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Stellingen behorende bij het proefschrift:
The mannose receptor, Iocalization hnd rote in the clearance

of tissue-type plasminogen activator.

1 De identiteit, de hoeveelheid en de onderlinge afstand van de eindstandige suikergroepen bepalen
de aftiniteit van een ligand voor de mannose receptor (dit proefschrift).

2 Het remmende eflect van receptor liganden op de afbraak van weefseltype plasminogeenactivator
(t-PA) door macrofagen in vitrois een goede indicatie voor het remmende etfect van deze liganden
op de afbraak van t-PA in vivo (dit proelschrift).

3 Het aantal receptoren op de celmembraan van de humane macrofaag dat in staat is om
monoclonaal antilichaam 15-2 tegen de mannose receptor te binden weerspiegelt het activatietype
van de macrofaag (dit proefschrift).

4 AIs de variabiliteit in leverdoorbloeding bij patienten met een hartinfarct een rol speelt bil het risico
op bloedingen bij thrombolytische therapie met t-PA (A. de Boer, proefschrift, Leiden 1990), dan
kunnen stoffen die de interactie tussen lPA en de mannose receptor blokkeren gebruikt worden om
dit risico te reduceren (dit proefschrift).

5 De term "niet-specifieke afweer" is onjuist gezien de grote rol van specifieke suikerherkenning bij dit
proces (Malhorta et al., Nature Medicine 1995; 1:237-43, Prigozy et al. lmmunity 1997; 6: 187-97,
Jullien et al. J. Clin. lnvest. 1997; 99i2071-74).

6 Als immuunziektes zoals reumatoide arthritis en de ziekte van Crohn veroorzaakt worden door
langzaam delende bacterien dan zouden deze ziektes niet behandeld moeten worden met
middelen die de afweer onderdrukken (Rook et al. lmmunology Today 1 992; 13: 160-4).

7 De waarneming dat hersenschade vaker voorkomt bij (ex)professionele boksers dan bij
(ex)amateurboksers (Jordan et al. JAMA 1997;278:136-140) roept de vraag op wat er eerder was,
de hersenschade of de behoefte om professioneel te boksen.

8 De behoefte om genetische lactoren vast te stellen die het risico op ongezondheid door slechte
leelgewoontes vergroten, wordt bepaald door de wens om zoveel mogelijk slechte leelgewoontes in
stand te houden.

9 Wanneer een placebo een genezende werking heeft, dient de rol van emoties bij de desbetretlende
ziekte en/of het genezingsproces nader ondeaocht te worden.

10 Het verschil tussen een gezond en een ziek persoon is dat alleen de zieke persoon zeker is van zijn
toestand.

11 Aangezien de aarde het enige is wat ons allen bindt, zouden we de aarde niet moeten verdelen.

Leiden, 23 oktober 1997 Femke Noorman
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lntroduction

INTRODUCTION

The mannose receptor, localization and role in the clearance of
tissue-type plasminogen activator.

The human body houses approximately I x 10 1s cells. About 200 dillerent cell types cooperate to create

a balanced milieu in which they can suruive. Cells create, control and maintain their surroundings by the

use of molecular interactions. One way for the cells to maintain the environment is the production ol
enzymes and inhibitors. These proteins can modify the composition of extracellular structures and/or

each other's action depending on their concentrations and localization.

The cells control the concentration of an extracellular protein by regulating its production ancl/or

degradation. The degradation of some proteins can be controlled by the expression of endocytic

receptors that specilically recognize and bind these molecules (ligands). After a molecule is bound to an

endocytic receptor it is usually internalized and degraded by the cell. The localization ol these ligands

depends on the localization ol the ligand-producing cells, the transport ol the ligands through the body

after release, and the localization of the cells that express the endocytic receptors.

A disease is caused by internal (e.9. genetic defects) and/or external (e.9. infection) factors that disturb

the balanced environment. We can help the body to recover from a disease by the administration of

drug(s). To anticipate the effects of a drug it is important to know its mechanisms of action and the

concentrations that are required for these actions. The dosage, administration route, tissue distribution

and degradation (clearance) of the drug determine the concentration of the drug at the site of action.

Like endogenous ligands, some drugs are cleared by cells after binding to endocytic receptors.

This thesis describes the properties of the mannose receptor which is one ol the endocytic receptors

that mediate the clearance of an endogenous enzyme called tissue-type plasminogen activator (t-PA),

which is also used as a drug.



The mannose receptor
The mannose receptor is a 175 kDa type ltransmembrane protein that belongs to the C-type lectin

family. 1 The receptor consists of a N{erminal cysteine rich domain, a fibronectin type ll domain, eight

carbohydrate recognition domains (CRDs), a transmembrane domain, and a C-terminal cytoplasmatic

tail '? 
(Fig 1). The receptor has a low affinity for monosaccharides and a high atfinity tor ligands that bear

poly-mannose structures. 3 The atfinity of the ligand probably depends on the number of CRDs it can

bind to. a'5

Fig 1

Schematlc representatlon ol ihe
mannose receptor.
C: Cysleine rich domain, F,: fibronectin

type ll repeat, eight carbohydrato

recognition domains (1-8) with the

mannose binding sites (O in 4,5 and 7),

and a C-terminal transmembrane region

with a cytoplasmatic tail).

GP1 represents a glycoprotein with a
typical high mannose-type oligosac-

chari'le that is ablo to bind to the

mannose receptor. GP2 represents a
glycoprotein with a typical complex-type

oligosaccharide that is not able to bind

lo the mannoso receptor. (O = N-aceVl-
glucosamine, O = mdnnos€, D =
galactose, and V = neuraminic acid) .

@
ftP

The mannose receptor mediates the endocytosis of glycoproteins bearing high mannose-type

oligosaccharides such as lysosomal enzymes 6 and t-PA7 (Fig 2) and the phagocytosis of pathogens

carrying poly-mannose structures on their membrane. I After binding the ligand-receptor complex is

internalized. lnside the cell the ligand is released in the acid environment of the endosome, the ligand is

degraded in the lysosome while the receptor is recycled to the membrane. e'10

The 175 kDa mannose receptor has been isolated t'''t from human macrophages, liver and placental

tissue. Many cell types such as macrophages, e liver and splenic sinusoidal endothelial cells,rars sperm

cells, 16 airway smooth muscle cells,17 lymphocytes and Langerhans cellsls have been shown to bind

mannose receptor ligands, but they may express other mannose binding proteins or mannose receptor-

related proteins. 1$23

By use of ligand inhibition studies the 175 kDa mannose receptor has been implicated in the mediation

of several processes. ln this way it has been shown that the mannose receptor expressed in the liver

plays an important role in the clearance of its ligands from the circulation.2a The mannose receptor also

appears to play an important role in the innate immune system by mediating complement-independent

uptake of pathogens 8 and in the adaptive immune system by the uptake ol antigens prior to antigen

presentation. 25,26 Furthermore the mannose receptor may play a role in lymphocyte homing to the

spleen, 15 sperm fertility,16 smooth muscle cell proliferation,lT and fusion of macrophages into foreign

body-type giant cells. 27

2



lntroduction

Coag u lati on a nd fibr i no lys is
After damage to a blood vessel the blood coagulates and a clot is formed, and after tissue repair the

clot is degraded. Two processes are involved: coagulation and fibrinolysis. Both processes are cascades

of enzymatic reactions; only a lew enzymes need to be activated which in turn activate a lot of other
enzymes. The coagulation cascade produces thrombin that converts soluble fibrinogen into an insoluble

network of fibrin, a main component of a blood clot. The fibrinolytic cascade leads to the production of

plasmin that converts librin into soluble fibrin degradation products, which results in the dissolution of the

blood clot. Coagulation and fibrinolysis are controlled by production and degradation of enzymes and

inhibitors. The balance ol these processes determines whether the blood clot is formed or degraded.2s

Tissue-type plasminogen activator (t-PA)

One of the molecules able to initiate the lysis of the blood clot is t-PA which converts plasminogen into

plasmin. t-PA is a 70 kDa serine protease containing five domains; the finger domain, the growth lactor

domain, kringle 1, kringle 2, and the protease domain. The protein contains three N-linked glycosylation

sites 2s,m (Fig 2). lt contains one high mannosetype oligosaccharide on kringle 1 and one complextype

oligosaccharide on the protease domain. Kringle 2 may (type I t-PA) or may not (type ll t-PA) contain a

complex-type oligosaccharide. Furthermore t-PA is fucosylated in the growth factor domain.

Fig2
Schematlc representation of
tissue-type plasminogen
activator (t-PA).

Two views of a model of t-PA

showing a hypothetical spatial

arrangement ol the domains. The

fnger domain (FD), growth ,actor

domain (GD), Kringle 'l (K1) which

is glycosylated with a high

mannoso-typg oligosaccharide
(CH1), Kringle 2 (K2) which

contains the lysine binding site

(LBS) and a complex-type

oligosaccharide (cH2) and the
protease domain (PD) which

conlains the active site (AS) and a

complex-type oligosaccharide

(CH3) (modified trom Opdsnakker

el al.'?e).

ln a healthy situation t-PA circulates in low concentrations in the blood. Synthesis and blood clearance of

t-PA as well as inhibition of t-PA by plasminogen activator inhibitor-1 (PAl-l) control the activity of tPA in

blood. The t-PA in the blood is continuously produced by the endothelial cells lining the blood vessels,3'

and continuously cleared mainly by the liver. 
p'33 The clearance ol t-PA is very rapid. Within 5 minutes

half ol an injected dose of t-PA has disappeared from the blood. The clearance of t-PA is a receptor-

mediated process. The mannose receptor is one ol the endocytic receptors expressed in the liver that

mediate the clearance of t-PA.' By use of recombinant technology, t-PA can be made outside the body.

Recombinant t-PA is successfully used as a drug in thrombolytic therapy s and may be useful in

antithrombotic therapy. s

3



Aim of this thesis
The thrombolytic and antithrombotic effect of t-PA depend on its concentration in the blood. The

mannose receptor is one of the receptors that mediates the clearance of t-PA from the blood. We
hypothesized that by blocking the binding of t-PA to this receptor it might be possible to decrease the

clearance of t-PA and thereby increase the efficacy of both endogenous and exogenous t-PA. lnhibitors

of the t-PA-mannose receptor interaction may thus be useful drugs in thrombolytic and antithrombotic

therapy. The aim of this study was to extend our knowledge ol the mannose receptor in order to develop

ellicient mannose receptor inhibitors. These inhibitors may in the future be used to prevent or to treat
thrombotic (and other) diseases.

To study the human mannose receptort-PA interaction and to evaluate the efficacy of inhibitors we

developed and characterized two rn vr?ro assays (chapter 1 and 2). Monoclonal antibodies against the

human mannose receptor were developed as a tool to specifically study the 175 kDa mannose receptor

that is able to bind t-PA (chapter 3). To assess the possible role(s) ol the mannose receptor in man

these monoclonal antibodies were used to evaluate the mannose receptor expression on cells ih vrtro

and in human tissues under physiological and pathological conditions (chapter 4,5). A panel of

mannose receptor inhibitors was synthesized and tested for their efficacy to inhibit the interaction of t-PA

with the mannose receptor in vitro and the t-PA clearance in vivo (chapler 6,7). To provide evidence for

a possible antithrombotic effect ol mannose receptor inhibitors in man, we studied the effect of the

antithrombotic drug, dextran, on the t-PA-mannose receptor interaction in vitro and its effect on

exogenous t-PA clearance and on endogenous t-PA concentrations in vivo (chapler 8). The results ol

this thesis are discussed in the context of the literature concerning t-PA, the mannose receptor and other

t-PA clearance receptors (chapter 9).

The main outcomes ol this thesis are that the mannose receptor is expressed by few human cell types.

The expression of the mannose receptor on macrophages is highly regulated and depends on the type

of macrophage activation. The lunctioning of the mannose receptor in the liver influences t-PA plasma

concentrations. Mannose receptor inhibitors inhibit IPA plasma clearance and thereby increase t-PA

plasma concentrations. Thus mannose receptor inhibitors can be considered as a new strategy to

increase the t-PA concentration in blood and thereby increase the efficacy ol thrombolytic and

antithrombotic therapy.
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CHAPTER 1

Role of carbohydrate in the binding of tissue-type plasminogen

activator to the human mannose receptor.
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Chapter 1

SUMMARY

The 175 kDa mannose receptor is one of the receptors that mediates the clearance of tissue-type

plasminogen activator (t-PA). The affinity ol t-PA Jor the mannose receptor is much higher than the

aifinity of other high mannose-type oligosaccharide-containing glycoproteins. ln order to find an

explanation for this high affinity we studied the biochemical interaction of various lorms of t-PA with the

isolated human mannose receptor in several in vitrobinding assays.

t-PA showed a high affinity (Ki = 0.2 nM) for the mannose receptor and the interaction could be lully
inhibited by mannan or polyclonal antibodies against the mannose receptor. The interaction was not

affected by non-glycosylated t-PA. The high affinity differed slightly between t-PAs synthesized by

various cell types and between various glycoforms ol t-PA. No statistically significant diflerence in affinity

between t-PA and t-PA complexed to inhibitors was observed. In contrast to intact t-PA, a trypsin digest

ol t-PA had a low affinity (Ki = 0.5 pM) for the mannose receptor. Both intact and trypsin digests ol the

high mannose-type oligosaccharide-containing glycoproteins ribonuclease B and ovalbumin had a low

affinity (Ki 0.5 - 1.5 pM) for the mannose receptor.

We conclude that neither protein-protein interactions, nor the complex-type oligosaccharides and the

fucose residue on IPA contribute signilicantly to the high affinity binding of t-PA. We suggest that the

conJormation of the high mannosetype oligosaccharide on t.PA is influenced by the protein moiety of t-

PA in such a way that the oligosaccharide has a high affinity for the mannose receptor.

INTRODUCTlON

The mannose receptor was originally found to be expressed on alveolar macrophagesl and the 175

kDa protein has been isolated from macrophages,2 placenta3and liver.4 The mannose receptor

expressed on macrophages has been implicated as mediating different processes such as endocytosis

of glycoproteins, 1 phagocytosis of organisms having poly-mannose structures on their membrane, s

antigen uptake 6'7 and macrophage fusion into foreign body-type giant cells. u The mannose receptor

expressed in the liver has been shown to mediate rapid clearance of high mannose-type

oligosaccharide containing glycoproteins from the circulation such as tissue-type plasminogen activator

(t-PA). 'g t-PA is a serine protease that activates fibrinolysis by converting plasminogen into plasmin,

which cleaves fibrin into soluble degradation products. '0 t-PA is successfully used lor thrombolytic

therapy, lor instance after myocardial infarction. " Because of its rapid clearance high doses of t-PA are

required to obtain thrombolysis. Thus inhibition of mannose receptormediated clearance could be

useful in increasing the efficacy of t-PA in thrombolytic therapy. 12

It has been shown lhat the binding of t-PA to the mannose receptor is mediated probably by its high

mannose-type oligosaccharide. "''' The binding is pH and Cd. dependent and can be inhibited

by saccharides such as mannose and mannosylated albumin. 4'14 The affinity of t-PA tor the mannose

receptor (Kd 1-4 nM4'13-15) is much higher than the affinity ol other high mannose-type oligosaccharide

containing glycoproteins such as ribonuclease B, B-glucuronidase and ovalbumin (Kd 60-600 nM 1si8). lt

is not known which structural elements of t-PA are responsible for this higher affinity. Furthermore the

clearance of l-PA complexed to plasminogen activator inhibitor type 1 (PAl-1) appears to be slower in

human subjects. "''o This might be caused by a lower affinity of t-PA-PAl-1 for the mannose receptor.

The affinity of t-PA-proteinase inhibitor complexes for the mannose receptor is, however, not known.

8



Binding of tPA to the human mannose receptor

We initiated this study to determine which structures ol t-PA are responsible ior the high affinity. We

isolated the 175 kDa mannose receptor from human placenta and developed several rn vrtro binding

assays. ln these assays we studied the biochemical interactions ol various forms of t-PA and t-PA-
proteinase inhibitor complexes with the mannose receptor. We show that the interaction of t-PA with the

mannose receptor varied slightly between the various t-PA preparations, and differed strongly from other

high mannose-type oligosaccharide containing glycoproteins, probably by an effect of the protein moiety

of t-PA on the conlormation oJ the oligosaccharide.

MATERIALS AND METHODS

Mateilals
The human mannose receplor was isolated and purified from placental tissue on a mannosylated-albumin-sepharose column. a''a The

column was eluted wilh 0.2 M o-D-mannose, lirst in a Triton X-'100 free buffer and then in a 'l% (vfu) Triton X-100 containing but er.

The isolated protein was demonstrated to be a single 175 kDa protein in SDs-polyacrylamide gel electophoresis. o Polyclonal

antibodies were raised against the puritied 175 kDa human mannose receplor in a goat and lgc's were isolaled from the antiserum

by sodium sulphate precipitation. " Control lgc's were isolated similarly lrom nonimmune goat serum. Melanoma t-PA (mt-PA) was

purified lrom a recombinant human melanoma cell cullure.'?2 Recombinant tPA from CHO cells (rt-PA) was Actilyse (Boehringer

lngelheim, lngelheim, Germany). Becombinant non-glycosylated tPA produced in E coli (BM 06.021 , molecular mass 59 kDa'.3) was

a generous gitt from Boehringer Mannheim (Mannheim, Germany). A T60A tPA mutant, lacking the O-linked fucose residue in the

grcwth lactor domain, as well as a control tPA preparation produced similarly were kindly donated by Dr. J. Henkin (Abbotl

Laboratories, Abbott Park, ll., USA). Two-chain rt-PA was prepared by treating single chain rt-PA (Actilyse) with plasmin'?i and by

inhibiting residual plasmin activity with 5 p[,4 D-Val-Phe-Lys-chloromethyl ketone (Calbiochem, La Jolla, CA, USA). Type land type ll

mt-PA were separated by using lysine-sepharose chromatography, as described before.'?s Melanoma t-PA was biotinylated as

described earlier.'?6 Mannan (a poly-mannose slructure isolated lrom Saccharcmyces cerevisiae) was obtained from Sigma

Chemical Co. (St. Louis, MO, USA).

Mannose receptor binding assays
Triton X-100 tree purified mannose receptor (0.15 pg/ml) in 20 mM Tris-HCl butfer, 150 mM NaCl,5 mM Caclr, pH 7.4 (coating

buffe0 was adsorbed overnight al 4 "C to ihe wells ol polyvinyl chloride microtitre plates (Flow Laboratories, lruine, UK). Atter treating

the wells with binding buffer (coating buffer supplemented with 0.5% (vtu) Tween 80 and I mg/ml BSA) for 0.5 hour at room

temperalure, the wells were incubated Ior 2 hours at room temperature wilh increasing concentralions of biotinylated mtPA or

biotinylated mt-PA-proteinase inhibitor complexes in binding buffer. Bound mt-PA was quantified by incubation of the wells at room

temperalure fo|I hour with alkaline phosphatase-conjugated streptavidine (Amersham, Buckinghamshire, UK). After washing, the

wells were incubated at 25 'C with the chromogenic substrate p-nitrophenyl phosphate (Sigma Chemical co., St. Louis, MO, USA).

The results were corrected for non-specific binding determined in wells which were "coaled" with butfer without mannose receptor.

Competitive binding studies were performed by incubating immobilized mannose receplor with mixtures of a non-saturating

concentralion of biotinylated mtPA (1-3 nM) and increasing concentrations of inhibitors. When only limited amounts of ligands were

available, the binding assay was modified as follows. The immobilized mannose receptor was incubated with 0,14 nM unlabelled t-PA

preparalions. The wells were washed twice with binding butler and once with 0.1 M Tris-HCl butfer, 5 mM Caol20.1y" (vtu) Tween

80, pH 7.4. Bound t-PA was eluted with the latter butfer in which CaCl, was replaced by'10 mM EDTA and then quantified by the t
PA activity assay of Verheiien et a|.'?7

Preparation and quantilication ol biotinylated t-PA inhibitot complexes
Mglanma t-PA-PAl-1 complex was prepared as described before. 2s Melanoma t-PA-qr-antiplasmin complex was prepared by

incubating 1 pM mt-PA in 50 mM Tris-HCl, pH 7.5, containing 150 mM NaCl, 1OO mi/ o-aminohexanoic acid (6-AHA) and 0.01'l.
(vtu) Tween 80 with 2.2 pM or-antiplasmin (Biopool, Umea, Sweden) for 21 hrs at 37 'C. Control ml-PA was incubated similarly

without o2-antiplasmin. The three preparations were biotinylated'?6 and gel fillered on a Sephacryl 5200 HR (Pharmacia, Uppsala,

Sweden) column ot 100 x 1 cm in 50 mM Tris-HCl, pH 7.5, conlaining 1.6 M KSCN and 0.00'l% (vfu) Tween 80 lo remove traces ol

free mLPA. The protein preparations were supplemented with BSA (1 mg/ml final concentration), dialyzed against binding butfer ol

the mannose receptor binding assay, and quantilied with an ELISA for t-PA (Biopool, UmeA Sweden) using biotinylated mt-PA as a

standard. The ELISA measured l-PA-inhibitor complexes as etficiently as ,ree t-PA.

I



Chapter 1

Prcparatlon of Wpsln dlgests ot glycoprctelns
The glycoproleins rt-PA, ribonuclsaso B (Sigma, Chemical Co., St Louls, MO, USA) and ovalbumin (Fluka, Buchs, Switzodand) and

conlrol butfer, were treated with lrypsin (Serva, Heidelberg, Germany) essentially as dsscribed for ovalbumin by Glabe et al.'?e

Bosidual trypsin actvlly was Hocked with 10 KIU/ml aprotinin (Bayer, Levorkusen, Germany). SDs-polyacrylamide gel

oloctrophoresis on 18% (wV) gels showed that there was no intact glycoprotsin lett in lho solutlon.

StaUsrrcs

The sigmoidal binding and inhibition curves were analysed using nonlinear rogrsssion analysis with lhe c$mputor program

GraphPAD (lsl Sottware, Philadolphia, PA, USA), yielding lhe dissociation conslant Kd or hall maximal lnhibitory concentralion

(lCsJ. Ths inhibitory constant obtainsd ln thg lnhlbition curvs, Ki, was calculated lrom ths lc5o, tho ligand concentration and lho llgand

dissoclation constant by using lhe Miciaelis-Menten equation Ki = lCs/(1+ ligand concentration/Kd ligand). 'Qoodness of fit'was
assossod by evaluating the actual distance of the measursmsnts from the litted line (no woighing). Dala are presented as mean *
standard devialion. Signilicance of ditfersnces was assessed ry use of lhe non-parametric Mann Whitney isst: two-tailod P < 0.05 is

d6flned as signitlcantly ditferenl.

RESULTS

The atfinity of melanoma t-PA (mt-PA) for the isolated mannose receplor was determined in two

diflerent manners. lncreasing concentrations of biotinylated mt-PA were added to the immobilised

receptor, which resulted in a typical binding curve (Fig 1A). Alternatively, a non-saturating concentration

of biotinylated mt-PA was added to the receptor in the presence of increasing concentrations of

unlabelled mt-PA, which resulted in a typical inhibition curve (Fig 1B). On average the dissociation

constant determined in the binding assay (Kd) was 2.4 t 0.8 nM (mean + SD, n=6) and the inhibitory

constant determined in the inhibition assay (Ki) was 0.23 * 0.11 nM (n=8). The lower affinity obtained in

the binding assay was probably due to the biotinylation of t-PA.
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Flg 1 lflnry ot mt-PA ln the mannose receptor blnding a$ays.
A: typical binding curvo of blolinylalod mtPA (blo-mt-PA). Multiwolls, coated with isolated human mannos€ receptor, wEre incubated

wlh increasing concenlratlons ot bio-mt-PA. After lncubation, ligand binding was determined. Binding of bio-mt-PA was conected tor

aspecific bhdlng detemined in uncoaled wells and plotted as AA4Oyhr. B: typical inhibition cu]Vs of mtPA. Multwells, coatod with

lsolated human mannose roceptor, wer€ indjbated wilh a non-saturaling concenfation of bio-mtPA in the pressnce ol increasing

@nc€ntra$ons unlabelled mt-PA. Atter lncubaton, bio-mtPA binding was determined and conscted for aspecilic binding detamined

in uncoated wells. Bindlng of bio-mtPA was expressod as a percontage ol lhe control (wiflout unlabelled mt-PA).
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Binding of t-PA to the human mannose receptor

The specilicity of mt-PA binding to the immobilized mannose receptor is shown in Fig 2. Mannan, a

known ligand ol the mannose receptor inhibited mt-PA binding with a Ki value of 0.14 pg/ml, while non-

glycosylated t-PA synthesized by E coll did not inhibit biotinylated mt-PA binding (Fig 2A). ln addition

goat polyclonal antibodies raised against the human mannose receptor were able to completely inhibit

the binding ol mt-PA to the mannose receptor, whereas non-immune immunoglobulines had no effect
(Fig 2B). Since the binding of t-PA to the mannose receptor was fully inhibited by mannan and not

inhibited by non-glycosylated t-PA, it is unlikely that protein-protein interactions contribute significantly to

the high atlinity binding ol t-PA. Furthermore the high atfinity of t-PA lor the mannose receptor in the

binding assay did not involve lysine binding sites of t-PA or clustered t-PA molecules, since the lysine

analog 6-aminohexanoic acid (6-AHA), which fully dissolves t-PA, did not inhibit the binding of t-PA to the

mannose receptor (6-AHA concentration range 0.02 - 200 mM, results not shown).

Fig 2 Speclflclty ot mt-PA binding in the mannose receptor blnding assay.

The sams procedure as described in lhe legsnd of Fig 1 B was lollowed, in thls cass increasing concenlrations mannan (O) or non-

glycosylated t-PA (f) were used as inhibitor in Fig 2A. Anti-mannoss receptor polyclonal antibodiss (a) or non-immune anlibodies

(I) wsre used as lnhlbltor h Fig 28.

The above-mentioned experiments were performed with t-PA synthesized by melanoma cells (mt-PA).

Recombinant t-PA synthesized by CHO cells (rt-PA) might have a slightly different glycosylation pattern

lrom mt-PA. ln the inhibition assay, the affinity of rt-PA for the mannose receptor was also high (Ki =
0.70 * 0.26 nM, n=8), but about three times lower than that of mt-PA (Kr = 0.23 + 0.11 nM, n=8,

P<0.005).

The rt-PA preparation, consisting largely of the single-chain form, was treated with plasmin and

converted to the two-chain form.24 Fig 3 shows that the two forms of rt-PA had equal atfinities for the

mannose receptor. These results indicate that the high affinity of t-PA is not dependent on the

conlormation of the protease domain ol t-PA.
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Chapter 1

To determine dilferences in affinity of ligands only available in low amounts a modified binding assay

was used. A low concentration (1.3 nM) of unlabelled t-PA was incubated with the immobilized mannose

receptor. After washing the bound t-PA was eluted from the wells by the use of EDTA and the activity ol

the eluted t-PA was determined. As shown in Fig 4 similar amounts of type I and type ll mt-PA bound to

the mannose receptor which indicated that there was also no difference in affinity between type I and

type ll mlPA. Both glycolorms of t-PA contain the high mannose-type oligosaccharide on kringle 1 and

the complex-type oligosaccharide on the protease domain. Type I t-PA contains a complex-type

oligosaccharide on kringle 2, whereas type ll t-PA lacks this oligosaccharide. 2s'3Gs These results

indicate that the complextype oligosaccharide on kringle 2 is not involved in the high affinity of t-PA for

the mannose receptor.

As expected from the ditferent affinities determined in the above-mentioned experiments less rt-PA than

mt-PA type I or type ll bound to the mannose receptor (Fig 4). ln this modilied binding assay, we also

tested the affinity of a t-PA mutant, T60A, that lacks the O-linked fucose residue in the growth factor
domain. Control t-PA, synthesized by the same cell type as the mutant t-PA, had a similar affinity as rt-

PA since similar percentages bound to the mannose receptor. Slightly less mutant t-PA than control t-
PA (2.4 r 0.37o versus 3.6 + 0.1%, respectively, P<0.05) bound to the mannose receptor which indicated

that the mutant t-PA had a slightly lower affinity for the mannose receptor. Since the amount of mutant t-

PA that did bind to the mannose receptor at these low concentrations was still high it is unlikely that the

fucose unit strongly contributes to the high affinity of t-PA for the mannose receptor.

--o

fs
o.
-4t
5s
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mt-PA mt-PA rt-PA control T60A
type I type ll t-PA mutant

Fig 3 aflnry ol slnglechaln and two.chaln rt-PA in the

mannose receptor blnding assay.
The same procedure as described in the legend of Fig 1 B was

lollowed. ln this case increasing concentrations of single-

chain (O) or two-chain (O) rt-PA were used as inhibilor.

Fig 4 aflnlty ol type I mt-PA, type ll mt-PA, rt-PA,

mutant control t-PA and the rucose lacklng mutant T60A

tor the lmmobilized mannose receptor.
Multiwells, coated with isolalad human mannoss rgceptor,

wero incubated with 0.14 nM unlabeled t-PA valiants. Afler
incubation, bound tPA was eluted using EDTA and tPA
activily was measursd. Binding of l-PA was sxpressed as

percentage of the added activity of t-PA (n= 3 to 6).
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Binding of t-PA to the human mannose receptor

To determine whether complexation ol t-PA to plasma proteinase inhibitors would altect the affinity of t-

PA for binding to the mannose receptor, mt-PA and mt-PA-inhibitor complexes were biotinylated and

binding curves were generated. As shown in Fig 5, mt-PA complexed to proteinase inhibitors still binds to

the mannose receptor with high affinity. There was no statistically significant difference in affinity

between mt-PA and mt-PA complexed to or-antiplasmin or PAI-1 (Fig 5, inset).

Fig 5
Affinity ot mt-PA-proleinase
inhibitor complexes in the
mannose receptor binding
assay.
Melanoma t-PA and mt-PA

complexed to PAI-1 or qr-anli-

plasmin were biotinylated and lhe

affinity ol these ligands were

detemined in the binding assay as

described in the legend ol Fig 1A.

ml-PA (V), mtPA-PAl-1 (a), mt-

PA-o,-aniiplasmin (r). The inset

shows the non-linear regression

curves when the binding of the

ligand is expressed as a percen-

tage ot the maximal binding ot the

ligand. These curves represenl a

correction lor the differences in

biotinylation ol the ligands.
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Using the competitive inhibition assay, we compared the atfinity of t-PA to those of two other high

mannose-type oligosaccharide containing ligands, ribonuclease B and ovalbumin. As shown in Fig 6A,

rt-PA had a much higher affinity (Ki = 1.0 nM) than ribonuclease B and ovalbumin (Ki = 505 and 549 nM,

respectively) for binding to the isolated mannose receptor. To determine whether the protein structures

of these ligands would be responsible for the observed diflerences in binding atlinity, trypsin digests

were made of above-mentioned ligands. The trypsin digest ol rt-PA had an approximately 500-fold lower

affinity for the mannose receptor than intact rt-PA (Fig 68), whereas the trypsin digests of ovalbumin and

ribonuclease B only had a 2-3 times lower affinity tor the mannose receptor than the intact

glycoproteins. After trypsin digestion, the affinity of the degraded glycoproteins for the mannose receptor

was similar for all three glycoproteins. Thus the protein structure of t-PA appeared to be involved in the

high affinity of the high mannose{ype oligosaccharide of t-PA lor binding to the mannose receptor'
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Fig 6 ltttnity of t-PA, ribonuclease B, ovalbumin and thelr trypsin digests for the lmmoblllzed mannose receptor.

The same procedure as described in ths legend ol Fig 1 B was tollowed. ln this case increasing concsntratlons ot intact glycoproteins

or trypsin digests were used. A: inhibition curves ot rt-PA (a), ribonuclease B (I), and ovalbumin (V). The inhibilion curues of tho
intact ligands were compared to the inhibition curves of their lrypsin dlgest (open symbols) and of control bulrer (trypsin treated bufrer

without glycoprotein, a) in B-D. The 'concsntration' ol the control buffer represents the amount ot trypsin present in tho trypsin digost

shown in the figure. B: inlact t-PA, t-PA digest and control butler, C: intacl ribonuclease B, ribonuclsase B digest and control butfer,

D: inlact ovalbumin, ovalbumin digest and control bufter.

DISCUSSION

Previous studies in our laboratory showed that t-PA probably binds with its high mannose-type

oligosaccharide in a Ca 2t dependent way to the mannose receptor. The binding ol t-PA can be inhibited
by mannose, fucose, N-acetylglucosamine and synthetic poly-mannose ligands. arr'ts The atfinity of t-PA
for the mannose receptor is much higher than the affinity of other high mannose-type oligosaccharide
containing glycoproteins. 1s'18 This study was initiated to determine which structures of t-PA are

responsible for this higher affinity.

We isolated the human mannose receptor from placenta and developed several ,n yitro assays, in
which the mannose receptor was immobilized. By the use of binding and competitive inhibition assays it

was shown that the t-PA affinity of binding to the isolated mannose receptor had a high affinity (0.23 - 2.4
nM). Similar high atfinities were reported for the binding of t-PA to the mannose receptor isolated from

bovlne alveolar macrophages 1a and the mannose receptor expressed by rat liver endothelial cells. 13
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Binding of t-PA to the human mannose receptor

The specificity of the binding of t-PA to the mannose receptor immobilized on mictrotitre plates was

demonstrated clearly as mannan and polyclonal anti-mannose receptor antibodies were able to inhibit t-

PA binding completely. We investigated if oligosaccharides other than the high mannosetype

oligosaccharide on kringle 'l were involved in the high affinity binding ol t-PA. The carbohydrate

structures on mt-PA and rt-PA have been determined in various studies. ss The complex-type

oligosaccharides differed in the linkage of the terminal sialic acid on the galactose (o2-6 linked in mt-PA

and q2-3 linked in rt-PA), ? the presence of a biantennary complextype oligosaccharide with a terminal

N-acetylgalactosamine (GalNAc) structure in mt-PA, s and the presence of terminal intersecting N-

acetylglucosamine (GlcNAc) residues in rt-PA. e lt has been shown that terminal intersecting GlcNAc

residues can influence the orientation of the oligosaccharide on the protein. s Alternatively, t-PA binding

to the mannose receptor might directly involve this GlcNAc. However it has also been shown that

peptides containing complex-type oligosaccharides with or without terminal intersecting GlcNAc residues

do not bind to the mannose receptor. 17 There proved to be a slight but significant difference in affinity of

mt-PA and rt-PA for binding to the isolated mannose receptor. Though the affinity of rt-PA was lower

than the alfinity ol mt-PA, the aflinity of rt-PA was still very high. This indicates that the terminal

intersecting GlcNAc residues of the complex-type oligosaccharides do not contribute to the high affinity

of t-PA for the mannose receptor.

There was no difference in the atfinity of type I and type ll t-PA lor the mannose receptor. This shows

that the complextype oligosaccharide on kringle 2 is not involved in the binding of t-PA to the mannose

receptor. Substitution of the threonine that contains an O-linked fucose residue with a (non glycosylated)

alanine in the groMh factor domain, $ slightly reduced the affinity ol t-PA lor the mannose receptor.

Since the mutant t-PA did considerably bind to the mannose receptor at low concentrations it is however

unlikely that the fucose unit is important for the high afiinity of t-PA for the mannose receptor.

Complex formation of t-PA with its natural inhibitors PAI-1 or or-antiplasmin did not significantly alfect

the affinity for binding to the mannose receptor. lnteraction of t-PA-PAl-1 with the mannose receptor

explains the uptake of the complex by liver endothelial cells in vivo.28 The results indicate that the

protease domain involved in the complex lormation with these inhibitors does not contribute to the

binding of t-PA to the mannose receptor. lt has been suggested that t-PA-PAl-1 complexes are cleared

more slowly than free l-PA in vivo in man.'e'20 Since the other receptor that mediates t-PA clearance, the

low density lipoprotein receptor-related protein (LRP), 1'z appeared to have a higher affinity for t-PA-PAl-1

than for t-PA, 37 the apparently lower clearance rate of t-PA-PAl-1 in man cannot be explained by

reduced affinity ol the complex for the mannose receptor or the LRP.

The mannose receptor contains 8 carbohydrate recognition domains (CRD). s lt has been shown that

the mannose receptor has a high atfinity for mannan (Ki = 1OO nM). s Since mannan has a much lower

affinity (Ki in the pM to mM range) for mutant mannose receptors lacking one or more of these CRDs it

was concluded that CRD 4,5 and 7 are essential for the high affinity binding (Ki in the nM range) of

mannan. 3s.a0 Various studies indicated that the distance between the terminal mannose residues of

polymannosides or oligosaccharides determines the aflinity of ligand for the mannose receptor. 15'ot'n'
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The affinities of ribonuclease B and ovalbumin (both high mannose{ype oligosaccharide-containing
glycoproteins) for the mannose receptor were found to be similar to the affinities reported for
ribonuclease B, ovalbumin and B-glucuronidase. 1s'18 We showed that all t-PA variants studied had a

much higher affinity for the mannose receptor than ribonuclease B and ovalbumin. Since the CRD 4,5

and 7 are essential lor the high affinity to the receptor, we suggest that t-PA binds simultaneously to the

mannose receptor CRD 4,5 and 7, which results in high affinity binding, whereas ovalbumin or
ribonuclease B may only bind to two out of three CRDs which results in a much lower atfinity. However,

besides some microheterogenity, the structures of the high mannose-type oligosaccharides of t-PA,3Gs
ovalbumin a3 and ribonuclease B aa are essentially the same, and we showed that the other
oligosaccharides present on t-PA did not seem to be involved in the high affinity binding of tPA.

It has been shown that the protein core of complement C3 and ribonuclease B restricts lhe binding of

the lectins conglutinin and mannose binding protein to the oligosaccharide probably by influencing the

conformation or the accessibility of the oligosaccharide. * Thus we hypothesized that the protein part of

ribonuclease B and ovalbumin restricts the binding of the high mannose-type oligosaccharide to the

mannose receptor. However, the trypsin digests of ribonuclease B and ovalbumin had a 2-3 times lower

atlinity than the intact glycoproteins. This showed that the lower affinity of ovalbumin and ribonuclease B

did not originate from restriction by the protein core.

Trypsin digests ol t-PA, ribonuclease B and ovalbumin all had a similar low affinity (Ki 0.5-1 .5 pM). This

showed that the high affinity of inlact t-PA for the mannose receptor was not caused by a different type

of high mannose-type oligosaccharide. Since non-glycosylated t-PA nor 6-AHA could inhibit the binding

of t-PA to the mannose receptor, this interaction is not likely to be mediated by protein-protein

interactions. The trypsin digests of t-PA had a 500 times lower affinity than intact t-PA. These findings

indicate that the protein structure is involved in the high affinity of the high-mannose{ype
oligosaccharide of t-PA lor binding to the mannose receptor.

It is possible that the protein structure of t-PA influences the conformation or accessibility of its high

mannose-type oligosaccharide. For lgM and ribonuclease B it has been shown that the motion of the

oligosaccharides is not influenced by the protein structures.6 However, for the glycoprotein lgG it has

been shown that the protein core can interact with the terminal saccharides of its oligosaccharide in

such a way that the molion o{ the oligosaccharide is restricted. o' More rigid oligosaccharides have been

suggested to have a higher affinity lor lectins.4 Since trypsin digests of t-PA had a much lower affinity

for the mannose receptor, we suggest that the protein core of t-PA interacts with the high mannose{ype
oligosaccharide in such a way that the oligosaccharide on the intact protein can interact with a higher

affinity with the mannose receptor than the free oligosaccharide and the high mannose-type

oligosaccharide on ribonuclease B or ovalbumin.
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Chapter 2

SUMMARY

The balance of tissue-type plasminogen activator (t-PA) production and degradation determines its

concentration in blood and tissues. Disturbance of this balance may result in either increased or

decreased proteolysis. ln the present study we identified the receptor systems involved in the

degradation of t-PA by human monocytes/macrophages in culture.

Monocytes were cultured and became macrophages within 2 days. At 4 'C, l'?sl-t-PA bound to

macrophages with high (apparent dissociation constant (kd), 1 to 5 nmol/L) and low affinity (kd > 350

nmol/L). At 37"C, the cells internalized and degraded t-PA via the high affinity binding sites, which were

partially inhibited by mannan. The low affinity binding sites were 6-aminohexanoic acid-inhibitable and

not involved in t-PA degradation. Degradation of t-PA was upregulated during ditferentiation of

monocytes to macrophages. Dexamethasone turther upregulated the mannan-inhibitable t-PA

degradation. Lipopolysaccharide downregulated both mannan-inhibitable and non-mannan-inhibitable t-

PA degradation. Non-mannan-inhibitable degradation was completely blocked by recombinant 39-kD

receptor-associated protein (RAP, inhibitor ol lipoprotein receptor-related protein (LRP)), whereas

mannan-inhibitable degradation was blocked by the addition of a monoclonal antibody against the

mannose receptor. No diflerences between the degradation of t-PA and functionally inactivated t-PA

were obserued.

We conclude that human monocyte-derived macrophages are able to bind, internalize, and degrade t-

PA. Degradation of t-PA does not require complex formation with plasminogen activator inhibitors. The

macrophages use two independently regulated receplors, namely the mannose receptor and LRP, for

the uptake and degradation of t-PA.

INTRODUCTION.

Tissue-type plasminogen activator (tPA) is a serine protease that converts plasminogen into plasmin,

which in turn converts fibrin into librin degradation products, and is synthesized and secreted mainly by

vascular endothelial cells. Recombinant t-PA is at present used as a thrombolytic drug, for instance,

after a myocardial infarction. This glycoprotein (70 kD) contains one high mannose-type oligosaccharide

and one or Nvo complex-type oligosaccharides. ' lt is rapidly cleared from the plasma probably by the

mannose receptor on liver endothelial cells and the or-macroglobulin receptor/ low density lipoprotein

receptor-related protein (LRP) on hepatocytes. 2-a

Macrophages arise lrom stem cell precursors in the bone marrow, circulate as monocytes in blood, and

m igrate into tissues to assume their mature state. The f unctional state of the macrophage (see reviews
t') is dependent on the tissue of maturation and on the (pathologic) conditions in the environment. Many

stimuli induce macrophages to secrete plasminogen activators to stimulate plasmin-mediated

proteolysis. The plasminogen activators may be of the urokinasetype (u-PA) 8'e or tissue-type (t-PA). 'o'"

Monocytes are recruited to the site of inflammation, and within 3 days macrophages represent the major

cell type at this site. '2 When these macrophages are eliminated (using anti-macrophage serum),

clearance of fibrin, dead cells and other debris necessary tor repair is delayed. 13 For this clearance it is

essential that the macrophage has several ways to regulate its endocytotic activities and the proteolytic

activities in its environment,
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t-PA degradation by human macrophages

This study was designed to investigate whether human monocyte-derived macrophages are able to
bind, internalize, and degrade !PA. Because macrophages express the mannose receptor'a and may

recognize t-PA through its high mannose-type oligosaccharide, we specifically studied the potential role

ol this receptor in t-PA metabolism. We used human buffy coats to isolate monocytes, cultured them to
become macrophages, and studied their interaction with 12sl-labeled t-PA. Specilic inhibitors and

regulators were used to identily the macrophage receptors interacting with t-PA.

