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Summary 

Mature macrophages obtained by the growth and differentiation 
of blood monocvtes have been used to develo~ an in vitro svstem 
for the study of hereditary human lysosom~l storage diseases. 
Maturation of monocytes into macrophages is rapid, and the 
maximal activities of the lysosomal hydrolases, P-galactosidase, 
P-glucuronidase, a-mannosidase, and P- N-acetyl glucosaminidase, 
is reached by the seventh day in culture. The rate of 35S04 
incorporation into mucopolysaccharides is also maximal at 7 days. 
Normal macrophages attain a steady state of 35S04 labeling within 
5 hr of culture and degrade about 60% of sulfated mucopolysac- 
charides in 5 hr. By contrast, macrophages from patients with the 
Hunter syndrome (MPS 11), when grown in MPS I1 serum, 
degrade only 19% of sulfated MPS within 12 hr and incorporate 
more 35S04 into MPS. Significant correction of the metabolic 
defects is achieved by incubation of the Hunter syndrome macro- 
phages in normal serum, demonstrating that the abnormal MPS 
I1 macrophages are responsive to exogenously supplied enzyme 
(a-L-iduronate sulfatase). Preliminary studies of MPS turnover in 
macrophages from two obligate MPS heterozygotes are indicative 
of partially impaired MPS degradation, with increased 35S04 
incorporation and a lower rate of 35S04-MPS degradation. 

Speculation 

The human blood-derived macrophage system should be a useful 
one for the investigation of enzyme replacement and other modes 
of therapy for the lysosomal storage diseases. 

During the last several years, inherited lysosomal storage dis- 
orders have become the focus of interest for clinicians and scien- 
tists in biochemical genetics, and intensive research in this field 
has been the basis for elucidation of the primary biochemical 
defects in many of these genetically determined diseases (25, 29). 
Cultured skin fibroblasts which contain the relevant lysosomal 
enzymes have been the preferred cells for study in most of the 
storage disorders because of their well known advantages of ready 
availability and easy maintenance in culture for long periods of 
time. In addition, they are useful models for the cultured amniotic 
fluid cells used in prenatal diagnosis. However, cultured skin 
fibroblasts are not representative of the reticuloendothelial cells 
which are the principal in vivo sites of storage in lysosomal 
disorders such as Gaucher disease (.5, 13), Niemann-Pick disease 
(5, 14), and GMI gangliosidosis (19,32). It is our feeling, therefore, 
that the use of the macrophage, a reticuloendothelial type of cell, 
as a tool for study can provide additional information about the 
biochemical changes that take place in vivo in these disorders. 
Moreover, even in lysosomal storage disorders in which the stored 
material is only partially accumulated in the reticuloendothelial 
system (RES), such as in the mucopolysaccharidoses, it is of 
importance to study the metabolism of stored undegraded sub- 
strates and their related lysosomal enzymes in a type of cell 

different from the fibroblast. Here again the macrophage is a 
reasonable candidate, particularly since this cell is considered to 
be, at least in some respects, more active metabolically than the 
skin fibroblast. Macrophages have a highly developed capacity for 
phagocytosis and endocytosis. After the ingestion of large numbers 
of particles they are capable of interiorizing as much as 50% of 
their plasma membrane in the form of phagosomes within 3-4 hr 
(7, 16). They also contain high lysosomal hydrolase activities 
which are dependent on serum concentration, the nature of the 
phagocytized substance, and overall pinocytic and phagocytic 
activities (1,8), factors which may be relevant to the way by which 
macrophages handle the substances accumulated within their 
lysosomes. 

Still another reason for using macrophages as an experimental 
system is the interest in attempting to correct the metabolic defects 
in the lysosomal storage disorders by administration of exogenous 
enzymes. Given their similarities to the in vivo storage cells, it 
seems reasonable to consider macrophages as being more suitable 
than fibroblasts for such studies, particularly with regard to ma- 
terial stored in RES-rich visceral organs. 

