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Abstract

Mannose-terminated glucocerebrosidase (alglucerase; Cere-
dase®) was designed for enzyme replacement therapy in
Gaucher disease to take advantage of mannose receptor-me-
diated endocytosis by macrophages. To provide a rational basis
for designing enzyme replacement therapy protocols, we exam-
ined the in vitro binding, uptake, and degradation of alglucerase
by murine and human macrophages. Both were found to have
~ 500,000 mannose-dependent receptors for alglucerase per
cell with a K, of 1077 M at 0°C. In contrast, the number of
binding sites for mannose-bovine serum albumin (mannose-
BSA), the classical ligand for the mannose receptor, was only
~ 20,000 with a K, of 10 ~® M. Alglucerase was also bound in a
mannose-dependent manner by cells that lack the capacity to
bind mannose-BSA, such as Cos-1 cells, endothelial cells, and
peripheral blood monocytes. The fact that the binding of alglu-
cerase by macrophages was mediated principally by a receptor
distinct from the classical mannose receptor that binds man-
nose-BSA was confirmed by differential inhibitors, viz., a-
methyl-glucoside, fucose, and mannose-BSA, and by its inde-
pendence on Ca?*.

Uptake of alglucerase by macrophages at 37°C was concen-
tration dependent and half maximal at 10 ¢ M. However, at a
concentration of 10~7 M, only 0.5% of the added alglucerase
was incorporated into macrophages and ~ 50% of the alglucer-
ase taken up was quickly released into the medium. Endothelial
cells also manifest mannose-dependent binding and uptake of
alglucerase and may therefore account for a large proportion of
the infused alglucerase. Our data suggest that only a small
amount of the alglucerase administered is effectively delivered
to macrophages and that a more efficiently targeted enzyme
might have a marked therapeutic advantage over mannose-ter-
minated glucocerebrosidase. (J. Clin. Invest. 1993. 91:1909-
1917.) Key words: Gaucher disease * enzyme replacement ther-
apy ¢ receptor-mediated endocytosis ¢ alglucerase « mannose
receptor

Introduction

Gaucher disease is an autosomal recessive disorder caused by a
deficiency of glucocerebrosidase, the enzyme required for the
lysosomal degradation of the sphingoglycolipid glucocerebro-
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side (1). In its absence the insoluble glucocerebroside accumu-
lates in macrophages. Because reticuloendothelial cells by their
very nature should take up exogenously administered material,
this disorder seemed particularly well suited to enzyme replace-
ment therapy. Although a number of attempts to treat the dis-
order with exogenously administered enzyme were made in the
1970s, the results were disappointing (2-6). With the discov-
ery of mannose receptors on macrophages and their role in
endocytosis (7), it was suggested (8, 9) that incorporating a
mannose signal into native enzyme might be useful for enzyme
targeting in Gaucher disease. Although ~ 20% of the total oli-
gosaccharides on the native glucocerebrosidase are high man-
nose type (10), sequential deglycosylation to produce a man-
nose-terminated enzyme to improve the efficacy of targeting
was proposed (11). Ultimately, this modified enzyme became
available commercially as a licensed treatment for Gaucher
disease (alglucerase; Ceredase®). Although several groups have
reported promising clinical results using alglucerase (12-14),
the optimal dose and frequency of administration of alglucer-
ase are controversial (15-17).

The design of optimal protocols for enzyme replacement
therapy requires understanding of the kinetics of alglucerase
targeting. In this report, we examine the binding, uptake, and
degradation of alglucerase by murine and human macrophages
1n Vvitro.

Methods

Reagents. Unless otherwise specified, all chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO). RPMI 1640 medium, DMEM,
and FCS were purchased from Whittaker Bioproducts (Walkersville,
MD). Medium 199 and pooled human type AB serum were purchased
from Gibco BRL Life Technologies, Inc. (Grand Island, NY). Man-
nose-BSA (35 mol saccharide/mol BSA) was purchased from E-Y
Laboratories, Inc. (San Mateo, CA). PBS contained the following
(mM): 138 NaCl, 2.7 KCl, 1.2 KH,PO,, 8.1 Na,HPO, - 7 H,0.

Alglucerase from Ceredase®. Residual Ceredase® (Genzyme Corp.,
Cambridge, MA) was collected from used vials. The 1% human albu-
min added to alglucerase as a stabilizer in Ceredase® was removed by
taking advantage of the binding of glucocerebrosidase to concanavalin
A-Sepharose (Sigma Chemical Co.) (18). 2 ml of diluted Ceredase®
was applied to a column (0.7 X 2.5 cm) equilibrated with buffer A (50
mM citrate/ NaOH, 50 mM NaCl, 0.5% taurocholic acid, pH 6.0). The
column was washed with 15 ml of buffer A followed by elution with 50
ml of buffer A containing 0.2 M methyl-a-mannopyranoside. The
eluate was concentrated using PM30 (Amicon, Beverly, MA) and dia-
lyzed against PBS overnight. This alglucerase preparation was deter-
mined to be pure by use of SDS-PAGE with a specific activity of 50
U/mg protein and on SDS-PAGE a subunit molecular weight of
59,300.

