouse. I. Migratory properties. Cell

Immunol. 7: 10-39.

Springer, T.A., D. Davignon, M.-K. Ho., K. Kurzinger, E. Martz, F. Sanchez-Madrid. 1982.

LFA-1 and Lyt-2,3: Molecules associated with T lymphocyte-mediated killing; and Mac-1,

an LFA-1 homologue associated with complement receptor function. Immunol. Rev. 68:

171-195.

Stamper, H.B. Jr. and J.J. Woodruff. 1976. Lymphocyte homing into lymph nodes: In vitro

demonstration of the selective affinity of recirculating lymphocytes for high-endothelial

venules. J. Exp. Med. 144: 828-833.

Stamper, H.B. and J.J. Woodruff. 1977. An in vitro model of lymphocyte homing. I.

Characterization of the interaction between thoracic duct lymphocytes and specialized high

endothelial venues of lymph nodes. 1. Immunol. 119 772780

Stevens, S.K., I.L. Weissman, and E.C. Butcher. 1982. Differences in the migration of B and

T lymphocytes: organ-selective localization in vivo and the role of lymphocyte-endothelial

cell recognition. J. Immunol. 128: 844-851.

Stoolman, L.M. and S.D. Rosen. 1983. Possible role for cell-surface carbohydrate-binding

molecules in lymphocyte recirculation. J. Cell Biol. 96: 722-729.

Stoolman, L.M., T.S. Tenforde, and S.D. Rosen. 1984. Phosphomannosyl receptors may

participate in the adhesive interaction between lymphocytes and high endothelial venules. J.

Cell Biol. 99: 1535-1540.

Streilein, J.W. and R.E. Tigelaar. 1982. SALT: Skin-associated lymphoid tissues. In:

Experimental and Clinical Photoimmunology. (R.A. Daynes, ed.) pp. 151-172. CRC

Press, Inc. Boca Raton, Fl.



197

Strober, S. and J. Dilley. 1973. Biological characteristrics of T and B memory lymphocytes in

the rat. J. Exp. Med. 137: 1275-1292.

Thiery, J.-P., A. Delouvee, W.J. Gallin, B.A. Cunningham, and G.E. Edelman. 1984.

Ontogenetic expression of cell adhesion molecules: L-CAM is found in epithelia derived

from the three primary germ layers. Dev. Biol. 102: 61-78.

Thrush, D.R. and Emeson, E.E. 1972. The immunologically specific retention of recirculating

long lived lymphocytes in lymph nodes stimulated with xenogeneic erythrocytes. J. Exp.

Med. 135: 754-763.

Townsend, R., and P. Stahl. 1981. Isolation and characterization of a mannose/N-

acetylglucosamine/fucose binding protein from rat liver. Biochem J. 194: 209-214.

Van Der Brugge-Gamelkoorn, G.J. and G. Kraal. 1985. The specificity of the high endothelial

venule in bronchus-associated lymphoid tissue (BALT). I. Immunol. 134; 3746-3750.

Waksman, B.H. 1973. The homing pattern of thymus-derived lymphocytes in calf and neonatal

mouse Peyer's patches. I. Immunol. 111: 878-884.

Weisz-Carrington, P., M.E. Roux, and M.E. Lamm. 1977. Plasma cells and epithelial

immunoglbulins in the mouse mammary gland during pregnancy and lactation. J. Immunol.

119: 1306-1309.

Woodruff, J.J. and B.M. Gesner. 1968. Lymphocytes: Circulation altered by trypsin. Science

161: 176-178.

Woodruff, J.J. and B.M. Gesner. 1969. Effect of neuraminidase on the fate of transfused

lymphocytes. J. Exp. Med. 129: 551-567.



1 98

Woodruff, J.J., I.M. Katz, L.E. Lucas, and H.B. Stamper, Jr. 1977. An in vitro model of

lymphocyte homing. II. Membrane and cytoplasmic events involved in lymphocyte

adherence to specialized high-endothelial venules of lymph nodes. J. Immunol. 119: 1603

1610.

Woodruff, J.J. and B.J. Kuttner. 1980. Adherence of lymphocytes to the high endothelium of

lymph nodes in vitro. In: Blood Cells and Vessel Walls: Functional Interactions. Ciba

Symposium 71. pp. 243-257. Exerpta Medica, Amsterdam.

Woodruff, J.J. and R.A. Rasmussen. 1979. In vitro adherence of lymphocytes to unfixed and

fixed high endothelial cells of lymph nodes. J. Immun. 123: 2369-2372.

Yamada, K.M., D.W. Kennedy, K. Kimata, and R.M. Pratt. 1980. Characterization of

fibronectin interactions with glycosaminoglycans and identification of active proteolytic

fragments. J. Biol. Chem. 259: 6055-6063.