Much of the information on the properties of macrophages has 
been derived from studies performed with peritoneal cells obtained 
from animals (16, 35) since relatively large quantities of mono- 
nuclear phagocytes can be obtained by simple lavage (8). How- 
ever, peripheral blood leukocytes can serve as a readily available 
source of monocvtes which will. in turn. differentiate into mature 
macrophages if ,cultured for a relativkly short period of time. 
Combined moroholoeic and biochemical studies (26. 35) have . .  3 

provided a g e i t  deA of information on the main events and 
changes which take place during the process of maturation of 
monocytes into blood-derived macrophages. Such macrophages, 
from both animals and human sources, have been studied exten- 
sively in vitro with regard to their role in immunology, inflam- 
mation, and host defense (17, 24, 31, 36). However, the use of 
mature human peripheral blood monocyte-derived macrophages 
as a tool for the study of inherited lysosomal storage disorders in 
vitro has not been explored extensively. The only previous work 
using a similar system was reported in 1971 (9). In this paper we 
present data on the metabolism of mucopolysaccharides in blood- 
derived macrophages of normal individuals and of patients with 
the Hunter syndrome (MPS 11). The partial correction of the 
metabolic defect by supplementation of the culture medium with 
fresh normal plasma is also discussed, as is the potential use of the 
blood-derived macrophage system for the detection of MPS I1 
heterozygotes. 

MATERIALS AND METHODS 

CELL CULTURE 

A monocyte-enriched lymphocyte layer was obtained on a 
Ficoll-Hypaque gradient according to the method described by 
Boyum (4). After receiving informed consent by the protocol 
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approved by the institutional Human Experimentation Commit- 
tee, heparinized blood was obtained from normal donors and 
patients, diluted 1:1 with phosphate-buffered saline (PBS), and 
mixed gently. The diluted blood was carefully layered on Ficoll- 
Hypaque (3 vol blood-2 vol Ficoll-Hypaque) and centrifuged 
(International centrifuge model PR-2) at 500 x g for 45 min at 
20". The upper cell band, which contained the mononuclear cells, 
was resuspended in PBS, centrifuged once at 25 x g, and then 
washed twice in Hanks' medium supplemented with 5% fetal calf 
serum to remove platelets. The cells were finally resuspended in 
McCoy's medium at a concentration of lo6 monocytes/ml, and 1 
ml of the suspension was added to small Leighton tubes (16 x 85 
mm), each of which contained a glass coverslip. Differential counts 
were obtained from Giemsa-stained cytocentrifuge preparations. 
The mononuclear cells were incubated in 5% Con at 37" and 
washed with McCoy's medium with 30% human serum at 2 and 
5 hr on the first day and on the third, fifth, and seventh day of 
culture thereafter. The lymphocytes are removed by the frequent 
washing, and a homogenous population of monocytes is achieved 
by the first day of culture (1 1). 

ENZYME ACTIVITIES 

To examine the specific activities of lysosomal hydrolases dur- 
ing the process of macrophage maturation, two to four coverslips 
containing cells at a specific stage of maturation were removed 
from the Leighton tubes, washed four times in normal saline to 
remove serum proteins, and then transferred to a disposable 
siliconized glass tube (12 x 7 mm) containing 0.2-0.5 ml normal 
saline. After initial mechanical fragmentation of the coverslips 
into very small pieces, the cells were subjected to six cycles of 
freezing and thawing in the presence of Triton X-100 added to a 
final concentration of 0.1% (vol/vol). The homogenate was cen- 
trifuged at 4" at 600 x g for 10 min, and the supernatant was used 
for determinations of protein concentration (22) and lysosomal 
enzyme activities. 

In some experiments, the lysosomal enzymes were extracted in 
0.5 ml 1% Brij 58 in 1 mM Hepes buffer, pH 7.4, in normal saline. 
After 10 min at room temperature, the solution was diluted 4-fold 
with the Hepes-saline buffer and centrifuged as before (15). For 
extraction by sonication the fragmented coverslips were suspended 
in 1 ml normal saline and exposed to two 30-sec bursts. The 
suspension was then centrifuged as described before. 