Todination of alglucerase and mannose-BSA. 100 ug of protein was
incubated with 0.5 mCi of Na'?l (Amersham Corp., Arlington
Heights, IL) and 10 ug of Iodo-Gen (Pharmacia LKB Biotechnology
Inc., Piscataway, NJ) immobilized in a polystyrene tube for 10 min.
The reaction was terminated by gel filtration on a PD-10 column
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(Pharmacia LKB Biotechnology Inc.). Protein determination was per-
formed by the Lowry et al. method (19). Specific radioactivity was
typically 2-3 X 10% cpm/ ug for alglucerase and 5-6 X 10¢ cpm/pug for
mannose-BSA and, on average, 94% of total counts were TCA precipi-
table.

Murine peritoneal macrophages. Peritoneal macrophages were ob-
tained by irrigating the peritoneal cavity of 6-8-wk-old female BALB/
CBYJ mice with medium (medium 199 plus 10% FCS). Cells were
washed, resuspended in the same medium, and seeded into 24-well
plates (Corning Glass Inc., Corning, NY) at 5 X 10° cells per well.
Adherent cell monolayers were prepared after a 4-h incubation at 37°C
in the presence of 5% CO, by washing unattached cells from the plate
with assay medium. Adherent cell monolayers at this stage will be re-
ferred to as murine macrophages and were used in various assays.

Human monocyte-derived macrophages. Mononuclear cells were
separated from 50 ml of EDTA-anticoagulated blood from healthy
volunteers by Ficoll-Hypaque centrifugation. The cells were washed
three times in PBS containing 0.53 mM EDTA and resuspended in
RPMI 1640 with 10% FCS. Monocytes were isolated by using gelatin/
plasma-coated flasks as reported previously (20). More than 90% of
the adherent cells were shown to be monocytes by Wright-Giemsa
staining. The monocytes were resuspended in RPMI 1640 supple-
mented with 4 mM glutamine, 2% PenStrep, and 5% pooled human
type AB serum and seeded into 24-well plates at 4 X 10° cells per well
and cultured at 37°C under 5% CO, for 7 d.

Umbilical cord-derived endothelial cells. These cells were a kind
gift from Dr. E. Levin (The Scripps Research Institute).

Uptake and binding assays. Assays for uptake and binding in adher-
ent cells were done according to the method previously described with
some modifications (21). The medium was removed and cells were
washed twice with HHBG (HBSS, 10 mM Hepes, 10 mM N-tris(hy-
droxymethyl)methyl-2-aminoethane-sulfonic acid, 0.1% glucose, and
1% BSA). Labeled alglucerase with or without mannan (3 mg/ml) in
HHBG was added in a final volume of 0.4 ml. After incubation, the
medium was removed and an aliquot was precipitated with 10% TCA
to determine acid-soluble counts. The cell layer was washed four times
with HBSS, and then solubilized in 0.5 ml of 1.0 N NaOH for determi-
nation of cell-associated radioactivity. Assays were conducted at 0°C
(binding) or 37°C (uptake). Binding and uptake in the presence of
mannan is designated as mannose independent. The difference be-
tween binding or uptake with or without mannan is designated as man-
nose dependent. Murine peritoneal macrophages were enumerated in a
hemocytometer after 5 min of incubation in 0.005% Zwittergent (Cal-
biochem, San Diego, CA)(22). Asit is difficult to detach human mono-
cyte-derived macrophages with intact shape in 0.005% Zwittergent,
cells were dissolved in 0.1% Triton X-100 and their nuclei were enu-
merated. Endothelial cells were detached in trypsin-EDTA solution
(Whittaker Bioproducts).

Transfection of the mannose receptor full-length cDNA into Cos-1
cells. Cos-1 cells were maintained in DME supplemented with 4 mM
glutamine, 2% PenStrep, and 10% FCS at 37°C under 5% CO,.

Mannose receptor full-length cDNA in expression vector pPCDM8
was a kind gift from Dr. A. Ezekowitz (Children’s Hospital, Dana
Farber Cancer Institute, Boston, MA). Cos-1 cells were transfected
using the DEAE-dextran method as previously reported (23). Trans-
fected Cos-1 cells were trypsinized 24 h after transfection and replated
in 24-well plates and cultivated for a further 2 d in culture medium.
Mock-transfected Cos-1 cells served as controls.

