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I. INTRODUCTION 

In the early 1960s, the dramatic successes of molecular genet-

ics and microbiology made it fashionable to prophesy that what was 

true for E. coli would be true for elephants, and for everything 

in between. The implication was that there was little need to 

bother with research on more complicated organisms for, when the 

E. coli workers were finished, they would have said it all. It 

hasn't turned out that way. To everyone's delight, both the hu-

man fibroblast and the human lymphocyte have proved extraordinari-

ly useful experimental tools for the study of human disease. I 

would like to cite a few examples which we now take largely for 

granted. The short term lymphocyte culture was a relatively sim-

ple cell culture development. Yet, this simple cell culture de-
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velopment made human chromosome analysis possible. This in turn 

has had a profound effect on diagnosis and counseling in patients 

with suspected chromosome imbalance. It also paved the way for 

the elegant developments in human cytogenetics that have proved so 

important to human chromosome mapping by somatic cell hybridiza-

tion. Its extension to the mixed lymphocyte culture has provided 

a major tool in immunogenetic studies which has also had practical 

implications for human organ transplantation. Likewise, the dip-

loid human fibroblast system has become an important tool with 

profound effects on the delineation of the basic defects in a 

steadily growing list of enzyme deficiency diseases. That there 

is still great potential for this simple experimental system was 

recently demonstrated by Brown and Goldstein (1974) in their ele-

gant studies defining an altered membrane receptor for low densi-

ty lipoprotein in familial hypercholesterolemia. The fibroblast 

culture system has contributed to understanding of DNA repair de-

fects (Setlow et al., 1969). It has also allowed the demonstra-

tion of the validity of the single active X hypothesis in a num-

ber of X-linked hereditary diseases (Krooth et al., 1968). It 

provided the foundation for prenatal diagnosis of chromosome im-

balances and biochemical defects in high-risk pregnancies (Nadler, 

1972). It contributed substantially to somatic cell hybridiza-

tion studies for complementation analysis, linkage studies, and 

studies mapping genes on the human chromosomes (Ruddle and Kucher-

lapati, 1974). Finally, it has provided an in vitro model system 

for experimental treatments aimed at correction of a number of 

metabolic diseases. 

Clearly, cell culture has had a tremendous role in many ex-

citing developments in medicine through the past 15 years. I 

would like to focus on one small area of this excitement, the 

area of lysosomal storage diseases, which I have found tremendous-

ly stimulating. I would like to briefly review the considerable 

progress that has been made in this area and then mention two de-
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partures from the traditional approaches with cell culture which 

have proved so powerful in approaching human diseases. 

II. LYSOSOMAL STORAGE DISEASES 

The lysosome is a mammalian cellular organelle which serves a 

disposal function. It does so through some 30 to 50 enzymes which 

participate in the sequential degradation of macromolecules which 

the cell either makes or ingests, but which must be degraded to 

small molecules by the lysosomal apparatus to be eliminated from 

the cell. Deficiency of one of these enzymes leads to intracel-

lular accumulation of undigested material (Neufeld et al., 1975). 

The concept of a lysosomal storage disease was elaborated by 

Hers (1965) on the basis of one carefully studied example. Since 

then, a large number of diseases have been added to the list, 

each characterized by intracellular storage and, with one class 

of exceptions, each due to a deficiency of a single degradative 

enzyme. In crude terms, the lysosomal apparatus is the cell's 

garbage disposal. An enzyme deficiency disrupts the catabolic 

process involved in the disposal of macromolecules leading to 

progressive constipation of lysosomes with undigestible material. 

The chemistry of the macromolecular garbage depends on which en-

zyme is missing. The cell types affected in the organism and the 

clinical results depend both on the degree of enzyme deficiency, 

and on the importance of that particular degradative enzyme in a 

given differentiated cell type. The general classes of lysosomal 

storage diseases so far described include the mucopolysacchari-

doses, the sphingolipidoses, disorders of glycoprotein degrada-

tion, and also single enzyme deficiencies involved in the degrada-

tion of glycogen, cholesterol esters, and phosphate esters (Neu-

feld et al., 1975). 
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A. Mucopolysaccharide Storage Diseases 

I will focus on the mucopolysaccharide storage diseases be-

cause they illustrate the dramatic role that cell culture can play 

in the elucidation of mechanisms in human biochemical diseases. 

Only 7 years ago, it was known that there were a group of 6 muco-

polysaccharide storage disorders. Although they could be distin-

guished on the basis of clinical manifestations, mode of inheri-

tance, or the nature of the urinary excretion products, nothing 

was known of the biochemical basis for this group of diseases. 