The substrates (obtained from Sigma Chemical Company) used 
for enzyme assays were prepared as follows: for P-galactosidase, 
4 methylumbelliferyl-ED-galactopyranoside (0.5 mM) in 0.1 M 
sodium acetate buffer, pH 4.5; for P-glucuronidase or a-manno- 
sidase, 4 methylumbelliferyl-PD-glucuronide (2 mM) or 4 meth- 
ylumbelliferyl-a-D-mannopyranoside (2 mM), respectively, in 0.1 
M sodium acetate buffer, pH 4.75; and for P-N-acetylglucosamin- 
idase, 4 methylumbelliferyl-2-acetamido-2-deoxy-~-D-glucopyr- 
anoside (0.5 mM) in citrate-phosphate buffer, pH 4.6. The assays 
were performed by adding 0.4 ml of the appropriate buffer- 
substrate solution to 10 x 75 mm plastic tubes. The tubes were 
equilibrated at 37", and 0.1 ml of appropriately diluted enzyme 
(in a solution of 1 mg/ml bovine albumin in 0.025 M NaCI) was 
then added and the mixture incubated at 37' for 1 hr. After 
incubation, 2.0 ml 0.4 M glycine-NaOH buffer, pH 10.3, were 
added to terminate the reaction and to enhance the fluorescence 
of the liberated 4-methylumbelliferone. A reagent blank was 
produced by adding 0.1 ml of the diluted enzyme sample to a tube 
containing 0.4 ml buffer-substrate solution and 2.0 ml glycine- 
NaOH. Fluorescence was measured with a model SPF 125 spec- 
trophotofluorometer (American Instrument Co., Silver Springs, 
MD) with excitation and emission wave lengths set at 368 mm 
and 448 nm, respectively. Enzyme activity is expressed as nano- 
moles of 4-methylumbelliferone released per hr per mg protein. 

Peripheral blood monocyte-derived macrophages cultured in 
small Leighton tubes were incubated in McCoy's medium in 

which MgC12 was substituted for MgS04. The medium was sup- 
plemented with 30% hun.  *I serum either from normal individuals 
or from patients with MI-& 11. To each Leighton tube, 3-10 x lo6 
cpm carrier-free 35S04 (purchased from Amersham/Searle Cor- 
poration) per ml medium were added. At 30 min, 2 hr, 5 hr, 24 hr, 
and 48 hr, four coverslips were washed three times in situ with 
normal saline and removed from the Leighton tube. They were 
washed three more times in normal saline and then transferred to 
a conical centrifuge tube contain;ng 2 ml80% cold ethyl alcohol. 
The cells were then easily scraped off the coverslips with a small 
rubber policeman and the coverslips were removed from the 
centrifuge tubes. The MPS were precipitated and free sulfate 
extracted four times in 2 ml boiling 80% ethanol (I min boiling 
each time) by the procedure of Fratantoni and Neufeld (12). The 
cell residue, which contained the MPS, was dissolved in 1% NaOH 
at 100°, and 0.1- to 0.2-ml aliquots were used for protein and 
radioactivity determinations. 

RESULTS 

LYSOSOMAL HYDROLASE ACTIVITIES 

The culture of cells on small (0.9 cm2) coverslips in Leighton 
tubes and the extraction of the lysosomal hydrolases from the cells 
while they were still attached to the coverslips produced maximal 
yields of enzyme activity. Scraping tended to disrupt part of the 
cells, and the use of pronase or trypsin, alone or in combination 
with EDTA in the conventional concentrations, was not sufficient 
to remove totally the tightly adherent cells. 

The effects of other treatments on the lysosomal hydrolase 
activities of blood derived mononuclear phagocytes were studied, 
and the results are summarized in Table 1. Six cycles of freezing 
and thawing in the presence of 0.1% Triton X-100 produces the 
highest specific activities; this appears to be a better preparative 
treatment than sonication or solubilization with Brij. Freeze-thaw- 
ing in Triton, which was used for all subsequent experiments, 
appears to have a dual effect: it detaches the cells from the 
coverslips and at the same time releases the lysosomal enzymes 
from the cells. 

The specific activities of three lysosomal hydrolases in cells 
grown in McCoy's medium with fetal calf serum and McCoy's 
medium with human AB serum are compared in Table 2. The 
activities of all three enzymes are higher in cells cultured in 30% 
than in 10% fetal calf serum. However, when equal concentrations 
of serum are used, significantly higher activities are obtained in 
cells grown in human AB serum than in the calf serum. 