Assay for glucocerebrosidase activity. Enzyme activity was mea-
sured using 4-methyl umbelliferyl-8-glucoside as substrate (24).

Results

Competition of unlabeled with labeled alglucerase. Fig. 1 shows
mannose-dependent binding by murine macrophages. Cells
were incubated with different ratios of unlabeled to **I-labeled
alglucerase, maintaining the same total concentration, a level
at which mannose-dependent binding is almost saturated. The
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total concentration at 30 ug/ml (5 X 10~7 M) for 180 min at 0°C.
Mannose-dependent cell-associated radioactivity was assayed as de-
scribed in Methods. Results are the mean of duplicate assays and are
representative of two independent experiments.

product of alglucerase concentration and radioactivity re-
mained constant, indicating that the '*I-labeled alglucerase
has the same binding properties as the unlabeled alglucerase.

Binding and uptake of alglucerase by murine peritoneal
macrophages. The time course of mannose-dependent binding
at 0°C showed that it reached equilibrium after 120 min (Fig.
2). Using 180-min incubations, we examined the concentra-
tion dependence of alglucerase binding (Fig. 3 4). Analysis of
mannose-dependent binding by the Scatchard method pro-
vided an estimate of 4.5 X 10° receptors per cell with K; = 1.2
X 1077 M (Fig. 3 B). Scatchard analysis of mannose-indepen-
dent binding shows there are two major classes of binding sites,
a small number of sites with high affinity (0.5 X 103 sites per
cell, Ky = 9.8 X 107 M) and a number of sites too large to
measure accurately with low affinity (Fig. 3 C). Studies in the
presence of both mannan and galactose showed lack of the high
affinity binding, suggesting that this binding site with high af-
finity might be a galactose receptor (Fig. 3 D).

Uptake of alglucerase at 37°C was approximately linear for
= 60 min (Fig. 4). We examined the TCA precipitability of
media at each point, but there was little increase of TCA-solu-
ble materials, indicating that within 60 min little degradation
of alglucerase occurs (data not shown). Concentration depen-
dence of alglucerase uptake after 20 min of incubation (Fig. 5)
indicates that uptake exceeds binding by an order of magnitude
and does not saturate even at 80 ug/ml (1.3 X 1076 M). A
double reciprocal plot indicates that one-half maximal uptake
is achieved at 9.6 X 1077 M.

ng bound per well
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Figure 2. Binding of alglucerase to murine peritoneal macrophages as
a function of time. Murine peritoneal macrophages were incubated
with 10 ug/ml (1.7 X 1077 M) of labeled alglucerase at 0°C. At the
time indicated, mannose-dependent binding was assayed as described
in Methods. Results are the mean of duplicate assays and are repre-
sentative of two independent experiments.
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Degradation of the internalized alglucerase in murine peri-
toneal macrophages. Cells were incubated with labeled alglu-
cerase at 37°C for 60 min, after which they were washed free of
excess labeled alglucerase, resuspended in prewarmed me-
dium, and further incubated at 37°C. The TCA-precipitable
and -soluble radioactivity in the medium and the cell-asso-
ciated radioactivity were measured at intervals. Cell-associated
TCA-soluble radioactivity was negligible (data not shown).
Fig. 6 shows that there was a rapid decrease of cell-associated
radioactivity followed by a plateau. Two thirds of the radioac-
tivity remained after 4 h. Small but gradually increasing
amounts of TCA-soluble materials were detected in the me-
dium, indicating that proteolytic degradation of alglucerase oc-
curs very slowly. Corresponding to the decrease in cell-asso-
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Figure 4. Uptake of alglucerase by murine peritoneal macrophages as
a function of time. Murine peritoneal macrophages were incubated
with 40 ug/ml (6.7 X 10”7 M) of labeled alglucerase at 37°C. At the
time indicated, mannose-dependent uptake was assayed as described
in Methods. Results are the mean of duplicate assays and are repre-
sentative of two independent experiments.

presence of both mannan and 50 mM

Bound (ng) galactose.

ciated radioactivity, there was a rapid increase in TCA-precipi-
table radioactivity in the medium. This radioactive material,
when incubated with fresh cells at 0°C, was bound, suggesting
that it could represent intact alglucerase released from cells
(data not shown). After the first hour, release of label from the
cells reaches a plateau. This is not due to an equilibrium be-
tween uptake and release, since replacing the medium with
fresh medium at 2 h had little effect on the amount of intracel-
lular labeled alglucerase.