Neufeld and her co-workers (Fratantoni et al., 1968a) blew this 

field wide open with the demonstration that cultured fibroblasts 

from these patients accumulate exaggerated amounts of
 3 5
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intracellular mucopolysaccharides. Even more dramatic was the ob-

servation that this abnormal accumulation could be "corrected" by 

adding to the medium secretions of cells or concentrates of urine, 

provided that the donor of the cells or the urine was not af-

flicted with the same disorder as the cells to be corrected 

(Fratantoni et al., 1968b; Fratantoni et al., 1969). These obser-

vations provided definitive evidence that this group of diseases 

resulted from a degradative defect in mucopolysaccharide metabo-

lism, ending the life of the alternate hypothesis that exaggerated 

biosynthesis of mucopolysaccharides was responsible for these dis-

orders. These studies proved as practical as they were important. 

Immediately, this in vitro cross-correction complementation 

assay was used to classify the mucopolysaccharide storage dis-

eases into complementation classes. The Hurler and Scheie syn-

drome cells proved not to complement one another, suggesting that 

they were deficiencies for the same enzyme (Barton and Neufeld, 

1971). The Sanfilippo syndrome was found to contain two comple-

mentary types, suggesting two different enzyme deficiencies which 

could not be distinguished clinically (Kresse et al., 1971). Even 

before any information was available on the enzyme defects, the 

in vitro complementation assays became clinically relevant by al-

lowing one to distinguish Hurler syndrome patients from Hunter 
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syndrome patients, Thus, one could give precise genetic counsel-

ing to patients with these two disorders which differ in their 

mode of inheritance, but often cannot be distinguished clinically. 

However, the major use of the cell culture assay for corrective 

factors was its use to guide the purification of individual cor-

rective factors, each later to be identified as an enzyme involved 

in mucopolysaccharide degradation (Neufeld, 1974). 

Thus, the corrective factor for the Hurler and the Scheie syn-

dromes was identified as α-iduronidase. The Hunter corrective 

factor proved to be iduronate sulfatase. The Sanfilippo A cor-

rective factor is heparin-N-sulfatase. The Sanfilippo Β correc-

tive factor is N-acetyl-a-glucosaminidase. Clearly, the unfold-

ing of the biochemical mechanism underlying this group of disor-

ders represents a cell culture success story. In many cases, the 

corrective factors were highly purified initially using the cell 

culture assay for correction, and their enzymatic activity estab-

lished later by analysis of the hydrolytic activity of the puri-

fied factor with either natural or artifical substrates. Once 

the hydrolytic activities for all of these factors had been iden-

tified, a rational explanation for the particular accumulated 

products in a given mucopolysaccharidosis became apparent. For 

example, iduronidase and iduronate sulfatase were both implicated 

in the breakdown of dermatan sulfate and heparin sulfate and a de-

ficiency of either enzyme leads to accumulation of both storage 

products. On the other hand, the two different Sanfilippo factors 

are involved in the degradation of heparin sulfate, but not in the 

degradation of dermatan sulfate, and one finds as one might expect 

the predominant accumulation product to be heparin sulfate (Neu-

feld, 1974; Neufeld et al.r 1975). 

Β. ß-Glucuronidase Deficiency Mucopolysaccharidosis 

Although we contributed in a small way to this exciting story, 

and a number of other laboratories also made significant contribu-

tions, most of these contributions were logical extensions of the 
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highly original work of Neufeld and her co-workers. Our contribu-

tion involved the discovery of the clinical entity 3**glucuronidase 

deficiency mucopolysaccharidosis (Sly et al., 1973) and subsequent 

studies with skin fibroblasts from this patient (Sly et al., 1974; 

Brot et al., 1974; Glaser et al., 1975). The finding by Hall et 

al. (1973) that fibroblasts from this patient were corrected by 

added bovine 3-glucuronidase stimulated us and others to consider 

the possibility that deficient patients could be corrected by ad-

ministered enzyme. Using this in vitro model for enzyme correc-

tion, we and others began to study the requirements for correction 

of 3-glucuronidase deficient fibroblasts in vitro. We naturally 

hoped that these studies would provide information that would be 

helpful to guide us in clinical trials with purified enzyme in 

the deficient patient. 

The studies on fibroblasts already published provided evidence 

for the following general conclusions: 

1. Purified human 3-glucuronidase is corrective (Hall et al., 

1973; Lagunoff et al., 1973; Sly et al., 1974; Brot et al., 1974). 