Yamamoto, S. and T. Tokunaga. 1981. D-mannose as a component of the macrophage surface

receptor for macrophage-activating factor (MAF) in mice. Cell. Immunol. 61: 319-331.

Yoshida, C., and M. Takeichi. 1982. Teratocarcinoma cell adhesion: Identification of a cell

surface protein involved in calcium-dependent cell aggregation. Cell 28:217-224.



º, sº - - "12 º' º, sº "42 º'
*2.< . º, º º■ ºvo º cºnc &S cºpi■ tu,sº C■ º 7.1/■ ci■ co º 4. 0. yº.

-- 4, y º º, -
º I■ ld■ , ■ co sº %. - -~ º º ~

-
º

º %) º º º ºf *o & ** O).
-> […] º, L. BRARY º º, … 72– sº T- º, LIBRARY º [...] º, ~

l - — — 2. - Oe*… [] & º, […] sº * sº […]+ ~ ( - * -r ~ cº

Tºvº■ G 11 º º - /C º -- sº º vº g in º
-
º - !C %, * .º º *. ..º ~, º º

- º *- ºr N -** * * * * n. 7, ºn - - 42 *

Jºl■ ///Q º
-

---, -, -- º gº º C■ . ~~~~~ *-º sº a c).7////nl/■ ci.■ o S &
- ~, … *, 2//7 and ■ co SS &- … - * . -- º ~

‘…. )/2 º º º L! B RARY gº .

- 2 ~
LO/ le tº º, L■ B RARY sº | | | º, -- " -- - …

- º

C -

[ ] sº * [[] sº * [I] sº **
-

~ * º * —- - *. º n

º, º ºvº gº º, is ºfC º'-' ºrgin º is a !C* . Sº º, sº
- º S- - º sº

*Sº dº º/ºr 5 * * -** - - - ºs ºf . , Q 2. W., 7.Nº. 4
- S 4. ºf 7://cºlº Nº 4.

-
— ` Sº * } ºf f.

- º -> * , *~ --- º --- S "- -
- º ■ º º nº ºL L. :-º- 2. O)) º º

- -> -

-- *.. º -> ºn tº S º +. ~~ * * *

-
r) º t’’ A-2 º T °, L. BRARY º r- º, * —” sº ■ º- º * * *Cº. sº - - * *

L. Q- > - * , --
- - ~. -r ic. [T] sº ºvuginº Lºlº - C

-~/C º' --(2 - *

*. "as ºn ■ ºro ºs Z. *-s ºr ■ º,-- - -º-, *-*. - *AA) - - - - - - - - tº-º-º-º-º-J . - - … ."
//////c■ . Co -S 4

* —-
Sº

- º Sº ...!!!". U -S 4.
- -

º _º-º.
- º º J. *~ º - -

->
-º- a --

1 5 RARY sº […]” Ol- is ■ º- º, L. B R ARY ºf | | °. - ■ lº sº ■ º
-- ~ ~ - *

~L. Jº *e, […] sº "… [...] sº -, *< - ~
- -

~ * * , , , *

º is º■ C ºr ºvugin º-' s l■ º %º, sº
-

%, º ”, sº * * * º -*2 <
- ~f~~ ºf S D 1. ... }} 2 <! º - - - - - 7 : y : ).

sº Sºft.ºncº º, º º º, cºyºo sº, "º
S "º SS º - º *- Sº "... -, *^, () o e .*

* […]”. LIBRARY is | | º, O)) sº [...] I º
---- º L. J 3° Oe 29

- •o - r sº- - * * C.
-

-
- c - -

ºvº gº º, & ~/C * [I] Sº ºvug in * -- & cº-, * * [I] .N.

cº º sº (
-

** --"
- ; , sº

º

º, sº %, sº -- S º * Li*/º %.S. & ºcíº zºº Cºjº. *Q ºf ºººººo sº.
ºf ■ º º ºt ■ % *- sº * /** * * 7", lºº º J sº º,

--

Asº %. S
*-

gº OS- Q. - -
º º -> -O/] s […] °,º L. º, O■ lº s […] **, tº J

[…] sº * [] so * [I] sº * Llsºf - * º* - ºvugin º-, -■ o * -- ºvºgri º –- s [('
º, S. 7, & "… º, s 7, -> * * **2. º. º º, N ; º