Binding and uptake of alglucerase by human monocyte-
derived macrophages. Fig. 7 A shows the concentration depen-
dence of binding in human monocyte-derived macrophages.
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Figure 5. Uptake of alglucerase by murine peritoneal macrophages as
a function of concentration. Murine peritoneal macrophages were
incubated with various concentrations of labeled alglucerase in the
presence or absence of mannan for 20 min at 37°C. Uptake was as-
sayed as described in Methods. Results are the mean of duplicate
assays and are representative of four independent experiments. (Inset)
A double reciprocal plot of mannose-dependent uptake.
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Figure 6. Fate of the internalized alglucerase in murine peritoneal
macrophages. Murine peritoneal macrophages were incubated with
40 pg/ml (6.7 X 1077 M) of labeled alglucerase for 60 min at 37°C
followed by washing with Hank’s solution at 0°C. Cells were incu-
bated in fresh medium without alglucerase at 37°C. At the time indi-
cated, the medium and the first wash were combined and precipitated
with 10% TCA to determine acid-soluble counts. Cell-associated ra-
dioactivity was determined as described in Methods. For one portion
of the cells the medium was replaced with fresh medium at the 2-h
point and further incubated at 37°C. Radioactivity present in each
fraction is expressed as percent of the total initial cell-associated ra-
dioactivity after incubation with labeled alglucerase. Results are the
mean of duplicate assays and are representative of three independent
experiments.

The Scatchard plot of mannose-dependent binding yielded a
value of 6.3 X 10° receptors per cell, with a dissociation con-
stant of 7.0 X 1078 M (Fig. 7 B). In contrast to murine perito-
neal macrophages, mannose-independent binding sites with a
high affinity constant were not observed but the number of
low-affinity, mannose-independent sites were again too large to
measure (Fig. 7 C).

The mannose-dependent uptake was concentration depen-
dent and, from a double reciprocal plot, the concentration giv-
ing one-half maximal uptake was determined to be 1.1 X 1076
M (Fig. 8). Compared with murine peritoneal macrophages,
the percentage of mannose-independent uptake in total uptake
was somewhat higher in human monocyte-derived macro-
phages.

Degradation of the internalized alglucerase in human mono-
cyte-derived macrophages. Because mannose-independent up-
take is high by human monocyte-derived macrophages, we
examined separately the fate of alglucerase that was taken up
both in the presence and the absence of mannan. As shown in
Fig. 9, rapid release of intact labeled alglucerase into medium
and concomitant decrease in cellular labeled alglucerase were
observed just as in murine peritoneal macrophages. About half
of the alglucerase that had been taken up in the presence of
mannan remained intracellularly after 5 h.

Uptake of alglucerase by monocyte-derived macrophages
Jfrom a Gaucher disease patient. Using blood from a Gaucher
disease patient, we prepared monocyte-derived macrophages
and examined the uptake of unlabeled alglucerase by these cells
by measuring cellular catalytic activity using 4-methyl umbelli-
feryl-8-glucoside as a substrate. The patient’s monocyte-de-
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Figure 7. Binding of alglucerase to human monocyte-derived macro-
phages as a function of concentration. (4) Cells were incubated with
various concentrations of labeled alglucerase in the presence or ab-
sence of mannan for 180 min at 0°C. Binding was assayed as de-
scribed in Methods. Results are the mean of duplicate assays and are
representative of four independent experiments. (B) Scatchard anal-
ysis of mannose-dependent binding. (C) Scatchard analysis of man-
nose-independent binding.

rived macrophages had 34 xU per 10° cells of endogenous cata-
lytic activity, ~ 10% that of normal cells (300 xU per 10°
cells). After incubation with 5 ug/ml (250,000 U/ml, 8.4
X 107 M) of unlabeled alglucerase for 60 min at 37°C, the
patient’s monocyte-derived macrophages contained 132 U
per 10° cells, with a mean uptake of 2.0 ng (corresponding to
98 wU) per 10° cells. At the same concentration using labeled
alglucerase, we observed 2.7 ng per 107 cells of uptake.
Binding of alglucerase and mannose-BSA to Cos-1 cells
and peripheral blood monocytes. We examined binding of alglu-
cerase to monocytes and Cos-1 cells, each of which are reported
to lack mannose receptor when mannose-BSA serves as the
ligand (23, 25). Indeed, as Table I shows, we did not observe
mannose-dependent binding of mannose-BSA to either of



Table 1. Binding of Alglucerase or Mannose-BSA to Cos-1 Cells
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Figure 8. Uptake of alglucerase by human monocyte-derived macro-
phages as a function of concentration. Cells were incubated with
various concentrations of labeled alglucerase in the presence or ab-
sence of mannan for 60 min at 37°C. Uptake was assayed as described
in Methods. Results are the mean of duplicate assays and are repre-
sentative of four independent experiments. (Inset) A double recipro-
cal plot of mannose-dependent uptake.

these cell types; however, there was considerable mannose-de-
pendent binding of alglucerase, suggesting that this enzyme can
be bound to mannose-dependent receptor distinct from the
classical mannose receptor that binds mannose-BSA.