The specific activities of four lysosomal hydrolases were deter- 
mined during the process of maturation from monocytes to mac- 
rophages, and the results are presented in Figure 1. The maximal 
specific activities of all four enzymes are reached between the 7th 
and loth day in culture, after which significant decreases are 

Table 1. Lysosomal hydrolase activities in human blood-derived 
mononuclear phagocytes extracted by dgerent methods 

Activity, nmol/hr/mg protein 

Freeze-thaw 
+ Triton X- 

Enzyme 100 Sonication Brij 

P-Galactosidase 800' 600 700 
(500-1 110) (350-850) (410-970) 

/3-Glucuronidase 1200 850 980 
(950-1800) (500-980) (600-1200) 

P-NAc-Glucosamin- 6500 4100 5200 
idase (4700-7500) (3000-5700) (41004700) 

' Each value represents the mean value of four different experiments. 
The ranges of values obtained are given in parentheses. The cells were 
cultured as described in the text for 7 days in McCoy's medium supple- 
mented with 30% human AB serum. 
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observed. Since proliferation of monocytes does not occur in vitro, 
the increases in specific activity observed during maturation into 
macrophages can be taken to represent true increases in the 
activities of lysosomal enzymes per cell. 

When mature mononuclear phagocytes and skin fibroblasts 
grown under the same conditions were compared, it was found 
that the mean specific activities of the enzymes are about 2 times 
higher in human peripheral blood monocyte-derived macrophages 
than in human fibroblasts (Table 3). 

KINETICS OF INCORPORATION AND DEGRADATION OF 
INTRACELLULAR %O~-MPS IN NORMAL HUMAN PERIPHERAL 

BLOOD MONOCYTE-DERIVED MACROPHAGES 

In preliminary experiments with monocyte-derived macro- 
phages obtained from normal donors it was found that the rate of 
sulfate incorporation into mucopolysaccharides reaches the high- 

Table 2. Comparison of specrfic activities of lysosomal hydrolases 
in blood-derived mononuclearphagocytes grown in McCoy's 

medium supplemented with dfferent sera 

Activity, nmol/hr/mg protein 

P-Galactosid- P-Glucuroni- P-NAc-glucosa- 
T v ~ e  of serum ase dase minidase 

Fetal calf, 250' 280 970 
10% (170-320) (150-340) (800- 1200) 

Fetal calf, 5 10 640 2700 
30% (340-700) (400-850) (1700-3200) 

Human AB 800 1200 6500 
Rh+, 30% (500-1 110) (950-1800) (4700-7500) 

' Each value represents the mean of four different experiments. The 
ranges of values obtained are given in parentheses. The cells were cultured 
for 7 days as described in the text. 
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Fig. I. The specific activities of four lysosomal hydrolases measured 
during the process of maturation of blood monocytes into mature macro- 
phages. 

Table 3. Lysosomal hydrolase activities in blood-derived 
macrophages and skin fibroblasts grown under same culture 

conditions 

Activity, nmol/hr/mg protein 

Enzyme Macrophages Fibroblasts 

P-Galactosidase 800' 450 
(550-1200) (300-600) 

P-Glucuronidase 1200 550 
(850-1800) (400-750) 

P-NAc-glucosaminidase 6500 2300 
(4100-8200) (1900-3000) 

' Each value represents the mean of 10 experiments. The ranges of 
values obtained are given in parentheses. The macrophages were cultured 
for 7 days in McCoy's medium supplemented with 30% human AB serum. 
~ibroblasts derived from skin biopsies were cultured in the same medium 
and assayed while in the log phase of growth. 

est levels between days 7 and 10 of culture. This is in good 
correlation with the peak of P-N-acetylglucosaminidase activity 
examined at the same time in parallel cultures of cells from the 
same individual (Fig. 2) and with the maximal activities of the 
four enzymes studied in separate experiments and displayed in 
Figure 1. Since both maximal or near maximal sulfate incorpo- 
ration and enzyme activities are reached after 7 days of culture, 
the seventh day was chosen as the time at which kinetic studies 
were performed. 