MATER]ALS AND METHODS,

Materials
Human AB* serum, and 1-day-old human butty coats or thrombocyte-poor pooled butty coats from healihy donor blood, were

obtained from the Red Cross Blood Bank (The Hague and Leiden, The Netherlands). Ficoll-Paque (Pharmacia LKB, Bioiechnology

AB, Uppsala, Sweden) or Lymphoprep (Nycomed Pharma AS, Oslo, Norway) having a density of 1.077 g/mL was used for density

gradient centrifugation. Heparin (Leo Pharmaceutical Products, Ballerup, Denmark), bovine serum albumin (BSA; Boseral, Organon

Teknika, Boxlel, The Netherlands) or BSA fraction V (Sigma Chemical Co, St. Louis, MO), cell culture medium M199 (Flow

Laboratories, lruine, UK), penicillin/streptomycin (Pen/strep; Boehringer lvlannheim, I/annheim, Germany), and sierile butfers were

used to isolate and culture the cells. They were cullured in plastic culture plates (Costar Co, Cambridge, MA). Fluorescencelabeled

monoclonal anlibodies against the human monocyte/macrophage CD14 antigen (CD14-FITC) were obtained lrom Becton Dickinson

lmmunocytometry Systems (San Jose, CA). Dexamethasone and lipopolysaccharide extracted lrom Escherichia coli 01'1 l:84 were

purchased from Sigma Chemical Co. Recombinant melanoma cell-derived t-PA (85% single chain) was prepared al our laboratory,
1sr6 and recombinant t-PA (Actilyse) was obtained from Boehringer lngelheim (lngelheim, Germany). PPACK (D-Phe-Pro-Ar9-

chloromethylketone) was from Calbiochem (La Jolla, CA). 5-2288 (D-lle-Pro-Arg-pNA) was purchased lrom Chromogenix, Molndal,

Sweden. 6-Aminohexanoic acid (6-AHA; Merck Schuchardt, Mrinchen, Germany), mannose-BsA (mannose 26 mol/mol BSA) and

mannan extracled lrcm Saccharomyces cerevisiae, prepared by the cetavlon method (Sigma Chemical Co), ovalbumin (Serva,

Heidelberg, Germany), mouse monoclonal antibodies against the human placenta mannose receptor (prepared by Barrett-Bergshoeff

et al. at our laboratory), and GST-RAP (prepared at our laboratory by Or J.H. Verheijen using lhe Salmonella japon,bum glutathione-

S-transferase (GST)-RAP expression plasmid,lT provided by Dr J. Herz, University of Texas, Southwestem Medical Center,

Dallas,Tx) were used lor inhibilion studies.

Cell isolation and cultivatlon
Bufly coat ('100 mL) was diluted with 180 mL phosphate butfered saline (4.5 mmol/L KCL,228 mmol/L NaCl, 13.5 mmouL Na,HPO4,

2.5 mmol/L KHrPOo, pH 7.4) containing 10 U/mL heparin. Portions ol 35"mL suspension were underlayered with 14 mL Ficoll-Paque

or Lymphoprep. After 30 minutes'centrifugalion at 8009, the interfaco was collected and washed (2509, 10 minutes) twice with

phosphate-butferedsaline(PBS: 2.7mmollL KCl,'137 mmol/L NaCl,8.1 mmol/L NarHPOl, 1.46 mmol/L KH,PO.), pH 7.4,

containing 0.9 mmolA Caclr,0.5 mmol/L MgCl, and 0.1% BSA. Routinely I to 2 x 1Oe cells were obtained. Cells were suspended in

M199, and 5x106 cells per well were seeded in l2-well plates. Cells were cultured at 37'C in 5% COJ 95'/" air. AfteilI hour,

nonadherenl cells were removed wlren lhe medium was replaced by culture medium (M199 containing 1% glutamine,50 U/mL

penicillin, 50 ugy'mL streptomycin, 10% human ABt serum). Every 2 or 3 days, the medium was relreshed.

For eme experiments lhe cell suspension obtained afler gradient centrifugation was lurlher purified using countercurrent flow

centrilugation (elutriation) essentially as described by Weiner and Shah.13 The elutriator (J2-21 cenlrituge, JE-6 rotor, standard

elutriation chamber; Beckman lnstruments lnc, Palo Allo, CA) was first washed with 70% ethanol, then with 0.9% NaCl, and finally

with cold (4"C) PBS containing 0.1% BSA (elutriation butfer, EB). Cells washed twice with EB were injected into the elutriation

chamber at 2,500 rpm, l0'C, flow rate 2 mumin. The llow was increased (1 mumin per 15 seconds) to 14 mumin. Erythrocytes,

thrombocytes, and lymphocytes were collected in 4OO mL eluate. The flow was increased again, and monocytes were collected in 1OO

ml- at 17 mumin, 100 mL at 19 mumin and 100 mL at 21 mumin. The lractions were combined, and cells were washed with PBS

and resusponded in M1 99. Routinely, I to 2 x 1 03 cells were obiained. Cells were plated at a concentration ol 1 x 1 d cells per well in

2+well plates, and after t hour the medium was replaced by culture medium. Every 2 or 3 days, the medium was refreshed.

To analfze the purity of the cell suspensions obiained, a sample oI 1 x 1 06 cells was washed with EB and incubated with CD14-FITC

(1:20) for 30 minutes at 4'C. Cells were washed once and resuspended in EB, and foMard scatter (cell 6ize), side scatter (cell

density), and FITC fluorescence were measured using a FACScan flow cytometer (Becton Oickinson lmmunocytometry Systems).

Dala were malys€d using FACScan software. The cut-off point for positive (CD14'ynegative cells was datermined with reterence to

lhe fluoresence ol cells not incubaled wilh CD14-FlTC.
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Tho axlra olulriation step eliminaled platslet conlamination of the monocytss in culturo and did not aflect morphological changes

durlng culture. ln th6 oxpsriments described below, no dlflerences wers obserued between culturod density-gradientconlrifugation-

purifiod or elulriation-purifi ed cells.

Labeilng ot t-PA
Melanoma and recombinant l-PA were labelsd with 12sl using the iodogen method.lo Polyethylens vessels of 1.5 mL wore coated with

1O pg iodogen. Nr "1, 1O pg t-PA in 50 mmol/L Tris-HCl, 0.25 mol/L 6-AHA, 1 moUL NaCl, pH 8, was incubated with 0.5 moi Na1'?sl

lor 1 O min at roorn iemperaturo in ths vessel. The mixturs was transfgrrgd to another vessel conlaining an equal volume ot 4 mgy'mL

Kl toavoidnon-specificbindingof ''sl tot-PA.Labeledl.PAwasseparatedlromtree'z'lusing a 1o-mL Sephadex G25 Coarse

column (eluant 50 mmouL Tris-HCl, 0.01% Twesn 80, 1 mg/mL BSA, pH 8). Labeling resulted in approximately 600 cpm/fmol, with

80% rscovery of t-PA activity. When indicated, 1251-l-PA was incubated with 2 UmoUL PPACK lor 2 hours at room lemp€rature and

overnight at 4 'C. Th6 radiolabeled PPACK-I-PA was completely inactivated whon tested in the colorimelric activity assay using S-

2288. ln the studies described below, no difterencss were observgd between labeled or unlabeled melanoma or recombinant t-PA.

Bindlng ot"tl-t-PA
To remove non-adherent cells and serum components, cells (12-well plates) were washed once with PBS, 1% BSA, pH 4, to remove

possible receptorligands and twice with PBS, 1% BSA, pH7.4,4"C.1'?51-t-PAwith orwithout inhibitors in 500 pL M199, 1% BSA,

O.O1% Tween 80 was addod. Atler incubation at 4'C, lhe medium was removed and the cells were washed with PBS, pH 7.4,

containing 0.9 mmovL CaCl, and 0.5 mmol/L MgCt with (twice) and without (twice) 0.1% BSA, and lysed with 1% Triton X-100 tor

15 minutes at room lemperature. Radioactivity of ihe lysates was determined. Binding ol "sl-t-PA was conected for plastic binding in

empty parallel wells (10"/. to 20% of total binding).

Assoclatlon and degrudatlon ol 1'z5 l-t-PA
Cslts wor€ washed (thres times with PBS, 1% BSA, pH 7.4,4"C\ and incubated with 1'?51-l-PA, with orwithout inhibitors in 500 pL

(12-we[ plates) or 3OO pL (2+well plates) M 199, 1%BSA, 0.01% Tween 80, at 37'Cin 5"/" CO,l95% air. After incubation cell media

wore collocted, and lrichloroacetic acid (TCA) was added (final concentration 10% wWoD. Non-dograded'2'l-l-PA was precipitated

by centrifugation (lO minutes at 15,OOO9). To aliminalo tho possibility that the colls mighl deiodinate ralher than degrade "'l't'PA,
lree '251 was sxtractod. To the 5OO pL TcA-soluble supematant obtainod, 5 !L 40% (wWoD Kl and 25 pL H2O23o"/" (vol&ol) were

added. Alter 5 minules, th6 frae iodine was oliracted with 8OO pL chloroform. Tho radioaclivity ol tho remaining l'?sl-tyrosine (and

possiblyl'?5l-poptides)intheupperlayer(5minutesatl5,OOOg)representingdegraded'251-t-PA, was delsrmined. Radioactivity

associaled wilh lhe cells was d€lormined as described for binding at 4'C. Associatjon and dsgradation were corrected lor

radioactivity detormlnod in smpty parallel wells (less than 5%).

SraUslrca

lnhibltlon of lhe blnding or degradation ot '"|-t-PA by unlabelsd FPA or othor compounds will lead lo a decreasad valus lor "'l-l-PA
binding or degradaton sxpressod as a percentago of control. No inhibltlon would resutt in a conslanl value of 100% (in spito of the

fact that ths speciffc radloactvlly is diluted whon unlab€lsd t-PA is tested as lnhibitoo. At nonsaturating concenlrations ot labeled

compound, a concenlration range ot inhibilor was addsd, and the binding or dsgradation was moasured. Theso inhibition curves wars

analys€d using nonlinear regresslon analysis with lhe computer program GraphPAD (lsl Sottware, Philadelphia, PA), yielding total

number ol binding sitos, apparent dissociatlon constants (kd), halt-maximal inhibitory concenlration (1C50), and Hill-slopes.

'Goodness of fil' was asssssed uslng aclual distances. Using the computsr program SOLO 4.0 (BMDP Statistical Sottwars, Los

Angeles, CA), the statistical slgnificancs of ditferences was determined with lhe nonparametric Mann-Whitney test. Two-lailed P

<.05% is defined as significanty ditferent. Data ars prosented as mean r standard enor ol the mean (SEM).

RESULTS.

Monocytes were isolated from human butfy coats and cultured to study the interaction of

monocyt€Vmacrophages with t-PA. Using density gradient centritugation, a cell suspension was

obtained that contained about 20% CD14* monocytes. We lurther purified the suspension by elutriation,

and obtained a suspension with approximately 85o/o CD14* monocytes. Cells able to adhere to plastic

within t hour were cultured. The round flat monocytes turned within 2 days into cells with a more

contracted appearance and extending pseudopods (macrophages). After the sixth day the first

multinuclear giant cells (fused macrophages) started to appear. These results indicated that the maiority

ol the monocytes was diflerentiated into macrophages between 2 and 7 days of culture. These cells

were used for this study.
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tPA degradation by human macrophages

To determine the presence of t-PA binding sites on the cell membrane of macrophages, the interaction

withr2sl-t-PAwasstudiedat4'C. 1'?sl-t-PA appeared to be bound by the macrophages. To determine

whether l2sl-t-PA was bound specilically by the cells, inhibition of 12slt-PA binding by unlabeled t-PA was

studied (Fig 1). Binding of "51-t-PA to macrophages was partially |PA-inhibitable (high atfinity binding),

and partially non-inhibitable by 350 nmol/L t-PA (low affinity binding). Binding of t-PA to lysine residues is

blocked by 6-AHA. Binding ot t-PA to the cells was partially inhibited by 6-AHA. Maximal inhibition was

obtained at concentrations higher than 10 mmol/L 6-AHA (not shown). ln the presence of 20 mmol/L 6-

AHA, only high atfinity binding of t-PA was found (Fig 1). Nonlinear regression analysis of the t-PA

inhibition curves resulted in an apparent kd of 1 nmol/L in the absence of, and an apparent kd of 5
nmol/L in the presence of, 6-AHA. This indicated that 6-AHA did not significantly inlluence the interaction

ot t-PA with high affinity binding sites. We found 14 x1 03 to 18 x1d high affinity binding sites per

cell. The Hill-slopes calculated for both curues were, respectively, -0.6 and -0.8, suggesting that more

than one high affinity receptor was involved in the binding of t-PA.

We observed the interaction ol macrophages and t-PA at 37"C to study t-PA catabolism by

metabolically active cells. During incubation of 5 nmol/L'2tl-t-PA with macrophages, association (bound

and internalized l2sl-t-PA) reached a maximal level within 2 hours. Association was accompanied by

release of rzsl-tyrosine into the medium (degradation) from 15 minutes onward. After this lag phase the

cells degraded approximately 200 molecules per cell per minute for at least 4 hours. '251-t-PA degrada-

tion was inhibited by chloroquine (100 pmol/L) or NH.CI (10 mmol/L) lor 75o/" (not shown), indicating that

the degradation was dependent on acidification of the lysosomal compartment.
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Fig 1 t-ee olnaing to macrophages.

Monocytosy'macrophages (4- lo 6-day-old) wors lncubaled lor

2 hours at 4'C with 1 nmouL 1'?51{-PA with (a) or without (o)
20 mmouL 6-AHA, and different concentrations of unlabeled l-
PA. Data (n=6) wors express€d as a percentags of control

and were fitted as a sigmold curvs using nonlinoar regrsssion

analysis.

Fig 2 t-ea oegradation by macrophages.

Monocyteymacrophages (3-day-old) were incubated with 1

nmol/L 12sl-t-PA for 3 hours at 37 'C and with differenl

concentralions of unlabeled t-PA (o), ditferent concentrations

of mannan (V), or 2.61 mgr'mL (20 mmouL) 6-AHA (!), and

degradalion was dstemined. Data (n=9) were expressed as a

percentage ol control and were fitlad as a sigmoid curve using

nonlinear regression analysis.
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As shown in Fig 2, degradation of "51{-PA was fully inhibited by unlabeled t-PA (1C50, 0.2 pg/mL or 3

nmol/L). The lC50 value showed that binding to high affinity binding sites is followed by uptake and

degradation. Degradation was not inhibited by 2.61 mg/mL (20 mmol/L) 6-AHA (Fig 2), indicating that

low aflinity binding of t-PA does not result in uptake and degradation. Mannan, a mannose receptor

ligand, partially (maximally 60%) inhibited t-PA degradation (1C50 = 0.3 pg/mL; Fig 2). Other ligands for

the mannose receptor, like ovalbumin and mannose-BSA, inhibited degradation to the same extent (not

shown).

How is t-PA binding, internalization, and degradation influenced by the differentiation of monocytes to

macrophages in vitro? Monocytes were cultured lor 7 days, and each day, "ul-t-PA binding, association,

and degradation in the absence or presence of mannan was determined. One-day-cultured monocytes

did bind, internalize, and degrade t-PA (Fig 3). Binding and association gradually increased with time in

culture. After a culture period of 2 days (macrophages), the degradation strongly increased, and a
maximum was reached at day 3. AJter this day, the degradation gradually diminished (details not

slrown). On average (days 2 to 7), IPA binding, association, and degradation increased, respectively,

three, eight, and seven times after differentiation from monocyte to macrophage (Fig 3). Binding,

association, and degradation were not mannan-inhibitable at day 1, but they became partially mannan-

inhibitable at days 2 to 7. Non-mannan-inhibitable degradation was, on average, tour times upregulated

after day 1 (Fig 3).

Fig 3
l-PA binding, association, and
degradation by human monocytes/
macrophages.
Monocytes were cultured for 7 days.

On each day, binding (2 hours, 4'C),
association, and degradation (5 hours,

37"c) of 1 nmoYL "'l{-PA were

determined in the absence (!) or

presence ot 1 mg/mL mannan (D).

Data are shown lor monocytes cultured

for 1 day (mo; n=6), or monocytes

cultured for 2 to 7 days (macrophages,

mph; n=36).

100
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How does suppression or activation of macrophages influence the ability to degrade t-PA? We studied
12sl-t-PA degradation by monocytes cultured for 7 days in the presence of the immunosuppressor

dexamethasone (DEX) or the activator lipopolysaccharide (LPS). DEX did not have a clear effect on cell

morphology. Monocytes cultured with LPS obtained a different morphology from the firsl day onward.

Cells had more and longer pseudopods than nonstimulated cells, while having a smaller centre. Both

LPS and DEX had a strong effect on the 12sl-t-PA degradation by macrophages (Fig 4): total 1251-t-PA

degradation was upregulated two times by DEX and four times downregulated by LPS. Mannan-

inhibitable degradation was 2.5 times upregulated by DEX, while non-mannan-inhibitable degradation

was not affected. Mannan-inhibitable degradation was five times downregulated by LPS, while non-

mannan-inhibitable degradation was, on average, three times downregulated (two times downregulated

at days 2 to 3 and five times downregulated at days 4 to 7; details not shown). We concluded that

monocyte-derived macrophages express different t-PA receptors which are independently regulated.
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Fig 4
Eflect ol dexamethasone and LPS

on macrophage receptor-mediated
t-PA degradatlon.
Monocytes wera cultured lor 7 days

without (control) or with 0.1 yg/mL DEX

or 0.'l pg/mL LPS. Average degradation
(5 hours, 37'C) of I nmol/L 1'?51{-PA by

2- to 7-day-old monocyteymacropha-
ges (n=36) in the absence (r) or

presence (tr) of 1 mg/mL mannan is

shown.

Recent studies by Bu et al. 20'21 suggested that t-PA can bind to LRP, which is also expressed on

monocytes/macrophages.' GST-RAP, a known inhibitor ol the interaction of t-PA, t-PA-plasminogen

activator inhibitor-1 (t-PA-PAl-1) and other ligands with the LRP, was used to study the possible

involvement of LRP. As shown in Fig 5, GST-RAP significantly inhibited degradation of tPA, and

dogradation was abolished when 1 mg/mL mannan was coincubated. Half-maximal inhibition of the

degradation by GST-RAP was at 5 nmol/L with and 3 nmol/L without mannan.

Similar results were obtained with 3-day-old macrophages cultured without and with DEX or with LPS.

GST-RAP (100 nmolil) inhibited, respectively, 62 x.2o/", 23 t 6o/" and 96 t 2% ot t-PA (1 nmol/L)

degradation (n=4). Goincubation of GST-RAP (100 nmol/L) with mannan (1 mg/mL) inhibited t-PA

degradation for 95 + 1% in all cases. We concluded that the non-mannan-inhibitable degradation of t-

PA by untreated as well as by suppressed or activated macrophages was mediated by the LRP.

Table I shows the etfect on the t-PA degradation by macrophages of a monoclonal antibody (MoAb)

raised against purified human mannose receptor. A control MoAb of the same isotype did not affect t-PA

degradation at 10 pg/ml (not shown). Degradation was inhibited by 10 pg/mL anti-mannose receptor

MoAb. This did not significantly dilfer from inhibition with mannan. Coincubation of this MoAb with

mannan did not have any additional effect. Coincubation of 10 pg/ml anti-mannose receptor MoAb with

25 nmol/L GST-RAP reduced degradation to 13%. We concluded that the mannan-inhibitable t-PA

degradation by macrophages is mediated by the mannose receptor.

No dilferences were observed in this model between t-PA and PPACK-I-PA (Fig 6), indicating that

uptake and degradation of t-PA did not require complex formation with plasminogen activator inhibitors.
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Fig 5 tae-medlated t-PA degradation by human

macrophages.
Monocyteymacrophages (3-day-old) were incubatod wilh 1

nmol/L '"I-I-PA lor 3 hours at 37'C. lnhibiIon ol t-PA

degradalion with different concentrations ol GST-BAP withoul
(o) or with (a) 1 mg/mL mannan was determined. lnhibltion

by GST-RAP was statistically significant (P<.05) from 6

nmolA onward. Data (nd) were expressod as a percentage ol
control and were fitled as a sigmoid curvo using nonlinear

regression analysis.

Fig 6 oegraoatlon o, lnactlvated t-PA by human

macrophageE.

Monocloymacrophages (2- to 6day-old) wsre lncubaled with

1 nmouL ligand for 4 hours at 37'C. Average degradation ol
1'?51-t-PA (r) or PPACK - ',4|-t-PA (tr) by tlo cells wihout and

with 1 mgr'mL mannan, 100 nmoyL GST-RAP, or bolh uas

detormined. Data (n=20) were oxpressed as a percentiage of

lho 1251{-PA control.

Tabel 1 MoAb inhlbltlon ot i'5Lt-PA (1 nmouL) degradatlon by threeday-old macrophages.

The values reprsssnt the residual degradatlon indicated by lhe mean percentag€ of cutrol without inhibitor t SEM (n=6).
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DISCUSSION

Monocytes ditlerentiated into macrophages within 2 days after plastic attachment. The morphological

changes we observed are similar to those observed by others.23-2s We showed that t-PA bound to high

and low affinity binding sites on monocyte-derived macrophages. The high affinity binding sites were

ascribed to the mannose receptor and LRP. The low affinity binding sites (kd > 350 nmol/L) were 6-

AHA-inhibitable.

Low affinity binding of t-PA has been observed lor isolated lipoprotein(a), 'z6 apo(a) tree low-density-

lipoprolein,26 librinogen,26 activated platelets,2T melanoma cells,28 monocytes,2s monocytoid cell lines,2s

endothelial cells,2s and isolated human liver membrane.s Low affinity, 6-AHA-inhibitable binding sites

may play an imponant role for cell bound plasminogen activator activity. 3''33 Our study showed that

these binding sites were not essential for the uptake and degradation of t-PA by macrophages, because

6-AHA did not inhibit t-PA degradation.

The apparent kd of t-PA for the high affinity receptors we lound on macrophages was 1 to 5 nmol/L (14

x 1 03 to 18 x 1d binding sites per cell). These high atfinity binding sites mediated t-PA degradation (the

half-maximal inhibition of degradation of 12sl-t-PA by unlabeled t-PA was 3 nmol/L). This correlates with

the fact that the mannose receptor and the LRP are high affinity t-PA receptors. The kd of t-PA binding

to the isolated bovine alveolar mannose receptor is I nmol/L s and to rat liver endothelial cells

expressing the mannose receptor 4 nmol/l. $ With or without PAI-1 involvement, the kd of t-PA binding

to LRP ranges from 1-20 nmol/L on various hepatoma cell lines,'o''*tt smooth muscle cells,o
and isolated human liver membrane. m ln our model, no differences were observed between

degradation ol t-PA and PPACK-inactivated tPA. As PPACK-inactivated t-PA has a strongly reduced

affinity for plasminogen activator inhibitors, a1 the results indicate ihat complex lormation is not necessary

for binding to either receptor.

Binding of t-PA at 37 "C (association) was higher than binding at 4 'C, which correlates well with the

concept of internalizing ligands and recycling receptors. lndeed, 60-80% of both LRP and mannose

receptor are not expressed on the cell surface of macrophages.4 After ligand binding, both receptors

are internalized via coated pits. The receptor dissociates in an acidic environment from the ligand and is

recycled to the surface, while the ligand is degraded in a lysosome. There is no competition between the

mannose receptor and LRP for the internalization apparatus. a2'03 Lysosomal degradation is chloroquine

and NH.CI inhibitable, 14'44-46 as observed in our model for t-PA degradation.

LRP is already present on monocytes, and variably expressed on macrophages. "'o' Monocytes do not

express mannose receptors. a8'€ We found that t-PA degradation by 1-day cultured monocytes was not

mannan-inhibitable and that this type of degradation was upregulated on macrophages. Mannose

receptor mRNA is known to be expressed after 24 hrs in culture. oe Previously lunctional mannose

receptor activities have not been detected before day 3. uo'u' ln our cells, mannose receptor-mediated

degradation was observed after 2 days. These differences in expression may be due to culture

conditions. 25'52'ss
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Macrophage mannose receptor-mediated t-PA degradation was 2.5 times upregulated by DEX.

Upregulation has also been found for macrophage mannose receptor expression on the mRNA and on

the protein level. sl'54 DEX appeared not to influence LRP-mediated degradation. During LPS stimulation,

the mannose receptor was almost not expressed, while LRP was significantly downregulated (five times)

atter day 3. The downregulation ol both receptors by LPS is in line with the observations that LPS

downregulates LRP expression after 10 hrs in RAW 264.7 cells $ and that mouse macrophage

mannose receptors are downregulated after activation. s The time difference in downregulation that we

observed is compatible with the finding that the mannose receptor is more susceptible to downregulation

during activation ol macrophages than the LRP.47

Mannan, ovalbumin, mannose-BSA, all known ligands for the mannose receptor, ra'a2'6's7 and a MoAb

raised against the isolated human placenta mannose receptor partially inhibited degradation. This
proved that degradation was partially mannose receptor-mediated. Degradation of t-PA by

macrophages was blocked when mannan and GST-RAP were both present. The 39-kD RAP is a known

inhibitor of ligand-LRP interactions. 17'58 LRP has distinct binding sites for different ligands. RAP does not

discriminate between the different binding sites on LRP and inhibits binding of all ligands to the receptor

with equal efficiency. 17 RAP-inhibitable t-PA degradation by smooth muscle cells is not inhibited by

fucose, galactose, mannose, or ovalbumin. 6 We found an lC50 of 3 - 5 nmol/L for the GST-RAP

protein on t-PA degradation. This correlates well with the results of Bu et al., 21'5s who observed an lC50

ol 3.3 nmol/Lfor RAP inhibition of t-PA binding to MH1C1 cells expressing LRP,'z1 and a kd of 5 nmol/L

for RAP binding to the LRP on HEP G2 cells. 5e We concluded that the mannan-inhibitable t-PA

degradation by macrophages is mediated by the mannose receptor and non-mannan-inhibitable

degradation is mediated by the LRP.

This is the first report that describes LRP and mannose receptor expressed by human primary cultured

cells acting independently on the same ligand. The report shows, in addition, that in macrophages, both

pathways are equally etficient in mediating t-PA degradation, without involvement ol complex formation

of t-PA with inhibitors. Macrophage receptor-mediated degradation may play a significant role in local

rather than in systemic clearance of t-PA. When active site blocked t-PA is injected intravenously, only

low amounts are found in macrophages (bone marrow, spleen). 57 Nevertheless this human in vitro

model seems well suited for evaluating inhibitors of both local and systemic t-PA clearance. Because

the major clearance receptors, LRP and mannose receptor, are present, expression can be selectively

intluenced, and binding can be selectively inhibited.
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Chapter 3

SUMMARY

To study the role of the mannose receptor in cellular uptake and degradation ol tissue-type
plasminogen activator (t-PA), a set of five monoclonal antibodies (Moab) was generated against the
mannose receptor isolated from human placental tissue.

All Moab specifically recognised the 175 kDa mannose receptor in a crude placenta extract, as shown in

Western blot analysis. By use of immunohlstochemistry, we showed that in human placenta only the
Hofbauer cells (fetal macrophages) express the mannose receptor. Epitope competition experiments
indicated that the Moab bound to at least two different epitopes on the receptor molecule. Moab 14-3,
14-5, and 15-2, which are directed against one of these epitopes, strongly inhibited the interaction
between the purified mannose receptor and t-PA. These Moab also inhibited mannose receptor-
mediated degradation of t-PA by cultured human macrophages. The low density lipoprotein receptor-
related protein (LRP) mediated t-PA degradation was not atfected by the Moab.

It is concluded that the Moab are uselul for studying the expression of the human mannose receptor in

Weslern blot and in immunohistochemistry, and lor studying the interactions between the human
mannose receptor and the mannose-containing ligand t-PA.

INTRODUCTlON

The macrophage mannose receptor binds pathogens expressing polymannose structures, and
glycoproteins bearing high mannose-type oligosaccharides. After binding the ligand is internalised and
degraded in the lysosomes. 1 This receptor is also expressed by liver endothelial cells where it mediates
the very rapid endocytosis ol its ligands.2 The receptor contains eight so-called carbohydrate recognition
domains. At least three of these domains have mannose-binding properties.3-5

Tissue-type plasminogen activator (t-PA) is a serine protease that activates fibrinolysis by converting
plasminogen to plasmin which cleaves fibrin to soluble degradation products. 6'7 Because of its fibrin-
selective action, t-PA is successfully used for thrombolytic therapy. 8's Recombinant t-PA contains one
high-mannose- and one or two complex-type oligosaccharides. 1o lt is rapidly cleared from the circulation

by both the mannose receptor and the low density lipoprotein receptor-related protein (LRP). 11n4 An
inhibitor blocking the mannose receptor mediated t-PA degradation could increase t-PA concentrations
in blood and thereby stimulate fibrinolysis and thrombolysis.

Ligands for the mannose receptor such as polymannose products (mannan), mannosylated BSA or
ovalbumin are good inhibitors of t-PA binding and degradation,l2'ts'tt but they may also bind to other
mannose binding proteins and may interfere with the function of these binding proteins in vivo.'*'e
Monoclonal antibodies might be used to block specifically the mannose receptor, but monoclonal
antibodies against this receptor have not yet been described.
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Monoclonal antibodies against the human mannose receptor

We generated monoclonal antibodies (Moab) against the mannose receptor isolated from human

placenta. We used these Moab as speciJic markers for human macrophages using flow cytometry and

inrmunohistochemistry.'0 ln the present study we used immunohistochemistry to identify the mannose

receptor expressing cells in human placenta from which the receptor was isolated. We studied whether

the Moab were able to bind to the mannose receptor and inhibit t-PA binding to the receptor.

Furthermore we evaluated whether the Moab were able to inhibit t-PA degradation by human

macrophages which are known to express the mannose receptor and the LRP. 15

MATERIALS AND METHODS

Monoclonal antibodies
Mannosereceplorwasisolatedandpurifiedrromhumanplacentaonamannosylated-albumin-Sepharosecolumn,'?l'"essentiallyas
described earlier. 2"20 Female BALB/o mice were immunised three times, at four-weekly intervals, with 20 pg ol purilied human

mannose receptor. The serum was tesled lor the presence of antibodies against the mannose receptor in an enzyme linked

immunosorbent assay (ELISA) and for the presence ol inhibiting anlibodies in a t-PA binding assay as described below. All mice

immunised had antibodies against the mannose receptor when tested in the ELISA, and all sera contained inhibiting antibodies when

tested in the t-PA binding assay.

Cell fusion
Fusion was per{ormed essenlially as described earlier-'5''6 Splenocytes (9 x 1 07) were lused with SP2/0 A9.14 myeloma cells using

50% polyethylene glycol 4000 (Boehringer Mannheim, Mannheim, Germany). The cell suspension was diluted in culture medium:

Dulbecco's modilied Eagle medium (Gibco, Paisley, Scotland) supplemenled with 10% vfu fetal calf serum containing hypoxantine

(100 pM), aminoplerin (0.4 p[,]), thymidine (16 pM) and 10% (v/v) human umbilical vein endothelial cell supernatant (a gitt lrom Dr. P.

Koolwijk, producad at our laboratory). The cells were then divided over 96-well microtitre plates (Costar, Cambridge, MA, USA) at a

concentrationol0.6xlOssplenocytes/well andculturedat ST"CinahumidifiedincubatorunderT.S"/"QOr. Mediaolgrowingcells

were screened lor antibody production in the ELISA as described below. Cells from positive wells were subcloned by limiting dilution.

Positive clones were grown in culture medium and lrozen in medium conlaining 1O% (v/v) DMSO al a concentration of 6 x 106 to 107

cells/ml.

Production, purification and subclass assessment ol the monoclonal antibodies (Moab)

Large quantities ol Moab were obtained by ,n viyo (ascites) production in pristane-primed female BALB/C mice. Moab from ascitis in

3.3 M NaCl, 1.5 M glycine, pH 8.9 were bound to a Protein A-Sepharose column (Pharmacia, Uppsala, Sweden), and eluted with

0.1 M citrate at pH 4.5. Pooled Moab lractions were dialysed against 20 mM Tris/Hcl, pH 7.4, 150 miil Nacl, 5 mM cacl,. The heavy

and lighl chain subclass ol the Moab were assessed by using a Mouse lsotyping kit from Gibco (Paisley, Scotland) according to the

manulacturer's instruclions.

Western blotting ol the mannose receptor
Purilied mannose receplor or crude placenta extracl 2o was run on 6% SDS polyacrylamide gels under non-reducing conditions. After

eleclrophoresis the gels were blotted ovemight at room temperature at 150 mA on nitrocellulose paper in 50 m[,4 borale buffer pH 8.0

containing 10% methanol. Blots were incubated for 2 h with butFer (20 mM Tris/HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5%

Tween 80, 1 mg/ml BSA). The blotting paper was then incubated for 2 h with Moab, and subsequently stained with rabbit-anti-mouse

polyclonal lgc peroxidase (Nordic, Tilburg,The Netherlands) and BM blue (Boehringer Mannheim, Mannheim, Germany)

lmmunohlstochemlsW
Placenta tissue was obtained lrom the Department ol Pathology, Sloteruaart Hospital, Amsterdam, and snap rrozen in liquid nitrogen.

As described earlier 20 sections of 8 pm lhickness were cul on a Reichert-Jung 2800 frigocut cryostat, lransferred to poly-L-lysine

coated microscope slides, air-dried and fixed in acetone (10 min rmm temperature), rinsed in PBS and incubated with 1 pg/ml Moab

15-2 lor 30 min at room temperature. Atter rinsing in PBS (5 min), the sections were incubated with an rabbit-antimouse-alkaline

phosphatase (Dako A,/S, Glostrup, Denmark) for 15 min al room temperature, rinsed with PBS (5 min) and incubated lor 30 min at

room temperature in the dark with naphtol-As-Mx-phosphate (Sigma Chemical Co., St.Louis MO, USA) and New Fuchsine (Chroma

Gezellschaft, KOngen, BRO) as a coupling salt to develop a red reaciion product. Finally, lhe sections were rinsed with aqua dest,

counterstained with Mayers hematoxilin and mounted in DePeX mounting medium (BDH, Poole, U.K.). ln control sections, no primary

antibody was used. The identity ol lhe cells was judged on the basis of their morphology and location in the tissue.
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Chapter 3

Labelllng ot Moab and t-PA
]'issus-type plasminogen activator (t-PA), was puritied trom a recombinant human melanoma cell culture'7 by Dr. J.H. Verheiien. 

'?8 
t-

PA and Moab al concsntrations of respgctively 0.1 and 1 mg/ml, were dialysed againsl 0.1 M NaHCO3, 0.01ol. vfu Tween 80, pH 8.5

and incubated with NHs-biolin (Zymed Laboratories lnc., South San Francisco, CA, USA) at 30"C (tPA) or al room temperature

(Moab) tor 3 h at ditferent molar ratios. Molar ratios of ligand to NHs-biolin were I : 200 lor t-PA and 1 : 100 for the Moab. Atter

incubation the ligands were dialysed against 20 mM Tris/HCl butfer, pH 7.4 containing 150 mM NaCl, 5 mM CaCl, and 0.01ol. (vtu)

Tween 80.

For degradation studies, t-PA was labelled with '251 using the iodogen method as described earlierls Labelling resulted in approxi-

mately 600 cpm/fmol, with 80"/o recovery of tPA activity.

ELISA tor mannose receptor antibodies
Polystyrene microlitre plates (Greiner, Frickenhausen, Germany) were coated ovemight at 4'C with 100 pl 0.01 5 pg/ml detergentlree

mannose rsceptor in 20 mM TriyHCl butfer, '150 mM NaCl, 5 mM Caclr, pH 7.4. From here onwards the assay was perlormed at

room lemperature. The wells were incubated lor 0.5 h with 'binding butfer' (20mM Tris/HCl, pH 7.4 conlaining 0.5% (v/V) Tween 80,

150 mM NaCl, 5 mM Caclr, and 1 mgy'ml BSA) and incubated ,or t h with anlibodiss against the mannose receptor in binding butfer.

Bound antibodies were quantlliod by incubation wilh peroxidase-conjugated rabbit anti-mouse immunoglobulin (Nordic, Tllburg, The

Netherlands) diluted in binding buffer. Belween each incubation step the wells were washed 3 times with binding butfer. Bound

conjugate was detected by conversion of lhe chromogenic substrate 3,3',5,5ltetramethylbenzidine in the presence of H2Or.2e The

results were correcled lor non-specific binding obtained in wolls which were 'coatsd'with buffer wllhoul mannose rsceptor.

Epltope competltion assay
To detBrmine whether some ol the Moab roact with the same or ditlerent epitopes on fie receptor molecule, we studied the inhibition

o, labelled Moab binding to lhe receptor by unlabelled Moab. Plates were coated with mannose receptor as described for ELISA.

From here onwards the assay was p€rlormed at room lemperature. Moab al concentralions ot about 1, 10 and 100 times the

concentralion required lor half maximal binding (ECso, sse Table 1) in the ELISA, were preincubated for 30 min. Then biotinylated

Moab was added at a non.saturating concenlration (2 times ECsJ and residual binding was measured after t h as described tor the

ligand binding assay (see below).

t-PA blnding assay and inhibltlon by antlseta and Moab
Binding ol tPA to immobilised mannose receptor was p€rfomed essenlially as described earlier. '' Briefly, mannose receptor (100 pl

0.15 pg/mt) in 20 mM TriyHcl butfer, 150 mM Nacl,5 mM caclr, pH 7.4 was adsorbed ovemight at 4'c to polwnyl chloride

microtitre plates (Flow Laboralorios). The wells were incubaled lor 0.5 h at room temporature with binding buffer. lnhibition of t-PA

binding ry ants€ra or Moab was measured by preincubalion of the immobilised receptor with varying concentralions of antibodies in

binding bulfer for 0.5 h. Subsequently a nonsaturating concentration of biotinylated t-PA (100 ngr'ml, final concentra'lion) was added

and ihe mixturo was incubated at room temperaturg for 2 h. Bound ligand was quanlified by incubation at room temperalure lor t h

wilh alkaline phosphalase-conjugated streptavidine (Amersham, Buckinghamshire, UK). Between sach incubation step the wells

wore washod 3 times with binding butfer. Bound conjugate was delected ry measuring lhe conversion rate of the chromogenic

substrate p-nilrophenyl phosphale (Sigma, St. Louis, MO, USA) at 25'C. The rssults were corrected tor non-specific binding

obiained in wells which wers 'coaled'with bufier without mannose receptor.

Monocyto lsolation ancl cultlvatlon
Monocyles wer6 isolaled from pooled human buffy coals as described eadier. " Bufry coat (100 ml) was diluted wilh 180 ml

phosphate butfor (4.5 mM KCl,228 mM NaCl, 13.5 mM NarHPOl,2.5 mM KHrPO., pH 7.4) containing 10 unit ml ol heparin.

Portions of 35 ml suspenslon were undedaysred with 14 ml Lymphoprepru (tlycomed Pharma AS, Oslo, Norway). Afler 30 min

centrifugalion ai 8OO g, the lnterlace was collected, and washod (250 g, 1 0 min) twice wilh phosphale-butfered saline (PBS: 2.7 mM

KCl, 137mMNaCl,8.lmMNarHPO., 1.46mM KH,PO1,pH7.4) containinglmg/ml BsA.Routinelylto2xloecellswere
obtahed. This coll suspension was furthsr purifiod using countercunent flow centrifugation (elutrialion). 1s Elutriation-purifed

monocytss (appoximatoly I to 2 x 108 cells, 85% CD14 posiwe cells) were washed Wth PBS and re-suspendod in culture medium

(M199 conlaining 10 mgr'ml glulamins, 50 U/ml penicillin, 50 pgy'ml streptomycin, 10% human AB- serum). Cells were cultured at a

concenlralion of 2 x 106 csllvml in 24 well culture dales and ussd on the third day for t-PA degradation studies.

Degradatlon ol tzt l-t-PA by macrophages
As doscribed sarlierls monoqftes cullured lot 2-7 &ys on plastic culture plates ditferentiate and become macrophages.

Macrophagss wers washed threo 0mss with PBS (4'C) containing 10 mg/ml BSA, 0.9 mM CaCl, and 0.5 mM MgC[, and incubated

,or 3 h with 1 nM 1'?51-t-PA, with or without inhibitors ln 300 pl M199, 10 mgr'ml BSA, 0.01o/o Tweon 80, at 37'C in 5'h COJ 95"/. at.
Mannan exlracted lrom Saccharomyces cetevisiae, prcpa,od by lhe cstavlon method (Sigma St. Louis MO, USA) was used lo inhibit
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mannose rsceptor-msdialed degradatlon. ln somo experimsnts, recaptor assoclaled protein (RAP) was used to inhibil LRP modiated

tPA degradallon r5 (prspared at our laboratory by Dr. J.H. Vsrheijen, uslng a Salmonella japonicum glutathiono-S-transferaso (GST)-

RAP expresslon plasmid which was kindly provldod by Dr. J. Hsrz, Universlty ol Texas, Southwestem Medical Center, Dallas, USA).

After lncubation, cell media wers collsctod and trlchloroacstic acid (TCA) was added (final concentratlon 107" wN\. Non-degraded
1251-t-PA was preclpltatod by centrlfugalion (10 min 15,000 g). To eliminate the possibilily that lhe cells might doiodinate ralher than

dsgrade ''z5|-t-PA, free '"sl was extracted. To 500 pl TCA soluble supsmatant obtainsd, 5 pl 40% (wV) Kl and 25 pl HrO, 30% (W)

wore added. Afler 5 min, the free lodine was e)dracted with 8OO Ul chlorolorm. The radioactivity of lhe rsmaining 12sl-tyrosins (and

posslblyr'?sl-peptldes)inthsupperlaysratl6rcentrifugation(5min15,OOOg) reprssenthgdsgradod l'zsl-l-PA was determined.