-

º, Nº.
* on */º º: C■ .tº jºinci■ co º º/º 3 ºzº-- - º - -

x -º Sº º J sº 42 A- s º3. º /
O

- ºl,-º- /- - t

º l º º, o o e o* º, +, º º * o → º -

sº A- O) [T] º Li B RARY º ºr- º, t- /. 2 sº T º, Li B RA º~o --- & C ---

º, sº
Y

L. "o T ºf Ce > *… []C. º
-

ºr - C- o + :- C - ºvugin º -- º/C * Ts sºugri ººlº*, ºf 27
-

º º 7, sº
-12. Nº º º º *2. Nº -, *, Sº

; : , 4-,-,-,-,-, ** cºlº■ /■ /?/O 2's V 2... º.º. cºl■ /-/.2°C 2.9&/ºn, Jºo sº,
- º sº ■ !!/7.1//■ º■ d is 2 º, º sº ºSº º º º Sº 'r

ºº

!- ºt.
- B RARY ºr -r-, * / º Li BRARY ºr -r-, * y) * –tº º tº ºt, ■ º tº

º, L---' as[...] ºf * [I] s * [I] ºf- º
- ---* - s - C -- ºvugin & Hºls º■ C ºr 's ºwns

º, sº * & 72 º' - º, S. -*12, Nº. 2. Nº º, ºr 42 & - -

2 <! A. --~~~ º C} 101/11/ / /// 2 -º C■ . - - - - - - * S Jºº■ .
-

cºncº & 4, cºpiº º/”2º sº º/ºcº sº, cº
st- */ º º

Kº º
-- º

-> º * º
( º, C. &* —”. Li B 3 *. J/2 sº L J B RARY ºsº tºº tºº. tº "º tº 4–

a.
*o

~ & wº ºr- ~& O

°, L. J sº & | o” ~, *. Lºl º * º, |s
sº / % -- sº ■ ºvº gº º sº cº■ / * –'s

l O. C. º & t!C. C2 º'
ºvugin º-,
-

º, sº tº sº º, S. * &º/º º ºncºs º º■ /º º º■ º º
-

Nº º 4///7.1/■ cº. & Cº. -
\ * * C).7///777/7, ■ º & Cº,> zº S- ~ 4. - > *:

-S- º sº sº 3. *- ~ --O/ le $º º, L! B RA Y *. O/ 2– & %, L! B R * R º gº *.^- - ~ º ~ *- ~ * *.

1. Cº. | - T 43 _º L. º, .* [I] º s sº [...]
.|-- e. º, ■ ºr ºf * [I] sº º, L. Jºº º * º * º º -- - . . "

º ºvºgº º- º /C º'-'º ºvºgº º s Tº7, Jº * - Sº 72 º ºtº S Q 7- . º, sº pnº, º f ■ º, º º * - T ---ºf ■ ºlo



- T *2 º'
-- - - - * * *12 º' r 2-

ºz. ºl a -
º, º,

- * º, S. º , , , , a 2 < * * * * * - -- -- º } \}.2/4". * : * ~cºnci■ co º tº sº Yuºncºco º ºn A■ º
*a- q" A- --- -3. º º, *- 3. -* º * * * *-

* * & ºp o º º * * A ** º ) º -

~ * ** -- - -"º, tºº s º, Ole sº tºº sº. /*
º, ------ &º *.. . Sº - º, - re- º ‘º T ~ *- -

| || * * -

L– ** * º * *

9 in ºr * - / * [I] s Mºvº. 9 in º. s — ( * --- S -2- º, s
-

º *º- ~, º,
º º

'', **
" * - - - * º

-

42. Nº º, . -, *, sº * - 1 < * *.º 2.s F------- *.* ºl/ºlf º 2.sº º ºf, ■ º- ºr ºf cº, ** Q.:A sº, Cºncºco sº,
-

Y º cºncº sº,
t -s tº *-- s *A 9 º -º- º s ºsº º --> 42. º ** º * -º –- ºr– sº tierº ºjº '-' ºr tº Lº

& --- •. > * º ‘.
* º rº - - -º- - º -

.*
-

( ) -r- sº
Aºvº 9 17 * -- ~/C º In ºvº gº º, Lºds º/C ".y º

* - ~, º -- 4. S. ~, 7, tº-
-

- - 4. N. -y !... .sº - sº * - 12 º' *

0.2% ºf ■ ºn 2.< * * > (7.7, º/ '■ º Q 2 * y
* * * * * * * * *ºut 1/4 -S ºr º ºnci■ co is a “” º sº, o º■ ºvº

**
-

º %) *-- º
-

º 5 f ~ * º,
-º O/P sº Hº, tº RARY_s tº /2 sº |--|- tº

ry c * '',
---- ~ L. t_j c * º, --- * *

º […] sº sº-º Lºl is ºr º, [I] gº º "… [...] º* - sº ºvº gº º º t /(' º, is ºvº gº º, -* -> 7 * ºr * 7