The relative rates of incorporation of 35S04 and of degradation 
of 35S04-MPS in macrophages and fibroblasts are shown in Figure 
3. When incubated continuously in radioactive sulfate, normal 
macrophages attain a steady state of labeling after only 5 hr of 
incubation. After transfer to sulfate-free medium, about 60% of 
the labeled MPS is degraded in approximately the same 5-hr 
period. By contrast, the kinetics of sulfate incorporation and of 
sulfated-MPS degradation are slower in fibroblasts, and steady 
states are not reached until about 24 hr. Moreover, .the absolute 
incorporation of 35S04 on a per mg protein basis is about twice as 
great in blood-derived macrophages as in fibroblasts. 

MPS SYNTHESIS AND DEGRADATION IN BLOOD MONOCYTE- 
DERIVED MACROPHAGES FROM PATIENTS WITH HUNTER 

SYNDROME (MPS 11) 

A total of six patients from three different families designated 
in Figure 4 as A, B, and C were investigated. Incorporation of 
sulfate into MPS during the 24-hr labeling period is about twice 
as great in MPS I1 cells as it is in normal cells. Conversely, only 
about 13% and 19% of labeled MPS are degraded by MPS I1 cells 
after 5 and 12 hr, respectively, as compared with 59% and 67% 
degradation by normal cells. No differences in sulfated-MPS 
kinetics have been observed between the cells of patients with the 
MPS I1 who are only mildly affected and have no neurologic 
problems and the cells of those who are severely affected (37). 

The MPS I1 macrophages that demonstrated impaired MPS 
degradation were grown in their own serum or in the serum of 
other patients with MPS 11. These sera are known to be deficient 
in the lysosomal enzyme, iduronate sulfatase. As is shown in 
Figure 5, MPS I1 cells, when cultured in normal AB serum, show 
a significant correction of the metabolic defect. The 35S04 incor- 
poration in 24 hr is increased by only 25% rather than the 2-fold 
observed in MPS I1 serum. In addition, the amount of degradation 
in 5 hr is twice that observed when cells were grown in MPS I1 
serum. A similar type of partial correction by normal serum has 
also been noted in cells obtained from one patient with MPS 111. 

KINETICS OF MPS-"SO, DEGRADATION IN OBLIGATE 
HETEROZYGOTES FOR MPS I1 

The pattern of MPS-35S04 degradation by macrophages of two 
obligate heterozygotes for MPS 11, one studied twice, is shown in 
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TlME IN CULTURE (doys) 

Fig. 2. Correlation between P-N-acetylglucosaminidase activity and 
the rate of =SO4 incorporation into mucopolysaccharides during the 
process of maturation of blood monocytes to macrophages. 

b I I I I 
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TlME IN CULTURE (hrs) 

Fig. 3. Comparison of the relative rates of "so4 incorporation and 
= S 0 4 - ~ p s  degradation in mature macrophages and cultured skin fibro- 
blasts. 

Figure 6. There is a higher incorporation of j3S04 after 24 hr in 
the label and a higher than normal residual sulfated MPS content 
after 5 and 12 hr in medium without label. Normal cells grown in 
the presence of MPS I1 serum demonstrated normal sulfate kinet- 
ics. 

DISCUSSION 

In this report we describe the use of an in vitro system for the 
study of lysosomal storage disorders in which we have employed 
human macrophages derived from the growth and differentiation 
of human peripheral blood monocytes. As has already been noted, 
such cells were chosen for study because they, being part of the 
reticuloendothelial system, are considered to be representative of 
the cells involved in the storage of undegraded substrates in 
several lysosomal storage disorders. In particular, we feel that 
macrophages may be more representative than are the skin fibro- 

blasts for the study of the storage and treatment aspects of this 
group of inherited diseases. 

Many differences between macrophages and fibroblasts are 
known to exist (20). The two types of cells have different origins, 
with fibroblasts originating from mesenchymal cells and macro- 
phages from hematopoietic stem cells. In addition, other criteria 
clearly distinguish "normal" macrophages from "normal" fibro- 
blasts as well as from other types of cells (34). These include 
morphologic characteristics, enzyme activities (peroxidase and 
esterase), differences in specific surface antigens and receptors on 
the cell membrane, capacities for phagocytosis and pinocytosis, 
and survival and replicative capacity in cell culture systems. 