Dogradatlon was corrected lor radioaclivity dstsrminod in parallel wolls wlthout macrophages (<5%).

Statislrcs
Binding o, ligand tc the mannose receplor was moasurod al increasing concentrations of ligand, and plotted against the log ol the

ligand concentraton (blndlng curvs). For hhlbltlon curyss, a concentration rangs of inhibitor wilh one nonsaturaung concentration of

labelled ligand was addod to tho receptor, and the residual binding was moasured and plotted againsl lho log of lhe inhibitor

ccncentralion. Ths slgmoldal blndlng and inhibi[on curves were analysed uslng nonlinear regression analysis wlth lhe computsr

program GraphPAD (lsl Software, Philadslphia, PA, USA), yielding half maximal binding concenlration (log ECso) or halt maximal

lnhibitory conconlralion (log loso) and lheir standard enor. Whsn al high inhibltor concentration only partial inhibition was observed,

lho lo5o was calculatsd as the concentralion inhibilor whsrs hal, ol ths maximal lnhibilion was observed. 'Goodness ol ,it' $/as

assassed by evaluaiing the actual distance of lhe measuroments lrom trle fitted line (no weighing).

RESULTS

Five stable cell lines were lound and characterised after subcloning, and will be refened to as: 14-2, 14-

3, 14-5, 15-2 and 15-14. All five were isotyped as Moab of the lgG, subclass with kappa-light chains.

Western blotting
All Moab recognised the purified 175 kDa mannose receptor after SDS-PAGE and transfer to

nitrocellulose (Fig 1). ln order to study the specificity of the Moab, binding of the Moab to a crude

placenta extract lrom which the receptor was originally purified was analysed. Fig 1 shows that all Moab

stained the 175 kDa mannose receptor present in the extract. Moab 14-5 and 15-2 did not stain other
proteins. Moab 14-3, 15-14 and 14-2, which were used at higher concentrations than 14-5 and 15-2,

showed three additional bands. These bands were also visible with a control Moab not prepared against

the mannose receptor at a similar concentration, indicating that they could probably be ascribed to low-

atfinity- specific or non-specific lgG binding.

Fig 1

SDS PAGE and Western blottlng ol
purilied mannose receptor (r 200 ng

proteln) and crudo placBnta extract
(r 160 Ig prot6ln) wlth tha various
Mo.b.
The following Moab were used at

concentrations that were sutflcleniy high

b salurate tho mannose rocoptor

Fig 3). Lanes l: Moab 14-3 (10 pg/ml);

lan6s 2: Moab 1+5 (1 !g/ml); lanos 3:

Moab l5-2 (0.1 pg/ml); lanes 4: Moab

15-14 (300 pg/ml); lanes 5: Moab 1+2
(50 pg/ml); lanss 6: negawo control

lroab (150 Ugy'ml); lane 7: butlsr
posi$on oI ths 175 kDa

receplor ls lndlcated.

56

ll

12 3

lnl

6234

tfi
17s k ->

mannose receptor placenta extract
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lmmunohistochemistry
The Moab presented in this study were also successfully used as specific markers for human

macrophages in llow cytometry and in immunohislochemistry. 20 ln the present study we used Moab 15-2

to visualize the cells expressing the mannose receptor in human placenta. As shown in Fig 2 (see

appendix, page 137), only the Holbauer cells (fetal macrophages) stained positive for the mannose

receptor in human placenta.

ELISA and epitope competition.
The extent of binding of each Moab to the isolated mannose receptor was concentration dependent with

ECuo values ranging between 0.008 and 4.9 pg/ml (Fig 3, Table 1).

^ 0.8
E
tr

( o.c

10.510.410.310.210.r 100 101 10' 103

Moab (pg/ml)

5 roo
c,

E7s
.=
3
t50
p
325

1O'2 1 0-r 100 1 01 I 0,

Moab (ug/ml)

Fig 3 eltse witn monoclonal antibodies. Fig 4 lnhlbition ol t-PA blndlng to the mannose receptor.

Dose-response curves of Moab binding lo the immobilised Effect of Moab on the binding of 0.1 pgr'ml biotinylaled t-PA to

isolated mannose receptor, detectsd with peroxidase- the mannose recepior. lmmobilised receptor was preincubated

conjugaled rabbit anti-mouse lgc. Mean of duplicate with the Moab, ligand was added, residual binding of the ligand

measuremenls are shown. Moab 14-3 (O), Moab 14-5 (O), was measured and the inhibition percenlage was calculated.

Moab 15-2 ( ), Moab 15-14 (a), and Moab 14-2 (A). Mean of duplicate measuremenls are shown. Moab 14-3 (O),

Moab 14-5 (tr), Moab 15-2 ( ), Moab 15-14 (a), Moab 14'2

(^).

Results of the epitope competition assay showed that the five Moab bound to at least two diflerent

epitopes on the mannose receptor molecule (Table 2). Three Moab (14-3, 14-5, 15-2) apparently
recognised the same epitope (epitope cluster l), since they mutually competed for binding to the

mannose receptor. A different epitope (epitope cluster ll) was recognised by Moab 15-14 and 14-2, they

inhibited each other's binding and their binding was not inhibited by 14-3, 14-5 ot 15-2. Moab 15-14

however did inhibit subsequent binding of cluster I Moab. This effect cannot be explained by competitive

inhibition (which is by delinition a mutual eftect). Moab 15-14 could have bound to both epitopes and

thereby have inhibited the binding of all other Moab but in that case both epitope clusters Moab would

have inhibited Moab 15-14 binding partially and a higher signal would have been observed for Moab 15-

14 in the ELISA (Fig 3). More probably Moab 15-14 had an etlect on the conformation of the receptor

resulting in noncompetitive inhibition. $
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lnhibition ol t-PA binding.
ln Fig 4 Moab inhibition of t-PA binding to the mannose receptor is shown. Even at high Moab

concentrations ( 1-1OO pg/ml), which according to the model of competitive inhibition s should have

inhibited binding for approximately 95%, only partial inhibition was observed. Cluster I Moab inhibited t-

PA binding by about 60%. Cluster ll Moab 14-2 showed only slight inhibition (maximallly 30%) whereas

Moab 15-14 strongly inhibited t-PA binding at high concentrations. Table 1 summarizes the lC* values

for the various Moab and shows that these values agree well with the EC* obtained in the ELISA (Fig 3).

ln both assays Moab 15-2 and 14-5 showed the highest affinity and Moab 15-14 the lowest affinity for the

mannose receptor.

Table 1 Mannose receptor attlnltles ol Moab tunctloning as ligand or lnhibltor.

The affinities of the Moab towards the mannose receptor woro measured when the Moab were used

as ligand in ihe ELISA (ECso, see Fig 3) and as inhibitor in the t-PA binding assay (lcso, see Fig 4).

Table 2 Moab competltlon lor epitopes on the mannose recePtor.

lmmobilised mannose receptor was incubated with a nonsaturating conconlration of labelled Moab and a concontration

range of nonlabelled Moab. Residual binding of the biotinylated Moab (indicated by ' ) was measured.

lnhibition al a concentration of 100 times Ecso (see table 1) of the inhibiting Moab is shown.

ligand/inhibitor ELISA t-PA blndlng assay

EG"o

P/ml
log EC6o

r slandard error

-0.88 r 0.1 6

-1.91 r 0.10

-2.09 i 0.04

0.69 r 0.05

-0.35 r 0.15

lC.o

p/ml
log lcso

r standard error

-14-3

14-5

15-2

l5-14

14-2

0.13

0.012

0.008

4.9

o.44

0.18

0.031

0.043

15

1.1

-0.74 r 0.15

-1.51 * 0.28

-1.37 *.0.24

1.17 r 0.03

0.02 i 0.37

Moab

14-3

14-5

15-2

15-14

14-2

14-3-

+

+

+

+

t4-5* 15-2'

+

+

+

+

t5-14.

+

+

+

+ +

+

+

+

+ represents inhibitlon > 40%; = rsprsssnts inhibition < 15%.
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lnhibition ol t-PA degradation by macrophdges.
Cultured macrophages internalise and degrade t-PA after binding to the mannose receptor or LRP. LRP
mediated degradation is inhibitable with the receptor-associated protein (GST-RAP), while mannose

receptoor mediated t-PA degradation is inhibitable with mannan. 1s This model was used to test whether

the Moab were able to inhibit mannose receptor mediated t-PA degradation. As shown in Fig 5A,

mannan inhibited total t-PA degradation by 51% and 10 pg/ml Moab 14-5 by 44"/". The combination of
mannan and Moab 14-5 did not show any additional inhibition of total tPA degradation, indicating that
the LRP mediated degradation was not affected by Moab 14-5. GST-RAP (25 nM) inhibited total t-PA

degradation by 40%. IPA degradation was inhibited with a combination of GST-RAP and mannan by

91 % and with a combination ol GST-RAP and 10 pg/ml Moab 14-5 by 87 %. Fig 58 shows that inhibition

by Moab 14-5 was concentration-dependent and reached at 10 pg/ml about 90% of mannan inhibition in

both the presence and absence of GST-RAP. At concentrations of 1 ng/ml to 10 Ug/ml Moab 15-14 did

not show an inhibitory etfect. Moab 14-3 and 14-2 caused an intermediate inhibitory etfect (respectively

39 x.7o/o and 29 + 16% at 10 pg/ml), while 15-2 strongly inhibited mannan inhibitable t-PA degradation

(68 + 4% at 10 Ug/ml)(not shown).

Fig 5 tntrlUltton of macrophage t-PA degradatlon by Moab 14-5.

Etlect of the Moab on 12s|-labelled t-PA degradation ry human monoryte derived macrophages. Residual dggradation (% of control,

n=6, mean a SEM) was measured in the absenco or presence ot 1 mg/ml mannan, 10 Ugy'ml Moab l4-5,25 nM GST-RAP orlheir
combinations (A). The concentraliondependenl sffect ol lhe Moab expresssd as a percentage ot 1 mg/ml mannan lnhlbltion is

shown in B. Mannos€ receptor mediated t-PA dsgradation in the prBsence ot Moab l4-5 (a), n=6, mean r SEM, in the prsssnco ol
Moab l4-5combinedwith25nMGST-RAP(O),n=2,mean,orinthspresenceofMoab15-14(A),n=6,meaniSEM.
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DISCUSSION

Five stable cell lines producing Moab with diflerent affinities lor the human mannose receptor were

obtained. These Moab all reacted in a crude placenta extract with the 175 kDa mannose receptor as

shown by the use of Western blot. ln another study, we used the Moab to reveal the presence of the

mannose receptor on cultured human macrophages using flow cytometry, and showed that with this

method we were able to measure different levels of mannose receptor expression. 20 Furthermore we

used Moab 14-5 and 15-2 to detect the mannose receptor expressing cells in cryostat sections of

human biopsy samples. ln thymus, lymph nodes, skin and bone marrow smear only macrophages and

young dendritic cells were stained mannose receptor positive.20

Tlre immunohistochemistrye also showed that the Moab were specific for the mannose receptor since

they did not bind to cells (lymphocytes, monocytes, granulocytes, Langerhans cells) that probably

contain other mannose binding proteins. t''tt The Moab also did not bind to cells that express receptors

with a configuration similar to the mannose receptor (DEC205 receptor, phospholipase A2 receptor). s-s

Using Moab 15-2 in immunohistochemistry, we.show for the first time that the cells expressing the

mannose receptor in human placenta are the Hofbauer cells. These fetal cells have been shown to

express many surlace antigens also found on monocytes, macrophages and dendritic cells. 37 Many

functions ol the Holbauer cells have been proposed; among these are antigen presentation and

immune and non-immune phagocytosis. s The mannose receptor has been shown to play a role in
macrophage phagocytosis 3s'ao and antigen uptake by young dendritic cells. a' The presence of the

mannose receptor on Hofbauer cells suggests a similar role of the mannose receptor in the above-

mentioned functions ol the fetal cells.

On the basis ol competition experiments the epitopes of the Moab were analysed in relation to each

other and in relation to the binding site of the mannose-containing ligand t-PA. Two epitope clusters

were recognised by our set ol Moab. Epitope cluster lwas recognised by Moab 14-3, 14-5, and 15-2,

while epitope cluster ll was recognised by Moab 15-14 and 14-2.The atfinities of the five Moab differed

considerably, but the affinity of each Moab for the receptor was similar in the diflerent assays (Table 1).

The Moab with the highest affinities were 15-2 and 14-5, while Moab 15-14 had the lowest affinlty.

The mannose receptor contains eight carbohydrate recognition domains (CRD).3 At least three of them

(number 4,5 and 7) are required for high affinity binding of multivalent glycoconjugates. o The binding

site is however not yet fully delineated. 5 t-PA contains both one high mannose-type and one or two

complex-type oligosaccharide chains.'0 Our previous studies with synthetic cluster mannosides showed

that tPA binding to the isolated mannose receptor is completely inhibited by the mannosides. The more

mannose residues the inhibitor contains the higher the affinity of inhibition. a2 lt is likely that the high

mannose-type oligosaccharide of t-PA which has three terminal mannose residues binds to more than

one CRD. ln this report we showed that t-PA binds to the human mannose receptor and its binding was

differently and partially inhibited by the Moab (Fig 4). lf the binding sites had been completely identical

for the Moab and t-PA the expected inhibition would have been (using the model of competitive inhibition

"o1 97o/o lor Moab 14-3, 'loo"/" for Moab 14-5, 10O"/" for Moab 15-2 and 921o tot Moab 14-2 at a
concentration of 10 pg/ml. Epitope cluster lMoab (14-3, 14-5, and 15-2) inhibited the binding of t-PA to

the mannose receptor lor 60o/", indicating that the epitope and the t-PA binding site partially coincide.

Epitope cluster ll appearsto be more distantfrom thet-PA binding site, since Moab 14-2 inhibited t-PA

binding for about 307".
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Mannose receptor mediated degradation of t-PA by cultured macrophages was inhibited by the Moab in

a similar way as t-PA binding to the isolated immobilised mannose receptor. This means that the Moab

recognised the receptor not only after isolation and purification, but also in its natural environment on the

cell membrane. Alter incubation of macrophages with labelled Moab we previously obtained a higher

signal in flow cytometry at 37"C than at 4"C. This suggests that the Moab are internalised upon binding

to the mannose receptor at 37'C, and that free receptor is recycled to the surface.20 An explanation for

the stronger inhibitory effect of Moab 14-5 on mannose receptor mediated t-PA degradation (Fig 5) as

compared to mannose receptor binding of t-PA (Fig 4) would be that on macrophages the Moab atfect

the binding of t-PA to the receptor and also interferes with the process of endocytosis and/or

degradation al37"C.

ln this study, we showed that in the presence of 25 mM GST-RAP the 10 pg/ml Moab 14-5 was able to

inhibit 87% of total t-PA degradation, and in the absence of GST-RAP 44"/" ol tolal t-PA degradation.

The LRP-mediated t-PA degradation was not affected by Moab 14-5 and the inhibition of the mannose

receptor mediated degradation was concentration-dependent. As the inhibition of t-PA degradation by

macrophage is representative of the inhibition ol in vivo clearance, a3 we expect that low concentrations

ol Moab would be able to inhibit t-PA clearance substantially.

ln conclusion, this set ol monoclonal antibodies may be useful for the elucidation of ligand-mannose

receptor interactions in general and lor the specific detection of human mannose receptor in tissue

extracts (Western blots) or on cell membranes (immunohistochemistry). ln particular the antibodies can

be used to block mannose receptor mediated uptake and degradation of t-PA by cells and Fab

f ragments may be uselul for inhibiting clearance of IPA from the circulation and may thereby stimulate

the fibrinolytic system. 4
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SUMMARY

Recently we developed mouse monoclonal antibodies (mAb) against the isolated human 175-kDa
mannose receptor. ln the present study we tested whether these mAb are suitable for the detection of
the mannose receptor on cultured macrophages using flow cytometry and on cells in human tissues
using immunohistochemistry.

Human monocytes did not react with the mAb in flow cytometry. Mannose receptor expression became
detectable on monocytes cultured lor 3 days (macrophages), and was maximal lrom 4 days onward.
The mannose receptor was up-regulated on dexamethasone-treated (immunosuppressed)
macrophages, and down-regulated on lipopolysaccharide-treated (activated) macrophages.

lmmunohistochemically the staining pattern of our mAb was compared with the marker of
monocytes/macrophages KP1. ln a bone marrow smear, only macrophages were stained with our mAb,
whereas all myeloid cells were stained with KP1. ln the thymus and lymph node, mannose receptor-
positive branched cells (macrophages and dendritic cells) were detected in connective tissue, thymus
cortex (not medulla), and in the T cell area (not the B cell area) of lymph nodes, whereas KPI stained
branched cells in all areas. lt was concluded that the mAb are useful tools in flow cytometry and
immunohistochemistry for the specific detection of cells expressing mannose receptor.

INTRODUCTION

The mannose receptor is known to be expressed on macrophages t and probably on liver sinus
endothelial cells2 and alruvay smooth muscle cells.3 lt plays a role in the immune systemforthe
complement-independent clearance of pathogenic organisms (such as Candida atbicans and
Pneumocytis carinii ) lhal have polymannose structures on their membranes. 4 lt is suggested that the
receptor mediates uptake of the intracellular parasites Leishmania donovani,s Tryponosoma cruzid and
Mycobacterium tuberculosis 7 by macrophages. Recently it has been suggested that the mannose
receptor is involved in the uptake of antigen by human monocyte-derived immature dendritic cells. I
Furthermore the receptor mediates uptake and degradation of high mannose-type oligosaccharide
containing glycoproteins such as lysosomal enzymes e and tissue-type plasminogen activator (t-P41.'o,tt
Blocking the mannose receptor or increasing its expression on macrophages results in, respectively,
increasedl2 and decreased extracellular lysosomal enzyme concentrations in vitro.13

The expression of the receptor is highly regulated and correlates with the functional state of the
monocyte/macrophage. Monocytes do not express mannose receptors and resting macrophages
express higher levels than activated macrophages. "'tn''s Monocytes and granulocytes are derived from
the same myeloid progenitors in the bone marrow. Commonly used specific markers for human
macrophages are also expressed on monocytes (CD14, CD1 1c, CD68) or on granulocytes (CD11b,
CDI1c, CD68, CD16). Specific and quantitative measurement of mannose receptor expression might
therefore be a good tool for detecting macrophages and lor discriminating between various
differentiation and activation stages ol the macrophage. Mannose receptor expression is frequently
assessed by measuring the uptake or binding of receptor ligands. However, the ligand spectrum ol the
mannose receptor is similar to the ligand spectrum of some other non-macrophage-specific mannose
binding proteins which may be present in other cells such as lymphocytes. 16 Binding ol labeled
mannose receptor ligands to a cell does not prove that the cell is one of the above-mentioned cells
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expressing mannose receptor. lt has been shown that monocytes and granulocytes are able to bind

mannose-BSA, " whereas there is no evidence for the presence of the mannose receptor on these

cells. 1

Recently we developed specific monoclonal antibodies (mAb) against the isolated human mannose

receptor, which inhibited t-PA binding to the mannose receptor.'8 To our knowledge no mAb against the

mannose receptor have been shown to be eflective lor the detection of human cells expressing

mannose receptor. ln this study we tested the possibility ol using our mAb as a marker for the human

macrophage differentiation and aclivation state in flow cytometry and as a marker lor cells expressing

mannose receptor in human tissue using immunohistochemistry. We cultured human monocytes in

suspension under varying conditions and evaluated mAb binding to the cells by use ol flow cytometry.

Furthermore we used the mAb in immunohistochemistry on cryostat sections of human tissue and

compared the staining patterns with the currently most widely used human macrophage marker KPI,
which recognizes the CD6B antigen.ls'20

MATERIALS AND METHODS

Materlals
Human AB- s6rum, and thrombocyte-poor pooled butfy coats from heallhy donor blood (from six donors with the same blood type

combined), were obtained lrom lhe Red Cross Blood Bank Cfhs Hague and Leiden, The Netherlands). LymphopreprM (Nycomed

Pharma AS, Oslo, Norway) with a densily of 1.077 g/mL was used lor density gradient centrilugation. Heparin (Leo Pharmaceutical

Products, Ballerup, Denmark), bovine serum albumin (BSA) lraction V (Sigma Chemical Co., St.Louis MO), cell culture medium

M 199 (Flow Laboratories, lrvine, UK), penicillin/streptomycin (Boehringer Mannheim, Mannheim, Germany), and sterile butfers were

used to isolate and culture the cells. They were cultured in Tellon beakers (Savillex Corp., Minnetonka, MN) to prevent adhesion ol

the monorytes.2r Biotin-N-hydrorysuccinimide ester (NHS-Biotin) was supplied by Zymed Laboratories lnc. (South San Francisco,

CA). Fluorescain isothiocyanate (FITC), FITC or PhycoeMhrin (PE)-labeled mAb againsl the human monocyte/macrophage CD14

antigen (anti-CD14-F|TC, antFoDl4-PE), FITC-, or PElabeled control immunoglobuline Gj (lgGr ), and streptavidin-PE conjugate

were obtained lrom Becton Dickinson lmmunocytometry Systems (San Jose, CA). FITC labeled mAb against the human

monocyte/macrophage/ granulocyte CD1 1c antigen (anti-CD1 lc-FITC), mouse serum, propidium iodide (Pl), dexamethasone (DEX)

and lipopolysaccharide (LPS) extracted lrom Escheichia coli 01 I 1 :84 were purchased lrom Sigma. Mouse mAb of the l9G1 isotype

(mAb 15-2, 14-5, 14-3, and 14-2) developed againsl the human placenta mannose receptor'8 were labeled and used lor flow

cytometry. For immunohislochemical studies rabbit-anti-mouse-alkaline phosphatase and KP I (mouse monoclonal anti-CD68 isotype

lgc l , from Dako A/S, Gloslrup, Denmark) were usod on cryostat sections ol human tissue.

Western blottlng of the mannose receptor.
Th6 175-kDa mannose receplor was isolated and purified from human placenla on a mannosylaled-albumin-Sepharose column,

essen'lially as described earlier. " Purified mannose receptor was run on 6% sodium dodecyl sullate (SDS) polyacrylamide gels

under nonreducing conditions. Afler electrophor€sis the gels were blotted ovemight at room lemperature at 150 mA on nitrocellulose

paper in 50 mM borato butfer, pH 8.0, containing 1O% melhanol. Blots were incubaled tor 2 h wilh buffer (20 mM Tris.HCl, pH 7.4,

150 mM NaCl, 5 mM ethylenediaminetetraacetate, 0.5% Tween 80, 1 mgy'mL BSA). The blotting paper was then incubated for 2 h

with mAb, and subsequently stained with rabbit-antFmouse polyclonal lgc peroxidase (Nordic, Tilburg, The Netherlands) and BM

blue (Eoehringer-Mannheim).

Labeling ol antlinannose rdceptor mAb.
For biolinylation l.3l mg/mL mAb 15-2 was dialyzed against 0.1 M NaHCO3 ,pH 8.5, and incubaled wllh 27.2 VglmL NHs-biotin at

room lemperature for 3 h and dialyzed at 4'C against 20 mM Tris.HCl, pH 7.4, conlaining 150 mM NaCl, 5 mM CaCl, ,and 0.01%

(vv) Twesn 80. A whols sel of anli-mannose receptor mAb (mAb 15-2, 14-5, 14-3, and 14-2) was labeled with FITC. Approximately

1.5 mg mAb in 1 ml 0..1 M NarCO3 ,pH 9.0, was incubated with 25 pg FITC for 80 min at room temperature in the dark. The unbound

dye was separated from lhe conjugate by gel fillration on a Sephadex G-25 (medium) column. Ths efficiency of labeling lrias

monilored by estimation of the ratio ol fluorescein to prolein by calculating the ralio of absorbance at 495 nrn/280 nm. F|Tc-labeled

mAb with an absorbance ratio between 0.3 and I were used for flow cytometry.
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Monocyte lsolatlon and cultlvatlon.
Monocytos wsre isolatsd from pooled human butfy coats as described earlier. lr Pooled buffy coat (100 ml) was diluted wilh 180 ml

phosphate butler (4.5 mM KCl,228 mM NaCl, 13.5 mM Na,HPO1,2.5 mM KHrPOr, pH 7.4) containing 10 units/ml ot hsparin.

Porlions ol 35 ml suspension were undsrlayered wilh 14 mL Lymphoprep B. Atter 30 min cenlrilugation at 800 g , the interlace was

collecled and washed (250 g, 10 min) twics with phosphate-buftered salins (PBS: 2.7 mmol/L KCl, 137 mmolA NaCl, 8.1 mmoyL

NarHPOa, 1.46 mmoyL Kl-[Pq , pH 7.4) containing 1 mgy'mL BSA. Boutinely 1 lo 2 x lOe cells were obtained. This cell suspension

was furihsr purified using countercurrent flow centrilugation (elutriation). " Elutriation-purified monoofes (approximalely I to 2 x ld
cells, 85% CDl4. cells) were washod wlth PBS and rssuspended in culture medium (M199 containing 10 mg/mL glutamins, 50

UimL penicillin, 50 pgy'mL streplomycin, 10'/. (vvl inaclivated human AB t serum). Cells were cultured in suspension ai a

concentration ol 2xl 06 cellymL in Teflon boakers. Every 3 days the modium was refreshed.

Flow cytometrlc detectlon ot the macrophage mannose receptor.
The cultured cells were washed wilh ice-cold binding bufier (50 mM Tris.HCl, pH 7.4, 100 mM NaCl, 2.5 mM CaCl, , 10 mg/mL

BSA). Alter resuspending lhe cells in binding butfer the cells were incubaled with biotinylaled mAb and 0.5 mg/ml purified human

lgc (purilied trom human sorum by use of protein A-sepharose) lor 2 h at 4'C (5 x 10 s cells/100pL). Cells were washsd twice with

binding buFfer and incubatod for 30 min at 4'C with stroptavidin-PE. ln some experimgnts lhg cells were double stainsd by co-

incubating with anti-CD14-FITC or anti-CDl'lc-FlTC. Atter washing twice in binding bufter, cell scalter and fluorescsnce were

measured with a FACScan (fluorescence-activalsd cell scanner) flow cytometer, using the program FACScan research sottware

version 2.1 (Beclon Dickinson lmmunochemislry Systems, San Jose, CA). For studies with FlTclabeled mAb the cells were washed

wilh ice cold PBS conlaining 1 mg/ml BSA and incubatsd ,or 30 min al 4 'C with FlTclabeled mAb in PBS containing 1 mg/mL

BSA and 10% (vN) mouss serum (5 x 10s cellyl0o pL). The cells were washed twico with PBS conlaining 1 mgy'mL BSA, and

resuspended in PBS contalnlng 1 mg/mL BSA and 25 lgr'mL propidium iodide at 4"C. Cell scatter and fluorescence were measured

using the FACScan ffow cytometer. ln some studies the same procedure was followed, except that the cells were incubated at 37'C
with FlTclabsled mAb.

Analysis ol Data

Cell-bound fluorescence was measured using the FACScan flow cytometer, which was calibraled regularly with beads with known

scatter and tuoroscencs lntensity. A total ot 5000 cells per sample was maasured. Labels were excited by a 15 mW Argon laser that
produces blue llght of 488 nm wavelength. The tollowing five paramelers wero regislered per cell: loMard scatlor (FSC), reflecling

cell sizs; sids scatler (SSC), rellecting lhe amount ol particles inside ths cell that scatter tho incoming light; green (FITC)

fluorescence (FL1); orange (PE) fluorascence (FL2); and red fluorescencg (FL3). Spectral overlap botween the green, orange and

red fluorssconcg was electronically compensated. Pl only penetrates through membranes ol dead cells and stains their DNA. Dead

cslls, cell debris, and lymphocytes had a different FSC and SSC trom living monocytes or macrophagos. Only cells wilh an FSC and

anSSCo, livingmonocyteymacrophages(>95%CD14.cells,<5"/oPl'cells)wereusedlorthequanlitalivemoasurementolthe
fluoresence caused by bound anli-mannose receptor mAb. Valuos ol fluorescence wers oblained as channel numbels and the msan

channel number of the (selgctod) cell population was calculatod. For the discrimination of populations of cells the fluoresconcs was

msasured ln a log mode with each channel number reflecting a log arbilrary fluorescence unit. whsn measuremenls were psrformed

in a linear mode, the channel numbers roffgcted arbilrary fluorescenca unlls. Because log ampliliers are not per{ecty logarithmic and

ths number of channels may ditter per decade 23 a calibration curve was made of the moan channel number of cells labeled with

dirforont amounts ol anti-CO14-FITC or anti-CD14-PE measursd in ths linoar mods and in the logarilhmic mode. When

measuremenls were performed ln the log mode, this calibraiion curye was used io calculale the mean aIbitrary fluorescence units

from the mean channel number.

lmmunohlst@hemlstry.
Tlssues were obiained from blopsy samples (Departmsnl ol Pathology, Slolervaart Hospital, Amsterdam) and snap lrozen ln liquid

nltrogen. A modmcation of the immuno alkalino-phosphate (AP) mothod described by Ll el al.2' was used. Seclions ol I Um

thlcknsss were cul on a Roichert-Jung 2800 frigocul cryostat, transterred to poly-Llysine coated microscope slides, air dded, and

ffxed in acetone (10 min at ,oom lemperature), rinsod ln PBS, and incubatsd with primary antibody lor 30 min at room tsmperalure.

Atter rinsing in PBS (5 min), the sections wore lncubated wilh an alkalin6-phosphalase-con,ugated socondary antibody lol 15 min at

room tompsrature, rlnsed with PBS (5 min), and incubatod lor 30 min at room lemporqlurs in the daft wih naphlol-As-Mx-phosphale

(Slgma) and Now Fuchslno (Chroma Oezollschatt, Kongen, BBD) as a coupling sall to dwelop a red roaction producl. Finally the

soclions wer6 dnsed with aqua dest, countarslalned with Mayers hematoxilin, and mounted in DsPoX mountlng medium (BDH,

Pools, UK). Serial dilutions ol mAb l4-5 and l5-2 ln PBS were tested lor reactlvity and finally used at I pgy'mL. ln control ssctions no

primary antibody was used. The identity ol ths cells was iudged on the basis ol their morphology and location in ths lissue. The mAb

wore also tosted on parattin-embedded tissuo sections. Only mAb 15-2 show€d soma reaclivity with lhsss seclions but the staining

was granuls-like and not clearly assoclated with the cells, thsrelore only cryostat sections wera used in thls study.
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RESULTS

Western blot
To show that our mAb recognized the 175-kDa human mannose receptor we performed a Western blot.

As shown in ligure 1 the mAb 15-2 and 14-5, and not the control mAb, specitically stained the 175-kDa

mannose receptor isolated and purilied trom human placenta (the antigen we used to immunize

mice 18).

Flg 1 sDs PAGE and we3tern blottlng ot purl-
fl6d mannoso rectptor.
Lane 1 , mAb 1+5i lanE 2, mAb 1&2; lans 3, isotype-
matcied control mAb. The anow lndicates lhe positi-

on o, he 175 kDa mannose recsptor.

Facs analysis of monocyte/macrophage differen-
tiation
lsolated human monocytes (85% CD14) were cultured in

suspension. Cells were stained each day for mannose

receptor and CD14 or CD1 1c using, respectively,

biotinylated mAb 15-2 combined with streptavidine-PE and

anti-CD14-FITC or anti-CD1 1c-FlTC. ln the presence of

1O7o mouse serum or 0.5 mg/ml lgG no binding of

labeled control lgG, was detectable throughout the

experiments. A typical example of the monocyte,

lymphocyte, and macrophage staining with anti-CD11c

(fluorescence 1) and mAb 15-2 (fluorescence 2) is shown

in Fig 2A. The total population of cells consisted of

monocytes/macrophages, lymphocytes, and cell debris.

Each population was analysed separately using electronic

gating. Monocytes/macrophages (gate 1) were

distinguished from lymphocytes and cell debris (gate 2) by

their size (forward scatter) and amount of internal

particles (side scatter). We show the reactivity of the

cultured gate 2 cells because they are representative for

lymphocyte staining; fresh lymphocytes isolated

separately lrom the pooled bufty coats appeared in the

same gate and reacted in the same way as cultured gate

2 cells to the mAb tested below (not shown). More than

95% of the gate 1 cells were stained with anti-CD14 or

anti-CD11c on each day studied. Gate 1 macrophages
(cultured 4 days), but not monocytes (cultured 1 day),

were stained with mAb 15-2. No binding of mAb 15-2,

anti-CD14, or anti-CD11c to lymphocytes was observed

during the whole culture period. The fluorescence caused

by mAb binding compared with the blank fluorescence

(mainly autofluorescence) is shown in the histograms (Fig

2B).

2 3
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Fig 2 Facs anatysls ot mAb 15-2 binding to human lymphocytes, monocyies and macrophages.

Monocyteq were cultured lot 1 ot 4 days and incubaled at 4'C with or withoul 10 pg/mL biotinylated mAb 15-2 lollowed by an

incubation with slreptavidin-PE (fluorescence 2) and anti-CD1 1C-FITC (lluorescence l). Gates were set on populations based on the
forward scatter (cell size) and side scatler (intemal cell particles). Gale 1 contained monocytes/macrophages, whereas gate 2
contained lymphocytes and cell debris. Total and scatter-gated dol plots are shown, with the dotted cross indicating the limils ot the

blank fluorescence (A). Overlay hislograms (relalive cell number versus log fluorescence 2) of cells incubated wilh mAb 15-2 plus

streptavidin-PE and anti CD1.lC-FITC (lino) and control cells incubated wilh streplavidin-PE and anli-CD1 1C-FITC (dotted line) of the

total and scatter-galed cell populations are shown in B.
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The mean fluorescence of gate 1 cells was calculated for each day during culture (Fig 3). The mannose

receptor was not detectable on 1- to 2- day cultured monocytes, and became detectable after culturing

the monocytes lor 3 days. Binding ol the mAb was concentration dependent, and expression of the

mannose receptor remained stable from day 4 onward. Compared with these results obtained with

biotinylated mAb 15-2, similar results were obtained with FlTCiabeled mAb 15-2, 14-5, and 14-3, which

recognize the same epitope, and with mAb 14-2, which recognizes a ditferent epitope on the mannose

receptor. 18 The lymphocytes (gate 2 or isolated from buffy coats by use of elutriation) did not react with

any of these mAb (not shown). The specilicity of binding of mAb 14-5, 14-3, and 14-2 was demonstrated

on 6- to 9-day-old cells. Fig 4 shows that the unlabeled mAb were able to compete for the binding ol the

corresponding F|TC-labeled mAb. No inhibition was observed with 600 pg/ml control lgG,.

When living macrophages were incubated with F|TC-labeled mAb 15-2 al 37'C a higher signal was

obtained than at 4'C (Fig 5A). Fig 58 shows that the binding at 37'C and at 4'C of labeled mAb 15-2

was specific because it was inhibited with excess unlabeled mAb 15-2. Because the inhibition with cold

ligand occurred at similar concentrations at both temperatures, the increased signal appeared not to be

due to increased atfinity for the receptor at 37'C. The higher signal at 37'C suggests accumulation ol
labeled mAb inside the cell, which is compatible with internalisation of the mAb-receptor complex,

release of the mAb inside the cell, and recycling of the receptor.2s
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Fig 3 alnalng at 4'C o, dltlerent concentratlons of
blotlnylated mAb 15-2 to cells cultured lor 1 - 7 days.
Binding was detected by uso of slreptavidin-PE and

fluorsscence was measured in a log mode. mAb blnding to

scaltor gate I cells was oxprsssed as mean arbitrary

fluorescence units (calculated using a calibration curve; see

Materials and Methods). Concsntration mAb 15-2: 10 pg/mL

(A), s ug/mL (+), 1 !g/mL (a), 0.1 ttg/mL (A), blank (o).

Fig 4 etnolng at 4"c o, dlfferent mAb to monocyles/
macrophages.
Monocytss culturod for 6-9 days were incubatsd at 4'C with

FITc-labeled anii-mannose receptor mAb 1+5, 1+3, ot 14-2

(25-50 pg/mL) and ditleront concsntrations ol the

corresponding unlabeled mAb. Residual mAb binding to tho

scatter gate 1 cglls was msasured in a linear mods, and

expressed as a parcentage ol control (mean t standard arlor

of ths msan, n=3). Symbols are as follows: mAb 1+5 (E),

mAb'14-3 (o), and mAb 14-2 (A).
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Fig 5 temperature dependency and speclflclty ol the lnteractlon betwoen mAb 1$2 and monocyies/macrophages

culturedfor5-7days.
cells woro incubated with 35 ug/mL FlTc-mAb 15-2 and 0.5 mg/mL purified human lgc ln PBs containing 1 mgy'mL BSA. FITC-

mAb 15-2 binding to scatter gate 1 cells was measured in a log mods and expressad as msan arbitrary fluorBsconce units (calculaled

by use ol a calibration curve, see Materials and Melhods). lncubations wero pettormsd at 4'C ( ) or al 37'C (A) lor various lime

periods (A), and for 30 min al 4'C (A) or at 37"C (A) in tho presence of lncreasing concentrations ol unlabolod mAb 15-2 (B)

Fig 6 efect ot oEx or LPs on blotlnylated mAb 15-2 blndlng to monocytes cultured tor 3 or 4 days.

Binding was detected ry uso of stroptavidin-PE and fluoroscence was measured ln a log mode. mAb binding to scatter gate I cells

was expressed as mean arbitrary fluorescence unils (calculated with the use of a callbraton qiIve, s€€ Matedals and Methods).

Cullured monocytes were lreated with or without 0.1 pg/mL DEX or LPS on day 3, and measured at day 4 (A). l,ronocytes rv€re

continuously treated lrom day O onward and measurod al day 3 (B) and on day 4 (C). Symbols are as tollows: non-troaled (tr), DEX-

trealed (a), LPs-trsated (a).

Facs analysls of activated/i mm u nosuppressed macrophages
To assess whether it was possible to detect ditferent levels of mannose receptor expression by flow

cytometry using the anti-mannose receptor mAb, we treated the monocytes/macrophages with DEX or

LPS in order to up- or down-regulate the receptor and measured scatter, autolluorescence, anti-CDl 1c,

anti-CD14, and mAb 15-2 binding. Cells were treated with DEX or LPS on day 3 and after 24 h mAb 15-

2 binding was measured (Fig 6A). No differences were observed from non-treated cells.
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Then, from day 0, monocytes were treated with these agents and binding was measured at day 3 (Fig

68) and day 4 (Fig 6C). The cells were differently allected by the two agents. Compared to that ot

nontreated cells the average autofluorescence, forward, and side scatter of the cells was higher and the

CD14 expression lower when stimulated 3 or 4 days with DEX, whereas the side scatter was higher and

CD11c expressl,rn was lower when stimulated for 4 days with LPS (not shc,vn). mAb '5-2 binding was

up-regulated by 3EX after 3 and 4 days in culture, and down-regulated (nor up-regulateC .,iie non-

stimulated macrophages) by LPS after 4 days in culture. Throughout the experiments the cells

expressing mannose receptor displayed a normal lluorescence distribution and no population subsets

were distinguished.

lmmunohistochemistry
Table 1 shows a comparison of cell staining with KP1 and cell staining with mAb 15-2. mAb 14-5 was

also tested and stained the same cells as mAb l5-2 (not shown). Very different staining patterns of mAb

15-2 and KP1 were observed. ln a cytospin ol bone marrow cells, the granulocytes, monocytes, and

macrophages (all myeloid cells) were stained with KP1, whereas only the macrophages reacted with

mAb 15-2. ln the thymus KP1 reacted with branched cells (macrophages and dendritic cells) in every

area, with rounded cells (monocytes, granulocytes?) and with the endothelium of small blood vessels in

the medulla. mAb '15-2 predominantly stained branched cells in the cortex and only a few branched

cells in the medulla. Both mAb reacted with the branched cells lying along the connective tissue septa.

ln the lymph node KP1 reacted with branched cells in every area, whereas mAb 15-2 predominantly

reacted with branched cells in the subcapsular sinus, the T cell area, and the medulla. ln the skin, KP'l

stained branched cells in the dermis and the Langerhans cells in the epidermis, whereas mAb 15-2 only

stained the branched cells in the dermis and not the Langerhans cells in the epidermis. Representative

areas of thymus and lymph node stained by KPI or mAb 15-2 are shown in Fig 7 and 8.

Table i: Comparlson ot cell staining with KP1 or mAb 15-2 in human tlssue.

+ strong slaining, - no staining, - (+) very few cells stained.

CELL TYPE KPl

Bone marow smear

Thymus

Lymph node

lymphocytes
granulocytgs
monocyles
megakaryocytes
macrophages

branched cells'
branched cells
rounded cells
branched cslls
endothelium

branched cells
branched colls

banchad cells
branched cells
branched cells

Ltroerhans mlls
bran-ched cells

+

+
+

- (+)

cortex
connective tissue trabecula
medulla

subcapsular sinus
T coll area
B cell area

mantle zone
germinal cenlrs

medulla

epidermis
dermis

The branched cells observed can be macrophages or dendritic cslls (called interdigitating cells ln the T cell area or lollicular dendritic

cslls in the B cell area). Both celltypes are known to bs presgnl in lymphoid and non-lymphoid tissues, and macrophages are

morphologically not diflerent from dendrilic cells whsn viewed by light microscopy (sos Discussion).

+
+

- (+'l
- (*l
+

+
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Fig 7 Statnlng patterns of KPl (a) and mAb 15-2 (b) in cryostat sectlons ot human thymus. ln the middle, the thymus

medulla with many KPl and few mAb 15-2 posillvs colls is shown (branchsd cells, large while anow; endolhelium small white arrow).

ln the periphsry lhs thymus cortex with KPl and mAb l5-2-positive cells (branchsd calls, large black anow) and the connective

tissue septa with KP1 and mAb 1s-2-positive cells (branched cells, small black arrow) arg shown.