Differential inhibition of mannose-dependent binding of
alglucerase and mannose-BSA. We examined the inhibitory
effects of various sugars on the binding of alglucerase to Cos-1
cells and the binding of mannose-BSA to murine macro-
phages. As shown in Table II, several sugars exhibited similar
inhibitory patterns on both systems, but a- and 8-methyl-glu-
coside and fucose showed quite different inhibition on the bind-
ing of the two ligands. a-methyl-glucoside strongly inhibited
binding of alglucerase to Cos-1 cells but did not inhibit binding
of mannose-BSA to macrophages. On the other hand, fucose
inhibited binding of mannose-BSA to macrophages but did
not inhibit binding of alglucerase to Cos-1 cells.

The inhibitory effects of a- and 8-methyl-glucoside and fu-
cose on the binding of alglucerase to macrophages were similar
to that on the binding of alglucerase to Cos-1 cells.

Figure 9. Fate of the in-
ternalized alglucerase
100 ¢~ Mannan - Medium TCA sol in human monocyte-de-
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37°C followed by wash-
ing with Hanks’ solu-
tion at 0°C. Cells were
further incubated in fresh medium without alglucerase at 37°C. At
the time indicated, medium and cells were treated as shown in Fig. 6.
Radioactivity present in each fraction is expressed as percent of the
total initial cell-associated radioactivity after incubation with labeled
alglucerase. Results are the mean of duplicate assays and are repre-
sentative of three independent experiments.
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These cells were incubated with 5 pg/ml (8.4 X 107® M) of labeled
alglucerase or 1 pg/ml (1.4 X 1078 M) of labeled mannose-BSA in
the presence or absence of mannan at 0°C. Incubation times were
180 and 90 min for alglucerase and mannose-BSA, respectively.
Binding was assayed as described in Methods. Results are the
mean=SD of triplicate assays and representative of two independent
experiments.

Ca?** dependency of mannose-dependent binding of alglu-
cerase and mannose-BSA. To determine Ca?* dependency of
binding of ligand, we examined the effect of diethylenetriamine-
acetic acid (DTPA),! a Ca?* chelating agent. As shown in Ta-
ble I1I, DTPA prevented mannose-dependent binding of man-
nose-BSA to macrophages but did not affect binding of alglu-
cerase to Cos-1 cells or macrophages.

Contribution of the classical mannose receptor to binding of
alglucerase to macrophages. The inhibitory effect of mannose-
BSA on the binding of alglucerase to murine macrophages was
measured to determine to what extent these two ligands com-
pete for a common receptor. A two-component inhibitory
curve was documented (Fig. 10). At concentrations < 40 ug/
ml (5.5 X 1077 M), mannose-BSA strongly inhibited binding
of alglucerase, but after ~ 10% of the alglucerase binding had
been inhibited, inhibition became much weaker.

Binding and uptake of alglucerase by Cos-1 cells transfected
with the mannose receptor full-length cDNA. To determine the
relative contribution of the classical mannose receptor and
Ca?*-independent receptor for binding and uptake of alglucer-
ase, we examined binding and uptake of alglucerase by control
and mannose receptor cDNA-transfected Cos-1 cells. Cos-1
cells have been shown to lack the classical mannose receptor
for mannose-BSA and gain the ability to bind this ligand after
being transfected with mannose receptor cDNA (23). We con-
firmed that these cells acquired the capacity to bind and take
up mannose-BSA in a mannose-dependent manner (Fig. 11).
Although there is no increase of mannose-dependent binding
of alglucerase in transfected cells compared with control cells,
the uptake of alglucerase by transfected cells was greater, but
not significantly so.