2 . Human 3-glucuronidase preparations vary tremendously in 

corrective potency depending on the organ source from which the 

enzyme is purified (Brot et al., 1974; Nicol et al., 1974). Al-

though enzyme from urine or plasma is corrective, enzyme from 

placenta was nearly 10 times as active in uptake and correction 

as enzyme from urine and plasma. Enzyme from blood platelets was 

100 times as corrective as the same amount of catalytic activity 

from urine or plasma. 

3. Human 3-glucuronidase with high corrective potency repre-

sents a specific isoelectric fraction of the 3-glucuronidase 

preparation, regardless of the source of origin (Glaser et al., 

1975). 

4. Enzyme taken up by fibroblasts is quite long-lived. In 

fact, a half disappearance time in excess of two weeks was found 

(Sly et al., 1973b). 
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C. Use of Cell Culture to Select an Animal Model for Enzyme 

Replacement Studies 

Although a few trials with infusions of fresh frozen plasma 

and one with purified platelet enzyme produced limited and tran-

sient evidence of biochemical and clinical improvement (Sly et 

al., 1973b) we became convinced that we would need an animal model 

to answer questions about the uptake, organ distribution, and fate 

of infused human 3-glucuronidase which we could not answer from 

human studies. Among the questions we would like to answer are 

(1) does the enzyme defined as high-uptake and highly corrective 

enzyme in fibroblasts have a different uptake, fate, and distribu-

tion in the whole animal? (2) Can we cross the blood-brain bar-

rier with infused enzyme? (3) Is the long half-life of human en-

zymes seen in fibroblasts also seen in vivo following infusion? 

An ideal animal model would be an enzyme deficient animal with 

evidence of a storage disease, in which one could test the entire 

concept of enzyme replacement, including the response to therapy. 

We had no such model for 3-glucuronidase deficiency. Yet, human 

3-glucuronidase is so stable, so readily purified, and so well 

characterized that we did not want to abandon it. Because we 

knew that bovine enzyme was corrective for human fibroblasts, we 

suspected that other animals might share the recognition system 

for the uptake and localization of enzymes in fibroblasts. We 

therefore asked whether animal fibroblasts would recognize the 

human enzyme and take it up like human fibroblasts. If they did, 

we reasoned that we might be able to use an animal to study the 

uptake, organ distribution and fate of infused human enzyme. How-

ever, since the animal would have its own 3-glucuronidase, we 

would have to have a means of distinguishing the human enzyme 

from the endogenous animal enzyme. To approach this question, we 

first established fibroblasts from a number of animal species and 

attempted to define conditions for differential inactivation of 

animal 3-glucuronidase (Frankel et al., 1975). A simple method 

was devised which took advantage of the remarkable heat stability 
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of human β-glucuronidase. We discovered that human ß-glucuroni-

dase could withstand heating up to 65°C for up to 120 minutes 

without significant loss of activity. By contrast, animal en-

zymes from a variety of species were considerably more heat la-

bile. Using deoxycholate to solubilize the fibroblasts from the 

tissue culture plates, we found a single heat inactivation condi-

tion which would inactivate nearly every animal 3-glucuronidase 

we examined without inactivating human enzyme. This then allowed 

us to expose the fibroblasts from all of these animal species to 

high-uptake human 3-glucuronidase from blood platelets and to com-

pare the animal fibroblasts to human fibroblasts for the ability 

to take up the human enzyme (defined as the heat-stable enzyme in 

the animal fibroblasts after exposure to human enzyme). These 

experiments demonstrated that bovine, rat and hamster fibroblasts 

took up 3-glucuronidase 80%, 60%, and 50% as well as deficient 

human fibroblasts. Every animal species that we examined showed 

some specific uptake of the high-uptake form of human 3-glucuroni-

dase. However, bovine, hamster and rat fibroblasts were similar 

enough to human fibroblasts in their uptake of 3-glucuronidase to 

lead us to study these fibroblasts further. These fibroblasts 

also distinguished between "high-uptake" and "low-uptake" human 

enzyme. The rat was chosen over the possibly slighly superior bo-

vine model largely for reasons of space. Studies with rat fibro-

blasts showed that the rat fibroblasts had the same kinetics of 

uptake as human fibroblasts for the high-uptake enzyme, and that 

enzyme had the same long half-life in rat fibroblasts once it was 

taken up (Frankel et al., 1975). For these reasons, the rat was 

considered a favorable model for in vivo studies. 