Flg I Stalntng patterns ot KP1 (a) and mAb 1+2 (b) ln cryostat sectlons o, human lymph node. ln the middls the B cell

area, follicle with gorminal centra and mante zone, containing many KP1 and lew mAb l+2-positive cells ls shown (branched cells,

germinal centr6, small whits anow; mantle zono, large wtrite anow). ln tho periphsry ths T cell area with KP1 and mAb 15-2 positivo

cslls (branchod cells, small black anow) and the medulla with KP1 and mAb 15-2 positivo cells (branched cells, large black arow)

aro shown
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DlscusstoN

ln this study we describe the use of mAbs against the human mannose receptor to specilically detect

human cells expressing mannose receptor in flow cytometry and immunohistochemistry

Human monocytes dilferentiate to macrophages depending on the culture conditions within a few days.
2r'28 Mannose receptor-mediated binding and degradation of ligands is observed after culturing the

monocytes for a few days. a'11 Our mAbs, which were able to detect the 175-kDa mannose receptor

isolated from human placenta in Western blots, proved to be suitable for specilic and quantitative

detection of cells expressing mannose receptor using flow cytometry. Using the mAb we showed that

the mannose receptor is absent on lymphocytes and monocytes and is up+egulated on monocytes

during differentiation to macrophages.

Binding of the mAb was concentration dependent, and was inhibited by the corresponding unlabeled

mAb. At 37"C mAb 15-2 possibly was internalized and the free receptor was recycled because,

compared with the binding at 4"C, higher levels of fluorescence were observed without any change in

the mAb atlinity for the receptor. This is consistent with other studies which state that approximately 80%

of the macrophage mannose receptor is not expressed on the cell membrane due to the internalization

and recycling of the receptor.2s

Down-regulation by LPS and up-regulation by DEX ol the macrophage mannose receptor activity have

previously been demonstrated. 11'15'27-2s LPS down-regulates and DEX up-regulates macrophage

mannose receptor-mediated tPA degradation. 11 We showed that it was possible with mAb 15-2 to
discriminate between non-stimulated, LPS stimulated and DEX stimulated macrophages. Down-

regulation by LPS ol both mannose receptor and CD11c was observed on cells cultured for 4 days. LPS

ineversibly inactivates the receptor without atfecting total receptor biosynthesis by an unknown

mechanism. u mAb 15-2 recognizes a site close to the t-PA binding site because it is able to inhibit t-PA

binding to the mannose receptor.'8 The LPS mediated down-regulation of mAb 15-2 binding observed

does not necessarily mean that the whole receptor was down-regulated; it could have been caused by

binding site masking or destruction. The correlation of decreased mAb 15-2 binding with decreased

receptor function suggests that mAb 15-2 binding in flow cytometry reflects functional mannose receptor

expression.

DEX up-regulates the mannose receptor by up-regulation of receptor mRNA followed by receptor

synthosis 28 as does interleukin-4.8 Granulocyte-monocyte colony-stimulating lactor and interleukin-4

treatment of monocytes results in differentiation to cells with up-regulated mannose receptors and many

characteristics of immature dendritic cells. 8's Macropinocytosis and mannose receptors are used by

these cells for the efficient capture of antigens. s ln our experiments mannose receptor up-regulation by

DEX was observed on the third day in culture. lt may be possible that the higher expression ol mannose

receptor on our DEX-treated monocytes was an indication ol ditferentiation of the monocytes to cells
with characteristics of immature dendritic cells.
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lmmunohistochemistry showed that our mAbs (mAb 15-2 and 14-5) did not recognize cells that are

known to contain other mannose binding proteins with a similar ligand spectrum, or receptors with a

similar configuration to the mannose receptor. mAb 15-2 did not stain lymphocytes that have mannose

binding protein 16 and no lymphocytes or vascular endothelial cells that express pancreatic group I

phospholipase A2 receptor3l (a receptor analogous to the mannose receptore). The mAb did not stain

thymic epithelial cells that may express the DEC-205 receptor (a receptor analogous to the mannose

receptorB). Although freshly isolated Langerhans cells are able to internalize mannose-BSA, no 175-

kDa receptor is found in Western blots. s We did not find mannose receptor positive Langerhans cells in

the epidermis, indicating that a different mannose binding protein mediates the uptake of mannose-BSA.

Similarly monocytes and granulocytes, which are able to bind mannose-BSA17 and do not contain the

175-kDa mannose receptor, lwere not stained with mAb 15-2. KP1, although commonly used as a
macrophage marker, also stains other myeloid cells (monocytes, granulocytes) besides macrophages

and some endothelial and epithelial cells.20 We showed a ditlerent staining pattern for KP1 and mAb

15-2.

It has been suggested that the mannose receptor plays a role in the uptake of antigen tollowed by

antigen presentation by dendritic cells, Langerhans cells, and macrophages in vitro. s'34'35 We showed

that most of the known cells ol the dendritic cell family (Langerhans cells, follicular dendritic cells in the

B cell areas of the lymph node and the interdigitating dendritic cells in the thymus medulla) did not

express the mannose receptor, whereas we did lind mannose receptor-positive branched cells in the

dermis, lymph node T cell areas, and the thymus cortex. Dendritic cells exist in two stages of maturation.

lmmature cells are present scattered throughout the body. When they pick up and process antigen they

subsequently move to the T cell areas of secondary lymphoid organs. Somewhere during this process

(location unknown) they mature; they lose their antigen-capturing capacity and become cells that trigger

the naive T cells recirculating through the T cell areas. *

Monocytes cultured in the presence of granulocyte-monocyte colony-stimulating factor and interleukin-4

become immature dendritic cells that express the 175 kDa mannose receptor while being able to

capture antigens, and that down-regulate the mannose receptor when they are stimulated with

maturation-inducing agents like tumor necrosis lactor q and LPS.8 Stimulation of these cells with tumor

necrosis factor q results in decreased antigen capture capacity and increased stimulatory capacity in a

mixed lymphocyte reaction. o We suggest that the mannose receptorpositive (and KP1 positive)

branched cells seen in the tissues represent resident macrophages and immature dendritic cells, and

the mannose receptor-negative (and KP1 positive) branched cells represent activated macrophages

and mature dendritic cells. Thus our mAb may be useful in combination with other markers to study the

process of dendritic cell maturation in human tissues.

Because the mannose receptor is thought to be involved in the non-opsonic degradation of pathological

organisms, a and in the internalization of parasites that manage to survive and replicate inside the

macrophage, 5'6'7 our mAbs may offer new insights into the role of the mannose receptor in various

diseases.

ln conclusion the mannose receptor is a specilic marker for different types of macrophages. Our mAb

proved to be a useful tool for detecting the 175-kDa mannose receptor in Western blots, for

discriminating resting macrophages from immunosuppressed and activated macrophages using llow

cytometry, and for detecting cells expressing mannose receptor in cryostat sections of human tissues.
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SUMMARY

The 175 kDa mannose receptor has been shown to be involved in diflerent processes such as

clearance, antigen uptake and lusion of macrophages into giant cells. The mannose receptor

expression on macrophages is downregulated by activation and upregulated by alternative activation ol

macrophages in vitro. Recenlly we developed a specific monoclonal antibody (mAb) that recognizes the

human mannose receptor, mAb 15-2. ln the current report the expression of the human mannose

receptor under physiological and pathological conditions was immunohistochemically studied in tissues

by the use of mAb 15-2.

Under physiological conditions, the mannose receptor was expressed on resident macrophages, liver

and splenic sinusoidal endothelial cells, spermatozoa and spermatids. ln tuberculosis and leprosy, in

rheumatoid arthritis and in breast carcinoma the macrophages were probably activated as the mannose

receptor expression by macrophages appeared to be downregulated. ln contrast, in a foreign body

reaction the macrophages were probably alternatively activated as the mannose receptor expression by

macrophages appeared to be upregulated.

tt is concluded that only a few human cell types express the mannose receptor. As previously shown ln

vitro, lhe mannose receptor expression on macrophages probably reflects the type of macrophage

activation in vivo. mAb 15-2 is a specific tool to study the mannose receptor expression in human

tissues.

INTRODUCTION

The 175 kDa mannose receptor is expressed by macrophages in vitro. Antagonists of the mannose

receptor inhibit the uptake and degradation of high mannose-type oligosaccharide containing

glycoproteins such as lysosomal enzymes' and tissue-type plasminogen activator (t-PA).' They also

inhibit the complement-independent uptake of pathogenic organisms that have polymannose structures

on their membrane. 3 Mannose receptormediated uptake results in either intracellular degradation of

organisms such as Candida albicans, or intracellular survival of parasites such as Mycobacterium

tuberculosis.3lt also plays an important role in the antigen uptake and processing by dendritic cellsa's

and fusion ol macrophages into toreign body-type giant cells after interleukin-4 stimulation. 6

Furthermore the mannose receptor expressed on other cell types appears to mediate the plasma

clearance of high mannose-type oligosaccharide containing glycoproteins in the liver, 18 the homing of

lymphocytes to the spleen, e,10 sperm fertilityll and the induction of alveolar smoolh muscle cell

prolileration. 12'13

It has been suggested that the mannose receptor may be of clinical interest tor therapeutic interventions.

For example, the mannose receptor is a potential target lor the specilic delivery of drugs to

macrophages. l',ts Furthermore, the receptor ligand t-PA is an enzyme that activates fibrinolysis and it

has been shown that an increased plasma t-PA concentration .present during thrombus formation

reduces the thrombus formation in the rat. 16 Thus blockage of the mannose receptor-mediated plasma

clearance or t-PA may De of interest in antithrombotic therapy. 17
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ln vitro, the expressional state ol the mannose receptor highly correlates with the functional state ot the

monocyte/macrophage. Macrophages express the mannose receptor whereas no expression is seen on

monocytes. 2,18,1e High mannose receptor expression correlates with the antigen uptake capacity oJ

dendritic cells a and increases foreign body-type giant cell formation9 lmmunosuppressed or

alternatively activated macrophages have a high mannose receptor expression,2'o''s-2 whereas activated

macrophages and dendritic cells have a low mannose receptor expression. 2'4'1e'21'23 The mannose

receptor may thus be a good marker for distinguishing between these macrophage phenotypes.

Although a number of studies have been performed on the expression ol the mannose receptor under

specif ic conditions in vitro,lhe ln vlvo expression of the mannose receptor has not been documented in

detail. Recently we developed a monoclonal antibody (mAb) specific for the human mannose receptor

(mAb 15-2).2a ln this report the expression of the mannose receptor under physiological and

pathological conditions is evaluated by the use ol mAb 15-2. Because it has been suggested that in

most of the pathological conditions studied, macrophages are of crucial importance, we compared the

mannose receptor expression to the expression of the commonly used pan-macrophage marker, the

CD68 antigen, by the use ol mAb KP-1 .25'26

MATERIALS AND METHODS

Materlals
Mousa monoclonal antibody KP-1 (lsolype lgcl) against the human CD68 antigen was purchased lrom Dako A,/S (Glostrup,

Danmark). Mouse monoclonal antibody mAb 15-2 (isotype lgc,) has been raised against the human mannose receptor, isolated lrom

placenta as described " (Gaubius laboratory, Leiden, The Netherlands). This mAb detects the 175 kDa mannose receptor in

Western blol, " lnhibits lhe binding ol l-PA to the mannos€ receplof,' delocts up- or doffrregulation ol the macrophage mannose

receptor €xprsssion by use ol flow cytometry, 1' and can be usod to delsct mannoso receptor exprossion in lmmunohistochemistry. '0

lmmunohlstochqnlstry
Tissua obtainad from autopsies and lissue biopsies obtained trom patients lor diagnostic purposes (Department of Pathology,

sloteNaart Hospllal, Amsterdam, Ths Nsthedands) were snap frozen in liquid nitrogen. Diagnosis ol tissuos atfscted by disease was

perlormed ry pdhologisb using standard prolocols. A modificalion of the immuno-alkaline-phosphatass method described by Li et al.
27 was used ,or lissuo staining. Sections of I pm lhicknoss were cut on a BeicherlJung 2800 lrigocut cryostat, translerred to poly-L-

lysins-coated microscope slides, air dried and fixsd in acetone (10 min at room tomperature), rinssd (5 min) ln phosphate-buffered

satine (PBS), and lncubated wilh primary anlibody (1 !g/ml mAb 15-2, 1:2000 dllution of KP-1) for 30 min at room temperature. Atter

rinsing in PBS (5 mln), the sections were incubated with an alkaline-phosphatase-conjugated secondary antibody (rabbit anti-mouse,

Dako A/S, Glostrup, Denmark) tor 15 min at room temperature. Atter rinsing in PBS (5 min) the sections were incubaled for 30 min at

room temperature in the dark wiih naphtol-As-Mx-phosphate (Sigma Chemical Co., St.Louis, MO, USA) and New Fuchsine (Chroma

Gezellschaft, K6ngen, Gamany) as a coupling salt to dovelop a red reaction producl. Finally lhe sections were rinssd wilh aqua dest,

counterslained with Mayers hematoxylin, and mountsd ln DoPsX mounting medium (BDH, Poole, UK). ln control soclions no primary

antibody was used. Tho ldantlty of ths cells was ludged on the basis ot their morphologD/ and heir location in the tissue.
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RESULTS

Mannose receptor exprcssion under physiological conditions
The expression of the mannose receptor and CD68 on cells in healthy tissues is summarized in Table 1,

which includes some data that were recently published elsewhere. ln all tissues only macrophages

(including the perivascular glial cells and the synovial lining cells) were both CD68- and mannose

receptorpositive. KP-1 and mAb 15-2 stained these macrophages with equal strength in healthy tissues.

KP-1 and not mAb 15-2, stained monocytes, granulocytes, macrophages in thymus medulla,
macrophages in the B cell areas of lymphoid tissue, Langerhans cells, brain microglia cells, and some

endothelial and epithelial cells. ln the liver and in the spleen mAb 15-2 and not KP-1 , abundantly stained

the sinusoidal endothelial cells (Fig 1A,B see appendix, page 140). ln testis, the macrophages were both

CD68- and mannose receptor-positive, the Leydig cells were only CD68-positive and the spermatids and

spermatozoa were only mannose receptor-positive (Fig 1C,D see appendix, page 141 ).

TABLE 1 Tlssue disalbutlon of the mannose receptor and CD68 under physiological conditlong.
Cryostat sections ol human tissue were stained with mAb KP-1 or 15-2, and the slaining pattems were compared with each other

and to that of tissues stained without primary mAb. + posilive cells, +(-) marker stained less cells than olher marker, -(+) very few

cells stain positive, - no slaining observed,' mants zono and germinal 6entre.

Tissue, location cell type KP-l l5-2 Tissue, location cell type KP-t 15-2

Bone marrow rQ

Thymus rr

cortex
medulla

Lymph nodeie
subcapsular sinus

T cell area
B cell area'

medulla

Spleen (Fig 1A)
red pulp

whita pulp
marginal zone
germinal centre

Llver tT

Kldney
glomerulus
proximaltubulus
around tubuli

Heart

lymphocytes
granulocytes
monocytes
megakaryocytos
macrophages

macrophages
macrophag6s
round cells
endothelium

macrophagss
macrophagss
macrophages
macrophagss

sinusoidal cells
macrophages

macrophagos
macrophages

sinusoidal cells
Kuptfer cells
parenchymal cells

mesangial macrophages
epithelial cells
macrophages

endothelium
heart muscle cells
macrophages

Colon
- mucosa
- submucosa

- Brain
+

+

:U, 
Placenta2'

Testls (Fig 18)
+
+(-)
'(+)
+

Skin te

+ epidermis
+ dermis

+C) Lung
-(+)

macrophages
macrophages

microglia cells
perlvascular glial cells

Hofbauer cells
endothelial cells

macrophages
Leydig cells
spermatids
spermatozoa

Langerhans cells
macrophages

smoolh musde cells
endothelium
alveolar macrophagos
tissuo macrophagss

macrophages
smooth muscle cells

synovial lining colls
macrophages

macrophages

;
:
+

+
+
+
+

+
+
+
+

+
+
+

l
+

+

l

+

+
+ +

+

+
+

+
+

:
+
+

+

+
+

Trachea

Synovium
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Mannose receptor expression under pathological conditions
As macrophages play an important role in granulomatous diseases, we studied the granulomatous

diseases cutaneous luberculoid leprosy, tuberculosis in the lung, and a reaction to polyethylene in the

synovium (Table 2). The strength ol the CD68 staining with KP-1 was not atfected under these

conditions (Fig 2A see appendix, page 144). ln leprosy and tuberculosis, mAb 15-2 did not stain or only

weakly stained the macrophages surrounding the (Langhans-type) giant cells (Fig 2B,C see appendix,

page 144). ln a synovium with macrophages reacting to polyethylene (toreign body reaction), mAb 15-2

strongly stained the macrophages surrounding the (foreign body-type) giant cells (Fig 2D see appendix,

page 144). mAb 15-2 did not stain or only weakly stained both Langhans-type giant cells and foreign

body{ype giant cells (Fig 2B-D).

Healthy synovial lining cells expressed both the CD68 antigen and the mannose receptor (Table 1). ln

rheumatoid arthritis, hypertrophy and hyperplasia ol the synovial lining cells was observed.

Morphologically these cells appeared to be macrophages and the complete layer was CD68-positive.

However, only a few cells ol the hypertrophic and hyperplastic synovial lining cells were weakly mAb 15-

2-positive (Fig 2E,F see appendix, page 145). ln contrast to the stroma of normal breast, no mAb 15-2-

positive macrophages were observed in the desmoplastic tumorstroma of breast carcinoma ol both the

ductal (Fig 2G,H see appendix, page 145) and the lobular type (not shown). Stromal macrophages in

both normal breast and breast carcinoma were CD68-positive.

TABLE 2 Tissue dlstributlon of the mannose receptor and CD68 under pathological conditions.

Cryostat sections of human tissue were stained with mAb KP-1 or 15-2, and the staining pattsrns were compared wilh each other

and lo that ol tissues stained without primary mAb. + positive cells, ++ strong staining, -/+ weak stalning, 'no slaining obserued,

( I ) mannose receptor upregulated and (,1 ) mannose receptor downregulated compared with physiologi:al condiiion.

Disease, tissue, location cell type

Tuberculoid leprosy (Fig 2A,B)
Skin
eF,idermis
dermis
granulomas

Tuberculosis (Fig 2C)
Lung

granulomas

lymph aggregales

Foreign body reaction (Flg 2D)
Synovium

lymph aggregales

Rheumatoid arthritis (Fig 2E,F)
Synovium

Ductaulobular carclnoma (Fig 2G,H)
Breast
normal stroma
desmoplaslic lumor slroma

Langerhans cells
macrophages
macrophages
Langhans-type giani cells

alveolar macrophagos
lissue macrophages
pallisad macrophages
Langhans-type giant cslls
macrophages

synovial lining cells
stromal macrophages
foraign body-type giant cells
macrophages

Hypertrophic and hyperplastic
synovial lining cells
stromal macrophages

macrophages
macrophages

+'!' (r)

+
++ (l)
-!*

-l+ (l)
+

+
- (l)
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+
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DlscusstoN

The expression and functions of the mannose receptor have been studied r,h yrlro, however lhe in vivo

expression of the mannose receplor is not documented in detail. We studied the expression of the
human mannose receptor in human tissues under various conditions by immunohistochemistry using
the recently-developed mAb 15-2. 1s'24

Many studies have suggested the involvement of the mannose receptor when a process was inhibited by

ligands of the mannose receptor. However, there are other mannose-binding proteins that are able lo
bind mannose receptor ligands.2&P Thus inhibition of a process by mannose receptor ligands does not
prove that the mannose receptor is involved. Because mAb '15-2 does not recognize these other
mannose-binding proteins, 1s it is a useful tool for providing evidence tor the involvement of the 175 kDa

mannose receptor. This is illustrated bythe observation that in the present study no mannose receptor

was expressed by smooth muscle cells at all, while the mannose receptor has been reported to mediate

mannose receptor ligand-induced proliferation by tracheal smooth muscle cells ln vitro. 12'13 The
discrepancy suggests that not the mannose receptor but another receptor is involved in this process.

This other receptor might be the 180 kDa phospholipase A2 receptor; the receptor contains domains

similar to the mannose receptor,3lit binds mannose receptor ligands, and phospholipase A2 induces

DNA synthesis in smooth muscle cells.32'33 The 180 kDa phospholipase A2 receptor is not detected by

mAb 15-2. ls

Mannose receptor expression under physiological conditlons.
The mannose receptor was expressed by resident (stromal) macrophages in nearly all vital organs
under normal conditions. ln contrast to CD68, the mannose receptor was not expressed by follicular

dendritic cells in the germinal centres of lymphoid tissue (Fig 1A). As discussed previously 1e

macrophages expressing both CD68 and the mannose receptor, represent non-activated macrophages

or dendrltic cells, while macrophages which express CD68 but not the mannose receptor, represent

activated macrophages or dendritic cells. mAb 15-2 directed against the mannose receptor thus is an

important tool in discriminating betlveen non-activated macrophages/dendritic cells and activated

macrophages/dendritic cells.

Besides the expression by macrophages, the mannose receptor was abundantly expressed by liver

(see ") and splenic sinusoidal endothelial cells (Fig 1A), but not by endothelium in other organs. This
suggests that the mannose receptor has a specific role in liver and spleen. As shown by plasma

clearance and tissue distribution studies the uptake and degradation of mannose receptor ligands such

as t-PA and mannosylated albumin from plasma is mainly mediated by the liver and not by the

spleen.s's Mannose receptor ligands have been used for the specific delivery of genes to mannose

receptor-expressing cells in gene therapy. After iniection ol an expression plasmid conlugated to a
mannose receptor ligand, a low expression ol the gene was found in the liver whereas a high expression

was found in the spleen. 1s This suggests that in contrast to the mannose receptor on liver sinusoidal

endothelial cells, s the mannose receplor on splenic sinusoidal endothelial cells does not mediate

efficient degradation of its ligands. lnstead, the mannose receptor in the spleen appears to be involved

in the homing of lymphocytes to the spleen, since mannan, a ligand for the mannose receptor, binds to

the splenic sinusoidal endothelium, and has been shown to inhibit the splenic entry ot lymphocytes ,n

vivo.s'1o
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ln brain tissue we found a single cell layer of mannose receptorpositive cells directly below the

endothelium ol blood vessels (these cells are the perivascular glial cells s), whereas the microglial cells

were mannose receptornegative. The perivascular glial cells are thought to be involved in the antigen

presentation to encephalitogenic T cells in experimental autoimmune encephalomyelitis (EAE' an

animal model for multiple sclerosis). s The mannose receptor has been shown to be involved in antigen

presentation by young dendritic cells in vitro.a's lt is possible that the mannose receptor has a similar role

in antigen presentation by perivascular glial cells. ln addition, the mannose receptor may play a role in

the blood-brain barrier by the uptake and degradation of mannose receptor ligands such as lysosomal

enzymes' ''' t-PA, 'z's dopamine B hydroxylase t' and acetylcholinesterase. *

The mannose receptor was expressed on spermatids and spermatozoa (Fig 1B). Possibly the mannose

receptor is involved in the fusion of sperm with the egg, as described for the involvement of the mannose

receptor in the fusion of macrophages into foreign body-type giant cells, u but this remains to be shown.

It has been shown that the mannose-albumin binding capacity of sperm cells correlates with the lertility

of the sperm cells. 11 lt is likely that the mannose receptor mediates the binding of mannose-albumin (a

mannose receptor ligand) in the above-mentioned study, and that the mannose receptor expression

thus may correlate with sperm fertility.

Mannose receptor expression under pathological conditions

ln vitro, the expression of the mannose receptor is upregulated by interleukin-4, m interleukin-13,21

dexamethasone2'1s.2z and prostaglandin E2.23 On the otherhand the mannose receptor activity is

downregulated by lipopolysaccharide,2'1s y-interferon' 21-23 or tumor necrosis factor-q,a substances

known to activate macrophages. lt has been suggested that interleukin-4 activates macrophages

(alternative activation) in a diflerent way from y-interferon. 20 We have demonstrated previously that in

flow cytometry, mAb 15-2 is able to detect mannose receptor downregulation on lipopolysaccharide-

treated macrophages and mannose receptor upregulation on dexamethasone-treated macrophages tn

vltro. 1e Thus the intensity of staining with mAb 15-2 correlates with the amount ol mannose receptor

expressed by the cells. Here we demonstrated in human tissues that, compared with physiological

conditions, under various pathological conditions the staining with mAb 15-2 was weaker or stronger on

macrophages, whereas the staining with KP-1 was not altered. This indicates that the mannose receptor

expression is down- or upregulated under these conditions ln vivo.

ln the granulomatous diseases studied, the mannose receptor was absent or only weakly expressed on

both foreign body{ype and Langhans-type giant cells. On the macrophages surrounding the foreign

bodytype giant cells, the mannose receptor appeared to be upregulated, whereas on the macrophages

surrounding the Langhans-type giant cells the mannose receptor appeared to be downregulated (Fig

2A,B). This indicates that the macrophages in these granulomas are activated by diflerent cytokines.

The mannose receptor has been implicated as being involved in the fusion of macrophages into toreign

body-type giant cells, since in vitrolhe formation can be inhibited by mannose receptor ligands.6 Foreign

body-type giant cell formation from macrophages is induced in vitro by interleukin-4 (T-helper 2

cytokine) treatment6,3s that also upregulates the mannose receptor expression. 6'%'21 ln contrast

Langhanstype giant cell formation from macrophages is induced in vitro by y-interferon (T-helper 1

cytokine) 3s which downregulates mannose receptor expression. 21'23 Thus the differences observed in

mannose receptor expression in these granulomas possibly reflects the regulation by cytokines present

in these human tissues rn vlvo.
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ln infectious granulomatous diseases such as tuberculoid leprosy and tuberculosis (Fig 2A,B) the
mannose receptor appeared to be downregulated on the macrophages. Phagocytosis of virulent strains
but not the less aggressive (attenuated) strains of Mycobacterium tuberculosis is mediated by the
mannose receptor in addition to complement receptors in vitro.Q Similarly, the parasites Trypanosoma
cruzi and Leishmani donovani enter their host, the macrophage, via the mannose receptor. 3 The
downregulation of the mannose receptor on macrophages may thus be an important defence
mechanism against these pathogens.

ln normal synovium the mannose receptor and the CD6B antigen were present in the macrophage-like
cells, the synovial lining cells. ln rheumatoid arthritis hyperplasia and hypertrophy ol synovial lining cells
was apparent (Fig 2E). This hyperplastic layer of cells was composed ol CDo8-positive and mannose
receptor-negative (activated) macrophages. Because these activated macrophages are possibly
involved in the tissue destruction seen in rheumatoid arthritis, it is ol clinical importance to study their role

in further detail. mAb 15-2 can be used to discriminate between activated and non-activated
macrophages.

ln the breast carcinomas studied here, the macrophages in the tumor stroma did not express the
mannose receptor; this is in contrast to the macrophages in normal breast stroma (Fig 2D). This
indicates that strong macrophage activation signals are present inside these tumors. Whether this
activation is part of the defence mechanism of the body against the tumor or a delence mechanism of
the tumor against the body (for example to avoid antigen presentation) remains to be shown. lt would be
interesting to study whether there is a correlation between macrophage mannose receptor expression
and tumor malignancy.

Recently Uccini et al. a1 reported that the mannose receptor is expressed on Kaposi's sarcoma cells and
that these cells are possibly related to splenic sinusoidal endothelial cells. As mAb 15-2 is capable of
detecting mannose receptor-expressing cells by use of flow cytometry, 1s mAb l5-2 may be an uselul
tool in detecting (precursors of) these sarcoma cells in peripheral blood for diagnostic purposes, but this
remains to be shown.

We conclude that only a few cell types express the mannose receptor in man and that, as observed rn
vitro, lhe mannose receptor may be up- or down- regulated on macrophages in human tissues under
pathological conditions in vivo. the anti-mannose receptor mAb 15-2 is a specific marker for non-
activated macrophages, liver and splenic sinusoidal endothelial cells, and is possibly a marker for fertile
sperm.
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Chapter 6

SUMMARY

ln search of synthetic high atfinity ligands for the mannose receptor, we synthesized a series of lysine-

based oligomannosides containing two (M.L) to six ( MuLu) terminal o-D-mannose groups that are

connected with the backbone by llexible elongated spacers (16A).

The synthesized cluster mannosides were all able to displace binding of biotinylated ribonuclease B and

tissue-type plasminogen activator to isolated human mannose receptor. The affinity of these cluster

mannosides for the mannose receptor was continuously enhanced from 18-23 pM to 0.5-2.6 nM with

mannose valencies increasing from two to six. On average, expansion of the cluster mannoside with an

additional q-D-mannose group resulled in a 10{old increase in its affinity for the mannose receptor.

M.L, to MuLu displayed negative cooperative inhibition of ligand binding to the mannose receptor,

suggesting that binding o, these mannosides involves multiple binding sites.

The nanomolar affinity of the most potent ligand, the hexamannoside MuL. makes it the most potent

synthetic cluster mannoside for the mannose receptor yet developed. As a result of its high aflinity and

accessible synthesis, M6Ls not only is a powerful tool to study the mechanism of ligand binding by the

mannose receptor, but it is also a promising targeting device to accomplish cell-specific delivery of

genes and drugs to liver endothelial cells or macrophages in bone marrow, lungs, spleen and

atherosclerotic plaques.

INTRODUCTION

The mannose receptor is a 175-kDa membrane-associated protein that is localized on sinusoidal liver

cells, peripheral and bone marrow macrophages, and dendritic cells. l{ lt recognizes and internalizes

mannosylated polysaccharides from pathological microorganisms, t tumour cells, 6 and yeast cells
7 and glycoproteins like type-l procollagen,s tissue-type plasminogen activalor,e or various lysosomal

enzymes. '0 As such, the mannose receptor participates in the nonimmune host-detence system. ln

addition, the macrophage receptor is implicated in major histocompatability complex-mediated antigen

presentation by dendritic cells. 11

The oDNA of the mannose receptor has been sequenced by Taylor et a1.12 and codes for live types of

domains 13: an N-terminal cysteine-rich domain, a transmembrane domain, a fibronectin type ll{ike

domain, a domain composed of eight strongly homologous repeats (the so-called carbohydrate

recognition domains or CRDs) and a C-terminal cytoplasmic tail. Taylor and Drickamer have

established that the CRDs are involved in ligand binding. '3''o Recent structure-function studies of

recombinanl truncated forms of the mannose receptor provided new insight into the mechanism of

ligand binding by the mannose receptor. 13,1a On basis of these results, it was proposed that CRD4 is the

only CRD to display a monosaccharide specificity characteristic lor the mannose receptor.'5 CRD4 and

CRD5 appear to be required lor high atlinity binding of high mannose-type glycoproteins and

mannosylated bovine serum albumin (BSA). By contrast, at least live consecutive CRDs are needed for

avid binding of highly mannosylated polysaccharides like mannan. 1a

Since each CRD embeds only a single mannose binding site, this implies that the mannose receptor

may accommodate five to eight appropriately configured terminal s-D-mannose residues. Previous

studies by Hoppe et al.16 and Janssen et a/.17 established that the affinity ol mannosylated albumin lor
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the mannose receptor indeed correlated with the extent of mannosylation. Surprisingly, derivatization

with more lhan 22-24 mannose groups was required for high affinity recognition by the mannose

receptor. This is considerably higher than the maximum number of CBDs thought to participate in ligand

binding. On one hand the above finding may reflect a purely entropic phenomenon, caused by an

increased chance of q-D-mannose groups to be adequately configured with respect to each other. On

the other hand, it may suggest that multiple receptor molecules cooperate in the ligand binding process.

To address this we have evaluated the effect of mannose valency on the affinity for the mannose

receptor in close detail using a series of homologous cluster mannosides that possess two to six

terminal q-D-mannose groups. This study shows that recognition of low molecular weight mannosides

by the mannose receptor is consistently, and not in a stepwise manner, enhanced with valencies

increasing from two to six and thus provides new information on the process of ligand binding by the

mannose receptor.

MATERIALS AND METHODS

Materials
Na"sl in o.l M NaOH (13.5 moi/pg) was purchased from Amersham (Buckinghamshire, United Kingdom). BSA (lraction V,

delipidated), collagenase (type l), p-nitro-phenolphosphate, p-aminophenyl-o-D-mannopyranoside, and ribonuclease B (bovine

pancreas) wera purchased from Sigma. t-Lysine-HCl; L{ysyl-L-lysine,2 HCl.0.5 HrO; di-(L-lysyl)-Llysine,3AcOH; tri-(t-lysyl)-Llysine,

4AcOH; and tetra-(Llysyl)-L-lysine, 5ACOH were all obtained from Bachem Feinchemikalien AG (Bubendorf, Switzerland).

Thiophosgene was obtained lrom Aldrich Chemie (Bornem, Belgium). N,N-Dimethylformamide obtained lrom i/erck (Hohenbrunn,

Germany) was refluxed ,or 4 h with CaH, (5 g/ite0 and destilled under reduced pressure- Streptavidin-alkaline-phosphatase

conjugate was from Amersham. Tissue-type plasminogen activator (t-PA) from a recombinant human melanoma cell culture was

provided by Dr. J. Verheijen (Gaubius Laboratory, TNO-PG, Leiden, The Netherlands).

Chromatography
Thin layer chromatography was perlormed using silica F?s! preformed layers (0.1 mm) on a plastic backing (Schleicher & Schuell

DC-F1500) and MeOH (A), acetonitrile-Hro (80:20, vtu) (B), or MeOH-CFiCl (80:20, vtu) (C) as eluent. Carbohydrates were

visualized after spraying with 20% HrSOl in MeOH and subsequent heating at 140-160"C. Amine- or amide-containing compounds

were visualized after spraying with ninhydrin and subsequent heating at 140'C, while compounds containing aromatic group were

visualized by UV shadowing (254 nm). Preparative column chromatography was performed using Kieselgel 60 (Merck, Hohenbrunn,

Gemany).

tngtrumental analysis
NMB spectra were recorded at 300 MHz (1H) with a Bruker WM300 spectromeler operating in the Fourier Transform mode (FT).

Chemical shilts are denoled in ppm (6) relative to tetramethylsilane as intemal slandard. Mass spectra were obtained using a

Finnigan MAT 900 mass speclrometer, using electrospray (MeOH/H,O (801201 + 1% HAc) as the ionization technique. Positive ions

were visualized after data processing using the HMB BSCAN UP profile.

Synthesis
4-(q-D-Mannopyranosylory)phenylisothiocyanate (1b) - Compound la (scheme 1) was converted inlo the phenyl isothiocyanate

derivative(1b) asdescribedbyMonsignyetal.'sandKataokaetal.l'lnshort,amixtureolcompoundla(244 mg,0.9mmol) and

lhiophosgene (0.52 mL, 5.'1 mmol) in ethanol/Hro (80:20, vfu; 50 mL) was stirred for 2 h at room temperature. The excess of

thiophosgene was removed by perspiration with N, Io|I h al room temperature. Atler concentration of the solution under reduced

pressure, the residue was dissolved in a small volume ol distilled water (1-2 ml), and NaOH (1.0 M) was added to pH 6.0. The

solution was concentrated, and the residue was chromatographed over a Kieselgel 60 column (40 ml) using CHrClr/MeOH (80:20,

vfu) as eluent. Fractions containing product 1b were pooled and lyophilized to yield 288 mg of a white crystaline powder (0.916 mmol;

102/")i RF:0.75 (B), 0.67 (C). Mass: 3'13.1 (M. calculated:313.32); r3C-NMR Attached Proton Tesl (APT):

161.3(C ,-phenyl), 138.5(C a-phenyl), 127.8(C ,,6-phenyl), 118.9(C a,5-phenyl), 101.1 (C 1 - Man, o-contiguration),76.9
(C s-Man), 73.6 (C , -Man),72.1 (C a -Man),70.0 (C I -Man),63.3 (C s -Man).
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Ma n nosylated ot I golys I nes

Mannosylatod (oligo)lysines, ,:e. MrL (2a), M3l+ (2b), MrL3 (2c), M5L1 (2d) and M6Ls (2e) were synthesized according lo lhe

procedureof Jansenota/. lTwithslightmodilications. lngeneral,compoundlb(0.10mmol; 32mg) and(oligo)lysine(0.83molar

equlvalonts on the basis of the amino group content) were dissolved in a mixture ol 0.1 M sodium hydrogen carbonate (pH 8.5) and

N,N-dimethylformamide (50:50, vtu; 4 ml), and the solu'lion was slirred lor 18h in lhe dark at room lemperalure. The progression ot

lhe reaclion was monilorod by TLC. ln case all o, compound tb had reacted, while ths reaction was nol yet complete, an additional

amounl ol lb (0.4 molar equivalents) was added, and tho rsaction mixturs was incubated lor another I h. Subsequently, the mixture

was concentrated in vacuo, and lhe crude products 2a-e were chromatographed over a Kieselgel 60 column using acetronilrile/Hro

(80:20, vfu) as eluent. Fractions containing product 2a-e wsre poolod and lyophilized to yield a whitish powder.

lf ,lf -Bis[Ny'p-(a-o-mannopyranosylory)anilino)thtocarbamyl]-L-lysine (M rL; 2a)

Rs=0.31(A); yield: 5.2lmol(12.5%\t Mass(M+Na.): 794.6(M'calculated:771.5\t 1H-NMR( DrO/CD3OD): 6 1.27 (q, br, 2H,

CH,-v), 1.63 (q, br, 2H, Cl-!-6), 1.90 (q, br, 2H, Cl'! -B), 3.s0 (t, br, 2H, C4-e), 3.7s-4.13 (m, 11H, Man H-1 to H-s and CH-q); 4.04

(d br, Man H-1(s), J=3.2 ppm); 5.61 (dd,4H, Man H-6 and H-6'),7.17 (m, 8H, phenyl-CH).

M -tff ,l\f -BistN-(p-(d-o-mannopyranosytory)anilino)thiocabamyll-L-lysyll-l\f -[N-(p-(d-D-mannopytanosylory)anilino) thiocabamyq'

L-lysine(M3L,:2b).Rr(A)=0.20; yield: 11.1 pmol (40%); Mass(M+Na*):1235.8(M-calculated:1212.8); 'H-NMR(qO/CqOD):6
1.33 (q,4H, CH,-y), 1.il (q, br,4H, CU-6), 1.76 (q, br,4H, C4-B),3.39 (t, br, aH, Cl-['e),3.73-4.19 (m,'17H, Man H-1 to H-5 and

CH-a); 4.06 (d, br, Man H-1(q), J=3.1 ppm); 5.57 (dd,6H, Man H-6 and H'6'1,7.22 (m, 12H, phenyl'CH).

M -tff -tM ,ff -BistN-(p-(a-o-mannopyranosytoxy)anilino)thiocarbamy0-L-Lysyll-M -IN-(p-(a-D-mannopyranosyloxy)anilino)'

thiocarbamyll-Llysy\-lf-[N-(p-@-o-mannopyranosylory)anilino)thieatuamy\-L]ysine(MaU:2c). R F (A): 0.1'l; yield: 7.0 pmol

(34%); Mass (M+Na.): 1676.1 (lvf calculated 1654.1); I H-NMR (D,O/CD3OD): 6 1.26 (q, 6H' C4-Y)' 1.57 (q' br' 6H' Cl-i, -6)' 1.90

(q,6H, CH2-B), 3.3'l (t, br,6H, Cl-l -e),3.68-4.26 (m,23H, Man H-1 to H-5 and CH-d), 3.97 (d, br, Man H-1(q), J=2.9 ppm); 5.52

(dd, 8H, Man H-6 and H-6'), 7.05 (m, 16H, phenyl-CH)

l,f -t'f -bf -tC ,1.10 -t,istN-(p-(d-D-mannopyranosyloxy)anilino)thiocahamyll-L-lysy0-M -[N-(p-(d-D-mannopyranosylory)anilino)

thiocarbamytl-L-lysytl-N -IN-(p-(q-D-mannopyranosylory)antlino)thiocabamyl]-LJysyll-lf -tN-(p-(d-D-mannopyranosyl-ory)anilino)

thtocabamytLlysine (M5L1: 2d). RF (A): O.O5; Yield: 11.5 pmol (50%); Mass (%.M"+Na.):1072.6 ( M . calculaled: 2095.4); 1 H -

NMR (D,O/CD3OD): 6 1.38 (q, br, 8H, CH,-y), 1 .75 (q, br, 8H, CH,-6), 1 .8S (q, 8H, CH,-B), 3.34 (t, br, 8H, CH ,'e), 3.66-4.36 (m,

29H, Man H-1 to H-5 and CH-q); 3.95 (d, br, Man H-1(d), J=2.5 ppm); 5.47 (dd, 1OH, Man H'6 and H-6'),7.05 (m,20H, phenyl-CH)

ff -fft'. -[.f -N -['f ,nf -BistN-(p-(a-D-mannopyranosylory)anilino)thiocarbamyl]-Llysy\-lA-[N-(p-(a-D-mannopyranosylory)anilino)

hiocahamytl-L-tysyll-l\f -tN-(p4d-D-manno-pyranosylory)anitino)thiocarbanyll-L-lysy|-lf -[N-(py'a-o-manno-pyranosyloxy) anilino)t-

hio-carbamyll-L-lysytl-l'f 4N-(p-(a-D-mannopynnosybory)-anilino)thiocatuamyll-L-lysine (M6Ls; 2e). R F (A): 0.05; yield: 1 'l .5 Umol

(83%); Mass (%.M'z. +Na. ): 1291.3 (M t calculated: 2536.7); 'H-NMR (D,O/CD!OD): 6 1.32 (q, br, 8H, CH,Y), 1.52 (q, br, 8H' CH,'

6), 1.74 (q, 8H, CH,-B), 3.,t3 (t, br, 8H, CHr-e), 3.65-4.28 (m, 29H, Man H-2 lo H-5 and CH-d), 3.91 (d, br, Man H-1(a), J=2.7 ppmli

4.92 (dd, 10H, Man H-6 and H-6'), 7.06-7.10 (m,20H, phenyl-CH).