Binding and uptake of alglucerase by endothelial cells. As
endothelial cells line blood vessels, alglucerase uptake by these
cells must be considered in determining the in vivo fate of
alglucerase. We therefore examined the kinetics of binding and
uptake in umbilical cord-derived endothelial cells. Although

1. Abbreviation used in this paper: DTPA, diethylenetriamineacetic
acid.
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Table II. Effects of Possible Inhibitors on the binding
of Alglucerase and Mannose-BSA

Alglucerase to Mannose-BSA to
Compound added Cos-1 Macrophages Cos-1 Macrophages
%
None (control) 100 100 100 100
Mannan (3 mg/ml) 6 13 100 12
Methyl-a-mannoside (50 mM) 26 15 — 24
Galactose (50 mM) 92 74 — 87
Glucose (50 mM) 28 46 — 46
Maltose (50 mM) 23 — — 27
N-acetyl-glucosamine (50 mM) 40 42 — 26
a-methyl-glucoside (10 mM) 21 51 — 102
a-methyl-glucoside (30 mM) 15 — — 95
a-methyl-glucoside (50 mM) 12 — — 57
B-methyl-glucoside (10 mM) 93 93 — 110
B-methyl-glucoside (30 mM) 80 — — 81
B-methyl-glucoside (50 mM) 65 —_ — 56
Fucose (50 mM) 91 88 — 25
Mannose-6-phosphate (50 mM) 91 83 — —
Dextran sulfate (3 ug/ml) 121 122 — —

Cos-1 cells or murine peritoneal macrophages were incubated with 5
ug/ml (8.4 X 1078 M) of labeled alglucerase or 1 pg/ml (1.4 X 1078
M) of labeled mannose-BSA in the presence or absence of the fol-
lowing compounds at 0°C. Incubation time was the same as Table
I. Binding was assayed as described in Methods and expressed as per-
cent of the control values, which were 9.4, 2.8, 0.15, and 0.41 ng
bound per well for alglucerase bound to COS cells and macrophages
and mannose-BSA bound to COS cells and macrophages, respec-
tively. Results are the mean of triplicate assays and representative of
two independent experiments.

Table II1. Ca®* Dependency of Binding of Ligands

Mannose-
dependent
Mannan (-) Mannan (+) binding
ng bound per well
Binding of mannose-BSA
to murine macrophages
DTPA (-) 0.48+0.04  0.08+0.006 0.4
DTPA (+) 0.14+0.005 0.12+0.04 0.02
Binding of alglucerase
to Cos-1 cells
DTPA (-) 6.92+0.29  0.94+0.05 5.98
DTPA (+) 6.84+0.19  0.89+0.01 5.95
Binding of alglucerase
to murine macrophages
DTPA (-) 3.45+0.13 1.26+0.23 2.19
DTPA (+) 3.23£0.05 1.02+0.06 2.21

Cos-1 cells or murine peritoneal macrophages were incubated with 5
ug/ml (8.4 X 10~ M) of labeled alglucerase or 1 pg/ml (1.4 X 1078
M) of labeled mannose-BSA in the presence or absence of mannan
and 4 mM of DTPA at 0°C. Incubation time was the same as Table

I. During the incubation, DTPA did not affect adherence of both cell
types. Results are the mean+SD of triplicate assays and are represen-
tative of two independent experiments.
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Figure 10. Inhibitory
effect of mannose-BSA
on binding of alglucer-
ase to murine macro-
phages. Murine perito-
4+  npeal macrophages were
incubated with 2 ug/ml
(3.4 X 1078 M) of la-
beled alglucerase in the

0 200 400 600 800 1000 Presence orabsence of
various concentrations

Mannose-BSA (kg/ml) of unlabeled mannose-

BSA for 180 min at 0°C. Binding was assayed as described in Meth-
ods. Results are the mean+SD of triplicate assays and are representa-
tive of two independent experiments.
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we could not detect mannose-dependent binding of mannose-
BSA (data not shown ), considerable mannose-dependent bind-
ing of alglucerase was observed (Fig. 12 4) and Scatchard analy-
sis yielded a value of 1.1 X 10° receptors per cell, with a K, of
2.7 X 107" M (Fig. 12 B).

The mannose-dependent uptake was concentration depen-
dent and from a double reciprocal plot the concentration giv-
ing one-half maximal uptake was determined to be 1.1 X 1076
M (Fig. 13).

Discussion

We found that murine peritoneal macrophages had ~ 500,000
mannose-dependent receptors for alglucerase per cell with a K
of 1.2 X 1077 M. The number of binding sites is larger than has
previously been described on rat alveolar macrophages by
others using mannose-BSA (26), and the affinity of receptors
for alglucerase is one order of magnitude lower than that for
mannose-BSA. Using mannose-BSA in our system, we ob- -
served the same K, in murine peritoneal macrophages (1078
M) as had been reported by others in alveolar macrophages but