Only minor modifications of the heat inactivation conditions 

were required to identify human enzyme in rat organs. A large 

number of infusions have been carried out using this animal sys-

tem (Achord et al., 1975). To date, we have found that the high-

ly purified human placental enzyme (predominantly low-uptake en-

zyme in the human fibroblast assay system) is rapidly cleared 
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from the rat plasma following infusion and is taken up chiefly by 

liver and spleen. No enzyme from this source was identified in 

skeletal muscle, heart muscle, brain, or kidney. The studies of 

the subcellular distribution of infused enzyme in liver 24 hours 

after infusion indicated preferential localization of enzyme in 

lysosomes. The half-life of infused human enzyme in rat liver was 

2.6 days and in spleen was 5.8 days. 

We do not yet know whether high-uptake enzyme will have a dif-

ferent localization in the whole animal, or a different survival 

time in any given organ. However, this model should give us 

clear-cut answers to these important questions. It should also 

provide a model which would allow us to ask whether any modifica-

tion of the host or a modification of the enzyme, such as packag-

ing in liposomes, will modify the uptake, the organ distribution, 

and the rate of disappearance of the infused 3-glucuronidase in 

the whole animal. 

Since a large family of lysosomal enzymes share the same 

mechanism for lysosomal enzyme recognition and uptake by fibro-

blasts, the observations with this single enzyme replacement 

model should have some general significance to the problem of ly-

sosomal enzyme replacement. I relate this story here, even thougl 

it is an unfinished story, because it represents a somewhat novel 

departure from the traditional use of cell culture for the study 

of a human disease. Here we have used cell culture to select 

what we think is a favorable model for anii*al experimentation, an 

approach which clearly could have other applications. 

III. MEMBRANE MUTANT OF MAMMALIAN CELL AFFECTS LYSOSOMAL ENZYME 
GLYCOSYLATION 

Another general question about lysosomal enzymes which is of 

great interest to us is the nature of the recognition signal which 

accounts for their localization in lysosomes. There is a disorder 

called I-cell disease, or multiple lysosomal hydrolase deficiency, 

which is especially relevant to this question. I-cell disease is 
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a Hurler-like storage disease associated with a striking deficien-

cy of a whole family of lysosomal enzymes in cultured fibro-

blasts, and enormous excesses of these hydrolases in culture medi-

um in vitro, and in body fluids of the affected patient (Wiesmann 

and Herschkowitz, 1974). Mucolipidosis III, or pseudo-Hurler 

polydystrophy, appears to be a mild form of this disease, at least 

in biochemical and cytological terms (Glaser et al., 1974). Hick-

man and Neufeld (1972) demonstrated that I-cell fibroblasts take 

up normal enzyme normally and retain it normally once taken up. 

The enzyme secreted by I-cell fibroblasts, however, is not recog-

nized and taken up by other fibroblasts. This led them to postu-

late that this whole family of hydrolases is normally modified by 

addition of a recognition component which accounts for their lo-

calization in fibroblasts. I-cell disease was thought to result 

from failure to assemble this recognition component. Since most 

of the enzymes are glycoproteins, and since gentle periodation 

preferentially inactivates uptake activity compared to catalytic 

activity, they suggested that the recognition component might be 

carbohydrate (Hickman et al., 1974). 

Because I-cell fibroblasts were unusually sensitive to freez-

ing, we suspected that I-cell fibroblasts might have a membrane 

defect as well. One might have abnormal lysosomal enzymes and 

also abnormal membranes if both of these cellular components 

share one step in biosynthesis which is defective. One obvious 

step which lysosomal enzymes and membranes might share in their 

biosynthesis is a glycosylation step involved in the addition of 

sugars to the carbohydrate of glycoproteins. We approached this 

question in two steps. We first asked whether a mutation which 

affects glycosylation of cell plasma membranes might also affect 

glycosylation of lysosomal enzymes. Kornfeld and associates 

(Gottlieb et al., 1974; Gottlieb et al., 1975) had isolated a mu-

tant Chinese hamster cell line defective in glycosylation of mem-

brane glycoproteins as a ricin resistant mutant in cell culture. 

This mutant was found to be deficient in a glycoprotein N-acetyl-
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glucosaminyltransferase activity. This deficiency has a profound 

effect on host membrane glycoproteins. We found that this mutant 

also has a probable defect in lysosomal enzyme glycosylation. 