Blotinylatlon ot rudlo-lodlnatlon ol t-PA and ilbonuclease B

Ribonucleaso B or t-PA wsrs dialyzed against 0.1 M NaHCO3, pH 8.5, and subssqusntly incubaled tor 3h at room tsmperature with

N-hydroxysuccinimid€-ac{ivated biotin (Zymed Laboratories lnc., South San Francisco, CA) at a ratio of I mol of protain to 6 mol of

N-hydrorysuccinimido-ac{ivatod biotin for ribonuclsaso B, and 2OO mol ol of N-hydroxysuccinimide-activatad bioiin tor t-PA,

respectively. After reaclion, tho protein was dialyzed againsl 20 mM Tds/HCl buffer, pH 7.4, containing 150 mM NaCl, 5 mM CaCl,

and 0.5% (vtu) Twoon-8o. t-PA was radioiodinated by tha IODO-GEN method as described, and a specilic radioactivity of 3500-5000

cpfiy'ng of prolein was obtained.'?o

lsotatlon ol endothellal llver cella.
Bat ondotholial lver cells wers isolated by a collagenaso perfusion protocol at 37'C as doscribed prsviously.21 Lfuer cslls were

ssparatod by ditlerential centritugation and endothelial cells were subsequently purified by counlerflow centrifugation. The purity of

ondothollal cells as monitored by peroidase staining was at least 95%. Viability ol tho cslls usod for ,h virro exparimsnts as iudged by

0.2% trypan blue oxclusion.

lsolatlon ot human mannose reoeptor
Human mannos€ rscsptor was isolated lrom human placenta atter solubllisalion with Triton X-100 and subsequenl affinity

chromatography over mannosylaled albumln-sepharose according to Ottor et a/. "
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Mennoae rccoptor blndlng assay
Displacemenl sludies ot binding of blotnylated ribonucleaso B and biotinylatsd t-PA to lsolated human mannose rsceplor wore

psrlorm€d essenthlly as describsd by Otter af a/. e Activatod PVC mulliwell platss (Flow Laboratoties) ware coatsd ovemight at 4'C
with purlffed mannos€ receplor (*15 ng[i,v6ll) ln coating butler (100 pl; pH 7.4), containing 20 mM TdVHCl, 150 mM NaCl, 5 mM

Caolr. After washlng, the wells were lncubated lor 30 min at 20'C with assay butfer (coating buffer supplemsnted with 0.5% Tween

80 and 0.1% BSA) (125 pl) to minimize aspoclflc ligand binding. Then lhs w6lls were wa$red and preincubated lor 30 min at 20'C

with a solulion ol q-D-mannose (10 UM-100 mM) or ono of lhe clustsr mannosidos (1 nM-2 mM) in assay buffor (100 pl). Biotinylated

ribonuclease B or blotlnylated t-PA in assay buffer was added lo a final concenlration of 580 and 1.3 nM, rospoclively, and the

mixlure was lncubaled lor 2 h at 20'C. Atter a washing step, he wells wers incubated for t h at room tomperalure Wth streptavidin-

alkaline phosphatase conlugato (1:1000 dilution ln assay butlor; 100 pl). p-Nitrophenolphosphate (1 mg/ml; 100 pl in a 100 mM

disthanolamlne, 5 mM Mgclr-buftsr, pH 9.5) was added atter thorough rinsing of the wolls. The plate was incubalod for 4 h at 25 'C
during which the AA4O5/h was determlnod as a measure ol ligand binding. Uncoated wells were used as a control for aspecific

adherence of biotinylated ribonuclease B or bio$nylalsd t-PA to the wslls.

Competttlon studles ol"6l-t-PA blndlng to endotttetlal llvet cellg

Competilion sludies of "51-t-PA binding to endotholial liver calls were performsd as described before. '?3 Endotholial cells (2h0 ;

150 pg of cell protsin), in Dulbecco's modifed Eaglo's medium (DMEM, 0.5 ml), containlng 2% (w!) BSA and "'l-t-PA (l nM), wero

lncubatod lor 2 h at 4"C wlth a variablo concentration of unlabeled biotinylaled l-PA (bio-t-PA), biotinylated Ribo-B (bio-Ribo B) or

M6L5 ranging lrom 0.1 nM to 20 pM. Following incubation, cells wers washed twice with DMEM+o.2% BSA and oncs with DMEM,

and the celFassocialed radioaclivlty was counted. Nonspeciffc binding was defined as "51-l-PA binding in the presence ol 100 mM o-

Dmannos€. Cell-bound radioactMty was determinsd using a Packard y-counter and corrscled for protein conteni.

Data anal@s
TocalculatethelcsovaluesandHlll cootficients(n r), the displacement binding data wsre analyzed according lo ths lollowing

binding model: percentage of spocilic binding = 1OO/(1+ ((displacor)/loso"1 using a computerized nonlinsar fitting program (Prism,

lsl softwaro; Ref. 24). As a msasure ol lhe actual affinity tor the mannose receptor, apparenl lnhibition constants (dissocialion

conslants)werecalculatedfromthelcsovaluesusingthesquation K rr+pr= lCs/(1+(Ligand)/ KJ,andusing Kd values lor

blo-tinyhted ribonucloase B and l-PA obtained from he saturation binding studies (550 and 1.66 nM, respectively). The irregular

compgtltlon curvss o, q-D-mannose wsrs also fitled according lo a two-site mixed stimulalion/inhibition model (percentags specific

binding= (1OO + p€rcentage maximal stimulation x (1 -1(1+(dlsplacs0 / SCso)))/ (1+(displace0/ lcso), SCso being lhe concen-

tration at whlch half maximal slimulalion ol llgand binding to ihe mannos€ receptor is attained. Ths significancs of the ditferencos

b€twsen means was t€sted by unpaired lwo-way Studsnt's-t test.

RESULTS

Synthesis of the cluster mannosides

The cluster mannosides were prepared by a two-step synthetic procedure. First, 4-aminophenyl-c-D-

mannopyranoside (1a) was quantitatively converted into 4-(o-D-mannopyranosyloxy)phenyl-

isothiocyanate using thiophosgene (1b). Second, the activated a-D-mannopyranoside 1b was reacted

with a series of oligolysines, r.e. mono-, di-, tri-, tetra- and pentalysine. Progression of the coupling was

monitored on TLC by ninhydrin staining. The reaction was considered to be complete when no

significant ninhydrin-positive spots, indicative of unreacted amino groups, could be detected.

Subsequent chromatography of the crude reaction mixture over Kieselgel 60 and lyophilization afforded

product 2a-e as white crystalline powders at yields ranging from 34 to 83%. TLC analysis (UV, ninhydrin,

sulphuric acid detection) confirmed that the isolated products 2a-e were tully mannosylated, did not

contain any free amino groups and were apparently pure. 'H-NMR and mass spectrometry of the

isolated products 2a-2e werc in agreement with the chemical structure of the anticipated products M2L,

M3L2, M4L3, MuLo and Mr\ (for chemical structures see Fig 1).
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Scheme 1 Reaction scheme of the

synthesls of clustermannosldes 2a to 2e.

2a, n=1, 2b, n=2, 2c, n=3i 2d, n=4; 2e, n=5.

Co m petition b i nd i n g stu d ies
First we have performed saturation studies of bio-Ribo B and biot-PA binding to the isolated mannose

receptor in the enzyme-linked receptor sorbent assay described by OUer et al. s and Banett-Bergshoefi

et al.2s ( Fig 2). Bio-Ribo B and bio-t-PA binding appears to be saturable (0.354 + 0.006 AA,/hr and 0.305

r 0.003 AA,/hr, respectively) and obeyed classical law of mass action kinetics. The maximal binding

capacity of bio-Ribo B and bio-t-PA were comparable. Analysis of the binding curves gave dissociation

constants of 550 r 70 nM for bio-Ribo B and 1.66 t 0.05 nM tor bio{-PA. Hill coefficients were

calculated to be close to unity ( l .16 * 0.43 and L l3 + 0.03, respectively), indicative of ligand binding to

a single binding site.

Subsequently, competition studies of bio-Ribo B binding were performed for the synthesized

mannosides. As can be seen lrom Fig 3A, all of the tested mannosides were able to completely inhibit

the specific binding of bio-Ribo B to the isolated human mannose receptor. The potency ol the

compounds to inhibit bio-Ribo B binding was signilicantly increased with increasing mannose valency.

The apparent inhibition constant K , , uoo , of q-D-mannose was at least 106 -fold higher than that of the

hexamannoside M6Ls, the most potent ligand in this study (2.7 mM and 2.6 nM, respectively, Table 1).

Even the dimannoside M2L possessed a considerably higher affinity ( K;1"r, I =17.5 pM) than o-
D-mannose.

Fig 1 Ctremicat structures of the cluster mannosides 2a lo 2e
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Fig 2
Saturation curve of bio-Fibo-B bindlng (A) and bio-t-PA
(B) bindlng to isolated human mannose receptor in a

receptor sorbent assay.
Multiwells, coated with isolated human mannose receptor, were

incubated for 2h at 20"C with a variable concenlration of

biotinylated ribonuclease B or biotinylated t-PA. After

incubation, ligand binding was determined as described undor

"Materials and Methods". Specilic binding ot bio-Ribo B and

bio-t-PA is plotted as AL/h and is corrected for aspecilic

binding determined in the presence of uncoated wells. The

saturation binding curves were litted using computerized

nonlinear regression procedures. 0 5 10 15 20 0 2 4 5 8
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Fig 3 Competition studies of binding ot blotinylated rlbonuclease B (A) or blotinylaled t-PA (B) to the lsolated human

mannose receptor by the following mannosides: d-D-mannose (O); M,L (o); M"L, (tr); M.L (f); M5L. (A) and

M6L5 ( ).
Multiwells, coated with isolated human mannose receplor, were incubated for 2h at 20'C with a fixed concentration ol biotinylated

ribonuclease B (580 nM) or biotinylated lPA (1.3 nM) in lhe absence or presencs ol displacer, al concentrations ranglng from 10'o to

1O' M. Atter incubation, ligand binding was determined as described under 'Materials and Methods". Total binding of blo'Ribo B and

bio{-PA is plotted as percentage ol the control (without displacer) versus the log of ths displacer concentralion (in M). Tho inhibiuon

curves for a-D-mannose, M2L, M3L2, M1L3, MsL1, and M6L5 were litted using compulgrized nonlinear regression procedures.

To verify that the cluster mannosides inhibited bio-Ribo B binding in a competitive lashion by blocking

the mannose binding site on the mannose receptor rather than by directly interfering with bio-Ribo B

itself, competition studies were also performed using another ligand for the human mannose receptor,

biotinylated tissue-type plasminogen activator (bio-t-PA) 2 ( Fig3B). ln data not shown here it was

demonstrated that biot-PA binding to the mannose receptor was fully inhibited in a competitive fashion

by ribonuclease B, indicating that both ligands interact with the same binding site on the mannose

receptor.
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Tabel 1 Afrlnlty ot the cluster manno3ldes as dotermlnod trom compotltlon studles of blndlng ot blotlnylated

rlbonucloaso B or t-PA to the lsolated manno3e receptor.
-Log(lcso) values (r S.D.) and Kit s) values were calculatsd lrcm the dlsplacement curves using nonlln€ar regresslon anavsls.

The biot-PA competition curves clearly demonstrated that the potency ol the cluster mannosides to
inhibit bio-t-PA binding was analogously increased with increasing mannose valency. (K r ( 

"ee 
) values

calculated from the bio-t-PA competition curves ranged from 2.8 mM for q-D-mannose to 8.9 nM for

MuLo and 0.5 nM for M.L.. This is illustrated in Fig 4 in which -log (lCuo ) values of the mannosides

from the bio-Ribo B assay are plotted against those lrom the bio-t-PA assay. Clearly, the affinities in both

assays correlate excellently (correlation coefficient 0.984; P < 0.0001; slope 1 .1 1 t 0.07).
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Mannoac valoncy

Fig 4 correlation betwoen lhe potency of the mannosldes

to inhibit bio-t-PA and rlbonuclease B blndlng to the
isolated mannose receptor.
The inhibitory polencies of lhe cluster mannosidos ars derivod

lrom the datra in Table I and are sxpressed as log(lcso) r S.D.

lnvisible enor bars lndicate errors smaller lhan lhe symbol size.

r= 0.984, slope= 1.1 1 r 0.07.

Fig 5 efect ot lhe manno3e valency on the potency of

cluster mannoslde3 to lnhlblt blndlng ol blotlnylated

ribonucleaso B (O) or t-PA (O) to lsolated human mannose
receptor,
lnhibitory pot€nclss of lhs cluster mannosides are delived from

tha data in Table 1 and ars express€d as {og(lcs) t S.D.

lnvislbl€ enor bars indicate enors smaller lhan the symbo, size.

Compound

q-D-mannos

M.L

M.L,

M.L"

MuL.

M"l-

Blo-Rlbo B

-Log(lC!o) (*S.D.)

2.00 (+0.04)

4.49 (10.07)

5.76 (r0.10)

6.61 (r0.15)

7.s6 (n0.08)

8.33 (*0.09)

1.98 (+0.04)

4.38 (i0.07)

5.,13 (10.09)

6.30 (r0.0e)

7.78 (10.07)

9.05 (10.09)

(Kr(or) (nM)

2,800,000

22,600

2020

270

8.9

0.5

Blo-t-PA

Krr-, (nM) -Log(lClJ (tS.D.)

2,700,000

17,500

950

135

15.1

2.6
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Fig 5 shows that there is only a minor tendency of the -log (lcr) values to level off at high mannose

valencies, suggesting that the cluster mannosides did not yet reach the theoretical maximum atfinity.

Moreover, the increase in affinity is steady and intermediate plateau values for the cluster mannosides

were not obserued.

To calibrate the receptor sorbent assay, competition studies of '2sl-t-PA binding to endothelial liver cells

were performed for MuLu, bio{-PA and bio-Ribo B. All three tested ligands were able to inhibit 12sl-t-PA

binding (Fig 6) at inhibition constants that were congruent to those lound in the receptor sorbent assay

(K i r 
"pp 

I = 'l .7 r.0.2 nM, 3.4 + O.4 nM, and 1 90 r 70 nM, respectlvely). This f urther substantiates the

validity of K, , "rr, 
values derived from this receptor sorbent assay.

lnterestingly, displacement of bio-Ribo B and bio-t-PA binding to the human mannose receptor by the

mannosides was not monophasic, as judged from the low Hill coefficients of M3L2, M4L3, MsL4, and

MuL. (n u= O.4 - 0.5) ( Fig 7). ln contrast, saturation curues of bio-Ribo B and biot-PA binding to

isolated mannose receptor proceeded in a purely competitive fashion (n H = 1.16 a 0.43 and 1.17

t 0.02, respectively). ln both assays, the bivalent mannoside MrL exhibited an intermediate Hill

coeflicient ol 0.63 + 0.05 (bio-Ribo B) and 0.85 + 0.1 (bio{-PA). The Hill coefficienls of both ligand

binding assays correlated significantly (F= 0.990, slope 1.006 r 0.05; P < 0.0002). Competition curves ol
q-D-mannose were clearly irregular. q-D-mannose appeared to stimulate ligand binding to the

mannose receptor by +25o/" al concentrations ranging from 30 to 300 pM. At higher concentrations, q-

D-mannose inhibited binding in a positive cooperative fashion with Hill coefficients ot 2.1 x 0.5 (bio-Ribo

B) and 2.2 r 0.6 (bio-t-PA).

Fig 6 Competition studieS of "'l-t-PA blnding to
endothellal llver cell3 by blo-Rlbo B (O)i bio-t-PA (o); and
M6L5 ( ).
Rat endolhelial livor cells (2 x 106; 150 pg ol cell protein), in

OMEM (0.5 ml), containing 2% (Wv) BSA and "'l{-PA (1 nM),

were incubated for 2 h at 4'C with a variable concentration ol

displacer. Following incubalion, cells wsrs washed twice wilh

DMEM, 0.2% BSA and once with DMEM, and cell-associated

radioactivity was counted. Nonspecific binding ls delined as "sl-
t-PA binding in the presenco oI 100 mM q-D-mannose.

Fig 7 etect ot ttre valency ot the (cluster) mannosides on

the Hill coefficient ot bio-Ribo B (a), bio-t-PA (o) and 1'zsl-

t-PA (r).
Hill coefficients were calculated lrom the displacemenl curves in

Figs. 3, 4 by nonlinear regression analysis as dascribed under

'Malerials and Methods'.
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Competition studies ol 4-aminophenyl o-D-mannopyranoside also gave a 33% stimulation combined

with a positive cooperative inhibition (nr1.96 t 0.143; data not shown). Since the stimulatory effect and

the high apparent Hill coeflicients were found in both receptor sorbent assays and in the endothelial cell

binding assay (MrL), we assume that it did not involve an artefact. Nonlinear regression analysis

according to a two-site mixed stimulatior/inhibition model showed that q-D-mannose induced a maximal

stimulation of bio-Ribo B and biot-PA binding of 53% and 587o, respectively, at low concentrations. Half

maximal stimulation of ligand binding to the mannose receptor was attained at 250 pM Clog(SCs) = 3.6

+ 0.2) and 400 pM (-log(SC*) = 3.4 + 0.2), respectively. Full inhibition of ligand binding was attained at a

-log(lCuo) of 2.00 + 0.05 and 1.98 + 0.04, resp. The above mixed stimulation/inhibition model excellently

predicted the observed steep inhibition curve for q-D-mannose.

D!SCUSSION

ln this study we have investigated the effect of the mannose valency of a cluster mannoside on its aflinity

for the mannose receptor. The ability of cluster mannosides to inhibit the binding ol Ribo B, an

established mannose receptor ligand,' to the isolated human mannose receptor was determined in a

receptor sorbent binding assay. Previous studies by Otter et a/. "5 have established that this assay

provides a reliable estimate of the affinity ol monosaccharides, proteins with high mannose-type

glycosides, and mannosylated neoglycoproteins for the mannose receptor. The validity of the receptor

sorbent assay was further documented by the finding that the Ko for bio-Ribo-B (550 + 70 nM) and biot-
PA (1.66 * 0.05 nM) in the receptor sorbent assay paralleled K values derived lrom competition studies

of ''ul-t-PA binding to endothelial liver cells (190 + 70 pM, and 3.4 * 0.4 nM, respectively).

The competition studies showed that all mannosides were able to inhibit bio-Ribo B binding to the

isolated mannose receptor. The affinity of the synthesized mannosides was strongly and consistently

enhanced with increasing mannose valency. Since the apparent inhibition constants K 
' 
, "rr, 

in the bio-

Ribo B and bio-t-PA binding assays were essentially equal and ribonuclease B inhibits bio-t-PA binding

in a competitive fashion, we may assume that inhibition of bio-Ribo B binding by mannosides reflects

competition for ligand binding to the mannose receptor. ln addition, it suggests that binding data from the

bio-Ribo B assay are not signilicantly perturbed by heterogenicity of the sugar moiety from bio-Ribo B.

The most complex mannosides from this study, MuLn (2d) and MuL. (2e) displayed nanomolar affinities

lor the mannose receptor, which are at least comparable lo those of mannosylated albumin, 16

mannosylated poly-L-lysine 26'27 or endogenous glycoproteins such as t-PA. s Competition studies ol 1251-t-

PA binding to endothelial liver cells confirmed the nanomolar affinity of ltlulr. Previous efforts to
synthesize low molecular weight ligands for the mannose receptor yielded compounds with 1000{old

lower, micromolar, affinities for the mannose receptor. 'u'"'* Oshimi et a/. demonstrated that the affinity

of tris(hydrorymethyl) based mannosides was only slightly higher than that ol bi- and monosubstituted

analogues, which was attributed to the suboptimal valency and spacing ol the terminal mannosyl groups

(" 9A) witnin the mannose clusters. 28 The di-, tri- and tetramannosides synthesized by Robbins et al. 2e

displayed higher, yet micromolar, affinities for the mannose receptor. Since the latter mannosides

contained the same oligolysine backbone as our mannosides, their lower aflinity is probably caused by

diflerences in the chemical nature and the length of the spacers connecting the terminal q-D-mannose

groups with the lysine backbone. ln theory, the phenyl group ol the (p-hydroxyanilino)carbamide spacer

used in this study may contribute to ligand binding through n-n interaction forces. s Since preliminary

binding studies revealed ihat the affinity of 4-aminophenyl-c-D-mannopyranoside is only slightly higher

than that of q-D-mannose (K 
r r,pp r= 1.8 mM, log (lqo) = -2.48 + 0.01, ; data not shown), we assume this
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to be unlikely. An alternative explanation is that the (p-hydroxyanilino)carbamide spacer is longer (2A)

than the thioproprionyl spacer used by Robbins et a/. n Recent studies by Biessen et a/. 31 have already

emphasized the relevance of optimal spacing of terminal glycosides to achieve avid recognition by a
comparable eukaryotic lectin, the asialoglycoprotein receptor.

The (AG " )o,no,nn trom MrL, calculated f rom the logarithm of the K r I "0, 1, 
is almost twice as large as that lor

q-D-mannose (-24.4kJlmol and -13.3 kJ/mol, resp.). ln the case of competitive inhibition, this suggests

that both mannose groups from MrL participate similarly in the binding process. The binding energy for

M6Ls (-45 kJ/mol) is, in turn, twofold higher than that of MrL, suggesting that four o-D-mannose groups

from MuLu interact independently with the mannose receptor. This seems to contrast with the finding that

the affinity increases steadily rather than stepwise with increasing mannose valency. This apparent

paradox may be explained from the negative cooperative binding of M.Lr-MuLu: binding of an additional

s-D-mannose to the receptor may attenuate the association of already bound mannose groups. Alter-

natively, the observed gain in binding energy with mannose valencies > 2 may arise from conformational

effects. ln that case, elongation of the cluster mannoside with a single mannose group may force

adjacent mannose groups in a geometric configuration favourable lor binding to the mannose receptor.

The complex nature of ligand binding by the mannose receptor was turther illustrated by the Hill

coefficients ol the inhibition curves lor cluster mannosides. The Hill coefficient of o-D-mannose was

significantly larger than 1. From the nonlinear regression analysis according to a two-site mixed

stimulation/inhibition model, it can be concluded that the high Hill coetficient rellects a compromise

between a stimulatory effect of o-D-mannose at low concentrations (SC*= 250 - 400 pM) and an

inhibitory eflect of q-D-mannose at an loe of 10 mM. Binding of the first q-D-mannose group to the high

aff inity site of the mannose receptor (possibly CBD4) may result in a 2Jold increased affinity of biot-PA

or bio-Ribo B lor the mannose receptor as was also reported by Oshimi et al. a ln agreement with

Oshimi et a/., a this stimulatory effect is less pronounced for moderately potent ligands like MrL and

absent for potent ligands like M.L, to M6L5, as was reported in the same study. a At higher

concentrations, bound ligand is displaced from the mannose receptor by binding of q-D-mannose to the

low atfinity site.

By contrast, M.L, to MuLu gave Hill coetficients of about 0.5 in both receptor sorbent assays and in the

endothelial cell assay (MuL.), while Hill coefficients of bio-Ribo B or biot-PA indicated binding to a single

site. Taking into account that the mannose receptor is a monomeric membrane-bound protein, this

concurs with ligand binding to two (or more) separate but interacting sites within the mannose receptor.

According to the binding model ol Taylor and Drickamer e, a/., 14 high afiinity binding of proteins with high

mannose-type glycosides like t-PA or ribonuclease B requires the cooperative action of CRD4 and

CRDS. For optimal recognition ol highly mannosylated polymers like mannan and invertase, the

presence of five consecutive CRDs (CRD4-8) is imperative. Taken together it is tempting to identify

CRD4 in concert with CRDS as the first and CRD6-8 as the second binding unit. The first unit,

embedding two carbohydrate recognition domains, is responsible for the binding of bio-Ribo B, bio{-PA,
q-D-mannoseandMrL.Forbindingof polyvalent mannosides like M.L, to M6Ls, and mannan,

both the first (CRD4-5) and the second unit (CRD6-8) participate in the binding process. Nonetheless,

lurther study will be needed to conclusively unravel the intriguing process of ligand binding to the

mannose receptor.
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ln conclusion, we have devised and synthesized high affinity ligands for the mannose receptor, M6Ls

being the most potent ligand yet synthesized. We anticipate that the nanomolar atfinity of MuLu is

sufficiently high to allow application as a carrier device for cell-specific delivery of drugs/genes to

macrophages and endothelial liver cells. Another relevant application which comes within reach involves

antigen targeting to dendritic cells to stimulate major histocompatability complex-mediated antigen
presentation by these cell type. Finally, MuLu may also be a valuable therapeutic agent to prevent

untimely clearance of the thrombolytic agent t-PA. ln lact, preliminary studies in rats showed that
administration of this mannoside resulted in a 2-fold delayed clearance of t-PA. e

ACKNOWLEDGEMENT

This study was supported by grants from the Dutch Heart Foundation (grant no. M93.001 and 90.294)

REFERENCES

1. Maynard Y. and BaenlgerJ. U. (1981) J.Biol.Chem.256:

8063-8068.
2. Lennarlz M. R., Cole F. S., Shepherd V. L., Wileman T. E.

and stahl P. D. (1987) J.Biol.Chem. 262,9942-9944.

3. Stahl P. D. (1990) AmJ.Respir.Cell.Mol.Biol. 2, 3'17 -318.

4. Otter M., Kuiper J., van Berkel Th. J. C. and Bijken D. C.

(19921 Ann.N.Y. Acad.Sci. 667, 431-442.

5. Ezekowitz R. A. 8., Williams D. J., Koziel H., Armstrong

M., Wamer A., Bichards F. F. and Rose R. M. (199'l)

Nature 351,155-158.
6. Brunda M. J., wiltrout R. H., Holden H. T. and Varesio L.

(1983\ I nt.J.Cancer 91, 373-379.

7. Ezekowitz B. A. 8., Sastry K., Bailly P. and Wamer A.

(1990\ J.Exp.Med. 172,'1785-1794.

8. Smedsrod 8., Melkko J., Ristelli L. and Ristelli J., (1991)

Bioche m. J. 27 1, 345-350.

9. Otter M., Barrett-Bergshoetf M. M., Rijken D. C. (1991)

J. Biol.Chem. 266, 1 3931 -1 3935.

10. Stahl, P. O. and Schlosinger P. H. ('1980) Irends

Biochem.Sci 5, 194-195.

11. Malhotra R., Wormald M. 8., Rudd P. M., Fischer P.8.,
Dwek R. A. and Siim R. B. 119951 Nature Medicine 1,237-
244.

12. Taylor M. E., Conary J. T., Lennartz M. 8., Stahl P. D. and

Drickamer K. (199o) J.Biol.Chem. 265, 12156-12162.

13. Taylor M. E. (1993) Blochem.Soc.Trans.21,468-473.
'14. Taylor M. E. and Drickamer K. (1992) J.Biol.Chem.268,

399-404.

15. K6ry V., Klepinsh/J. J. F., Wanen C. D., Capek P., Stahl

P. D. (1 992) Atch.Biochem.Biophys. 298, 49-55.

16. Hoppe C. A., Lee Y. C. (1983) J.Biol.Chem.258, 14193-

14.199.

17. Jansen R. W., Molema G., Ching T. L., Oosting R., Harms

G., Moolenaar F., Hardonck M. J., Meijer D. K. F. (1991)

J.Biol.Chem. 266, 3343-3348.
'18. Monsigny M., Kieda C., Roche A. (1983) A,of Ceil 47,95-

1 10.

Kataoka M., Tavassoli M. (1984) J.Histochem.Cytochem.

32,1091-1098.

Frakor P.J. and Speck J.C. (1978)

Biochem. Aiophys. Res.Commun., 80: 849-857.

De Rijke Y.B., Jurgens G., Hessels E.M.A.J., Hermann A.,

Van Berkel Th.J.C. . ('19921 J.Lipid Res. 3il: l3l 5-1325.

Otter M., Zockova P., Kuiper J., Van Berkel Th. J. C.,

Barrett-Eergshoeff M. M. and Bijken D. C. (1992)

Hepatology 16,54-59.
Biessen E.A.L., Bakkeren H.F., Bsuting D.M., Kuiper J.,

and Van Berkel Th.J.C. (1994) Biochem.J.,299:291-296.

Biessen, E. A. L., Norder, J. A., Horn, A. S., and Bobillard,

G. T. (1988) Biochem. Phamacol.37,3959-3966.
otter, M., Kuiper J., Bos 8., Bijkon D.C., Van Berkel

Th.J.C. (1992) Biochem.J., 284: 545-551.

Hoppe C. A. and Lee Y. C. (1984) Biochemistty.23,1723-

1730.

Derrien D., Midoux P., Pelit C., Negre E., Mayer R.,

Monsigny M. and Roche A. C. (1989) GlycoconiugateJ.6,

241-255.

Oshumi Y., Hoppe C. A., Ogawa T. and Lee Y. C. (1988)

Arch. Biochem. Biophys. 260, 241-249.

Robbins J. C., Hanh Lam M., Tripp C. S., Buglanesi R. L.,

Ponpipom M. M., Shen T. Y. (1981)

P roc. N atl. Acad. Sci. U S A 7 8, 7 29+7 294.

Lee R.T., lchikawa Y., Fay M., Drickamer K., Shao M.C.

and Lee Y.C. (199'l\ J.Biol.Chem., 266:48104815.

Biesson E. A. L., Beuting D. M., Roelen H. C. P. F., Van

de Marel G. A., Van Boom J. H., and Van Berkel Th. J. C.

('t9951 J. Med. Chem. 38, 1 s38-1 546.

Biessen E.A.L., Kuiper J., Van Tsijlingen M.E., Vistsch H.,

Bijsterbosch M. K., Rijken D. C., and Th.J.C. Van Bekel
('19961 Arculation 92: 1692.
Taylor M. E., Bezouska K., Drickamer K. (1992)

J.Biol.Chem. 267, 17 19-1726.

19.

21

22.

27.

28

29.

31

78



CHAPTER 7

Cluster mannosides can inhibit mannose receptor'mediated
tissue-type plasminogen activator degradation

by both rat and human cells.

Femke Noormanl, Marrle M. Barrett-Bergshoefit, Erik A.L Biessen2,

Erika van de Bilt2, Theo J.C van Berkel2, and Dlngeman C- Riikenr

lGaubius Laboratory, TNO Preventlon and Health,

Leiden, The Netherlandg
2Division of Biopharmaceutics, Leidery'Amsterdam Center for Drug Research,

Universiry ol Leiden, The Netherlands

Reproduced from

Hepatology, 1997i in prcss

79



Chapter 7

SUMMARY

Recently we developed a series of cluster mannosides that were able to inhibit tissue-type plasminogen

activator (t-PA) binding to the isolated mannose receptor. The mannoside with the highest affinity was
able to inhibit t-PA clearance by the liver in the rat. To test whether these mannosides would also be

efllcient inhibitors in man, we studied the expression of the mannose receptor in the human liver and

determined the efficacy of the mannosides to inhibit mannose receptor-mediated t-PA degradation by
both rat and human cells.

lmmunohistochemistry indicates that, like the rat, human liver endothelial cells and human Kupfler cells
do express the mannose receptor. The mannosides do inhibit mannose receptor-mediated t-PA binding,

association and degradation by isolated rat liver endothelial cells and t-PA association and degradation
by cultured human macrophages at similar concentrations. The cluster mannoside with six mannose

residues connected with a backbone ol five lysine groups (MuLr) was, like unlabeled t-PA, able to inhibit

"ul-t-PA degradation in the nM range, while the mannoside MuLo inhibitedl'?s l-t-PA degradation in the ;.rM
range. The concentrations of mannoside necessary to inhibit t'ul-t-PA degradation in vitro werc
comparable to lhe concentrations necessary to inhibit mannose receptor-mediated 12sl{-PA clearance rn
vivo.

We conclude that there is no species difference between rat and man with respect to the distribution ol
the mannose receptor in the liver and the affinity of the cluster mannosides, establishing the relevance

of the inhibition of mannose receptor-mediated t-PA clearance by MuLu as observed in the rat, for the

human situation.

INTRODUCTION

Tissue{ype plasminogen activator (t-PA) is a serine protease that activates fibrinolysis by converting
plasminogen into plasmin, which cleaves fibrin into soluble degradation products. 1'2 Because of its

fibrin-selective action, t-PA is successfully used lor thrombolytic therapy, e.9., after myocardial

inlarction.3 Recombinant t-PA (70 kD) contains a single high mannose-type oligosaccharide and one or
two complex-type oligosaccharides. a ln both rat and humans, t-PA is rapidly cleared mainly by the liver.
56 lt has been shown that, in the rat, t-PA is cleared from plasma through both the mannose receptor

and the cr-macroglobulin receptor/ low density lipoprotein receptor-related protein (LRP). s'7-10

Because of its rapid clearance in man, large doses of t-PA must be administered to achieve etficient

thrombolysis. Coadministration of inhibitors of t-PA clearance with t-PA would reduce the therapeutic
dose of t-PA required for efficient thrombolysis. Furthermore myocardial infarction patients can have a
large variability of liver blood flow." The liver blood flow strongly influences the t-PA clearance.
Reduced liver blood flow causes a decreased plasma clearance and increased plasma levels of

endogenous or intused t-PA in humans. "'t Thus, reduced liver blood flow may lead to t-PA overdosing
and an increased bleeding risk in patients. Coadministration of inhibitors ol t-PA clearance would also

reduce the influence of liver blood flow on the t-PA concentralion, and thereby reduce the risk of t-PA

overdosing. The inhibitors may in addition be used to inhibit the clearance of endogenous t-PA in order
to enhance the fibrinolytic activity in blood and to prevent thrombosis.
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We have shown that the uptake and degradation of t-PA by cultured human macrophages are mediated

by both the mannose receptor and LRP, thus these cells are a good rn vitro model for the plasma

clearance of t-PA by the liver. 14 ln the human liver the LRP is present on hepatocytes and Kupffer cells.
ls The mannose receptor has been shown to be present in ratT'6 and bovinelT liver on liver endothelial

cells and Kupfler cells. The 175 kD mannose receptor can be isolated lrom human liver, 18 but its
cellular localization in human liver has not yet been demonstrated.

Recently, we synthesized cluster mannosides with two to six terminal mannose residues connected to
an (oligo)lysine backbone by flexible elongated spacers (MrL, to lvlul-). These mannosides can inhibit t-

PA binding to the isolated immobilised mannose receptor. The affinity of the mannosides increased

approximately 10 times from the pM to the (sub) nM range with each increment of a mannose residue

attached to the backbone. 'n We showed that the most potent mannoside from this study (MuL.), in

combination with an inhibitor of LRP, eflectively inhibited t-PA plasma clearance in rats. 10 This indicated

that the alorementioned strategy to delay t-PA clearance using mannose receptor inhibitors is feasible in

the rat. No information is available about the effect of these mannosides on mannose receptor

mediated t-PA degradation by human cells.

To explore the potentials o, the cluster mannosides as mannose receptor antagonists or ligands in

humans, we tested the mannosides in both rat and human models. We provided the first evidence for
the presence of the mannose receptor on human liver endothelial cells and Kupffer cells by

immunohistochemistry. lsolated rat liver endothelial cells and cultured human macrophages were used

to test the efficacy of the cluster mannosides M.L, and tvlul to inhibit mannose receptor-mediated t-PA

binding and/or degradation. The in vitro inhibilory effect of the mannosides was compared to the

inhibitory effect of the mannosides on t-PA clearance in vivo in the ral.

MATERIALS AND METHODS

Materlals
Thesynthesisandstructureortheclustermannosides M6Ls, l',4sL4, M4L3, M3Lrand MrLl was as described elsewhere.l"
Bovine serum albumin (BSA) fraction V and collagenase (type I and lV) were obtained from Sigma Chemical Co. (St.Louis MO,

USA). Nycodenz was Irom Nycomed Pharma AS (Oslo, Noruay) and 2-14-12-hydtoxyethyl)-1-piperazinyll-ethanesultonic acid

(HEPES) was from Merck (Darmstadt, FRG). Wislar rats were trom the Sylvius Laboratories, (University of Leiden, The

Netherlands). Human ABt serum, and thrombocyte-poor pooled buffy coats lrom healthy donor blood (pooled lrom 5 donors with the

same blood type combined, and serum added to preserue the cells), were obtained lrom the Bed Cross Blood Bank (The Hague and

Leiden, The Netherlands). LymphopreprM (Nycomed Pharma AS, Oslo, Norway) with a density ol 1.077 glml was used lor density
gradient centrifugation. Heparin (Leo Pharmaceutical Products, Ballerup, Denmark), cell culture medium M199 (Flow Laboratories,

lrvine, UK), Penicillin/Slreptomycin (Pen/strep, Boehringer Mannheim, Mannheim, G6many), and sterile buffers were used to isolate

and culture ths monocytes. Dexamethasone was purchased from Sigma Chemical Co. (St.Louis, MO, USA). Recombinant l-PA
(Actilyse) was obtained from Boehringer lngelheim (lngelheim, Germany). Mannan extracted lrom Saccharomyces cerevisiae,

prepared by the cetavlon method was obtained from Sigma Chemical Co. (St.Louis MO, USA). The fusion protein ot glutathione-S-

translerase and d2-macroglobulin receptorassociated protein (GST-RAP) was a generous gift from Dr J. Kuiper who used the

Salmonella japonicum glutathione-S-transferase (GST)-RAP expresslon plasmid. 20 (provided by Dr. J.Hez, University ol Texas,

Southwestem Medical Cenler, Dallas) for synthesis. i/ouse monoclonal antibody KP-1 (isotype lgc,) generated against the CD68

antigen was obtained lrom Dako A,/S (Glostrup, Denmaft). Mouse monoclonal antibody '15-2 (isotype lgc!) generated against lhe

isolated human mannose receptor was prepared as described previously.'?l Human liver cryostat sections were obtained from biopsy

samples and snap-frozen in liquid nitrogen (Department of Pathology, Slotervaart Hospital, Amsterdam, The Netherlands).

lmmunohistochemistry of the mannose receptor
Tissue seclions of I pm thickness were cut on a Reichert-Jung 2800 lrigocut cryostat, transfered to poly-Llysine-coated

microscope slides, air dried for 30 min al room temperature and fixed in acetone/chloroform 'l:1 (10 min at 4'C). Atler washing wiih
phosphate butlered saline (PBS) the tissue seclions were pre-incubated with normal rabbit serum for 5 minutes. Excess serum was
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discarded and the ssctions were incubated with primary antibody (mAb 15-2 or KP-1) lor 30 min at room temperature. Atter rinsing in

PBS, the ssclions were incubated with secondary antibody (rabbit anli-mouso, Dako A/S, Glostrup, Denmark) lorl5 min at room

lemperalure. After rinsing with PBS the sections were incubated lor 30 min with an alkaline-phosphalase-conjugaled mouse

monoclonal antibocty direcled against alkaline phosphatase (Dako A'lS, Glostrup, Denmark). The alkaline phosphatase was visualized

in red ry incubating lha section lor 30 min in lhe dark wilh naphlol-As-Mx-phosphate (Sigma Chemical Co., St.Louis, MO) and New

Fuchslne (Chroma Gszellschatt, K6ngen, BBD) as a coupling sall.2'22 The alkaline phosphalase was visualized in blue by

incubating the section tor 30 min at room temperalure in the dark with a modified substrale solulion described by Cordell at a1..'?3 The

sotution was prepared ry dissolving naphlol-As-Mx-phosphate in dlmethyttormamide and 0.2 M Tris-HCl pH 8.0. Directly before use

O.S mg/ml Fast Blue BB and O.O5 mgy'ml levamisole (Sigma Chemical Co. St.Louis, MO) were added, and the solution was filtered.

To obtain a doublo staining for both the mannose recsptor and CD68, the above-mentioned procedure was performed with KP-1 as

the first primary antibody and lho alkaline phosphatase was stained red for 30 min. The stained seclions were extensively washed

with PBS and incubated for 5 min wllh normal rabblt serum, and the above-mentoned procedure was repeated now with mAb 1 5-2

as the primary antibody, and ths alkaline phosphatase was stained blue lor 15 min.

Finally the soclions were rinsed Wth aqua dest, counterstalned with either Mayers haematorylin (blue) or Fast nuclear red (red), air

dried, and mounled in DsPeX mounting medium (BDH, Poole, UK). ln conlrol sections no primary antibody was used. The idenlily ol

the cells was iudged on lhs basis of thsir morphology and location in the lissue.

Bat llvet andothellat celt lsolatlon
ln this study male Whistar rats were used which had free access to standard chow diet (Hope farms, Woerden, The Netherlands)

and tap water; lhoy were kept on a 12 hr day/night cycle and received humane mre. Rats ( 12-weeks old males) were anaesthesized

by lntraperitoneal lnjecllon with 20 mg of pentobarbilal. The vena porta was cannulated and the liver was parfused with Hank's butfer

supplomented with Hspes and collagenase lor 20 minules at 37"C. The liver endolhelial colls were isolated h/ use ol density

gradiont csntritugation (tlycodenz) and centritugal elutriation.'?r Purity (>99%) and viability (>90%) were iudged ry respectively

psroxidase stalning (Kupfter cell staining) and trypan blue exclusion.

Monocttte laolatlon and cultivation
Monocytes wers isolat6d lrom poolsd human butty coats as describsd earlier.'o Butfy coat (100 ml) was diluted with 180 ml

phosphale buflered saline (PBS,2.7 mM KCl, 137 mM NaCl,8.'l mM NarHPOl, 1.46 mM KHPq, pH 7.4) containing l0 units/ml

hsparin. Using density gradient centrifugation with Lymphoprep, routinely 5 to 10 x1O0 cells were obtained. These cells were

rosuspsnded in culture medium (M199 coniaining 10 mg/ml gluiamine,50 U/ml penicillin,50 !g/ml streptomycin) and 5 x 106

cellyml wers soeded in 24-woll cullurs plates. Atter one hour, lhe nonadhorenl cells wero removed with medium, and cells were

cullured in culturs msdium contalning 0.1 pg/ml dexamelhasone and 10% (v/V) human ABt serum. Atter 2 days the monocytos were

ditferenlialed to macrophagos and used lor dsgradation studies.

Labeilng of t-PA
Becombinant t-PA was labeled with 1'?51 using the iodogen melhod. 1r Polyelhylene vsssels of 1.5 ml were coaled with 10 pg iodogen.

50 pg t-PA in 0.2 M arginine pH 8, was incubalod wlth 0.5 mci Na"'l for 10 min at room temperature in the vessel. The mixture was

translened to anolher vessel containing an equal volume ol 4 mg/ml Kl lo avoid non-specific binding ol "51 to t-PA. Labeled t'PA was

separated trom lree "sl using a 1O ml Ssphadex G25 Coarse column (eluent 50 mM Tris-HCl, 1 M NaCl, 0.01% (vfu) Tween 80, 1

mg/ml BSA, pH 8). Labsling rssullod in approximately 600 cpm/lmol, with 80% recovery ol t-PA activity.