% Alglucerase

] Control
Bl Transfected

Mannose-BSA

ng per 10 cells

=]

e
0 37° ) 37°

Figure 11. Binding and uptake of alglucerase and mannose-BSA by
mannose receptor cDNA-transfected Cos-1 cells. Mannose receptor
full-length cDNA-transfected Cos-1 cells and mock control cells were
prepared as described in Methods. Both cells were incubated with 5
ug/ml (8.4 X 107 M) of labeled alglucerase or 5 ug/ml (6.9 X 10°%
M) of labeled mannose-BSA in the presence or absence of mannan
for 180 min at 0°C or for 20 min at 37°C. Mannose-dependent cell-
associated radioactivity was measured as described in Methods. Re-
sults are the mean+SD of triplicate assays and are representative of
three independent experiments.
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Figure 12. Binding of alglucerase to umbilical cord-derived endothe-
lial cells as a function of concentration. (4) Cells were incubated
with various concentrations of labeled alglucerase in the presence or
absence of mannan for 180 min at 0°C. Binding was assayed as de-
scribed in Methods. Results are the mean of duplicate assays and are
representative of two independent experiments. (B) Scatchard analy-
sis of mannose-dependent binding.

observed a smaller number of binding sites (2 X 10* per cell).
Cell types or activation might reflect the difference in the num-
ber of binding sites. These findings suggested that alglucerase
may be bound by a receptor that is distinct from the “classical”
mannose receptor that binds mannose-BSA. Since the binding
is not inhibited by mannose-6-phosphate or dextran sulfate
(Table II), it is apparently not the mannose-6-phosphate re-
ceptor nor scavenger receptor.

Figure 13. Uptake of
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sence of mannan for 60
min at 37°C. Uptake
was assayed as described
in Methods. Results are
the mean of duplicate assays and are representative of two indepen-
dent experiments. (Inset) A double reciprocal plot of mannose-de-
pendent uptake.
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On the other hand, we found that monocytes and Cos-1
cells, which do not possess mannose receptors, bind and take
up alglucerase in a mannose-dependent manner. In further in-
vestigations, we found that a-methyl-glucoside is a potent in-
hibitor of alglucerase binding to Cos-1 cells but has relatively
little effect on the binding of mannose-BSA to macrophages.
Conversely, the binding of mannose-BSA to macrophages is
inhibited by fucose but the binding of alglucerase to Cos-1 cells
is affected only a little by the latter sugar. In addition, alglucer-
ase binding to Cos-1 cells is Ca2* independent whereas binding
of mannose-BSA to macrophages is Ca?* dependent. To the
best of our knowledge, this is the first evidence for the presence
of such a Ca?*-independent mannose binding site.

Using these parameters to differentiate two binding sites,
we examined whether this Ca2*-independent site might be ex-
pressed on macrophages. Binding of alglucerase to macro-
phages was Ca?* independent and was inhibited by a-methyl-
glucoside or fucose in the same manner as binding of alglucer-
ase to Cos-1 cells. Taking into account the number of binding
sites of mannose receptor (2 X 10* per macrophage) and the
Ca?*-independent receptor (5 X 10° per macrophage) and the
fact that mannose-BSA is an effective inhibitor for only
~ 10% of the alglucerase binding on macrophages, this type of
binding site apparently accounts for the major portion of alglu-
cerase binding to macrophages and only a small portion of the
enzyme is bound to the classical mannose receptor.

Because of the existence of two distinct binding sites, analy-
sis of uptake of alglucerase by macrophages at 37°C is compli-
cated. Mannose receptor cDNA-transfected Cos-1 cells serve
as a good model to investigate the mechanism of alglucerase
uptake. As shown in Fig. 11, internalization of mannose-BSA
via the classical mannose receptor seems to be much more
effective than that of alglucerase via the Ca?*-independent re-
ceptor. A large intracellular mannose receptor pool and its
rapid recycling might be responsible for this efficient internal-
ization of mannose-BSA (7). Although there is no difference
in binding of alglucerase between control and mannose recep-
tor cDNA-transfected Cos-1 cells, there is apparently more
uptake of alglucerase by latter cells. These data suggest that at
0°C alglucerase predominantly binds to the very numerous
Ca?*-independent receptor, but that at 37°C, a small number
of efficient classical mannose receptors plays a major role in the
internalization of alglucerase. It may well be that only the clas-
sical mannose receptor actually delivers its ligand to the lyso-
zyme. About one half of the alglucerase that enters macro-
phages merely cycles through endocytic vacuoles or even disso-
ciates from binding sites and does not remain in the lysosome.
This could be the ligand bound by the Ca?*-independent re-
ceptor.

In Table 1V, we summarize the characteristics of classical
mannose receptor and Ca2* -independent receptor for alglucer-
ase expressed on macrophages.

A large number of mannose-independent binding sites
were also present on macrophages. In the case of murine, but
not human, cells, a few of these were high affinity sites, which
appear to be galactose receptors (27), but a much larger num-
ber, 107 or greater, of low affinity sites were also found.