Little information is available on normal macrophages from 
healthy individuals, and most of the published data is based on 
work with experimental animals. Our experiments provide addi- 
tional biochemical data which illustrate the differences between 
human macrophages and fibroblasts. As is illustrated in Table 3, 
blood-derived macrophages have higher lysosomal activities than 
do fibroblasts, a difference possibly explainable by the active 
phagocytosis in which the macrophages are engaged. Furthermore, 
macrophages and fibroblasts differ with regard to the metabolism 
of mucopolysaccharides as represented by the kinetics of sulfate 
incorporation and of sulfated MPS degradation. The data illus- 
trated in Figure 3 indicate that both the incorporation of SO4 into 
MPS and the degradation of sulfated MPS occur much more 
rapidly in macrophages than in fibroblasts. These differences may 
result from a combination of the active pinocytosis and secretion 
and of the high specific activities of lysosomal enzymes involved 

TlME AFTER R E M O V A L  O F  3 5 ~ ~ ,  (hrs) 

Fig. 4. The kinetics of 35S04-MPS degradation in macrophages from 
patients with MPS I1 and from normal individuals. A total of six patients 
from three different families designated as A, B, and C were investigated. 
The normal range (shaded) is represented by the mean k 2 SD. The zero 
time at which the cells were placed in medium without =SO4 was after 24 
hr of incubation in the radioactive precursor. 
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Fig. 5. The corrective effect of normal human serum on the impaired 
MPS degradation by MPS I1 macrophages grown in MPS I1 serum. The 
serum concentration in both instances was 30% in McCoy's medium. The 
cells were incubated for 24 hr in 35S04 prior to removal to fresh medium 
without precursor at time zero. The normal range (mean * 2 SD) is 
indicated by the shaded area. 

in mucopolysaccharide metabolism which characterizes the mac- 
rophage. 

Since the peripheral blood-derived macrophage is an in vitro 
product of maturation of circulating monocytes, it is not necessar- 
ily identical to the more mature tissue macrophage. Our own 
unpublished studies indicate, for example, that the specific activ- 
ities of several lysosomal hydrolases in human peritoneal macro- 
phages obtained from patients with neoplastic disorders are sig- 
nificantly higher than in normal blood monocyte-derived macro- 
phages, possibly because of the different milieu and stimuli to 
which these cells are exposed. Nonetheless, the process of matu- 
ration from blood monocytes to mature macrophages observed in 
vitro seems to be similar to that observed in vivo, and both in vitro 
and in vivo derived mature macrophages have similar character- 
istics in terms of plasma membrane constituents and physiology 
(including pinocytosis and phagocytosis), the nature of the vacu- 
olar apparatus, the mode of intracellular digestion (16), and their 
functions in immune response (7, 3 1,36). Therefore, it seems safe 
to assume that the blood-derived macrophages are largely repre- 
sentative of tissue macrophages and will serve as good models for 
them. 

The process of the in vitro transformation of blood monocytes 
to mature macrophages has been extensively studied by different 
investigators using mainly monocytes from animal sources (2, 16, 
33, 35), and increases in lysosomal enzyme activities have been 
reported. Similar in vitro changes have also been described in 
cultured mouse peritoneal macrophages (16). Our present studies 
with macrophages derived from human blood monocytes also 

reveal that the specific activities of lysosomal enzymes in mature 
macrophages are significantly higher than those of the blood 
monocytes, with maximal activities being reached between days 7 
and 10 of culture (Fig. 1). 

One aspect of the in vitro maturation of human peripheral 
monocytes which has hitherto been unstudied is the turnover of 
mucopolysaccharides. In addition to the differences between mac- 
rophages and monocytes which have already been mentioned, our 
experiments demonstrate that the rate of sulfate incorporation into 
mucopolysaccharides is higher in the more mature blood-derived 
macrophages than in the monocytes and that the peak in rate of 
incorporation occurs at the time same time as the peak of lysoso- 
ma1 enzyme specific activity (Fig. 2). Furthermore, the studies 
attest to the feasibility of using the blood monocyte-derived mac- 
rophage for the study of mucopolysaccharide storage disorders. A 
defect of MPS degradation in macrophages from patients with 
MPS I1 is clearly illustrated in Figure 4. The abnormal turnover 
of 35S04 MPS can be reliably demonstrated within 5 hr after the 
transfer of the labeled cells to sulfate-free medium. However, no 
differences in the kinetics of MPS turnover can be observed 
between cells of patients with the so-called "mild" and "severe" 
forms of MPS. In her earlier studies, using "white blood cell 
cultures" from patients with MPS I (Hurler syndrome) and MPS 
11, Danes also demonstrated an enhanced incorporation of 3?304 
and [3H]acetate into MPS but did not directly study degradation 
(9). 