Blnding, agsoclatlon and degradatlon oll'zEht-PA by rat llvet endothelial cells

Asdescribedprsviously,'treshlyisolatedratliverendolholialcellswereincubatedwilh I nM 1'?51{-PA in HAM'S Flo bufler

supplomentsd with 25 mM Hepes, 20 mgy'ml BSA, and 0.01./. (vtu) Tween 80, pH 7.4 at 4"C (binding 2 hr) or 37'C (association 15

min and degradaton t hr) under constant rolalion. Aftsr lncubation the cells wers washed twice with cold 50 mM Tds-HCL' 0.15 M

NaCl, 2.S mM Caolr, 2 mgy'mt BSA, O.O1% Tween 80, pH 7.4, and once with this butter withoul BSA. The cells wsre rosuspended in

wator and radioactlvity was measurgd. Degradaiion products in the medium were measured atter prscipitation with '10% (w!)

trlchloroacstic acid [fCA) and subsequont extraction of the supematant with chlorolorm (see below). Blnding, association and

degradalion were moasured and conected tor protein, as measured according to the Lowry msthod. Spscific binding, association or

dogradailon w6ro dofined as the residual binding, association and degradation after sublraction of radioactivity determined in the

presenc6 of 1 mgy'ml mannan or 1OO mM mannose. Under lhe curront conditions tho non-spscific binding was '14.3 t 6.4 % , the

non-speclllc association was 3.7 * 3.8 % and the non-specific degradalion was 8.3 r 5.2 % ol control).

Agsoctatlon anct degrudatlon ott21l-t-PA by human macrcPhages

As descrtbod previousu. 11 the macrophages wsre washed (3x with PBS containing 0.9 mM Caclr, 0.5 mM MgC[, 10 mgy'ml BSA,
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pH 7.4,4"C), and incubated wilh 1 lo 17 nM ''?5|-t-PA and 100 nM GST-RAP (for association experiments 20 mM o-aminohexanoic

acld was also addod), with or wilhout mannosides ln 300 pl M1 99, 10 mg/ml BSA, 0.01% (v&) Twsen 80, at 37'C in 5% COJ 95%

alr. Alter lncubauon, csll msdia wors collocted and ths cells wers washed four iimes with PBS, pH 7.4 containing 20 mM 6-

aminohsxanolc acld and 0.1% BSA and lysed wlth 500 pl l% Trilon X-100 lo|l5 minules at room temperature. The lysates were

collscted and anolher 500 Ul 1% Trllon X-100 was added to th6 wolls, colloclod and added lo the above-mentioned lysats.

Radioactlvity ot tho lysales was detemlned. Specilic associalion was detined as tho residual binding atter subtraction of radioactivity

dslermlned ln tho prasence of 1 mgy'ml mannan. Under the currenl conditions lhe non-specific association was 19.8 + 8.6% ol

control. TCA was addod to lhe cell media (linal conc. 1O% wfu). Non-degraded125l-t-PA was precipitaled by centrifugation (10 min

15000 g). To ollminate tho possibility that the cells might deiodinate rather than degrads "'l-t-PA, froe'"1 was extracted. To 500 Fl
TCA soluble supematant obtained, 5 pl 400 mg/ml Kl and 25 pl HrO,30% (v/V) wors added. After 5 minutes the lree iodine was

oxtracted with 8OO pl chloroform. Th€ radioactivity of the rsmaining "'l-tyrosine (and possibly r'?sl-peptides) in the upper layer (5 min

1 5000 g) representing dsgradsd "'l-t-PA was determined. Degradation was correctad for radioactivity delermined in wells incubated

withoul cells. Speciflc dagradation was defined as lhs residual degradation anor subtraction ol radioactivity delermined in the
pr6sonc6 ol 1 mg/ml mannan. Under the current conditions the non-specific degradation was 6.0 r 4.8 % ot control.

Analysls of lnhlbltlon curves
From the inhibition data of the binding, association or degradation of non-saturating concenirations of12sl{-PA by unlabeled t-PA or

other compounds, specilic "sl-t"PA binding, association and degradation wore calculated and expressed as a percentage of control.

To calculate the binding parameters of the inhibitors (og half maximal inhibitory concentration (log lCso), and Hill-slopss) lhe resulting

inhibition curves wers fitled as a sigmoid curve using nonlinoar r€gression analysis with lhe computer program GraphPAD (lsl
Sottwars, Philadelphia, PA, USA). "Goodness of fil" was assessed by evalualing the actual distance of the measurements from the

fitled lin6 (no waighing).

Pldsma clearance ol therapeutlc doses ot t-PA in the rut
Twelve-week-old male Wislar aE (225-275 g) were anesthetized by inlraperitoneal injection with 20 mg ol pentobarbital. The

aEomen was opened. lnhibitor in 250 pl PBS was injected inio the vena cava one minule before 600 pg/kg radiolabeled t-PA in 500

pl PBS was injected. Al 1 , 2, 5, 1 0, 20, and 30 min blood samples (0.3 ml) were taken with heparinized syringes from lhe vena cava.

Concentrallon ol t-PA in plasma was calculated as the percentage o, the injectod dose, and clearance was expressed as lhe area

undor the curve (AUC) lrom 0 to 30 minutes.

RESULTS

Recently we developed a mouse monoclonal antibody (mAb 15-2) against the human mannose

receptor. By the use of mAb 15-2, we can specifically detect mannose receptor-expressing human

macrophages in flow cytometry and in cryostat sections of human tissue.2 mAb KP-1 detects the CD68

antigen expressed by myeloid cells.2s lt has the same isotype as mAb 15-2, and thus also served as a
negative control. We compared the staining patterns of these two mAb in single and double staining of

cryostat sections ol human liver. As shown in Fig 1 (see appendix, page 148,149) the CD68 antigen

was only present on Kupffer cells whereas the mannose receptor was present on both human liver

endothelial cells and Kuptfer cells. No staining was observed in controls.

To evaluate the affinity of the cluster mannosides for the mannose receptor as expressed on cells, we

tested their ability to inhibit t-PA binding to rat liver endothelial cells at 4"C (Fig 2). Previously, we have

shown that M.L, inhibited t-PA binding to rat liver endothelial cells in the nM range. Here we show that

MrLo inhibited t-PA binding in the pM range. The mannosides M4Ls, M3L2, M2L1 all inhibited t-PA

binding like MuLo in the pM range (lGso 4-7 pM), while mannose inhibited t-PA binding in the mM range

(lCuo 3 mM) (not shown). At 37"C, t-PA bound to the mannose receptor is internalized, the ligand is

released in the endosomes and the mannose receptor is recycled to the membrane. Alter a lag phase

of 1O to 15 minutes degradation products ol LPA appear in the medium. T'14 We evaluated the MuLu and

MuLn inhibition ol t-PA binding and internalization (association) for 15 min at 37'C by rat liver endo-thelial

cells (Fig 3). The association was inhibited at similar mannoside concentrations as the binding at 4"C.
We therefore conclude that the temperature did not intluence the efficacy of the inhibitors.
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Fig 2 M.L, and MsLl lnhibition of "'FI-PA binding

to isolated rat llver endothelial cells at 4'C.
Fig 3 M"Lu and M5La inhibition o, 1'?sl-t-PA association

to isolated liver endothellal cells at 37'C.
Rat liver endothelial cells were incubated with ''?5|-t-PA md Rai liver endothelial cells were incubated with "sl-t-PA ild
different concentrations of inhibitor for 2 hours at 4 "C. The ditferent concentrations of inhibitor tor 15 minutes at 37 'C.

cells were washed, and bound radioactivity was detemined. The cells were washed and bound radioactivity was

Data were correcled lor non-mannose receptor specific determined. Data were correcled lor non-mannose receptor

binding and expressed as a percentage of conlrol. M.l- (O), specitic association and expressed as a percentage ol

n=2, MsL. (o), n=2. control. M6L (o) n=1, MsLr (O)' n=2.

To study the effect of the mannosides on human cells we cultured isolated human monocytes that

difJerentiated to macrophages. As human macrophages express both the mannose receptor and LRP

they are a suitable in vitro model to study t-PA clearance. 1a To enhance the ratio ol mannose receptor

mediated t-PA degradation we up-regulated mannose receptor expression using dexamethasone. " At

4"C, only a small amount of t-PA binds to the macrophages. Ol this binding, approximately 50% is

inhibited by the lysine analog G-aminohexanoic acid (that does not aflect t-PA degradation l';, whereas

only 10% of the binding is inhibited by mannan and l0% by GST-RAP. Thus the macrophages were not

suitable for studying mannose receptor-mediated binding of t-PA at 4 'C. Like the mannose receptor on

rat liver endothelial cells the mannose receptor on macrophages is recycled at 37 "C, and t-PA

mannose receptor-mediated association was studied Jor t hour in human macrophages in the presence

ol GST-RAP and 6-aminohexanoic acid. As shown in Fig 4, M6Ls and [/rl* inhibited mannose receptor-

mediated tPA association by human macrophages in the nM range and the UM range, respectively.

To study the mannose receptor-mediated t-PA degradation, LRP-mediated t-PA degradation was

inhibited using GST-RAP. 1a Under these conditions t-PA degradation is inhibited by 1000 nM unlabeled

t-PA for 95% (Fig 5) and by 1 mg/ml mannan lor g4l" (not shown). As shown in Fig 6 the degradation of

t-PA was inhibited by MuLu with a similar affinity as unlabeled t-PA in both the presence and the absence

oJ GST-RAP. Because the inhibition in the absence and presence ol GST-RAP was similar, we may

conclude that LRP-mediated t-PA degradation was not affected by M6L5. Furthermore the compound did

not appear to be toxic to the human macrophages, because no cell death was observed and the

inhibitory activity of 5 pM MuLu was maintained al a constant level (81 .3 + 5.2 "/"\ tor at least 6 hours (Fig

t ).
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Fig 4 M.L,and i4ta inhibition ol "'l-t-PA association to Fig 5 t-PA inhlbition ol l'zsl-t-PA degradatlon by cultured

cultured human macrophages at 37'C. human macrophages in the presence ol GST-RAP.

Human macrophages were incubated with r'?sl-t-PA in the Human macrophages were incubated with "51{-PA in lhe

presence of 1OO nM GST-BAP, 20 mM 6-amino-hexanoic acid presence ol 100 nM GST-RAP and different concentralions ol

and ditferent concenlralions ol mannosides. The cells were unlabeled t-PA lor 'l hour at 37 'C. Medium was sampled and

incubated for t hour at 37 'C. Cells wers washed and lysed, and degradation of ''?5|-t-PA was determined. Data were express€d as

"51{-PA association was detemined. Data were corrected tor apercentageofconlrol.

non-mannose receptor specific associalion and expressad as a
percentage of conlrol. M"L. (O), n=2, MsLr (o), n=2.
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Fig 6 M"L. lnhlbltlon o, "51-t-PA degradatlon by human

macrophages ln the presence or absence ot GST-RAP.

Human macrophages were incubated wilh "51-t-PA and ditferent

ccncentrations ol inhibitor ror t hour ai 37 "C. Medium was

sampled and the degradation product ol 1?sl"l-PA tlas

determined. Data were expressed as a percentage o, control.

lnhibition in the presence of 100 nM GST-RAP (O), n=2,

inhibilion in the absence of GST-RAP (a), n=2.
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Fig 7 I'it"t-u inhibition ol "51-t-PA degradatlon by human

macrophages at various tlmes ot incuballon.
Human macrophages were incubated with 1'?51-t-PA and 100 nM

GST-RAP Wth or without 5 pM M6L tor various periods in

separats wells. From each well, msdium was sampled, and ltls
degradation ol l-PA was deteminod. Data wero corrected lor

non-mannose receptor specific dsgradation and oxpressed as lhe

specilic degradation cpm present in tho sample. Control

degradation (a), n=2), degradation in the presence of 5 pM M6L5

(O), n=2.
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Subsequently, the mannoside inhibition ol mannose receptor-mediated t-PA degradation was

determined in both human macrophages and rat liver endothelial cells over an incubation period of 1

hour at 37"C (Fig 8). The mannose receptor-mediated t-PA degradation by both cell types was inhibited

at similar concentrations of MuLu (lcs 30-50 nM) and M5L1 (los 3-16 pM). We conclude that there is

no species difference between rat and man with respect to the atfinities of M.L, and MuLo toward the

mannose receptor.

Fig I
M.Lu and MiL. lnhibition ot
r'15l-t-PA degradation by lsolated rat
liver endothelial cells and cultured
human macrophages.
Human macrophages wsrs incubatod

with "'l-t-PA and 100 nM GST-RAP,

while rat liver endothelial cells wers

incubated with r'?sl-t-PA. Both csll-types

were coincubated with ditfarent

concentralions of inhibitor lor t hour at

37 'C. Medium was sampled, and the

degradation ol '"-l-PA was deter-
mined. Data were corrected lor non-

mannoso recoplor specilic degrada-

tion and exprsssed as a percentage ot

control. lnhibition curves obtained with
rat livsr endothalial cells ate

represented by a dotted line, those

obtained with human macrophages by

a solid line.M6Ls and rat cells (O) n=2,

M6Ls and human cells (o) n=6,

MsLl and rat cells (tr), n=2,

MsL4 and human cells (f), n=6.

To evaluate the predictive value ol lhe in vitro assays for rh vlvo inhibition of mannose receptor-

mediated t-PA ctearance, we tested the ability of cluster mannoside MsL4 to inhibit t-PA clearance at 0.3

mg/rat and compared these results to the recently described effect of two different doses of M6L5. 
10 As

shown in Table 1, MuLo inhibited t-PA clearance tor only 38.9% at a dose of 0.3 mg, which is significantly

lower than the 58.7"/" inhibition achieved with the same dose of MuLu. Even a ten times lower dose of

M6Ls (0.03 mg) gave a stronger inhibition ot t-PA clearance (47 .6'/.\ than MuLo. Comparison ot the

potency of the mannosides to inhibit t-PA degradation in vitro wilh the inhibition of t-PA clearance in vivo

(see discussion) suggests that it is possible to extrapolate the etlects observed on t-PA degradation by

isolated cells (rat and human) to the effects observed on t-PA clearance in the rat.

DISCUSSION

ln both rat and man the main clearance organ of t-PA is the liver. 5'6 Recently we developed a

monoclonal antibody (mAb 15-2) that specifically recognizes the 175 kD human mannose receptor and

not other mannose binding proteins or mannose receptor-related proteins "''o By the use of mAb 15-2

we show tor the first time that there is no species diflerence concerning the distribution ol the mannose

receptor in the liver because it is present on human liver endothelial and Kuptler cells similar to the

bovine liver and rat liver. T'16'"
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TABLE 1 lnhlbltlon o, t-PA clearance in the rat by intravenous admlnlsiratlon of the cluster mannosldes.

inhlbltor

control

MsLl (0.3 mg)

MEL (0.03 mg)

M"L. (0.3 ms)

inhibitor concentratlon (pM) AUC oft-PA lnhlbitlon ol

0

2.8 - 17

o.24 - 1.5

2.4 - 15

231 r 45

379 r20

442 r 59

560 a 47

0

38.9

47.6

54.7

'Calculated rangs o, the plasma concentration ol the inhibitor atter iniection when the inhibitor is distributed

over total body fluid (approximately 50 ml) or only the plasma volume (approximately 8 ml)

Recently we developed cluster mannosides which were able to inhibit binding of t-PA to the isolated

mannose receptorle and t-PA clearance in the rat.'0 To explore possible applications of the cluster

mannosides as mannose receptor antagonists or ligands in man, tor example to improve the

pharmacokinetic properties of t-PA, we compared their effect on t-PA degradation by mannose receptor

expressing rat cells with their etlect on human cells in vrtro.

The mannosides MuLu and MuLo inhibited mannose receptor-mediated t-PA binding and association by

rat liver endothelial cells. MuL. did not affect LRP-mediated t-PA degradation by human macrophages,

nor did it show toxicity towards these cells. This is in agreement with previous findings showing that no

toxicity of 0.3 mg M6Ls could be detected in vivoin the rat. 10 Furthermore we showed that the mannose

receptor-mediated t-PA association and degradation by rat liver endothelial cells and human

macrophages was similarly inhibited by the mannosides. On both celltypes, MuLu inhibited t-PA

degradation in the nM range (lC* 30-50 nM) and MuLo in the pM range (lC * 3 - 16 pM). We therefore

may conclude that the mannosides do not display any species ditlerence or cell-type difference in their

affinities towards the mannose receptor.

The large difference in affinity of the two mannosides MuLu and MrL. is in line with the results obtained by

other groups. Synthetic lysine-based cluster mannosides with two to four mannose residues had

affinities in the mM to pM range towards isolated macrophages, 26'2' whereas inhibitors with

polymannose structures like mannose*-BSA and mannose ,*-polylysine had affinities lor macrophages

in the nM range.'u'* Using isolated hybrid and high-mannose type oligosaccharides, it was found that

oligosaccharides with tri-antennary mannose residues are endocytosed by rat liver endothelial cells with

an affinity of 60-600 nM, whereas oligosaccharides with di-antennary mannose residues are not

detectably endocytosed. $ The mannose receptor is involved in the uptake of antigen by monocyte-

derived dendritic cells. 3' lt was reported that high-mannose type oligosaccharides with di- or tri-

antennary mannose residues inhibit antigen uptake in the pM range, whereas longer tri-antennary

oligosaccharides inhibit antigen uptake in the nM range.'These data all indicate that, lor binding to the

mannose receptor with nM affinity, the ligand must contain multiple mannose residues located at some

distance from each other.
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The mannose receptor contains 8 carbohydrate recognition domains (CRD). 3 lt was found that the

receptor has a high aff inity lor mannan (Ki 1 10 nM). s When truncated receptor lorms were expressed it

was concluded that CRD 4,5 and 7 are essential lor the high atfinity binding (nM range) of mannan,

because mannan has a much lower affinity (pM to mM range) ior mutant receptors lacking one of these

CRDs. s's lt was also found that CRD 4 is essential for efficient endocytosis because receptor variants

with CRD 5-8 have a much lower endocytosis rate than receptors with CRD 4-8. s

The above-mentioned differences in affinity for the mannose receptor of mannosides with a different

chain length and the differences of the mannan affinity for various truncated mannose receptors

indicates that the chain length of the mannoside determines the number of CRDs it can bind to, and,

thereby, the affinity ol the ligand for the mannose receptor. Our results suggested that t-PA and MuL.

had the proper configuration to bind with high atfinity to the mannose receptor expressed on cells.

Because the CRD 4,5 and 7 are essential for nM binding affinity to the receptor, we hypothesize that

one molecule of t-PA or MuL, binds simultaneously to the mannose receptor CRD 4,5 and 7, which

results in high affinity binding. lt is possible that the cluster mannoside M5L4 is too short and one

molecule of mannoside may only bind to two out of three CRDs which results in a much lower binding

affinity.

We compared our in vitro data with in vivo dala. ln rats, the clearance of mutant t-PA (point mutation)

which lacks the oligomannose residue is about 577o compared to normal glycosylated t-PA. 36 This is

similar to the observed inhibition of t-PA clearance with the highest dose of MuLu we used. When the

inhibition by 0.3 mg M"L. is considered to be maximal (100%), the observed inhibition of mannose

receptor mediated clearance with 0.3 mg MuL, is 66%, and, with 0.03 mg MuLu , it is 81%. When we

assume that the mannosides are maximally distributed over the total body fluid (approximately 50 ml)

and minimally only in plasma (approximately I ml) the mannosides reach plasma concentrations as

shown in table 1. Within this estimated plasma concentration range of the mannosides the degradation

of t-PA by cells would have been inhibited with M.L. by 44"/"lo 56%, with M6Ls (dose 0.03 mg) by 80% to

91%, and with MuLu (dose 0.3 mg) by 96% to 99%. This analysis suggests that the mannose receptor

lunctioning in vitro on isolated rat liver endothelial cells and human macrophages is comparable to and

representative of the f unctioning of the mannose receptor in vivo in lhe ral.

The mannose receptor also plays a role in the immune system in antigen uptake by antigen-presenting

cells.31 and in the uptake of intracellular parasites such as Leishmania donovani,3' Tryponosoma cruzi.
s and Mycobacterium tuberculosis. s As MuLu has a high aftinity lor the mannose receptor and inhibits t-

PA binding, it may also be used to inhibit the uptake of antigens or pathogens. Furthermore MuLu could

be a good candidate for drug targeting towards mannose receptor-expressing cells. a0'41 Further studies

are required to substantiate these potential therapeutic applications ol the high affinity mannose

receptor ligand MuLu.

ln conclusion, we demonstrate that, as in the bovine and rat liver, the mannose receptor is present on

liver endothelial cells and Kupffer cells in human liver. The newly.synthesized cluster mannoside MuLu

inhibits mannose receptor t-PA binding, uptake and degradation with high affinity (unlike smaller cluster

mannosides) on both rat and human cells. t-PA is cleared mainly by the liver in both species. MuLu is a

potent inhibitor of mannose receptor-mediated t-PA clearance in the rat, and we expect that it is capable

of inhibiting the mannose receptormediated t-PA clearance in man to a similar extent.
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lnhibition of mannose receptor-mediated clearance of
tissue-type plasminogen activator (t-PA) by dextran:

a new explanation for its antithrombotic effect.
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Chapter B

SUMMARY

Dextran is used during surgery as a prophylactic agent to prevent deep venous thrombosis. Recently it

has been shown that dextran increases t-PA plasma concentrations in patients. As dextran is a potential

ligand for the mannose receptor, we studied whether this glucose-polymer would be able to inhibit

mannose receptor-mediated clearance of t-PA.

ln this reporl we show that dextran 40 and dextran 70 were able to inhibit t-PA binding to the isolated

human mannose receptor (lcs, 14 and 4 mg/ml, respectively). Both glucose-polymers inhibited

mannose receptor-mediated t-PA degradation by human monocyte-derived macrophages in vitro (lC*7
and 2 mg/ml, respectively). The or-macroglobulin receptor/ low density lipoprotein receptor-related
protein (LRP)-mediated t-PA degradation by the macrophages was not affected by dextran. During and

alter a 45-min infusion of deritran 70 (Macrodex) in rats, in plasma endogenous t-PA concentrations

increased to 162 t 33% and 122 + 35Y" respectively. The plasma clearance of a bolus injection of
exogenous t-PA was decreased by 33 + 9% in the same rats.

We conclude that dextran inhibits mannose receptor-mediated t-PA clearance. The inhibition of t-PA

clearance during dextran infusion results in increased endogenous t-PA plasma concentrations.

lncreased t-PA concentrations present during thrombus formation are known to increase thrombus
lysability. Thus the inhibition of t-PA clearance can contribute to the antithrombotic etfect of dextran.

INTRODUCT!ON

Tissue-type plasminogen activator (t-PA) is a serine protease that activates fibrinolysis by converting

plasminogen into plasmin, which cleaves fibrin into soluble degradation products. ''' Because ol ils fibrin

selective action, t-PA is successfully used for thrombolytic therapy, for instance after myocardial

infarction.3 Recombinant t-PA is a glycoprotein which contains a single high mannose-type and one or
two complex-type oligosaccharides.4 lt is rapidly cleared trom plasma by the mannose receptor and the

or-macroglobulin receptor/ low density lipoprotein receptor-related protein (LRP).s''

Previously we found that synthesized cluster mannosides are able to inhibit the binding of t-PA to the

isolated mannose receptor, 8 to inhibit mannose receptor-mediated degradation by rat and human cells
(Noorman et al. Hepatology 1997, in press), and to inhibit the clearance of t-PA in the rat. 7 We wanted

to know whether an inhibitor of mannose receptor-mediated t-PA degradation would increase the

plasma concentrations of endogenous t-PA in man and thereby prevent thrombosis in man. For this we

searched the literature for potential ligands/inhibitors ol the mannose receptor which have been shown

to increase plasma t-PA concentrations in man.

Dextran is a potential ligand for the mannose receptor expressed on monocyte-derived immature

dendritic cells. s lt is a neutral polysaccharide, which is synthesized lrom saccharose by a number of

bacterial species ol the family of the Lactobacillae. lt consists of glucose units linked together by alpha

1-6 bonds, and at intervals of about 20 glucose units, short side branches are attached to the main chain

by alpha 1-3 linkages. 10 By partial hydrolysis dextran is made with mean molecular weights of 40,000

(Rheomacrodex or dextran 40) or 70,000 (Macrodex or dextran 70). These dextrans are clinically used

as plasma volume expanders lor the efficient resuscitation from haemorrhagic hypotension and as a

blood substitute in surgery. 11'12 lt is found that dextran is also effective as a prophylactic agent during

92



Dextran inhibits mannose receptor-mediated clearance

surgery to prevent deep venous thrombosis. 13-16 Recently it has been shown that t-PA antigen in plasma

was increased during dextran infusions in surgical patients by an unknown mechanism.lT

Since dextran is a potential ligand of lhe mannose receptor, we hypothesized that the increased t-PA

concentrations might have been caused by inhibition of mannose receptor-mediated t-PA clearance. ln

the present study we tested whether t-PA binding to the isolated human mannose receptor is inhibited by

therapeutic concentrations of dextran. We also tested the eflect of dexlran on t-PA degradation

m ediated by the mannose receptor and LRP expressed on human macrophages, an in vitro model for

the plasma t-PA clearance by the liver. 18 Finally we compared the effect ol 6% dextran 70 in 0.9% NaCl

infusion with the effect of 0.9% NaCl infusion on the plasma concentration of endogenous t-PA and on

the clearance of a bolus injection of exogenous t-PA in vivo in the rat.

MATERIALS AND METHODS

Mateials
N-hydroxysuccinimide-biotin (NHs-biotin, Zymed Laboratories lnc., South San Francisco, CA, USA), highly activated polyvinyl

chloride microlilre plates (Micronic b.v., Lelystad, The Netherlands), alkaline phosphatase-coniugated strePiavidine (Amersham,

Buckinghamshire, UK), and p-nitrophenyl phosphate (Sigma, St. Louis, MO, USA) were used forthe immobilised mannose receptor

assay. Human AB- serum, and thrombocyte-poor pooled butfy coats lrom healthy donor blood (pooled lrom 5 donors with lhe same

blood type combined, and serum added to preserue the cells), were obtained from the Red Cross Blood Bank Ohe Hague and

Leiden, The Netherlands). LymphopreprM (Nycomed Pharma AS, Oslo, Norway) with a density ol 1.O77 glml was used lor densiiy

gradient centritugation. Heparin (Leo Pharmaceutical Products, Ballerup, Denmark), cell culture medium M199 (Flow Laboratories,

lrvine, UK), Penicillin/Streptomycin (Pen/strep, Boehringer Mannheim, Mannheim, Germany), and sterile buFfers were used to isolate

and culture the monocytes. Dexamethasone was purchased lrom Sigma Chemical Co. (St.Louis, MO, USA). Tissue-type

plasminogen activator (t-PA), was purilied from a recombinanl human melanoma cell culture 's by Dr. J.H. Verheiien of our

laboratory. Recombinant t-PA (Actilyse) was obtained from Boehringer lngelheim (lngelheim, Germany). Bovine serum albumin

(BSA) fraction V and mannan extracted from Saccharomyces cerevisiae, prepared by the cetavlon method were oblained lrom lhe

Sigma Chemical Co. (St.Louis, MO, USA). The tusion protein ol glutathione-S-transferase and ur-macroglobulin receptor-associaled

protein (GST-RAP) was prepared by Dr. J. Kuiper (Sylvius Laboratory, Leiden) using lhe Salmonella iaponicum glulathione-S-

transferase (GST)-BAP expression plasmid 'o (kindly provided by Dr. J.Hez, University ol Texas, Southwestern Medical Cenler,

Dallas). Dextran T40 and Dextran T7O and lilacrodex (6% Dextran 70 in 0.9% NaCl) were obtained lrom Pharmacia Fine Chemicals

AB (Uppsala, Sweden).

lnhibition of t-PA binding to the immobilised mannose receptot.
Melanoma t-PA (0.1 mg/ml) was dialysed against 0.1 M NaHCO3, 0.01% (vA/) Tween 80, pH 8.4 and incubated with NHS-biotin at

room temperalure lor 3 hours at molar ratio '1:200. After incubation biolinylated-t-PA (biot-!PA) was dialysed against 20 mM TriyHCl,

150 mM NaCl, O.O1% (vr'v) Tween 80, pH 7.4. Mannose receplor was isolated and puritied lrom human placenla on a mannosylated-

albumin-sepharose column. "'" The receptor was adsorbed ovemight at 4 C lo microtitreplates in 20 mM Tris/HCl butfer, 150 mM

NaCl, 5 mM CaCl,, pH 7.4. The wells were incubated tor 0.5 h al room temperature with binding butfer (20 mM Tris/HCl, pH 7.4

containing 0.5% (v/V) Tween 80, 150 mM NaCl, 5 mM Caclr, and 1 mg/ml BSA). The immobilised receptor was incubated with

varying concenlralions of inhibitor in binding butfer lor 0.5 h. Subsequently a nonsaturating concentralion of biott-PA (100 ng/ml,

final concentration) was added and the mixture was incubated at room temperature lor 2 h. Bound biot-t-PA was quantified by

incubation al room temperature for t h with alkaline phosphatase-conjugated streptavidine. Between each incubalion slep the wells

were washed 3 times with binding buffer. Bound conjugale was detected by measuring the conversion rate ol the chromogenic

substrate p-nitrophenyl phosphate at 25"C. The results were corrected for non-specific binding obtained in wells which were 'coaled'

with buffer without mannose receptor.

Monocyte isolation and cultlvatlon.
Monocytes were isolated lrom pooled human butty coats as described earlier.ls Bully coat (100 ml) was diluted with 180 ml

phosphate butlered satine (2.7 mM KCl, 137 mM NaCl, 8.1 mM Na,HPO{, 1.46 mM KH,POa, pH 7.4) containing 10 unityml heparin.

Using density gradient centrifugation with LymphoprepTM, routinely 5 lo 10x1d cells were obiained. These cells were resuspended in

culture medium (M199 containing 10 mg/ml glutamine,50 U/ml penicillin,50 pgy'ml streptomycin) and 2.5 x 106 cells/well were

seeded in 24 wells culture plates. Atter one hour the non-adherenl cells were removed with medium, and cells were cultured in

culture medium containing 0.1 pg/ml dexamethasone and 10ol. (vfu) human AB* serum. Atter 2 days the monocyles were
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ditferenllaled to macrophages and used lor degradation studies.

Degrudatlon otl26l-t-PA by human macrophages.
Recombinant t-PA was labelled with 1'?sl using the iodogen method.l3 The macrophages were washed (3x wilh PBS containing 0.9

mM Caclr, 0.5 mM Mgclr, 10 mg/ml BSA, pH7.4,4"C\, and incubated with 17 nM "51{-PA with or without 100 nM GST-RAP and

inhibitor in 300 pl M199, 10 mg/ml BSA, 0.01% (vfu) Tween 80, at 37'C in 5'k CO,/ 95'h air. After one hour of incubation, cell media

were collected and trichloroacetic acid (TCA) was added (tinal conc. 'lO% w,ry). Non-degraded "51-l-PA was precipitaled by

centrilugation (10 min 15OOO g). To eliminate the possibility lhat the cslls might deiodinate rather than degrade r'?sl-l-PA, lree 12'l was

extracled. To the 500 pl TCA soluble supematant obtained, 5 pl 400 mg/ml Kl and 25 pl H,O, 30% (vtu) were added. After 5 minuies

he free iodine was e)dracted with 8oo pl chloroform. The radioaclivity ol ths remainlng '2'l-tyrosine (and possibly ''?s|-peptides) in lhe

upper layer (5 min 15000 g) representing dogradod "sl-t-PA was delermined. Dala were correcled for radioactivity of the medium

incubated in wells without cells.

The ettect ol dertrun lnfuslon ln vlvo ln the rut.

Male Wistar rats (300 g) were anaesthetised with Nembutal (1 ml/kg i.p.) and Hypnorm/aqua (25 tryrat i.m.). The arteria carotis and

he vena lemoralis were canulaled with heparinized canules. A blood sample was taken from the a. carotis, and 2 ml of 0.9% NaCl or

6% dextran 70 in 0.9% NaCl (Macrodgx) was infused via the vena femoralis in 45 minutes. Samples of blood were taken atter 25 min

and 45 min. Thoreatler 500 pg/kg bw. recombinant t-PA was injected via the vena femoralis. Blood samples were laken on time= '1, 2,

3,4,5,7, 10 and l5 minutos after injection. Haematocrit was measured at 0, 25, 45 and 60 min. All blood samples were diluted with

3.8% (w/v) trisodium citrate.2Hro (1 vol. to 9 vol. blood), kept on ice during the experimenl, centrilugated (10 min 20009), and plasma

was frozen lo -20 'C until anatysis. Bat €ndogenous tPA concentrations were measured using an Elisa specific lor rat t-PA, '?3 and

rocombinant t-PA was measured using an Elis specific for human t-PA. "

Analysls of lnhlbltlon curves and t-PA clearance
lnhibition ol the binding or degradation ol labelled-t-PA will lead to a decreased value for labelled-t-PA binding or degradation

expressed as a psrcenlage ol control. lsolated mannose receptor or cells were incubated with a concentratlon range ot inhibitor and a

nonsaturating concentralion of labelled t-PA, the binding or degradation was measurod and corrected for non-speciric binding or

degradation. The resulling inhibition curves wer6 lilied as a sigmoid curve using nonlinear regression analysis with the computer

program GraphPAD (lsl Sottware, Philadelphia, PA, USA), yielding half maximal inhibitory concentration (lcs), and Hill-slopes.

'Goodness of tit' was assessed by evaluating the actual distancs of lhe measurements lrom the titted line (no weighing).

Endogenous tPA concentrations were correcled lor the cilrate dilulion and the haematocrit measured at the corresponding sample

time. The plasma concentralion of the iniected recombinant t-PA at zero time was calculated using the previously determined blood

volume (7.3 ml blood/ '100 g rat '?s), the measured haematocrit and the citrats dilution. Using lhe above-mentioned computer program

the t-PA clearance curvos were fitted using a two-compartment model. Clearance was calculaied by dividing the calculated initial

concentration in plasma by the area under lhe clearance curve calculaled lrom 0 lo 15 minutes. Data are expressed as mean i
standard error of lhe mean (SEM), and slatistical signilicance of ditferences was delermined using he program SOLO 4.0 (BMDP

Statistical sottware, Los Angeles, CA).

RESULTS

We tested the effect of dextran and various monosaccharides on the binding of t-PA to the isolated and

immobilised human mannose receptor. As shown in Fig I the polymers of glucose, dextran 40 and

dextran 70, inhibited t-PA binding with lC* values of respectively 14 and 4 mg/ml. Though the name of

the mannose receptor suggests that it only has an affinity for mannose-containing ligands, the receptor

has a lower affinity for other carbohydrates. As shown in Fig 2 D-mannose, D-glucose and N-acetyl-D-

galactosamine inhibited t-PA binding with decreasing affinities (lC* respectively 2,7 and 57'mg/ml). On

a weight basis dextran 40 and 70 inhibited t-PA binding with an'aflinity comparable to that of D-glucose.

We tested whether dextran was also able to inhibit mannose receptor-mediated degradation by human

monocyte-derived macrophages. These cells express the mannose receptor and LRP. 18 ln order to

study mannose receptor-mediated degradation we upregulated the mannose receptor using

dexamethasone and we used GST-RAP to inhibit LRP-mediated t-PA degradation. 18 As shown in Fig 3,

the mannose receptormediated t-PA degradation is inhibited by dextran 40 and dextran 70 (lCs

respectively 7 and2 mg/ml).
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Fig 1 tntrtlttlon ot t-PA blndlng lo the laolated human

mannose receptor by dextran.

lsolated immobilised human mannos€ receptor was incubated

with biolinylated l-PA and increasing concentrations ol dextran.

Residual binding was determinsd and expressed as a percantage

of control. Data represent tho mean ol duplicatss, curyes ware

fitled from 100 to opl.. Dextran 70 (a) or doxtran 40 (o).

Fig 2 lnhibltlon of t-PA blnding to the lsolated human

mannose receptor by monosaccharides.

lsolated immobilised human mannos€ receptor was incubatod

with biolinylaled t-PA and increasing concentrations ol

monosaccharides. Residual binding was delermined and

expressed as a pelcentage ol control. Data represent lhe mean

ot duplicates and curves were fitted from 100 to 0% D-mannosa

( ), D-glucoss (a), N-aceM-D-galactosamine (I).

Flg 3 lnhlbldon ol mannoge teceptor-medlated t-PA

degradatlon by denran.
Human monocyled€rived macrophagas wors incubatod with

radiolab€llod l-PA and a langs o, dextran concontralions ln the

presence ol 100 nM GST-RAP (mannos€ rscsptor'medlated

dsgadaton). Degradation was delaminod and expressed as a
percentagp ol control. Data represent lhe msan of duplicates,

curves were filted lrom 100 to 0%. Mannan ('l mg/ml) lnhibited t-

PA degra@tion lor 93.4%. Dextran 70 (a), dextran 40 (o).

Fig 4 lnhlbltion o, total and LRP'medlated t'PA

degradatlon by dextran 70.

Human monocyto{erived macrophagos were incubatsd with

radiolabglled t-PA and a rang6 ot dextran 70 concentrations in

the absencs (tolal degradalion (a)) ot presence of 1 mg/ml

mannan (LRP mediated degradalion (tr)). Degradation \/as

determined and expressed as a percsntage of control. Dala

represent he mean ol duplicates; cuwes were fitted from 100%

or trom the l€vel obtained in the presence ol mannan without

dexlran lo 07o.
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Chapter B

To study whether LRP-mediated degradation by the macrophages was inhibited by dextran we looked at
the effect of dextran 70 on total IPA degradation (mediated by both LRP and the mannose receptor)
and on degradation in the presence of an excess of mannan (mediated by LRP). As shown in Fig 4 total
degradation was only partially inhibited by dextran 70 at concentrations that inhibited mannose receptor-
mediated degradation completely (Fig 3). Dextran 70 did not affect LRP degradation at low and
intermediate concentrations, only the highest concentration used (100 mg/ml) started to inhibit LRP-
mediated degradation. Therapeutic amounts of dextran 70 reach plasma concentrations of about 10

mg/ml directly after infusion, after 5 hours the concentration is reduced to 6 mg/ml.'o Figures 3 and 4
shows that at 10 mg/ml of dextran 70 approximately 60% oJ mannose receptor-mediated tPA
degradation was inhibited, while LRP mediated t-PA degradation was not affected.

We tested the effect of dextran 70 infusion on the plasma concentration of endogenous !PA, and on the
clearance of a bolus injection of t-PA rn vlvo in the rat. A schematic overview of the experiment is shown

in Fig 5A. During and after infusion of NaCl the haematocrit remained al 44"/", while in the dextran-

treated rats the haematocrit increased during infusion to 54oh (l=25 min) and then steadily decreased to
49% (t=60 min). As shown in Fig 58 and Table 1, the endogenous t-PA concentration decreased during

and after NaCl infusion, whrle it increased during and after dextran infusion in most rats. On average the

clearance of exogenous t-PA was inhibited for 33 + 9% by dextran (0.56 + 0.07 ml/min) compared to

NaCl trealment (0.85 r 0.07 ml/min) (Fig 5C). Both half-lives of t-PA were decreased (see Table 1),

while the amount of t-PA cleared in each phase remained the same for both treatments (approximately

70 "/"was cleared in the q phase, and 30% in the B phase). The rats treated with dextran that had the

highest endogenous t-PA concentrations, were also the rats that had the lowest clearance of exogenous

t-PA (Fig 5D). We conclude that our data support the hypothesis that dextran inhibits t-PA clearance tn

vivo.

Table 1 The etfect ol dextran on plasma endogenous t-PA concenlrations

and exogenous l-PA clearance ln vlvo ln lhe ruL

Summary and signilicance of the ditferences between the effect ol 0.9% NaCl or 6% dextran 70 in 0.9% NaCl infusions (see Fig 5)

on the endogenous t-PA concentration and exogenous t-PA clearance in lhe ral. Data are represented as mean r SEM (n=5),

the probability ol ditference between NaCl versus dextran treatment is calculated using the Mann-Whitney lest.

Parameter

endogenous t-PA

t=25 min (%t=0)

endogenous t-PA

t=45 min (%t=0)

t-PA clearance

(ml/min)

t-PA clearance

half-lile d (min)

t-PA clearance

half-lile B (min)

NaCl infusion Dextran inlusion Probability value

53a6

54 17

0.85 r 0.07

0.24 r 0.08

2.3 t0.4

162 a 33

122 r35

0.56 r 0.07

0.53 r 0.07

4.1 r0.7

0,009

0.009

0.o47

0.028

0.117
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Fig 5 Tne eflect ol dextran on plasma endogenous t-PA concentralion and exogenous t-PA clearance ,n vrvo ln the rat.

A schematic overview ol lhe in vivo experiment is shown in Fig 5A. Betore (t=0 min), during (t=25 min), and afler (t=45 min) the

inlusion of 2 ml 0.9k NaCl (n=5) or 2 ml 6"/" denran 70 in 0.9% NaCl (n=5) in the rat, plasma samples were taken and the

endogenous t-PA plasma concenlration was measured. Data were corrected lor the haematocrit and citrate dilution, and are

represented in Fig 58 (mean i SEM; Nacl-treated rats open circles; dextran treated rats clossd circlas). Atter the lnlusion a bolus

injection of 500 pg/kg bw. recombinant t-PA was given. At the time points indicated plasma samples were taken and human l-PA
plasma concentration was measured. Data were expressed as a percentage ol the calculaled initial plasma concentration corrected

f or haematocrit and citrate dilution (1 1.0 pg/ml Nacl-treated ,als, 12.2 pgy'ml dextran-lreatsd rals) and are shown in Fig 5C (llnos:

two-compartmenl model using the average clearance paramenters mentioned in Table 1, Nacl-trealed rals (O); dextran{reatod rals

(a), mean plasma concentralions i SEM). The correlation between clearance rates and endogenous t-PA concentration al t=25 min

and t= 45 min of the rats is shown in Fig 5D.
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DrscusstoN

Dextran has antithrombotic properties when used in vivo in man. 13'16 The antithrombotic effect of dextran

is attributed to decreased coagulation by decreased platelet aggregation and adhesion, and to
increased fibrinolysis by inlluencing fibrin structure. 10'13'26'27 However when at therapeutic concentrations

dextran is added in vitro lo normal blood or plasma, there is no reduction in platelet adhesiveness and

no increased lysability ol in vitro formed thrombi, while ln vitrotormed thrombi lrom blood obtained lrom

patients receiving dextran were more easely lysed. 10 Thus dextran probably affects plasma

concentrations of components of the coagulation and/or the fibrinolytic cascade in vivo.