Our main purpose has been to evaluate the kinetics of alglu-
cerase binding and uptake in human macrophages, but obtain-
ing adequate numbers of purified macrophages from humans
is difficult. Recently, it was reported that under appropriate
culture conditions human peripheral blood monocytes mature
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Table 1V. Summary of Characteristics of Two Receptors

Classical

mannose Ca**-independent

receptor receptor
Number of sites per macrophage 20,000 500,000
K, (M) 107 1077
Internalization Efficient Poor
Inhibition by fucose (%) - 175 9
Inhibition by a-methyl-glucoside (%) 0 79
Ca?* dependency Dependent  Independent

into functionally differentiated macrophages, including man-
nose receptor expression (25, 28, 29). The kinetics of the bind-
ing and uptake of labeled alglucerase by human monocyte-
derived macrophages was found to be quite similar to the re-
sults obtained from murine peritoneal macrophages. However,
the galactose receptor detected in murine macrophages was
absent from the human cells, and the proportion of alglucerase
taken up in a mannose-independent fashion was somewhat
greater. .

Our studies permit us to draw certain conclusions about the
expected uptake of Ceredase® after infusion into human sub-
jects. It has been reported that when alglucerase is administered
in vivo at a rate of 0.13-0.45 U /kg per min, steady state levels
of 1-5 X 10~% M are achieved in the plasma (17). Our own
report of similar levels at a lower infusion rate ( 15) was on the
basis of a specific activity of 5.0 U/mg (18), a level that was
erroneously low. The levels achieved at low dose therapy are
~ 107 M whereas high-dose therapy may provide levels of
10~% M or somewhat higher. At a concentration of alglucerase
of 5 X 1078 M, achieved with high dose therapy, 80% or 16,000
of the 20,000 classical mannose receptor sites would be occu-
pied whereas 24% or 120,000 of the 500,000 Ca2*-independent
sites would bind alglucerase. The ratio of alglucerase bound to
the classical and presumably functional sites to that bound by
the inefficient Ca?*-independent sites would be 1:7.5. In con-
trast, the concentration of 10~° M achieved by low dose, frac-
tionated therapy would result in occupancy of 9% or 1,800 of
the classical receptor sites and only 0.6% or 3,000 of the
Ca?*-independent sites, or a ratio of 1:1.7. Thus the low con-
centration achieved by low dose therapy favors the classical
receptor.

In our in vitro experiments at the high concentration, only
~ 0.5% of the added alglucerase is taken up by macrophages.
At an alglucerase concentration of 108 M, human monocyte—
derived macrophages take up 1.6 ng of alglucerase per 10° cells
(corresponding to 80 U per 10° cells). As these cells normally
contain 300 xU per 10° cells of endogenous catalytic activity,
levels of only 27% of normal were achieved at this concentra-
tion. We also examined alglucerase uptake by monocyte-de-
rived macrophages from a Gaucher patient. When incubated at
a concentration of 10~7 M, which is one order of magnitude
higher than the reported steady state plasma concentration
when high dose therapy is given, cellular alglucerase activity of
Gaucher disease patient monocyte-derived macrophages rose
to < 50% of the activity found in normal macrophages. The
amount of alglucerase taken up as measured by catalytic activ-
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ity was slightly less than that measured by radioactivity, which
may be due to either the sensitivity of the assay or the stability
of the alglucerase.

Although hepatic endothelial cells are reported to possess
the same mannose receptor as expressed on macrophages (30,
31), umbilical cord-derived endothelial cells do not have man-
nose receptor (23). However, the presence of avid receptors for
alglucerase on umbilical cord-derived endothelial cells sug-
gests that much of the infused alglucerase may be taken up by
endothelial cells. Preliminary studies of the bone marrow of
patients immediately after infusion of Ceredase® is consistent
with the conclusion that very little of the infused enzyme
reaches macrophages. Very little of the alglucerase is found in
marrow cells (our unpublished data).

We and others have clearly shown that treatment with alglu-
cerase produces unmistakable objective improvement in pa-
tients with Gaucher disease, with marked decreases in the sizes
of the spleen and liver in which glucocerebroside is stored (12—
14). The reason for the effectiveness of this preparation cer-
tainly is not due to efficient targeting to macrophages. It may
be that the small amounts of alglucerase that do reach macro-
phages are sufficient to gradually reduce their burden of gluco-
cerebroside. It is also conceivable that glucocerebroside hydro-
lysis occurs in unknown tissues. It is unlikely to occur in the
plasma because the pH of the plasma is much higher than the
pH optimum of glucocerebrosidase and because the essential
co-factor, saposin, is not present (unpublished data). Our stud-
ies lead us to suggest that an efficiently targeted enzyme might
have a marked therapeutic advantage over alglucerase.
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