When lysosomal enzymes were extracted from the parent cell and 

passed over a ricin-Sepharose affinity column, at least three ly-

sosomal enzymes were specifically bound to the column and eluted 

by 0.1 M lactose. In contrast, the lysosomal enzymes derived 

from the ricin resistant mutant showed no specific binding to the 

ricin-Sepharose affinity column (Sly, Gottlieb and Kornfeld-un-

published observations). These observations suggested to us that 

lysosomal enzymes in Chinese hamster cells share at least some 

glycosylation steps with host membrane glycoproteins. 

IV. USE OF ANIMAL VIRUS PROBLE TO SHOW MEMBRANE DEFECT IN I-CELL 
DISEASE 

If membrane glycoproteins and lysosomal enzymes share some 

glycosylation steps, we have at least one mechanism whereby I-cell 

disease, which is postulated to be a disorder of abnormal lyso-

somal enzyme glycosylation, might also be a disorder with a mem-

brane abnormality in cultured fibroblasts. To test the hypothesis 

of a membrane abnormality in I-cell disease, we chose to use Sind-

bis virus as a membrane probe. Sindbis virus is a simple en-

veloped RNA virus which contains a lipid envelope derived from 

the host plasma membrane. It contains only three proteins. One 

of these proteins contains no carbohydrate and is associated with 

the viral nucleic acid. The two other proteins are both glycopro-

tein components of the virus envelope. Both are glycosylated by 

host enzymes (Keegstra et al., 1975). Sindbis virus was grown in 

normal human fibroblasts and in fibroblasts derived from patients 

with I-cell disease and the properties of the viruses produced 

were compared. Although Sindbis virus grows well in normal hu-

man fibroblasts and in I-cell fibroblasts, the virus produced by 
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I-cell fibroblasts has two striking differences from that produced 

in normal fibroblasts (Sly et al., 1975). These differences are: 

(1) A striking sensitivity to freeze-thaw. The virus from I-cell 

fibroblasts loses nearly a log of infectivity with each cycle of 

freeze-thaw. The virus from normal fibroblasts is quite stable 

to freezing and thawing. (2) Virus produced in I-cell fibroblasts 

shows a nearly hundred fold increased sensitivity to inactivation 

by detergents such as Triton X-100. Thus, the Sindbus virus pro-

duced in I-cell fibroblasts appears to have an envelope defect 

which it derives from the host plasma membrane. Passage of the 

abnormal Sindbis virus through mouse L cells produces normal virus 

in a single passage, as one would predict if the I-cell virus is 

only phenotypically altered by growth in the membrane-defective 

host (Sly et al., 1976). 

These observations clearly indicate that I-cell disease is a 

disease which involves the cell membrane as well as a disease in-

volving the lysosomal enzymes. The freeze sensitivity and the 

sensitivity to detergent suggest a membrane lipid abnormality, al-

though they could conceivably be related to a protein abnormality 

with secondary disturbances in lipid-protein interactions in the 

virus envelope. 

We can think of at least two possible single genetic defects 

which might produce these abnormalities in lysosomal enzymes and 

in the I-cell membrane. One possible defect could be a defect in 

a host glycosylation step in I-cell fibroblasts which results in 

abnormal glycosylation of lysosomal enzymes and abnormal glyco-

sylation of membrane glycoproteins and possibly glycolipids. An 

alternate hypothesis would be that the I-cells have a primary de-

fect in lipid metabolism producing a disturbance in the membrane 

lipid bilayer which has secondary effects on certain membrane-

associated enzymes. In other words, the primary defect could be 

a lipid membrane abnormality, of which freeze-thaw and detergent 

sensitivity are symptoms, and the abnormal glycoproteins (lysoso-

mal enzymes and possibly membrane glycoproteins) might be second-
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ary manifestations of this membrane abnormality which disturbs the 

function of membrane-associated glycosylation enzymes. 

In either case, the viral glycoproteins and the viral lipids 

are much simpler to analyze than the more complicated host mem-

brane components and the carbohydrate structure of the host lyso-

somal enzymes. Thus, we have hopes that analysis of the differ-

ences in the envelope lipids and glycoproteins between the viruses 

produced by I-cell fibroblasts and those produced by normal fibro-

blasts may shed light on the basic defect in I-cell disease. If 

this analysis does reveal the basic defect in I-cell disease, 

these studies will likely allow us to infer something about the 

normal recognition component for lysosomal enzyme that appears to 

be either absent or defective in I-cell disease. 

Again, this represents a new cell culture approach to study of 

a human disese that might have other important applications. 
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