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ABSTRACT A pilot trial of enzyme replacement with splenic
and plasma a-g'a&étosidase A (a-D-galactosidase; a-D-galac-
toside galactohydrolase, EC 3.2.1.22) isozymes was undertaken
in two brothers with Fabry disease, an X-linked glycosphingo-
lipid storage disease. Six unentrapped doses (2000 units/kg) of
each isozyme were administered intravenously to the resrective
recipient during a 117-day period. The circulating half-life of
the splenic isozyme was about 10 min, whereas that for the
plasma isozyme was apiroximately 70 min. No immune re-
s‘)onse was detected by skin and immunodiffusion tests or by
alterations in the maximal activity or clearance kinetics for ei-
ther isozyme after successive administrations. After each dose
of the splenic isozyme, the concentration of the accumulated
circulating substrate, trihexosylceramide (globotriaosylcer-
amide), decreased maximally (~50% of initial values) in 15 min
and returned to preinfusion levels by 2-3 hr. In marked contrast,
injection of the plasma isozyme decreased the circulating sub-
strate levels 50-70% by 2-6 hr; the concentrations gradually
returned to preinfusion values by 36-72 hr. _

Fabry disease, an inborn error of glycosphingolipid metabolism,
results from the defective activity of the lysosomal hydrolase,
a-galactosidase A (a-GAL A; a-D-galactosidase; a-D-galac-
toside galactohydrolase, EC 3.2.1.22) (1-4). Trihexosylceramide
[globotriaosylceramide; GbsCer; Gal(al—4)Gal(81—4)-
Gle(B1 — 1’)Cer], the enzyme’s major glycosphingolipid sub-
strate, accumulates in the plasma (5) and particularly in the
vascular endothelial lysosomes (6-8) of hemizygous males af-
flicted with this X-linked disease. The preferential and pro-
gressive deposition of GbsCer in the vascular endothelium is
responsible for the major manifestations of the disease and may
be enhanced by the receptor-mediated uptake of low-density
lipoproteins (LDL), which carry the accumulated circulating
substrate (7). Thus, efforts to treat Fabry disease must be di-
rected to the depletion of GbgCer in the circulation and vascular
endothelium.

The rationale for enzyme replacement in this lysosomal
storage disease was based on in vitro correction of the metabolic
defect by addition of exogenous a-GAL A to the media of
cultured skin fibroblasts obtained from hemizygotes with Fabry
disease (9). In 1970, we reported the first clinical trial (10) based
on the finding that normal plasma contained active a-GAL A
(2). Single infusions of fresh normal plasma, containing about
6000 units of enzymatic activity, were administered to three
patients with Fabry disease; the infused activity disappeared
from the circulation with a half-life of about 95 min and ap-
proximately 50% of the circulating substrate was cleared for
a period of several days (10, 11). Subsequently, Brady and co-
workers (12) partially purified a tissue form of a-GAL A from

human placenta and intravenously administered single doses
to two patients (6000 and 11,000 units, respectively). The ex-
ogenous activity was rapidly cleared from the recipient’s cir-
culation with a half-life of about 11 min. The plasma substrate
level was decreased about 50% at 45 min with a return to the
preinfusion level by 48 hr. In addition, the administered activity
was detected in percutaneously biopsied liver at 1 hr. These
trials demonstrated the feasibility of this approach and indi-
cated that the kinetics of the disappearance of the tissue and
plasma forms of the enzyme were different. Recent studies in
our laboratories demonstrated that highly purified splenic and
plasma a-GAL A isozymes differed in their isoelectric points,
electrophoretic migration on polyacrylamide gels, and sensi-
tivity to neuraminidase treatment (13). However, double im-
munodiffusion studies against splenic anti-a-GAL A showed
a line of identity for both isozymes (unpublished results). These
findings were consistent with the plasma form being a glyco-
protein that was significantly more sialylated than the splenic
isozyme. Because the disappearance from plasma of sialylated
and asialoglycoproteins in animals has been the subject of recent
investigations (14-20), it was of interest to determine if these
observations could be extended to a homologous lysosomal
hydrolase administered to humans. We report here the results
of a clinical trial of multiple intravenous injections of unen-
trapped a-GAL A isozymes for treatment of Fabry disease.

MATERIALS AND METHODS

Patients. Cases I and II were brothers, aged 25 and 26 years,
respectively. Hemizygosity for Fabry disease was biochemically
confirmed (4, 5, 21). Both patients were admitted to the Clinical
Research Center prior to each infusion for baseline clinical and
laboratory studies. Plasma volumes were determined by stan-
dard 51Cr-labeled erythrocyte dilution studies (case I = 3125
ml; case II = 2833 ml).