The plasma levels of coagulation factors are not affected more than what would be expected trom

haemodilution except for the decrease in factor Vlll:C and von Willebrand factor plasma concentrations

which could contribute to the effects ol dextran on platelet function. 10'28-s Recently it has been shown

that t-PA antigen and t-PA activity were increased during dextran infusions in surgical patients (by 18 and

43% respectively). PAI-1 activity was decreased by 19% probably by the increase in t-PA. 17 These

lindings are, however, not consistently found. Early studies showed that t-PA antigen as well as PAI-I

activity were significantly increased compared to preoperative values when measured one day atter total

hip replacement and dextran infusion. 23 No signilicant increase of t-PA activity was observed after

dextran infusion, 28 and the desmopressin induced increase of t-PA antigen appeared not to be atfected

by dextran when studied in volunteers. * Whether these ditferences in observations were due to a
difierence in study design (such as blood sampling, patients versus volunteers, or number ol

participants) remains to be determined.

As dextran has been shown to be a possible ligand of the mannose receptor, e we hypothesized that

inhibition of the mannose receptor-mediated t-PA clearance could contribute to the antithrombotic etfect

of dextran. ln this study we tested whether delitran was able to inhibit mannose receptor-mediated t-PA

degradation in vitro and in vivo. We showed that dextran inhibited binding of t-PA to the isolated

immobilised mannose receptor. We also showed that mannose receptor-mediated t-PA degradation

was inhibited (approximately by 60%) by dextran at therapeutic concentrations (10 mg/ml), whereas LRP

mediated t-PA degradation was not. lt appeared that dextran 70 had a 3 fold higher atlinity than dextran

40 (6 fold higher when expressed in molar concentrations). Dextran 40 is clinically used in higher

concentrations than dextran 70 (10% and 6% wfu solutions, respectively). The clinical plasma

concentrations of dextran 40 are therefore higher, and based on our competition experiments the effects

of both dextran forms on the t-PA clearance will be similar tn vlvo.

ln vivo dexlran treatment increased the plasma concentration ol endogenous t-PA in the rat. This can be

caused by stimulation ol t-PA release and by inhibition of t-PA clearance. Therefore we also measured

in the same rats the clearance of a bolus injection of recombinant t-PA. We found that the dextran

treatment inhibited the clearance of exogenous t-PA by about 33%. The half-lives of both the rapid o-
phase and the slower B-phase were reduced by dextran, as observed previously with other inhibitors ot

mannose receptor-mediated t-PA clearance 6'e

g8
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Dextran reduces thrombus formation and thrombus weight in a venous occlusion rabbit model. 33's

lncreased t-PA concentrations present during thrombus formation cause increased lysability of thrombi.
27'3s'35 Recently it has been shown that even a doubling of plasma t-PA concentrations (within the
physiological t-PA concentration range) is able to significantly reduce thrombus formation in a rat arterial

thrombosis model.3'Thus the increased t-PA concentrations during dextran infusion could contribute to

the antithrombotic effect of dextran.

lf partial inhibition of mannose receptor-mediated t-PA clearance already results in increased

endogenous plasma t-PA concentrations, thereby reducing the risk of thrombosis in man, complete
inhibition would even be more eflective. A recently synthesized cluster mannoside with a high atfinity for
the mannose receptor 8 was able to fully inhibit mannose receptor-mediated t-PA clearance at plasma

concentrations in the Ug/ml range without showing any toxic etfect in rats. 7 Would this compound be

more efficient than dextran and be a better agent for preventing deep venous thrombosis in man?

Further studies are required to provide evidence for this intriguing possibility.

ln conclusion we showed that at therapeutic concentrations dextran is able to inhibit mannose receptor t-

PA binding and to interfere with mannose receptor-mediated t-PA degradation by cells in vitro.\Ale also

showed that in rats dextran increases endogenous IPA concentrations and inhibits t-PA clearance rn

vivo. As increased t-PA concentrations present during clot formation increase the thrombus lysability,

the increased t-PA concentrations in plasma can contribute to the antithrombotic effect of dextran.
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Chapter I

SUMMARY

This review describes the identity, tissue distribution, ligands and functions of the mannose receptor and

other tissuetype plasminogen activator (t-PA) clearance receptors like the low density lipoprotein

receptor-related protein (LRP). The receptor binding sites of t-PA and the corresponding t-PA binding

sites of the receptors are summarized, and recently developed inhibitors of t-PA clearance are

described. The contribution o, the receptors to the systemic clearance of t-PA and (patho)physiological

conditions that may influence receptor expression, t-PA clearance and plasma t-PA concentrations are

evaluated. Furthermore the potential use of mannose receptor inhibitors in thrombolytic and

antithrombotic therapy is discussed.

Tiss ue-ty pe pl as m i noge n activator
Tissue-type plasminogen activator (t-PA) is one ol the activators that is able to convert plasminogen into

plasmin which cleaves fibrin into soluble degradation products. IPA was purified from uterine tissue and

found to be closely similar to the vascular plasminogen activator present in blood and in the human

vascular wall. 1 ltwas isolated lrom the culture fluid of a melanoma cell line in 1981 and cloned and

expressed in 1983.2 High concentrations of active t-PA can rapidly activate the dissolution ol blood clots.

lnfusions of recombinant t-PA are therefore successfully used in thrombolytic therapy.3's New fibrinolytic

agents such as t-PA mutants are currently in development. a'6

t-PA is a 69 kDa serine protease consisting ol five domains: finger domain, growth Iactor domain, kringle

1, kringle 2, and a protease domain. Three potential N-glycosylation sites are present on the molecule,

of which each is able to bear an oligosaccharide of a size comparable to that of a kringle domain

(recently reviewed'1. The oligosaccharide found on Asn 117 in kringle 1 is a high mannose-type

oligosaccharide; Asn 148 in kringle 2 of t-PA may (type I t-PA) or may not (type ll t-PA) be glycosylated

with a complextype oligosaccharide; and the protease domain bears a complex{ype oligosaccharide

on Asn 448. ln addition a fucose unit is O-linked to Thr 61 in the growth factor domain of t-PA.

Circulating plasma t-PA is synthesized and released by the endothelial cells that line the blood vessels.8

The physiological plasma concentration of t-PA is low. Synthesis and blood clearance of t-PA as well as

inhibition of t-PA by its inhibitor plasminogen activator inhibitor-1 (PAl-1) control the activity of t-PA in the

blood. e High concentrations ol PAI-1 in the blood lead to low t-PA activity. Low t-PA activity is associated

with the risk ol cardiovascular diseases such as myocardial infarction. e'10

Clot dissolution is a highly regulated process. 11 One intriguing phenomenon is that some coagulation

factors (for example thrombin and factor Xa in combination with phospholipids) stimulate the endothelial

cells to release large amounts of t-PA. 12'13 The concentration of active t-PA present during clot lormation

determines the lysability of the clot afteMards. 1a'1s Recently it has been shown that very low dose t-PA

infusions during thrombus formation (resulting in doubling of the physiological concentration ol t-PA)

reduces thrombus formation in vivoin the rat. 16 lnstead of low dose infusions ol t-PA, other ways to

achieve higher active t-PA concentrations for prevention and therapy would be the administration of PAI-

1 antagonists, 17 stimulators of t-PA synthesis and release 18 or t-PA clearance inhibitors.

This report describes the properties and the functioning of the mannose receptor and other clearance

receptors. Furthermore, it evaluates their role in the regulation of the t-PA plasma concentration and

discusses the potential therapeutic applications of t-PA clearance inhibitors.
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Regulation of t-PA concentrations by receptor-mediated clearance

Clearance of t-PA
The clearance of t-PA from the circulation is very rapid. ln man both endogenous and recombinant t-PA

have half-lives of approximately 5 minutes. 1e23 The liver is the main organ responsible for the clearance
ol t-PA.'s'" ln 1985 it was suggested for the first time that the mannose receptor is involved in the

clearance of t-PA.24 The first reports providing evidence for this process were published in 1988.2$28 The

175 kDa mannose receptor isolated from bovine lung,'n trom human livers and from human placenta,3l

has been shown to bind t-PA. Furthermore polyclonal antibodies against the human mannose receptor

are able to inhibit endocytosis of t-PA by rat liver endothelial cells in vitro. P Recently we developed a
panel of monoclonal antibodies against the human mannose receptor isolated lrom placenta. All

monoclonal antibodies bind to the 175 kDa human mannose receptor in a Western blot and in an

ELISA. Three of these monoclonal antibodies, which recognise the same epitope, are able to inhibit the

binding of t-PA to the isolated mannose receptor and the mannose receptor-mediated t-PA degradation

by human macrophages in culture. s

lnhibitors of the mannose receptor, however, only partially inhibit t-PA clearance. 2628 After the

identification of the mannose receptor as a t-PA clearance receptor, it took another four years before the

or-macroglobulin receptor also called the low density lipoprotein receptor-related protein (LRP) was

identified as another t-PA clearance receptor. si' An inhibitor of the LRP also partially inhibited t-PA

clearance. * Both the mannose receptor and LRP are about equally involved in the clearance of t-
PA.3s'ao Administration of inhibitors o, the mannose receptor and the LRP inhibited t-PA clearance each

by approximately 60%, whereas a combination of these inhibitors inhibited clearance by approximately

90% in the rat.0

However, it cannot be excluded that besides the mannose receptor and LRP, other receptors were

inhibited in these in vivo experiments. The 39 kDa receptor-associated protein (RAP) that was used to

inhibit LRP-mediated t-PA clearance, also inhibits ligand binding to other receptors of the LDL receptor

gene family such as the very low density lipoprotein (VLDL) receptor, epithelial glycoprotein 330

(gp330), and the low density lipoprolein (LDL) receptor.4l Apart from LRP, both the VLDL receptor €

and gp330 s7 also have been shown to bind t-PA at least when complexed to PAI-1 (t-PA-PAl-1).

lnhibitors ol the mannose receptor-mediated clearance may also inhibil the binding of ligands to other

mannose-binding proteins (MBP) like serum amyloid P € and MBP-C44 which have a ligand spectrum

similar to that of the mannose receptor. lt has been shown that serum contains a MBP that inhibits

mannose receptor-mediated uptake by liver endothelial cells. * lt is however not known whether t-PA

binds to MBP.

Although t-PA clearance is already approximately 90% inhibited by a combination of mannose receptor

and LRP inhibitors, other t-PA receptors may have a minor role in t-PA clearance. A fucose receptor has

been suggested as mediating t-PA binding to hepatoma cells. € However, this could not be confirmed in

anotherstudyaTandnoadditional inhibitionof t-PAclearancewith fucosyl-BSA was lound invivo.s
Some cell-associated molecules bind to the lysine binding site ol t-PA (amphoterin, € gangliosides, q-

enolase, as and other proteins $;. These molecules are thought to play a role in the colocalization of t-

PA and plasminogen and the lormation of plasmin on the cell surlace. Cell-associated proteins which

do not bind t-PA in a lysine binding site or active site dependent way have also been found. s1-53

Furthermore it has been shown that t-PA is able to bind in a finger and kringle 2 domain-dependent

manner to heparin. sa's Proteoglycans from vascular endothelial cells have been shown to bind t-PA.s7

Cell-bound proteoglycans have been shown to increase the binding of some ligands to the cell and
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thereby the uptake by the LRP s and the VLDL receptorjs The contribution of the above-mentioned

putative tPA binding molecules to the clearance of t-PA is, however, still unknown.

The lunctioning of both the human mannose receptor and the LRP can be studied at the same time in

cultured human monocyte derived macrophages. lnhibitors of the mannose receptor and the LRP inhibit

t-PA degradation by macrophages each by approximately 50% and in combination by 95%.

Furthermore, t-PA binding to these cells is partially inhibited by a lysine analog but this analog does not

alfect t-PA degradation. tt We have shown that the etfects of inhibitors studied in this human ln vftro

model are representative of the effects of inhibitors on the t-PA clearance in vivo in the rat. 60'61

Tissue distribution of the mannose receptor and LRP

One of the above-mentioned monoclonal antibodies against the human mannose receptor was used in

llow cytometry and immunohistochemistry to determine the cellular expression and the tissue

distribution of the mannose receptor. s,60'62'63 We have shown that isolated human monocytes and

lymphocytes do not express the mannose receptor. Cultured human monocytes start to express the

mannose receptor after a few days in cutture. Expression of the mannose receptor as detected by this

antibody is upregulated by dexamethasone and downregulated by lipopolysaccharide.62

By use ol immunohistochemistry we have shown that the mannose receptor is expressed by only a few

human cell types. ln all vital organs resident tissue macrophages expressed the mannose receptor

(including the alveolar macrophages, B Kupfler cells,m Hofbauer cells, s perivascular glial cells, and

synovial lining cells 63). Not all macrophages express the mannose receptor; the macrophages in the

thymusmedulla,u'intheBcell areasof lymphnodes e andspleen, a andthemicroglial cellsinthe
brain s were all mannose receptor-negative. ln these studies the only non-mononuclear phagocytes

expressing the mannose receptor in human tissue are liver sinusoidal endothelial cells, m spleen

sinusoidal endothelial cells a and sperm cells. a ln these studies it was also shown that the monoclonal

antibody is specific for the 175 Kd mannose receptor; lhe antibody did not stain cells that express MBP

like liver parenchymal cells s and lymphocytess nor did it stain cells that express receptors with a

configuration similar to that of the mannose receptor (DEC-20566 and phospholipase A2 receptor6T).

ln contrast to the mannose receptor, LRP is expressed in many more cell types such as neurons,

astrocytes, epithelial cells, smooth muscle cells, fibroblasts, lipocytes, fibroblasts, chondrocytes,

hepatocytes, syncytiotrophoblasts, Leydig cells, monocytes, macrophages, Kupfler cells, and Hofbauer

cells. s gp330 is not expressed in the liver but only in kidney, lung and intestine.a The VLDL receptor is

found in skeletal muscle, heart muscle and vascular endothelial cells.70

The ligands and functions of the mannose receptor
Alveolar macrophages are able to bind the lysosomal enzyme B-glucuronidase in a mannan-inhibitable

way."''" Non-parenchymal liver cells are found also to endocytose similarly glycosylated lysosomal

enzymes in a mannan-inhibitable way.'"'o After the binding of the ligand to this mannan-inhibitable

receptor, the ligand-receptor complex is internalised, the ligand dissociates from the receptor in the

acidic environment of the endcsome (pH 5-6) and the receptor is recycled to the membrane while the

ligand is delivered to lhe lysosome. "'t The 175 kDa mannose receptor has been purilied from elitracts

of macrophages, Ts placentaTs and liver.o ln 1990 the primary structure of the receptor was elucidated80'

and the characteristics of the individual mannose receptor domains were studied by using mutant

receptors. sl'e
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Regulation of t-PA concentrations by receptor-mediated clearance

An overuiew of the mannose receptor ligands is shown in Table 1 (see page 108). All mannose receptor

ligands are also ligands for other receptors. Various (lysosomal) enzymes are cleared by the mannose

receptor as well as the mannose-o-phosphate receptor or the galactose receptor. s The contribution ol

each receptor to the clearance of endogenous lysosomal enzymes can be diflerent from the clearance

of administrated isolated enzymes. s Some enzymes, lor example renin, e3 consists of different

isoenzymes and only a subpopulation (subtype B ol renin) of the isoenzymes contains a mannose

receptor recognition site. Therelore it is difficult to predict what inhibition of the mannose receptor would

do to the concentrations of endogenous ligands rn vlvo. Until now only one study has shown that

inhibition of the mannose receptor in vivo results in increased endogenous t-PA plasma

concentrations.6l

ln the liver the mannose receptor {unctions mainly as a clearance receptor of ligands in the circulation.

Some lysosomal enzymes are not degraded after uptake, instead they continue to function in the

endothelial cell lysosome. m'8e lt has been shown that the mannose receptor-mediated endocytosis by

liver endothelial cells is 3 to 7 times higher than by Kupffer cells. 115 This is also reflected inlhe in vivo

uptake of t-PA where the endothelial cells contain six times more t-PA per mg cell protein than the

Kupfler cells. 5 ln contrast to healthy human cells, apoptotic human cells expose mannose and

galactose residues on their surface. The mannose receptor is one of lhe receptors used in the liver by

non-parenchymal cells to phagocytose apoptic cells. 16rm ln contrast to endocytosis, mannose receptor-

mediated phagocytosis is more rapidly mediated by the Kupffer cells than by liver endothelial cells. 16

ln addition to the clearance of glycoproteins, the mannose receptor functions to mediate the

phagocytosis of various pathogens. * Furthermore the mannose receptor is likely to be involved in

antigen presentation, "u foreign body-type giant cell formation, "'the homing of lymphocytes to the

spleen, '18 retinal phagocytosis'a and sperm fertility. t1e

t-PA binding sites ol the mannose receptor
Unlike the LRP ligands (see below) many mannose receptor ligands have been shown to inhibit each

other's binding, though with different affinities. Studies with mutant t-PA and endo H treated t-PA have

shown that the (tri-antennary) high mannose-type oligosaccharide present on kringle I of t-PA binds to

the mannose receptor and mediates part of the t-PA clearance.2s'r20 We have shown recently that the

binding of t-PA to the mannose receptor is much stronger (500 fold) than the binding of tvvo other

ligands containing a similar high mannose-type oligosaccharide: ribonuclease B and ovalbumin. The

complex{ype oligosaccharides and the O-linked fucose in the growth lactor domain of t-PA did not

significantly contribute to this high affinity binding of t-PA. The affinity of the trypsin digest of t-PA was

500 fold lower than that of intact t-PA, whereas trypsin digests of ribonuclease B and ovalbumin'had a 2-

3 fold lower affinity than intact ribonuclease B and ovalbumin. This indicated that the high affinity of t-PA

was not caused by a different type ol oligosaccharide. We hypothesized that the conformation of the

high mannosetype oligosaccharide is influenced by the protein part of t-PA in such a way that it has a

higher atfinity tor the mannose receptor. Complex formation with PAI-1 or s2-antiplasmin did not affect

the atfinity of t-PA for the mannose receptor.3l
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The mannose receptor (Fig 1) is a type I transmembrane protein consisting of a N{erminal cysteine rich

domain, a fibronectin type ll repeat, eight carbohydrate recognition domains (CRD), and a C{erminal
transmembrane region and cytoplasmatic tail.88 Using truncated mutant receptors it has been found that

CRD 4, 5 and 7 are essential for the high affinity (Ki in the nM range) binding ol mannan; mutant
mannose receptors missing one or two of these domains have much lower atlinities for mannan (Ki in

the pM to mM range). CRD 4 is essential for efficient endocytosis, and CRD 6 and/or CRD 7 is essential

tor the release of the ligand at pH 5-6 .

The aflinity of monosaccharides for the receptor is low (mM range) in the order D-mannose = L-fucose

> N-acetylglucosamine > D-glucose > D-galactose > N-acetylgalactosamine. 2s'7278 The affinity of

polysaccharides for the receptor is much higher. Synthetic ligands like mannose*-albumin (48

molecules mannose per molecule albumin) and mannose,*-polylysine have affinities in the nM range

for the mannose receptor expressed on cells 77'122 while synthetic ligands containing less mannose

residues like mannoseu-albumin 12 and polylysines containing two to four mannose residuesl23 have

affinities in the pM range. lsolated glycopeptides containing tri-antennary high mannose-type

oligosaccharides have affinities in the pM range and glycopeptides containing di-antennary

oligosaccharides are not detectably endocytosed by rat liver endothelial cells in vitro.12a Tri-antennary

oligosaccharides with long antennae are able to inhibit antigen presentation by macrophages in the nM

range while tri-antennary oligosaccharides with shorter antennae have affinities in the pM range. ''5

The above-mentioned differences in atlinity of the mannose receptor-ligand interactions suggest that the

number of, and spacing between, the terminal saccharides determine the number ol carbohydrate

recognition domains the ligand can bind to and thereby its afiinity for the mannose receptor. Recently,

lysine-based cluster mannosides have been synthesized with two (mannoser-lysine, ,lttlrl) to six

(mannoseu-lysineu, MuL J terminal o-D-mannose residues that are connected to a polylysine backbone

with flexible elongated spacers. We have shown that all mannosides are able to inhibit t-PA and

ribonuclease B binding to the isolated mannose receptor. The aflinity ol this series of mannosides

continuously increases lrom 20 pM to 1 nM per mannoside with mannose valency increasing trom two lo
six- 126

We have tested the same mannosides for their atfinity towards isolated rat liver endothelial cells and

cultured human macrophages that both express the mannose receptor. The affinity ol the mannosides

towards the mannose receptor expressed on cells show no species or cell-type differences. The
mannosides MuLo and Mu Lu inhibit t-PA binding and degradation in the pM and the nM

range, respectively. This diflerence in affinity is also found in vivo; O.O3 mg/rat or 0.3 mg/rat MuLu inhibit

t-PA clearance much stronger (respectively 50% and 60%) than 0.3 mg/rat MsL4 (40%). m A combination

of 0.3 mg/rat MuLu and 1O mg/rat RAP inhibit t-PA clearance by 90%. a0

ln conclusion: t-PA binds with its tri-antennary high mannose{ype oligosaccharide with high affinity to the

mannose receptor. This binding is completely blocked by mannose and by poly-mannosides. The aflinity

of the inhibitors increases with increasing mannose valency. The high atfinity of t-PA for the mannose

receptor suggests that the high mannose-type oligosaccharide of t-PA interacts with more than one

carbohydrate recognition domain of the mannose receptor. A simple model for the interaction between

the mannose receptor and tPA is shown in Fig 1.
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Flg 1

Schomailc roplesentatlon ol th6
putatlvo lnteractlon of t-PA wlth the
mannoae r6coptor.
Mannose raceplor (MB) with the N-

tsrmhal cystsine rlch domain (c),

flbronsciln typ€ ll rspeat (Fn), oight

carbohydrate recognition domains (1-8)

Wth th6 mannose binding sites (a ln 4,

5 and 7), and a C-termlnal lransmem-

brans region and cytoplasmalic lail. t-
PA with lhe finger domain (F), growth

taclor domain (G), kringle 1(K1)
containing a high mannos€-type

oligosaccharide with 2 N-acetyl-
glucosamine residues (o) and at least

6 mannose residues (o), kringle 2
(K2), and the protease domain (P).

t.PA

The ligands and functions of the LDL receptor family
The LRP is a member of the LDL receptor family, 127 and is involved in the clearance of a lot of different

ligands: proteinases, inhibitors and their complexes with proteinases, and the lipoproteins LDL and

apolipoprotein E (apo E) or lipoprotein lipase (LPL) enriched VLDL (apo E-VLDL, LDL-VLDL) (see Table

1, for reviews see41'107'12&131). No other lunctions than uptake and degradation of ils ligands have been

described for the various members ol the LDl-receptor family. LBP is a very large type I

transmembrane receptor consisting of two subunits of 515 kDa and 85 kDa, respectively. RAP is

frequently used in inhibition studies to demonstrate involvement ol the LRP, "' but it has later been show

that RAP also inhibits ligand binding to gp330 and the VLDL receptor. a1 
9p330 is a receptor analogous

to the LRP. lt has a similar size and ligand spectrum as the LRP including the ligands t-PA-PAl-l , 
3?

urokinase-PAl-l (uPA-PAl-1) rs and thrombin-PAl-1 . 
1t0 As 9p330 is not expressed in the liver or vascular

endothelial cells@ it is not likely to be involved in t-PA clearance. The VLDL receptor is a 130 kDa

protein which does not recognise activated (fast form) or-macroglobulin (o, M-) but does mediate

internalisation of pro-uPA, uPA-PAl-1, LPL, 1s and apo E-VLDL.58 ln contrast to the LRP '* the VLDL

receptor is expressed by vascular endothelial cells. 70 t-PA-PAl-1 binds to the VLDL-receptor, a2 and it

has been shown that vascular endothelial cells degrade t-PA probably after complex formation with

PAI-1, tss,tee and that degradation by these cells could be inhibited by RAP.'$ Thus the VLDL receptor

on endothelial cells might contribute to the plasma clearance of t-PA.

t-PA binding sites of LBP
Some controversy exists whether the LRP is able to mediate binding of free t-PA. t-PA does not bind to

the LRP in a ligand blot, while t-PA-PAl-1 does. tu'"' On the other hand t-PA can bind to the isolated

immobilised LRP lm and inactivated t-PA, unable to interact with PAI-1, is still degraded by the LRP

expressed on hepatoma cells $'1s and human macrophages.se lt cannot be excluded that t-PA binds in

an active site-independent manner to a third molecule that is lost during ligand blotting and that t-PA,

after binding to this molecule, is taken up via the LRP expressed on cells.
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Table 1. An overview of the ligands of the mannose receptor and of LRP.

Mannose receplor ligands LRP ligands

enzymes
tissue-type plasminogen activator (tPA) (see text)

B-glucuronidase 71'7'?

N-acetyFB-glucuronidase 73

o-mannosidase 73

B-galaclosidase 70 35

glycosylasparaginase "6

hyaluronidase e7

arylsulfatase A 35

salivary amylase 33

myeloperoidase 3'g

dopamine-B-hydrorylase tr

acetylcholine esterase "
tissue kallikrein a

renin (subtype B) 'g3 "

glycoproteins
B-cell modified dr-macroglobulin (slow form) es

C-terminal prdpeptide type I procollagen $

uleroferrin e7

organlsms
Ki ebsell a Pne um on iaeeB

Escherichia Coliea

Mycobacterium AviumeB

Mycobacte tiu m Tuberculosi s4 ee

Pse udo mon as Ae rogi nosaee

Aspergillus Fumi gatu seg

Candida Albicansbg

Candida Kruseiss

C ry ptococcu s N eo f o rm an sna

Sacch aromyces Ce revisae' oo

Pneumocylis Cainiies

Try panosoma C ruzi am asti gote s' o'

Leishmania Donovenies

other ligands
ricinl02

bee venom phospholipase A'o'
pholoreceptor outer segments 'o'
apoptotic lymphocyteVapoptotic bodies'6rou

enzymes
tissue-type plasminogen activator (t-PA) (see text)

urokinase (u-PA) r'''07

pro-urokinase (pro-u-P41'otron

lipoprotein lipase (LPL) or 107

kallikrein'oB

lnhibitors
plasminogen activator inhibitor-1 (PAl-1) ""
tissue lactor pathway inhibitor (TFPI)'1

enzyme-inhibitor complexes
t-PA-PAl-1 a''107 u-PA-PAl-1 ar''07 and thrombin-PAl-1 111

cr-macroglobulin-proteinase (tast lorm) orM, orM"r'r07
pregnancy zone protein-proteinase o"o7

elasiase-q 1 
-aniitrypsin'1

lhrombin-antithrombin lll I t
thrombin-heparin cofaclor ll 1 1'?

u-PA-protease nexin I 
1'

lipoprotelns
low density lipoprotein (LDL)r13

apolipoprolein E enrichsd B-very low density lipoprotein

(apo E-B-VLDL)'1'107

LPL enriched VLDL (LPL-VLDL) { '-
LPL snriched B-VLDL (LPL-B-VLDL) " 'o'

matrix protelns

thrombospondin 1 
al and 2r1'

toxlns and viruses
Pseudomonas exoloxin A ar'ro7

minor-group human rhinovirus nt to'

other ligands
apolipoprotein E (apo E) o'''o'

lactolerrin a1'107

receptor associated protein (RAP)'r'107
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Regulation of t-PA concentrations by receptor-mediated clearance

The LRP binds to its ligands with different sites on the receptor. Although RAP seems to inhibit binding

of all ligands, not every ligand competes with all other ligands for binding to the LRP. LPL-VLDL, apo E-

VLDL, lactoferrin nor orM* are able to inhibit t-PA-PAl-1 degradation by human fibroblasts.'t-PA and

pro-u-PA have different binding sites since the isolated immobilised LRP binds t-PA and this binding is

not inhibited by pro-u-PA.'* Using a mutant LRP (amino acids 836-2501) it was found that the binding

sites ol t-pA, t-pA-PAl-1 and uPA-PAl-1 are located on region ll ol LRP. 137 This mutant receptor is not

able to interact with orM*, while in another study an isolated LRP fragment (amino acids 776-1399) has

been found to bind the light chain of orM (binding domain similar to o.M') and u-PA-PAl-1. ls uPA-PAl-1

binding to the isolated LRP is inhibited by uPA-PAl-1 , pro-u-PA, uPA, t-PA-PAl-1 and active or latent PAI-

1 with high affinity, while t-PA inhibits uPA-PAl-1 binding with a very low affinity. 1c'r10 This indicates that

u-PA-PAl-1 has overlapping binding sites with pro-u-PA, PAI-1 and t-PA-PAl-1 but not with t-PA'

The t-PA growth factor and finger domain appear to mediate binding of t-PA and t-PA-PAl-l to the LRP.

lnhibition studies with isolated t-PA domains show that a fragment containing the linger and growth

factor domain of t-PA is able, and mutant t-PA lacking the finger and groMh factor domain is unable, to

inhibit t-pA and t-PA-PAl-1 degradation by Novikotl hepatoma cells. a7'141 Mutant t-PA lacking the finger

and growth factor domain has also been shown to be unable to inhibit t-PA binding to smooth muscle

cells. ,s The clearance ol t-PA mutants is delayed when they have deletions in the finger or growth

factor domain indicating the involvement of these domains in the binding ol t-PA to clearance receptors

in vivo. r42 A t-PA mutant consisting only of the kringle 2 and protease domain ('reteplase') has a low

affinity for isolated parenchymal cells and RAP did not significantly aflect the plasma clearance of

reteplase. 10 Compared to tPA, reteplase is also less efficiently degraded by vascular endothelial cells,

the degradation was RAP inhibitable.'* Though only a small amounl of reteplase is cleared by the liver,

it is still taken up by the liver in a RAP inhibitable way, which indicates that the liver-mediated clearance

of reteplase ancUor complexes of reteplase with PAI-1 is mediated by the LRP. 10

It appears that the LRP binding sites ol t-PA and t-PA-PAl-1 are only partially overlapping. RAP binds in

a Ca2*-dependent and a Ca 2*-independent way to the various ligand binding sites of LRP. 132 t-PA

binding by hepatic cells is Ca 2.-dependent 1€''e' while the binding of t-PA-PAl-1 is not.16 lt has been

shown that Fab fragments against Ca'?.-dependent binding sites ol LRP are able to inhibit u-PA-PAl-1

and pro-u-pA binding to the isolated LRP, while they are not able to inhibit t-PA-PAl-1 binding. 16 Binding

studies with mutants of t-PA revealed that t-PA lacking the growth lactor domain binds in a Caz*

independent way, while t-PA lacking the linger domain binds in a Ca 2' dependent way to rat liver

parenchymal cells.'{

ln the above-mentioned studies the affinities of t-PA and t-PA-PAl-1 for LRP expressed on intact cells

were in the range of 1-30 nM. Compared to u-PA or PAI-1, u-PA-PAl-1 has a higher atfinity for the

LRp11o ; similarly, compared to t-PA, t-PA-PAl-1 has a higher affinity for human hepatocyteslaT

and is degraded faster than t-PA by rat novikoff hepatoma cells. 'n' The clearance of t-PA-PAl-1 is twice

as fast as the clearance of tree t-PA and six times faster than the clearance ol free PAI-I in an isolated

perlused rat liver. '€ However it also has been found that t-PA is cleared faster in healthy human

volunteers with low levels of PAI-1 activity than in volunteers with high PAI-1 activity. 1s Thus it appears

that active t-PA is cleared faster than t-PA-PAl-1 in man. A similar conclusion was reached by Chandler

et al. ls
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ln conclusion: the LRP binding site of t-PA not complexed to PAI-1 is partially overlapping with the t-PA-
PAI-1 binding site. t-PA and t-PA-PAl-1 probably bind with the linger and/or growth factor domain to the
LRP. PAI-1 increases the affinity of t-PA for the LRP probably by binding ol the PAI-1 moiety to a PAI-1
binding site on the LRP. The LRP binding sites of t-PA and pro-u-PA are different. The binding sites ot t-
PA-PA|-1 and uPA-PAl-1 are partially overlapping probably by the PAI-1 binding site, and the binding
sites of pro-uPA and uPA-PAl-are partially overlapping probably by the u-PA binding site. PAI-1 also
increases the affinity of u-PA for the LRP. All these binding sites are likely to be localized on the second
cluster of the complement-type cysteine-rich repeat (amino acids 836-1399) of LRP.

Regulation ol the mannose receptor and LRP
Upon maturation from monocytes (which do not express the mannose receptoo to macrophages the
mannose receptor is expressed. ss'62'1s1 lnterleukin-4, 152 interleukin-13, 153 prostaglandin E2 1s and
dexamethasone se'62'155'156 upregulate the mannose receptor expression on macrophages. Bacillus
Calmette Guerin,'s8 lipopolysaccharide, ss'62'116,1seoxidant, looproteolysis, 16\-interleron, leand a
combination of interleukin-1 and tumour necrosis factor-q "6 all downregulale mannose receptor-
mediated ligand uptake by macrophages. Only for y-interferon it has been shown that it downregulates
mannose receptor biosynthesis. The downregulation by y-interferon can be counteracted on the mRNA
level by prostaglandin E2 162 and dexamethasone.ls These studies were all performed on macrophages
in vitro. Recently, we have shown that up- or downregulation of the mannose receptor also occurs in
vivo in man. B Upregulated mannose receptor expression is found in a toreign body reaction in the
synovium, and downregulated mannose receptor expression is found on macrophages in human tissue
atfected by diseases such as cancer, tuberculosis and rheumatoid arthritis.63

Little is known about the regulation of mannose receptor expression by liver endothelial cells but it might
be regulated differently from macrophages. lt has been shown that tumour necrosis factor-q and
interleukin-18 do not downregulate but instead upregulate the uptake of mannan in liver endothelial
cells in vlfro. This was not caused by upregulation of receptor expression but by upregulation of the
endocytotic efficiency. '* The mannose receptor expression on liver endothelial cells increases shortly
after birth and decreases during ageing in the rat. 1ff Furthermore glucose has been shown to
downregulate mannose receptor expression on macrophages, lffi and high plasma glucose levels
decrease the clearance of mannose receptor ligands in diabetic rats. s0,167,1ffi

Upon differentiation from monocytes (which do express the LRP) to macrophages the LRP is

upregulated. 5s Activation by Bacillus Carmette Guerin and lipopolysaccharide downregulates the LRP
expression on macrophages ss'1s8 while dexamethasone has no eflect.5e Dexamethasone upregulates
the LRP on hepatoma cells. 16s Furthermore it has been shown that insulin upregulates the LRP on
adipocyteslT0 and on hepatoma cells. 171

Conditions that may intluence systemic t-PA clearance in vivo.
The expression of the mannose receptor and LRP on cells in tissues63'ffi may play an important role in
regulating the local concentrations of t-PA, but this remains to be shown. The liver plays a malor role in
the clearance of t-PA from the blood. 1e'21 The clearance by the liver is very efficient and not easily
saturated. Exercise reduces the liver blood llow and increases thereby endogenous t-PA concentrations,
while increase of the liver blood flow has no strong effect on t-PA concentrations.22'23'1so The importance
of efficient clearance of t-PA by the liver in maintaining homeostasis becomes evident in chronic liver
disease where severe bleeding complications often are found. ln this situation the concentration of t-PA
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increases strongly while the PAI-1 concentration increases less strongly, "3 or even decreases. 174

Some conditions have been shown to affect t-PA concentrations and have the same influence on the

concentrations of other ligands ol the mannose receptor. lncreased levels of tPA antigen and mannose

receptor ligands are lound under the following circumstances: liver disease (t-PA, ''s'"0 N-acetyl-B-

glucosaminidase,B-glucuronidaselTs), genderandage(male>femaleandincreasewithage,t-PA, 176

B-glucuronidase, N-acetyl-B-glucosaminidase "''"'1, pregnancy (t-PA, "n''* B-glucuronidase and N-

acetyl-B-glucosaminidase'u''"'1, hign body mass index (l-PA, 'e N-acetyl-B-glucosaminidase 178), and

obesity (t-pA,,* N-acetyl-B-glucosaminidase and q-D-mannosidasel&). One study demonstrated that

hyperlipidaemic rats have a decreased clearance ol t-PA.'* Whether in all above-mentioned conditions

t-PA clearance is really affected remains to be shown.

A more complicated condition where both mannose receptor and LRP mediated IPA clearance could

be influenced is diabetes. Diabetic rats have a decreased mannose receptor mediated clearance and

increased plasma concentrations ol the mannose receptor ligand dopamine B-hydroxylase. e0'167'1ffi

lnsulin has been shown to upregulate LRP expression on adipocytes and hepatoma cells. 170'171 ln

diabetes type I patients increased concentrations of N-acetyl-B-glucosaminidase and B-

glucuronidasel*'* have been lound. Diabetes type 1 patients have decreasedlss'ls or increasedls' t-

pA antigen concentrations. t-PA antigen is increased in diabetes type I patients beiore insulin treatment

and decreased to below control values after insulin treatment.'s2 ln diabetes type ll patients t-PA antigen

positively correlates with insulin resistance. ts3rs ln these patients both t-PA antigen 1s'lss and N-acetyl-B-

glucuronidase'* are increased and decreased concenlrations are observed with glycemic control.'uu''s

However, il remains to be determined whether mannose receptor and/or LRP-mediated t-PA clearance

is influenced in diabetic type I and type ll patients before and after insulin treatment.

Possibte use ot clearance inhibitors in thrombotylic and antithrombotic therapy

ln thrombolytic therapy high doses of recombinant t.PA are used since it is cleared so fast from the

circulation. Mutants of t-PA that have a lower atfinity for the clearance receptors would require a lower

dose for equal efficiency. Different mutants have been synthesized and tested for their efliciency

compared to recombinant t-PA. Few mutants having a lower clearance rate retained the librin specificity

and plasminogen activating capacity. These are currently being tested lor their efficacy in thrombolytic

therapy. a,6,'02,'$ Beside mutants of t-PA, inhibitors ol clearance may be used in combination with t-PA to

diminish the dosage of t-PA necessary for thrombolytic therapy.

An additional effect of reducing the clearance ol the plasminogen activator used in thrombolytic therapy

would be to diminish the side effect of bleeding complications. High concentrations of t-PA can induce

systemic plasminogenolysis and increased bleeding complications. 1e7 t-PA is a high clearance drug

which means that the clearance is largely dependent on the liver blood flow. 1'2 Myocardial infarct

patients can have a decreased liver blood llow and thereby they may be more susceptible to

overdosage and thus to bleeding complications.22'"2 Mutants of t-PA have a lower clearance because

they bind with a lower afiinity (or not at all) to the liver receptors. Clearance inhibitors reduce t-PA

clearance by competing with t-PA lor liver receptors. The clearance of low clearance drugs is less

influenced by the liver blood flow. Thus use of low clearance t-PA mutants or coadministration of t-PA

clearance inhibitors with a lower dose of t-PA may diminish the differences in clearance and thus t-PA

plasma concentrations between patients with a high and low liver blood flow and may reduce the risk of

t-PA overdosing in myocardial inlarction patients.
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An additional potential use of clearance inhibitors in therapy would be the increase of endogenous t-PA
concentrations. Since a low increase in the t-PA concentration presenl during clot lormation already
results in decreased thrombus formation, 16 such inhibitors may be used wilhout exogenous t-PA in the
prevention of thrombosis. A drug that may exert its antithrombotic effect by inhibition of t-PA clearance is
dextran. Dextran is used as a plasma volume expander, as a blood substitute and as a prophylactic
agent against deep venous thrombosis in surgery. '*''s Dextran increases t-PA antigen concentrations
and even more strongly increases the tPA activity in patients. m As dextran is a glucose-polymer it is a
potential inhibitor of mannose receptor-mediated t-PA clearance. We showed s that dextran inhibits the
binding of t-PA to the isolated mannose receptor. At therapeutic concentrations dextran partially (60%)
inhibits mannose receptor-mediated but not the LRP-mediated t-PA degradation by human
macrophages. Furthermore we showed in the same report that an infusion of dextran increases
endogenous t-PA concentrations in plasma by partially (33'/") inhibiting t-PA clearance in rats. Thus the
inhibition of t-PA clearance by dextran resulted in increased endogenous t-PA concentrations which may
explain the antithrombotic effect ol dexran in man. Since patients can be treated for days with dextran
and dextran does not appear to have toxic side effects (beside immediate allergic reactions, or bleeding
complications at a very high dosage, 1s'ls 

) the inhibition of mannose receptor-mediated t-PA clearance
may be a safe prophylactic therapy against thrombosis.

A recently developed cluster mannoside is able to inhibit t-PA clearance by 60% apparently without toxic
effects in rats. o This compound could be more efficient than dextran and may have a stronger etfect on
endogenous t-PA concentrations and lhus could be a better agent than dextran for preventing deep
venous thrombosis in man. Further studies are required to provide evidence lor this intriguing possibility
of a new type of antithrombotic therapy.

Conclusion
The plasma clearance of t-PA is mainly mediated by the mannose receptor and the LRP expressed in

the liver. The high mannose-type oligosaccharide of t-PA binds to the mannose receptor; the groMh
factor and finger domain are involved in the binding of t-PA to the LRP. The expression of these
receptors in the liver possibly influences the clearance of t-PA under (patho)physiological conditions and
thereby the plasma concenlration of endogenous t-PA. lnhibitors of the (mannose receptor-mediated)
clearance are of potential interest in thrombolytic and antithrombotic therapy.
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Summary

SUMMARY

The mannose receptor, localization and role in the clearance of
tissue-type plasminogen activator.

After damage to a blood vessel a blood clot is formed (coagulation) and after tissue repair the clot is

degraded (fibrinolysis). Coagulation and fibrinolysis are controlled by production of enzymes and

enzyme inhibitors. The balance between these processes determines whether the clot is formed or

degraded. Tissue-type plasminogen activator (t-PA) is an enzyme which converts plasminogen into

plasmin, which in turn converts the insoluble network of the blood clot, fibrin, into soluble fibrin

degradation products. Plasma t-PA is continuously synthesized and secreted by the endothelial cells

that line the blood vessels, and continuously degraded (clearance) by the liver.

The clearance of t-PA by the liver is very efficient; within 5 minutes half of an injected dose of t-PA has

disappeared from the plasma. The clearance of t-PA by the liver is a receptor-mediated process. t-PA

binds to receptors expressed on the surface of cells in the liver. After binding the receptort-PA complex

is internalized, t-PA is degraded in the cell and the receptor is recycled to the cell surface where it again

can bind t-PA. The mannose receptor and the cr-macroglobulin receptor (also called the low density

lipoprotein receptor-related protein (LRP)) are mainly responsible for the clearance of t-PA by the liver.