12. Nº º
º/” * - sº ~y 1, ºr * - º,-- * > 0 }} }/?". º 2.S * * * * - * > dº ■ º(CºCo is a * A sº, Cº■■ ºciºco sº, *Sº

tº ^.
- - *- * **. -

º f ~ * , º t º º

Q_Y sº | º, ..) / le s T- º, L. B RARY Sº [-,- º, ...) 2– & r
º C. […] ** *- º, ºr- º *

Lºl Or - º ■> * º sº ºf * * (~ ..Sº-C º■ - ºgº. - ºc º■ sº
*.* º º - º º * * * * ** ~

º
42. Sº .*

-

º, sº 42 º'
º * * * * * * * * > 7.757.7//?" / / //?" 2 <

- - -
º ly'; ),º A. ºf CAT0 - 2 0.757.9//?' ■ ■ º sº sº º // Wººd Nº. 2 0 ly'. 71,

*- ~ *, Sº tº *~ sº º,

º L!º º
•r--

º, .)/2 . sº ■ º, L! B RARY º [...] º, ..)
º

U. c º l * , ->
-

º, - re- * *... -
_º

gº º L– º -: /(' ºCºlº Aºvº gº º L. Jºs -: (C * [...] sº ..* *

ex º º º _º
º '4. <S. 1. Nº º º sº t

* º * *

º º cy■ /ºncºco gº º º 2. CYº! A. inciº 'º. "* Nº ºt.
- ** ** - -> ** * * * {{{{{ {\\t -S ºfsº º, º %

-- A- * º, y *~~ º º,
º, º )/º º * e

º ºr sº --> *.. ) º -> º,
—" & º, Li BRARY sº º *** *-* > *º, L. BRARY sº fºr tº

º | T
º - *

[...] º- º ■ * º s L
~ g** Cº - - - *

- * - : ) -º-

º
-

º Lºd & cº-7 , , , ** […] º * -- c- , , , ºsº A.Tº vº 9. |T º,2 's L /( ”,
---- sº AT: vº G ■ T °, -- s t /(

* d
- !, --> º * S- !, º -1. Nº 1. *- º

-

12 º' -y

C.J.'■ 91/11/ / // º 2.* --~~~~ %.S. jºy' 27/11 ■ º , - ^ - * - -º
** l/? * <S º, º).7//, /7.7/7. A■■ o Nº ºt Jºy', º !/?y -S º cº ºf Cºlº

º
- - º º sº 4. ** º *-

* º (). º * .* « »

º, O/ 2– sº […] °, Li B RA R_Y º -- º, ..) 2. 3. sº […] º, L. B. RA RY ... --*. s ~~~ o --~~ º | º sº - * º, ---
.*

º
- * º | | ~ * | | …

r
%, Cl AQjvº 3 ■ ºn º -- C T /(' ”, - - - sº Aºvº º 1-1 ºrº ºº - > 7 - º s º ** ~, 7, ~~12...Nº º, sº 12 º' - 2- 12, ºr --y

* ** cºulº■■ º
* º S.

-- - - ºf N (7.0% ºutº■ º
* º *'Cºco sº,

-
/// sº, C).3/? / Pºtº■ .■ o sº, Sº ºn

f _*- 1. * -- 4. *~ .** !

sº º4. 9/ 5 sº %, *- º ". ..)/ n º * ,* Lºº. 44- ºf- *, *Bºº […]” – sº ■ º ºt
s C- […] s" --- >. - r sº 0. | ~ - * - 2,º Cy º - - -

º sº C; ■ --- -
~ * - * º

_º [[C º' ºvigºi º Lºd sº : (/C º! - ºvuº,
** **-* -> -* s

- * 12 Sº º zºº '4. sº
_ 42 Sº 7 º’ ºr , , , , , ".cºncº s % º º/? C 2. º, A- *cºco º º Jºy'■ ºl/ºlf /-/. *

º & ** -

-

º, L. B. R.A. RY s tºº FO R R E F E R E N C E R_Y s
—r--

*. )/2 . s~ L. 3.
** º º, [. -

-
* -

-*T/C * - C -** * * * n a
*

*

- º
NOT TO BE TAKEN FROM THE ROOM

-
º, S - sºcº ■ ºl■ º
* t

--- * sº
s º'Clº §§ car. No. 23 012 rº- * -

- ~~ - -
wº- —, *

l■ º Rº Rºy sº ■ º, º/~ is […] º, tº RARY sº fºr } %
º L. J º, […] º * - *

º, ** sº L. º
* * -y º _ ! --> º L - * * - , --> *~ /C 2 *- º AT5 vº; 9 : T. º, º c - (

- e
º!,

- -~,
-

dºt■ º º
- -* * &

--> * * *** * *
* * * * * *C■ . tº/7-inciº