The "corrective" effect of normal human serum which is known 
to possess iduronate sulfatase activity (19) on MPS I1 macrophages 
is clearly shown in our experiments (Fig. 5). This made it man- 
datory to carry out all kinetic experiments on MPS I1 cells in the 
presence of serum from MPS I1 rather than in normal serum. 

The in vitro reconstitution of the catabolic pathways in different 
forms of mucopolysaccharidosis by adding "corrective" factors or 
purified enzymes to the medium has been demonstrated in the 

TIME AFT= REMOVAL OF SO4 (hr~) 

Fig. 6.  Partial impairment of MPS degradation in macrophages of two 
obligate MPS I1 heterozygotes, a phenomenon demonstrated only when 
these cells were cultured in McCoy's medium with 30% MPS I1 serum. 
The normal range (mean k 2 SD) is indicated by the lower shaded area 
and the homozygous affected range (mean rt 2 SD) by the upper shaded 
area. Normal cells cultured in MPS I1 serum do not show the impaired 
MPS degradation which characterizes the cells of obligate heterozygotes. 
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fibroblast system by other investigators (25). From these experi- 
ments it was learned that only a small amount of the requisite 
enzyme need be added to the culture medium in order to show a 
large corrective effect (28). It was also found that the degree of the 
metabolic correction in vitro is correlated with the effectiveness of 
enzyme uptake by the cultured cells (6, 18, 30). The high pinocy- 
totic activity of the blood-derived macrophages in our system is 
probably the main reason for the high degree of responsiveness of 
cells from MPS I1 patients to the exogenously supplied soluble 
factor which is present in normal serum but is absent from the 
sera of MPS I1 patients. 

Since two of the mothers of the children with MPS I1 were 
known to be obligate heterozygotes, each having had three affected 
sons, it was of interest to determine whether a partial impairment 
of mucopolysaccharide degradation could be demonsirated in 
their blood monocyte derived macrophages. At present, the detec- 
tion of MPS I1 heterozygotes using fibroblasts is difficult primarily, 
it is thought, because of the phenomenon of cross correction 
between the two-cell populations of the heterozygote. In this 
situation, enzyme produced by normal cells is taken up by the 
abnormal cells. These cells are thereby "corrected" and, as a 
result, became capable of metabolizing MPS normally and have 
iduronate sulfatase activities within the normal range (21). Other 
investigators have claimed in vitro manipulations oftissue culture 
conditions (prolonged maintenance in culture or routine freezing) 
may induce preferential survival of mutant cells carryin the MPS 

5 5  I1 gene and, therefore, either impaired incorporation of SO4 into 
MPS (3) or impaired degradation of 3 5 ~ 0 4 - ~ ~ ~  (10) in skin 
fibroblasts of MPS I1 heterozygotes. Unfortunately, these manip- 
ulations do not produce an uniform response in obligate hetero- 
zygotes (3) and are not generally used. However, since blood- 
derived macrophages mature rapidly and have a rapid rate of 
MPS and possibly lysosomal enzyme turnover, we felt that growth 
in frequent changes of medium with noncorrecting MPS I1 serum 
might suppress the cross correction between normal and mutant 
cells for a long enough period of time to allow a metabolic defect, 
if present, to be demonstrated in heterozygotes. The preliminary 
investigation of cells from our obligate heterozygotes depicted in 
Figure 6 indicate that such a possibility for heterozygote identifi- 
cation may exist. If additional obligate heterozygotes present a 
similar pattern of MPS turnover, the blood-derived macrophage 
system may provide reliable method for detecting MPS I1 carriers. 
However, this approach to heterozygote detection is not presently 
suitable for clinical use, and the methods based on cloning of 
cultured fibroblasts (23) or analysis of hair bulbs (27) are currently 
preferable. 
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