When a clot is formed tPA is incorporated into the clot. The more t-PA is incorporated the higher the

lysability ol the clot. A high concentration of t-PA shifts the balance ot coagulation and fibrinolysis

towards fibrinolysis. Therefore recombinant t-PA is successfully used as a thrombolytic drug for instance

after myocardial intarction and low dosage intusion of t-PA may be useful in antithrombotic therapy.

ln this thesis we hypothesized that inhibitors of the mannose receptor-t-PA binding might decrease the

clearance of t-PA. By inhibition ol the clearance it might be possible to increase the efficacy of

exogenous and endogenous t-PA. These inhibitors could thus be uselul drugs in thrombolytic and

antithrombotic therapy. The aim ol this study was to extend our knowledge of the mannose receptor in

order to develop etficient mannose receptor inhibitors. These inhibitors may in the luture be used to treat

thrombotic (and other) diseases.

119



Study design
To evaluate the human mannose receptor-lPA interaction and to characterize the eflicacy of inhibitors

we developed N./o in vitto assays (chapter '1 and 2). Monoclonal antibodies (mAb) against the human

mannose receptor were developed to specilically study the mannose receptor that is able to bind t-PA
(chapter 3). To assess the possible role(s) of the mannose receptor in man, these mAb were used to

visualize the mannose receptor expression on cells in vitro and in human tissues under physiological

and pathological conditions (chapter 4 and 5). The inhibitory efficacy of newly synthesized mannose

receptor ligands and the antithrombotic agent dextran was tested in vitro and in vivo (chapter 6,7 and 8).

ln the last chapter (chapter 9) the results o{ this study are discussed and the regulation of plasma t-PA

concentrations by receptormediated clearance is reviewed.

ln vitro models of the interaction between the human mannose receptor and t-PA
The mannose receptor contains multiple carbohydrate recognition domains. The more carbohydrate

binding sites the ligand binds to, the higher the affinity of the ligand. Previous research showed that the

high mannose-type oligosaccharide (a carbohydrate polymer with three terminal mannose residues) of

t-PA binds to the mannose receptor. ln chapter 'l we further characterized the interaction of t-PA with the

isolated human mannose receptor. The mannose receptor was isolated from human placenta, and the

binding of t-PA and t-PA variants was measured in a microtitre plate binding assay. Compared to two

other glycoproteins, ribonuclease B and ovalbumin, that also contain a high mannosetype
oligosaccharide, t-PA binds with a much higher (500 times) alfinity to the human mannose receptor. The

binding of t-PA to the mannose receptor was specific since the binding was fully inhibited by mannan (a
polymer ol mannose) or by polyclonal antibodies against the mannose receptor. Since a variant of t-PA

that did not conlain oligosaccharides did not inhibit the binding of t-PA to the mannose receptor, it is

unlikely that protein-protein interactions contribute significantly to the high atfinity binding oi t-PA.

Complex formation ol t-PA with plasminogen activator inhibitor type 1 (PAl-1) or q2-antiplasmin did not

aftect the affinity of t-PA lor the mannose receptor. Furthermore the complex-type oligosaccharides or
the O-linked fucose residue of t-PA were not involved in the high aflinity of t-PA.

The protein moieties ol tPA, ribonuclease B and ovalbumin were fully digested with trypsin, an enzyme

that does not digest the oligosaccharides ol the glycoproteins. The trypsin digest of t-PA had a 500{old
lower affinity than intact t-PA, whereas trypsin digests of ribonuclease B and ovalbumin only had a 2 to 3

times lower affinity than the intact glycoproteins. This indicated that the high mannose{ype
oligosaccharide of t-PA did not bind differently from that of ribonuclease B or ovalbumin to lhe mannose

receptor. lt is likely that the conformation ol the high mannose-type oligosaccharide of t-PA is influenced

by the protein core in such a way that the oligosaccharide binds to more carbohydrate recognition

domains ol the mannose receptor and thus causes the high affinity of intact IPA tor the mannose

receptor. The binding assay with isolated human mannose was in further studies used as an in vitro

model to study the efficacy of inhibitors of the mannose receptor-t-PA binding (see chapter 3,6,7,8)
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Summary

ln chapter 2 we characterized the receptor systems involved in the binding, association and degradation

of t-PA by human macrophages in culture. Monocytes were isolated from human buffy coats and

cultured. Within two days the monocytes were differentiated to macrophages. At 4"C tPA bound to
macrophages with high (Kd = 1-5 nM) and low ( Kd > 350 nM) affinity. The low affinity binding sites were

inhibited with the lysine analog 6-aminohexanoic acid (6-AHA). At 37'C the macrophages internalised

and degraded tPA. This process was partially inhibited by mannan or a monoclonal antibody against

the mannose receptor (see chapter 3). The non-mannan-inhibitable degradation of t-PA was inhibited by

receptor associated protein (RAP), an inhibitor ol LRP. Neither inactivation of t-PA nor the addition of 6-

AHA influenced the degradation of t-PA. The degradation of t-PA by monocytes was nol mannan-

inhibitable. The mannose receptor- and LRP-mediated t-PA degradation was upregulated during the

diff erentiation of monocytes to macrophages. Dexamethasone upregulated only the mannose receptor-

mediated t-PA degradation. Lipopolysaccharide downregulated both mannose receptormediated and

LRP-mediated t-PA degradation. We concluded thal human macrophages use tvvo independently

regulated receptors, namely the mannose receptor and LRP, for the uptake and degradation of t-PA.

Since these receptors are mainly responsible for the clearance of t-PA in the liver, cultured human

macrophages are a suitable in vitro model for evaluating inhibitors of t-PA clearance. Therefore the

macrophages were used in further studies to assess the efficacy of inhibitors to inhibit the mannose

receptor-mediated tPA degradation (see chapter 3,7,8)

Development and applications of monoclonal antibodies against the human mannose receptor
A set of five monoclonal antibodies (mAb) was generated against the mannose receptor isolated from

human placental tissue and characterized (chapter 3). All mAb specifically recognised the 175 kDa

mannose receptor in a crude placenta extract, as shown in Western blot analysis. By use of

immunohistochemistry we showed that in human placenta only the Hofbauer cells (fetal macrophages)

express the mannose receptor. Cross-competition experiments indicated that the mAb bound to at least

two diflerent epitopes on the isolated mannose receptor. One of these epitopes was located closely to

the t-PA binding site, since the mAb directed against this epitope strongly inhibited the binding of t-PA to

the isolated mannose receptor and the mannose receptor-mediated degradation of t-PA by cultured

human macrophages.

These mAb were used to study the expression ol the mannose receptor on isolated cells and human

lymphoid tissues (chapter 4). lsolated human monocytes and lymphocytes did not and cultured

macrophages did express the mannose receptor as determined with flow cytometry. The mannose

receptor was upregulated on dexamethasone-treated macrophages, and downregulated on

lipopolysaccharide-treated macrophages. The mannose receptor expression of a number of cell types

involved in the immune system was evaluated by the use of immunohistochemistry (with mAb 15-2).

Monocytes, lymphocytes, granulocytes and Langerhans cells were mannose receptor-negative, tissue

macrophages in thymus, lymph nodes, bone marrow and skin were mannose receptor-positive.

lnterestingly the macrophages in the thymus medulla and T cell areas of the lymphodes were mannose

receptorpositive, whereas the macrophages in thymus cortex and B cell areas of lymph nodes were

mannose receptor-negative. Monocytes can dilferentiate into antigen-presenting cells (dendritic cells). lt

has been shown that the mannose receptor is involved in the uptake of antigens by dendritic cells tn
vitro. When these cells are stimulated to present the antigen to T cells, the mannose receptor is

downregulated. ln the thymus cortex and the B cell areas antigen is presented by dendritic cells, which

could explain the absence of mannose receptor-positive cells in these areas.
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Besides mediating the clearance of glycoproteins that contain high mannose-type oligosaccharides in

the liver, the mannose receptor has been shown to be involved in several other processes. ln vitro

experiments have shown that the mannose receptor is involved in the macrophage complement-
independent phagocytosis of pathogens such as Candida and Tuberculosis, and probably is involved in

the fusion of macrophages into foreign body-type giant cells, the homing of lymphocytes to the spleen,

and sperm fertility. The mannose receptor expression correlates to the type of macrophage activation tn

vitro; lhe T-helper type 1 cytokine y-interferon activate the macrophage in such a way that the mannose

receptor expression is downregulated, whereas the T-helper type 2 cytokines interleukin-4 and

interleukin-13 activate the macrophage in such a way that the mannose receptor is upregulated (also

called immunosuppression or alternative activation).

ln chapter 5 we used one of the mAb (mAb 15-2) to evaluate the tissue distribution ol the human

mannose receptor under physiological and pathogenic conditions. Only a lew cell types expressed the

receptor under physiological conditions: resident macrophages in all tissues, liver and spleen sinus

endothelial cells, and sperm cells. Some macrophages were mannose receptor-negative: the microglial

cells in the brain and the macrophages in the thymus cortex, B cell areas in lymph nodes and spleen. ln

tissues affected by tuberculosis, leprosy, carcinoma or rheumatoid arthritis the macrophage mannose

receptor appeared to be downregulated which indicated that the macrophages were activated, whereas

in a reaction against polyethylene the macrophage mannose receptor appeared to be upregulated,

which indicated that the macrophages were alternatively activated. lt was concluded that ,n vivo tew

human cell types express the mannose receptor, and that the mannose receptor expression in vivo also

reflects the type of macrophage activation. mAb 15-2 proved to be a specific tool in studying the

mannose receptor expression in human tissues.

lnhibitors of the mannose receptor-mediated t-PA clearance
A series of mannose receptor inhibitors was synthesized. The series consisted of lysine- or polylysine-

based oligomannosides containing two ( MrL, ) to six ( M.L, ) terminal s-D-mannose groups that were

connected to the backbone by flexible elongated spacers. The etficacy of these cluster mannosides to

inhibit the interaction of t-PA or ribonuclease B with the mannose receptor was tested in the microtitre

plate binding assay (chapter 6). The cluster mannosides all inhibited the binding ol t-PA or ribonuclease

B completely. The affinity of these inhibitors increased with the number ol terminal mannose residues

connected to the lysine backbone ( lrlrL, micromolar range and M.L. nanomolar range). The shape of

the inhibition curves indicated that the mannosides bound to multiple carbohydrate recognition domains

on the mannose receptor. The nanomolar atfinity of MuLu makes it the most potent synthetic mannose

receptor ligand yet developed, and besides the inhibition of ligand binding to the mannose receptor it

also is a promising targeting device to accomplish cell-specific delivery of drugs (for instance in gene

therapy) to cells that express the mannose receptor.
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Summary

ln chapter 7 we studied whether these cluster mannosides would also be effective t-PA clearance
inhibitors in man. By use of immunohistochemistry we showed that, as in the rat liver, the human liver

endothelial cells and human Kupffer cells do express lhe mannose receptor. The mannosides inhibited

mannose receptormediated t-PA binding, association and degradation by isolated rat liver endothelial

cells and t-PA association and degradation by cultured human macrophages with similar affinities. MuLo

inhibited t-PA degradation in the micromolar range whereas MuLu was able to inhibit t-PA degradation in
the nanomolar range. The concentrations oJ mannoside necessary to inhibit t-PA degradation in vitro

were comparable to the concentrations necessary to inhibit mannose receptor-mediated t-PA clearance
in vivo in the rat. Since there was no species difference between rat and man with respect to the

distribution o{ the mannose receplor in the liver and the affinity of the cluster mannosides, it is likely that

M6Ls, as observed in the rat, will be an efficient inhibitor ol mannose receptor-mediated tPA clearance
in man.

ln chapter 8 we provide evidence lor a possible antithrombotic effect of mannose receptor inhibitors rn

vlvo in man. Dextran is a blood substitute with antithrombotic propedies. Recently it has been shown that

dextran increases the t-PA plasma concentration and activity in patients. Dextran is a glucose polymer

and a potential ligand for the mannose receptor.

We studied the eifect of dextran on the mannose receptort-PA interaction in our ln vlfo models, and m

vlvo in the rat. At therapeutic concentrations, dextran was able to inhibit t-PA binding to the isolated

receptor and the mannose receptor-mediated t-PA degradation by macrophages, while leaving the

LRP-mediated t-PA degradation unaffected. ln vivo dexlran increased endogenous t-PA concentrations

and inhibited exogenous t-PA clearance. Furthermore, the endogenous t-PA concentrations correlated

strongly with the clearance of exogenous t-PA. We concluded that the dextran-induced increase of

endogenous t-PA concentrations are a result of the inhibition of mannose receptor-mediated t-PA

clearance by dextran, which is a new explanation for the antithrombotic effect of dextran.

ln chapter I the role ol the mannose receptor and other clearance receptors in the regulation of t-PA

concentrations is discussed. We concluded that the plasma clearance of t-PA is mainly mediated by the

mannose receptor and the LRP expressed in the liver. The high mannose-type oligosaccharide of t-PA

binds to the mannose receptor; the growth {actor and finger domain are involved in the binding of t.PA to

the LRP. The expression of these receptors in the liver possibly influences the plasma concentrations of

t-PA under (patho)physiological conditions such as ageing, pregnancy, obesity and diabetes. Inhibitors

of (mannose receptormediated) clearance might be useful in thrombolytic and antithrombotic therapy.
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Conclusions and perspectives
We developed useful assays and tools to study the 175 kD human mannose receptor and high affinity

ligands that are able to inhibit its interaction with t-PA. We showed that the mannose receptor is

expressed on macrophages in human tissues, and that its expression depends on the type of

macrophage activation. The monoclonal antibodies against the mannose receptor may offer new

insights into the role of macrophages in various diseases. The mannose receptor expressed on liver

endothelial cells and Kupfler cells plays an important role in the clearance of t-PA. lt was demonstrated

that mannose receptor ligands could partially inhibit the clearance of exogenous t-PA and increase

endogenous t-PA plasma concentrations. Thus mannose receptor ligands such as MuLu can be

considered as a new strategy to increase the t-PA concentration in blood and thereby increase the

efficacy of thrombolytic and antithrombotic therapy.

The mannose receptor ligands described in this thesis may in the future besides in the treatment of

thrombotic diseases also be used in the treatment of other diseases. One can think of connecting drugs

to these ligands in order to target the drugs towards mannose receptor-expressing cells (sinusoidal cells

in liver and spleen, and macrophages and dendritic cells in all tissues). In combination with a dextran 70

(macrodex) infusion it may be possible to target the ligand-connected drug mainly to the cells residing

outside the bloodstream, since dextran inhibits the mannose receptor-mediated clearance and is too

large to escape from the bloodstream. ln this way drugs may be targetted towards macrophages and

dendritic cells. This would make it possible to activate or suppress the immune system. One could, for

example, load dendritic cells with cell type-specific antigens in order to activate the immune system to

kill these cell types (such as cancer cells or cells that produce autoantibodies). lt is a hopeful thought

that maybe in the future we will be able to manipulate the immune system in this way.
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SAMENVATTING 

De mannose receptor, localisatie en rol in de klaring van 

weefseltype plasminogeenactivator. 

Samenvatting 

Na beschadiging van een bloedvat wordt een bloedstolsel gevormd en na herstel van het weefsel wordt 
het stolsel weer afgebroken. Stolselvorming en stolselafbraak worden gecontroleerd door de productie 

en afbraak van enzymen en enzymremmers. De balans tussen deze processen bepaalt of het stolsel 
gevormd dan wel afgebroken wordt. Weefseltype plasminogeenactivator (t-PA) is een enzym dat 

plasminogeen om kan zetten in plasmine, welke de onoplosbare struktuur van een stolsel, fibrine, om 
kan zetten in oplosbare fibrine afbraak producten. Het t-PA dat in bloed circuleert wordt in het lichaam 

continu aangemaakt door de endotheelcellen die de bloedvaten bekleden, en continu opgenomen en 
afgebroken (klaring) door de lever. De klaring van t-PA door de lever is een zeer efficient proces; binnen 

5 minuten is de helft van een toegediende dosis t-PA uit de bloedbaan verdwenen. De klaring van t-PA 

door de lever is een receptor-gemedieerd proces. t-PA bindt aan receptoren die op het oppervlak van 

de cellen in de lever zitten. Na binding wordt het receptor+PA complex opgenomen door de cel, het t
PA wordt afgebroken en de receptor keert terug naar het celoppervlak waar het opnieuw t-PA kan 

binden. Vooral de mannose receptor en de a 2-macroglobulin receptor (ook wel de "low density 
lipoprotein receptor-related protein" (LAP) genoemd) zijn verantwoordelijk voor de klaring van t-PA door 

de lever. Wanneer een bloedstolsel gevormd wordt, wordt t-PA in het stolsel ingebouwd. Hoe meert-PA 
in het stolsel zit, hoe sneller het stolsel daarna afgebroken kan worden . Een grote hoeveelheid t-PA kan 
ervoor zorgen dat de balans van stolselvorming en stolselafbraak doorslaat naar stolselafbraak. 
Daarom wordt recombinant t-PA succesvol gebruikt als een thrombolytisch medicijn na bijvoorbeeld een 

hartinfarct, en zou infusie van lage hoeveelheiden t-PA bruikbaar kunnen zijn in antithrombotische 
therapie. 

In dit proefschrift is de hypothese gesteld dat remmers van de mannose receptor+PA binding, de 
klaring van t-PA kunnen remmen. Door remming van de klaring zou de effectiviteit van toegediend of 
endogeen t-PA verhoogd kunnen worden . Deze remmers zouden dan nuttige medicamenten kunnen 
zijn in thrombolytische en antithrombotische therapie. Het doel van deze studie was de kennis over de 

werking en de functie van de mannose receptor te vergroten teneinde effectieve mannose receptor 
remmers te ontwikkelen. Deze kunnen in de toekomst mogelijk gebruikt worden in de behandeling van 
thrombotische (en andere) ziektes. 
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Opzet van het onderzoek 

Om de humane mannose receptor-t-PA interactie te kunnen karakteriseren en de effectiviteit van 

remmers te kunnen evalueren ontwikkelden we twee in vitro meetsystemen (hoofdstuk 1 en 2). 

Monoclonale antilichamen (mAb} tegen de humane mannose receptor werden geproduceerd om 
specifiek die mannose receptor te kunnen bestuderen die in staat is om t-PA te binden (hoofdstuk 3). 

Om de mogelijke functie(s) van de mannose receptor in de mens vast te kunnen stellen, werden deze 

mAb gebruikt om de expressie van de mannose receptor op cel len in vitro en in gezond en ziek humaan 

weefse l zichtbaar te maken (hoofdstuk 4 en 5). Van een serie synthetische mannose receptor liganden 
en van het antithrombotische middel dextran, werd de effectiviteit om de mannose receptor-t-PA 
interactie in bovengenoemde in vitro modellen en in vivo te remmen, getest (hoofdstuk 6, 7 en 8). In het 

laatste hoofdstuk (hoofdstuk 9) worden de resultaten van deze studie bediscussieerd en wordt een 
overzicht gegeven van de regulatie van plasma t-PA concentraties door receptor-gemedieerde klaring. 

In vitro meetmodel/en van de humane mannose receptor-t-PA interactie 
De mannose receptor heeft een aantal suiker herkenningsdomeinen. Hoe meer suiker 
herkenningsdomeinen van de mannose receptor het ligand binden, hoe hoger de affiniteit van het 

ligand. Uit voorgaand onderzoek was gebleken dat het hoog mannose-type suiker (een suiker polymeer 
met 3 eindstandige mannoseresiduen) van 1-PA aan de mannose receptor bindt. In hoofdstuk 1 werd de 
binding van t-PA aan de geisoleerde humane mannose receptor nader gekarakteriseerd. De mannose 

receptor werd geisoleerd uit humane placenta, en de binding van t-PA en 1-PA varianten werd gemeten 
in een microtiterplaat bindingsassay. Het bleek dat t-PA met een veel hogere (500 maal) affiniteit aan de 
mannose receptor bindt dan twee andere hoog mannose-type suiker bevattende eiwitten, ribonuclease 

B en ovalbumine. De binding van 1-PA was specifiek aangezien het volledig geblokkeerd kon worden 
met mannan (een mannose polymeer) of met polyclonale antilichamen tegen de mannose receptor. 
Het is onwaarschijnlijk dat eiwit-eiwit interacties significant bijdragen aan de hoge affiniteits binding van t

PA aan de mannose receptor aangezien een suikerloze t-PA variant de binding van t-PA niet kon 
remmen . Complex vorming van t-PA met plasminogeen activator remmer type 1 (PAl-1} of a 2-

antiplasmine had geen invloed op de affiniteit van t-PA voor de mannose receptor. Verder bleek dat de 
complex-type suikers of de fucose suiker van t-PA niet betrokken waren bij de hoge affiniteit van t-PA. 

Het eiwit gedeelte van t-PA, ribonuclease B en ovalbumine werd volledig geknipt met trypsine, een 
enzym dat de suiker polymeren van de eiwitten intact laat. Het trypsine afbraakproduct van t-PA had een 

500-voud lagere affiniteit dan intact t-PA, terwijl de trypsine afbraakproducten van ribonuclease B en 
ovalbumine slechts een 2- tot 3-voudige lagere affiniteit dan de intacte eiwitten hadden. Dil gaf aan dat 

het hoog mannose-type suiker van t-PA niet anders aan de mannose receptor bond dan de hoog 
mannose-type suikers van ribonuclease B en ovalbumine. Waarschijnlijk beinvloedt het eiwit van t-PA 

de confo rm atie van het hoog mannose-type suiker op t-PA zodanig dat de het suiker polymeer aan 
meerdere suiker herkenningsdomeinen van de mannose receptor kan binden waardoor intact t-PA een 

hoge affiniteit heeft voor de mannose receptor. De bindingsassay met geisoleerde humane mannose 
receptor werd in verdere studies als een in vitro meetsysteem gebruikt om de effectiviteit van remmers 

van de mannose receptor-t-PA binding te bepalen (zie hoofdstuk 3,6,7,8). 
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Samenvatting 

In hoofdstuk 2 werden de receptoren die verantwoordelijk zijn voor de binding, opname en afbraak van 
t-PA door gekweekte humane macrofagen gekarakteriseerd. Uit bully coats van donor bloed, werden 

monocyten geïsoleerd en gekweekt. Binnen 2 dagen waren de monocyten gedifferentieerd tot 

macrofagen. t-PA bond bij 4°C met hoge (Kd = 1-5 nM) en lage (Kd >350 nM) affiniteit aan de 
macrofagen. De lage affiniteits bindingsplaatsen waren rembaar met de lysine analoog 6-aminohexaan 

zuur (6-AHA). Bij 37°C werd t-PA opgenomen en afgebroken door de macrofagen Dit proces was 
gedeeltelijk rembaar met mannan of een monoclonaal antilichaam tegen de mannose receptor (zie 

hoofdstuk 3) . Het niet mannan-rembare deel van de afbraak kon geblokkeerd worden met receptor 

associated protein (RAP) , een remmer van de LRP. lnactivatie van t-PA noch toevoeging van 6-AHA 
had invloed op de afbraak van t-PA. De afbraak van t-PA door monocyten was niet rembaar met 
mannan. De mannose receptor- en LRP-gemedieerde t-PA afbraak werd hoger tijdens differentiatie van 
monocyt tot macrofaag. Wanneer de macrofagen gestimuleerd werden door dexamethason werd 
alleen de mannose receptor-gemedieerde afbraak verhoogd. Wanneer de macrofagen gestimuleerd 
werden met lipopolysaccharide werd de mannose receptor- en de LRP-gemedieerde t-PA afbraak 
verl aagd. We concludeerden dat humane macrofagen twee onafhankelijk gereguleerde receptoren, de 
mannose receptor en de LRP, gebruiken voor de opname en afbraak van t-PA. Gekweekte humane 
macrofagen zijn, aangezien vooral deze twee receptoren verantwoordelijk zijn voor de klaring van t-PA 

in de lever, een praktisch in vitro meetsysteem voor de evaluatie van t-PA klaringsremmers. In verdere 

studies werden deze macrofagen dan ook gebruikt om de effectiviteit van mannose receptor

gemedieerde t-PA afbraak remmers te bepalen (zie hoofdstuk 3,7,8). 

Ontwikkeling en toepassingen van monoc/onal antilichamen tegen de humane mannose receptor 
Een set van 5 monoclonale antilichamen (mAb) werd opgewekt tegen de mannose receptor geisoleerd 
uit humane placenta en gekarakteriseerd (hoofdstuk 3) . Uit Western blots bleek dat alle mAb de 175 kD 

mannose receptor in het ruwe placenta extract herkenden. Met behulp van immunohistochemie 

toonden we aan dat de mannose receptor in de placenta tot expressie gebracht wordt door de Hofbauer 
cellen (foetale macrofagen) . Uit remmings experimenten bleek dat de mAb minstens twee verschillende 

epitopen op de geisoleerde mannose receptor herkenden. Een van deze epitopen ligt in de buurt van de 
bindingsplaats van t-PA, aangezien de mAb die dit epitoop herkenden, de binding van t-PA aan de 

geisoleerd mannose receptor en de mannose receptor-gemedieerde t-PA afbraak door macrofagen 
sterk konden remmen. 

Deze mAb werden gebruikt om de mannose receptor expressie op geïsoleerde cellen en in lymfoide 
organen te bestuderen (hoofdstuk 4). Met behulp van flow cytometrie bleek dat geisoleerde humane 
monocyten en lymfocyten niet en gekweekte macrofagen wel de mannose receptor tot expressie 

brengen. Dexamethason behandelde macrofagen brachten meer mannose receptor tot expressie en 
lipopolysaccharide behandelde macrofagen brachten minder mannose receptor tot expressie. De 

mannose receptor expressie van een aantal celtypes die betrokken zijn bij de afweer werd bestudeerd 
met behulp van immunohistochemie (met mAb 15-2). Monocyten, lymfocyten, granulocyten en 

Langerhans cellen waren mannose receptor-negatief, weefsel macrofagen in thymus, lymfknopen, 
beenmerg en huid waren mannose receptor-positief. Opvallend was dat de macrofagen in thymus 
schors en de T cel gebieden van de lymfknopen mannose receptor-positief waren, terwijl de 
macrofagen in de thymus merg en de B cel gebieden van de lymfknopen mannose receptor-negatief 
waren. 
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Monocyten kunnen zich differentieren tot antigen presenterende cellen (dendritische cellen). Bekend is 

dat de mannose receptor een rol speelt bij de opname van antigenen door dendritische cellen in vitro. 

Als deze cellen gestimuleerd worden om antigen te presenteren aan T cellen, dan is de mannose 

receptor expressie verlaagd. Antigen presentatie vindt plaats in de thymus schors en in de B cel 
gebieden van lymfknopen en dit zou de afwezigheid van mannose receptor-positieve cellen in deze 
gebieden kunnen verklaren. 

De mannose receptor is behalve bij de klaring van hoog mannose-type suikers bevattende eiwitten in de 
lever, ook betrokken bij andere processen. Uit in vitro experimenten is gebleken dat de mannose 

receptor betrokken is bij de complement onafhankelijke opname van pathogenen zoals Candida en 

Tuberculose , bij een afweerreactie tegen lichaamsvreemde stoffen waarbij macrofagen de mannose 
receptor waarschijnlijk gebruiken om te fuseren tot reuze cellen, bij de 'homing' van lymfocyten naar de 
milt, en bij de vruchtbaarheid van spermacellen . De mannose receptor expressie op macrofagen 
correleert met het type van macrofaag activatie in vitro; het T-helper type 1 cytokine y-interleron 

activeert de macrofagen op zo'n manier dat de mannose receptor expressie wordt verlaagd, terwijl de 
T-helper type 2 cytokines interleukine-4 en interleukine-13 de macrofagen op zo'n manier activeren dat 

de mannose receptor wordt verhoogd (ook wel immunosuppressie of alternatieve activatie genoemd). 
Met behulp van één van de mAb (mAb 15-2) hebben we in hoofdstuk 5 de weefsel distributie van de 

mannose receptor in gezond en ziek menselijk weefsel geevalueerd. Slechts een klein aantal celtypes 
brengt de mannose receptor tot expressie in gezond weefsel; de residente macrofagen in alle weefsels, 
de sinusoidale endotheel cellen in de lever en milt, en de spermacellen . Sommige macrofagen waren 
mannose receptor-negatief: de microgliacellen in de hersenen en de macrofagen in de thymus schors 

en in de B cel gebieden van de milt en lymfknopen . In tuberculose, lepra, kanker of reumatoide arthritis 
aangetaste weefsels leek de mannose receptor expressie op macrofagen verlaagd te zijn wat aangeeft 

dat de macrofagen geactiveerd zijn, terwijl in een afweereactie tegen polyethyleen de mannose 
receptor expressie verhoogd leek te zijn wat aangeeft dat de macrofagen alternatief geactiveerd zijn. 

We hebben geconcludeerd uit deze studie dat de mannose receptor in vivo slechts door een aantal 

cellen tot expressie wordt gebracht, en dat de mannose receptor expressie ook in vivo correleert met 

het type van macrofaag activatie. mAb 15-2 bleek een specifiek middel om de mannose receptor 

expressie in weefsels aan te tonen . 

Remmers van de mannose receptor-gemedieerde t-PA klaring 
Een serie mannose receptor liganden werd gesynthetiseerd. Aan een skelet van lysine of polylysine 

werden, via flexibele tussenstukken, twee (M2L1) tot zes eindstandige a-D-mannose residuen ( M6 L5 ) 

gekoppeld. De effectiviteit van deze 'cluster mannosides' om de t-PA of de ribonuclease B binding aan 
de geïsoleerde mannose receptor te remmen, werd getest (hoofdstuk 6). Alle cluster mannosides 
remden de binding van t-PA of ribonuclease B compleet. De affiniteit van de remmers nam toe met het 
aantal eindstandige mannose residuen dat aan het lysineskelet was gekoppeld (M2L1 micromolair 
affiniteit, M6L5 nanomolair affiniteit) . De vorm van de remmings curves gaf aan dat de clustermannosides 

aan meerdere suiker herkenningsdomeinen van de mannose receptor kunnen binden. De nanomolair 
affiniteit van M6L5 maakt het tot het meest krachtige synthetische mannose receptor ligand tot nog toe 

ontwikkeld, en is behalve als remmer voor ligand binding aan de mannose receptor een v"" lbelovend 
middel om medicamenten (zoals gentherapeutica) specifiek af te leveren bij celtypes die de mannose 

receptor tot expressie brengen. 
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Samenvatting 

In hoofdstuk 7 werd getest of deze cluster mannosides ook effectieve t-PA klaringsremmers in de mens 

zouden kunnen zijn . Allereerst toonden we met behulp van immunohistochemie aan dat, net zoals in de 
rattelever, in de humane lever de mannose receptor tot expressie wordt gebracht door lever sinusoidale 
endotheelcellen en Kupffercellen. De mannosides remden met vergelijkbare affiniteit de mannose 
receptor-gemedieerde t-PA binding , opname en afbraak door sinusoidale endotheelcellen geïsoleerd uit 
rattelevers en de t-PA opname en afbraak door gekweekte humane macrofagen. M5L4 remde t-PA 
afb raak met micromolair affiniteit terwijl M6L5 de t-PA afbraak met nanomolair affiniteit remde. De 
concentraties nodig om t-PA afbraak in vitro te remmen waren vergelijkbaar met de concentraties nodig 

om t-PA klaring in vivo in de rat te remmen. Het is waarschijnlijk dat M6L" zoals waargenomen in de rat, 

een efficiente remmer van de t-PA klaring in de mens zal zijn, aangezien er geen species verschil 

tussen de expressie van de mannose receptor in de lever en in de affiniteit van remming was. 

In hoofdstuk 8 leveren we aanwijzingen dat mannose receptor remmers in vivo in de mens, mogelijk 
een antithrombotisch effect hebben. Dextran is een bloedvervanger met een antithrombotische werking. 

Recente studies hebben aangetoond dat dextran de plasma t-PA concentratie en activiteit verhoogt in 
patienten. Dextran is een glucose polymeer en een mogelijk ligand van de mannose receptor. We 
hebben het effect van dextran op de mannose receptor-t-PA interactie in onze beide in vitro modellen 

en in vivo in de rat getest. Bij therapeutische concentraties, bleek dextran in staat om de binding van t

PA aan de geïsoleerde receptor, en de mannose receptor-gemedieerde t-PA afbraak door macrofagen 

te remmen , terwijl de LRP-gemedieerde t-PA afbraak onaangetast bleef. Dextran bleek in vivo 

endogene t-PA concentraties te verhogen en de klaring van exogeen t-PA te remmen. Tevens 
correleerde de endogene t-PA concentraties met de klaringssnelheid van exogeen t-PA. We 

concludeerden dat de dextran gemedieerde verhoging van endogene t-PA concentraties een gevolg is 
van de remming van de mannose receptor-gemedieerde t-PA klaring door dextran, hetgeen een nieuwe 

verklaring is voor het antithrombotische effect van dextran. 

In hoofdstuk 9 werd de rol van de mannose receptor en andere klarings receptoren in de regulatie van t

PA concentraties geevalueerd. Hierin concluderen we dat de plasmaklaring van t-PA voornamelijk 
gemedieerd wordt door de mannose receptor en de LAP in de lever. Het hoog mannose-type suiker van 
t-PA bindt aan de mannose receptor, terwijl het groeifactor- en het vinger-domein van t-PA betrokken 

zijn bij de binding aan LAP. De expressie van deze receptoren in de lever beinvloedt mogelijk de 
endogene plasma t-PA concentraties bij (patho)fysiologische condities zoals veroudering, 
zwangerschap, overgewicht en diabetes. Remmers van de (mannose receptor-gemedieerde) t-PA 
klaring zijn een mogelijkhe id orn de effectiviteit van thrombolytische en antithrombotische therapie te 
verhogen . 
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Conclusies en toekomstperspectief 
In deze studie werden nuttige meetmodellen en middelen om de 175 kDa mannose receptor te 
bestuderen, en hoge affiniteits liganden om zijn interactie met t-PA te remmen ontwikkeld. We toonden 

aan dat in menselijke weefsel de mannose receptor door macrofagen tot expressie wordt gebracht, en 
dat deze expressie afhankelijk is van het type van macrofaag activatie. De monoclonale antilichamen 
tegen de mannose receptor kunnen mogelijk nieuwe informatie verschaffen over de rol van macrofagen 
in verschillende ziekten. De mannose receptor op lever sinusoidale endotheelcellen en Kupffercellen 
speelt een belangrijke rol in de klaring van t-PA. Het bleek dat mannose receptor liganden/remmers de 
klaring van exogene t-PA gedeeltelijk konden remmen, en de endogene t-PA plasma concentratie 
konden verhogen. Mannose receptor remmers zoals M6L5 kunnen dus beschouwd worden als een 
nieuwe strategie om de t-PA concentratie in bloed te verhogen en daarmee de effectiviteit van 

thrombolytische en antithrombotische therapie te verhogen. 

De in dit proefschrift beschreven mannose receptor liganden zouden behalve bij de behandeling van 
thrombotische aandoeningen in de toekomst misschien gebruikt kunnen worden bij de behandeling van 

andere ziektes . Men kan daarbij denken aan koppeling van medicijnen aan deze liganden om de 
medicijnen specifiek te sturen naar mannose receptor bevattende cellen (de sinusoidale cellen in de 
lever en milt, en de macrofagen en dendritische cellen in alle weefsels). Om vooral die cellen die zich 
buiten de bloedbaan bevinden te bereiken, zouden ligand-gekoppelde therapeutica in combinatie met 

dextran 70 (macrodex) gebruikt kunnen worden. Dextran 70 remt immers de mannose receptor
gemedieerde klaring en is te groot om uit de bloedbaan ontsnappen. Op deze manier zouden 

therapeutica naar macrofagen en dendritische cellen gestuurd kunnen worden waardoor het mogelijk 
wordt om het afweersysteem te activeren of te onderdrukken. Men zou dan bijvoorbeeld het 

afweersysteem kunnen activeren om bepaalde celtypes te doden (zoals kankercellen of afweercellen 
die verkeerde antilichamen aanmaken), door dendritische cellen op te laden met antigenen van die 

celtypes. Het is een hoopvolle gedachte dat we in de toekomst misschien op deze manier in staat zullen 
zijn om het afweersysteem van het lichaam te manipuleren. 
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APPENDIX

Coloured figures belonging to chapter 3,5 and 7
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Figure belonging to chapter 3;
Monoclonal antlbodles agaln3t tho human mannose receptor that lnhibit the bindlng ot tissue'tyPe plasminogen

actlvator. Thrcmbosls and Haemostasis I 997; 77:71 &724

Fig 2 lmmunohlstochemlcal stainlng ot the mannose receptor in human placenta.

Typical staining pattem (by uss ol mAb 15-2) of a cryostat section of human placenta. ln the middle a cross section ol a chorionic

villus is shown. ln the periphery ot the villus the mannose rsceptor negalive synrytiotrophoblasts (small arrow) are located that lorm

the inlerface belwean matemal blood and lelal tissue. ln lhe centre ol lhe villus one can discriminate one artery (A) and two venules

(V) surrounded by a stroma where the mannose receplor positive (intense red staining, large anow) Hoflcauer cells are located.
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Figure belonging to chapter 5;
Expression ot the human mannose receptor under physiological and pathological condltlons; An lmmunohlatochemical
stxdy using monoclonal antlbody 15-2. Gubmltted)

Fig 1 A-B Mannose receptor and CD68 expression ln tlssue under physlologlcal condltions,
The distribution ol CD68 (A) and the mannose receplor (B) in spleen. Bar reprssents 400 pm.

ln the spleen, the macrophages inside the germinal cenlres (follicular dendritic cells, small arrow) war6 CD68 posilivs. ln this arBa

only few cells were mannose receptor-positivs (small anow). The splenic sinusoidal endolhalial cells howevor abundantly exprass the

mannose receptor (large arrow).
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Figure belonging to chapter 5;

Expression o, the human mannose receptor under physiological and pathological conditions; An immunohistochemical

study using monoclonal antibody 1 5-2. (submitted)

Fig 1 C-D Mannose receptor and CD68 expression in tissue under Physlologlcal conditions.

The distibution of CD68 (C) and the mannose receptor (D) in testis. Bar represents 200 pm

ln the teslis, the resident macrophages surrounding the tubuli were mannose receptor- and CO68-positive (small arow). The Leydig

cells were CD68-positive (anowhead) and mannose receptor-negative, whereas the spermalids and spematozoa (large arrow) inside

the seminoterous lubuli were mannose receplor-positive and CO68-negative.
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Figure belonging to chapter 5;
Expression of the human mannose receptor under physiological and pathological conditions; An immunohistochemical study using
monoclonal antibody 15-2. (submitted)

Fig 2A-D Mannose receplor and CD68 expression in tissue under pathological conditions.

Tissues under various pathological conditions were stained with KP-1 (A) or mAb 15-2 (B,C,D). Bar represents 200
pm (A,B) or 100 pm (C,O).

The edge oI a granuloma of skin affected by tuberculoid leprosy is shown (A,B). Unaflected skin tissue contained CD68-positive (A)

and mannose receptor-positive (B) resident macrophages (small atrow). lnside the granulomas CD68-posilive (A) and lew weakly
mannose receptoLposiiive macrophages (B) were present. The Langhans-type giant cells (large atrow) were slightly CD68-positive
and mannose receptotrnegative. Giant cells in tuberculosis affected lung (C), and in the synovium affected by a foreign body reaction
(D) stained weakly with mAb 15-2 (large arrow). The macrophages surrounding the Langhans-type giant cells (C) also only weakly

stained with mAb 15-2, whereas lhe macrophages surrounding the foreign body-type giant cells strongly stained with mAb 15-2 (D).
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Fig 2E-H Mannose receptor and cD68 expression in tissue under Pathological conditions.

Tissues under various pathological conditions were stained with KP-1 (E,G) or mAb 15-2 (F,H). Bar represents 200

pm (E,F) or 400 pm (G,H).

ln a synovium atfected by rheumatoid arlhritis most ol the hypertrophic and hyperplaslic synovial lining cells (large arrow) were CD68-

positive (E) and mannose receptor-negalive (F), whereas the stromal macrophages were CD68- and mannose receptor-positive

(smatl arrow). ln breast atfected by cancer (ductal type) normal stroma macrophages (small arow) still expressed tho CD68 antigen

(c) and the mannose receptor (H). lnside the desmoplastic tumor stroma the macrophages wers mannos€ receptornegative and

CD68-positive (large arrow).
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Figure belonging to chapter 7;
Cluster mannosides can inhibit mannose receptor-medlated llssue-type plasminogen activator (t-PA) degradation by both

rat and human cells. Hepatology 1997, ln press.

Fig 1A,B The presence of mannose receptor on human liver endothellal cells and Kupffer cells.

Representative area ol a cryostat section of human liver stained without (A) or with (B) anti-mannose receptor monoclonal antibody

15-2(blue) (bothwithrsdnuclearStaining). Barrepresenlsl00pm(lightmicroscope; magnilicationx40).
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Figure belonging to chapter 7;

Cluster mannosldes can lnhlblt mannose receptor-medlated tissue.type plasminogen activalor (t-PA) degradation by both

rat and human cells. Hepatology 1997, In press.

Fig 1C,D The presence ot mannose receptor on human liver endothelial cells and Kupfrer cells.

Rtspresentalive area ol a cryostat section of human liver slained with (C) anti CD68 monoclonal anlibody KP-1 (red) (blue nuclear

staining). The double staining with (D) KP-l (red) plus mAb 15.2 (blue) (no nuclear staining) shows that sinus liver endothelial cells

are mannose receptor-positivs and Co68-negative (blus), and the Kuptfer cells are both CD68- and mannose receptor-posiliv€

(purplo).
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Mannoso rsc€ptor stalnlng ln th6 human llver wlth nrAb'15-2.

This plcture was used for lhe design ol the cover o, this lh6sls. Bolh Kupfter cells and llver slnusoldal cells epr€ss lhe mannose

receptor and stain lntensely red with mAb 15-2. The staining proc€dure was lhe sam€ proceduro as used for the staining of he
mannose recsptor ln the placenta (chapter 3). B€caus€ it is ditncu[ b dlscrlmlnate betwe€n lhe Kuptfer cells and th€ slnusddal
endothellal cells wa perlomed a double staining in Herytology l*e nre plclures on page 148,149).
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