Enzyme Assays. a-GAL A activity was determined in
heparinized plasma, isolated leukocytes, and cultured skin fi-
broblasts by using the synthetic substrate, 4-methylumbellif-
eryl-a-D-galactopyranoside (4-MU-a-D-Gal; Research Products
International Corp., Elk Grove Village, IL) (4, 22). Purified
preparations of a-Gal A were assayed by using GbsCer (23).
One unit of enzymatic activity hydrolyzed 1 nmol of 4-MU-
a-D-Gal (or, when specifically noted, 1 nmol of GbsCer) per
hr at 37°C. '

Purification of a-GAL A Isozymes. Splenic and plasma
a-GAL A isozymes for clinical administration were partially
purified without the use of detergents and under aseptic con-
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ditions. Plasma a-GAL A was purified from human Cohn
fraction IV-1 by the method of Bishop et al. (23). a-GAL A
from human spleen was purified by sequential ammonium
sulfate precipitation, affinity chromatography on concanavalin
A-Sepharose, and chromatography on DEAE-cellulose and
Sephadex G-200 according to unpublished methods. The par-
tially purified isozymes were stable at 4°C or —20°C for up to
10 months. Prior to use, these preparations were tested for
bacterial endotoxin concentration, residual thrombin activity,
hepatitis B surface antigen, toxicity in mice and guinea pigs,
and sterility; approval was obtained from the Food and Drug
Administration for their use.

Quantitation of GbsCer. GbsCer was isolated from hepar-
inized plasma samples by the method of Vance and Sweeley
(24) and quantitated by gas/liquid chromatography of the al-
ditol acetate derivatives, as described (25).

In Vitro Studies. Neuraminidase treatment, column iso-
electric focusing, and polyacrylamide gel electrophoresis of the
plasma and splenic isozymes were carried out as described (13).
The stabilities of the administered enzymes were determined
in vitro. Mixtures of each isozyme (48 units) and heparinized
Fabry whole blood (1.0 ml) were buffered with 25 mM Hepes
(0.25 M stock solution at pH 6.9) to pH 7.4 in screw-capped
tubes. Individual mixtures were incubated at 37°C from 0 to
180 min and were centrifuged (2000 X g for 15 min), and the
supernatants were assayed for a-GAL A activity.

The possible binding of either isozyme to a component in
Fabry or normal plasma or to purified LDL was assessed.
Splenic or plasma a-GAL A was mixed with Fabry or normal
plasma containing 25 mM Hepes and the mixture was adjusted
to pH 7.2. In addition, each isozyme was mixed with LDL (final
concentration, 6.6 mg/ml). Each mixture contained approxi-
mately 500 units of enzyme per ml and was incubated at 37°C
for 10 min before electrophoresis. As a control for the binding
studies, each isozyme (13 units) was incubated with either 2.6
or 26 ug of rabbit anti-human splenic a-GAL A antibody (IgG
fraction) at pH 7.0 in 10 ul for 5 min at 37°C. From each
mixture, 1 ul was applied to cellulose acetate gels (250 pm;
Kalex Scientific, Manhasset, NY) and was electrophoresed for
45 min at 200 V (constant voltage) (ca. 5 mA) in a Beckman
Microzone unit in the pH 7 buffer system (XIV) of Van Someren
et al. (26). The enzymatic activity was visualized by incubation
of the gel for 20 min at 37°C with an overlay of 5 mM 4-MU-
«-D-Gal in Whatman 3MM filter paper followed by intensifi-
cation for 1 min in ammonia vapor. The same strip was then
stained for protein with Coomassie brilliant blue (27).

Analogously, the possible binding of GbgCer to a component
in the splenic or plasma enzyme preparations was investigated.
[®H]GbsCer (21,000 cpm/nmol), labeled in the terminal
galactosyl moiety (28), was incorporated with 5% yield into
purified LDL (1 X 10° cpm/mg of LDL) according to the
method of Clarke and Stoltz (29). The LDL-adsorbed GbsCer
(700 cpm/ul) was then mixed 1:1 with 2.5 units of splenic or
plasma a-GAL A per ul or heparinized normal plasma (pH 7.2,
25 mM Hepes) and the mixture was incubated at 37°C for 5
min. From each mixture, 1 ul was applied to the cellulose ac-
etate gel and the gel was electrophoresed and stained as de-
scribed above. Then, the individual lanes were cut into sections,
solubilized, and assayed for radioactivity.

In Vivo Studies. Informed consent was obtained separately
for each procedure. The preparations of splenic and plasma
a-GAL A activities (2000 units/kg) were administered intra-
venously into the right anticubital vein over 15 sec on days 1,
8,10, 52, 91, and 117. Case I received only the splenic isozyme
and case II received only the plasma isozyme. Plasma and
leukocytes were isolated from heparinized blood obtained from
the left antecubital vein at selected intervals before and after
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each infusion. The levels of a-GAL A activity in plasma and
leukocytes and the concentrations of GbsCer in plasma were
determined. The plasma disappearance curves were analyzed
by curve peeling to give multiexponential equations of the form
ae~ %1t 4+ agse~k2t. The metabolic clearance rates were cal-
culated as 1/[f§ (a1e %1t + age—k2t)dt).

Potential immune response to each administered enzyme
preparation was determined by Ouchterlony double immu-
nodiffusion of the patient’s undiluted serum against serial
dilutions (1:1 to 1:1024) of the respective isozymes and by in-
tradermal and scratch tests with 0.1 ml of the respective isozyme
preparation before and after each injection. The potential
immune clearance of the administered isozymes was assessed
by comparing the maximal recovered activity and the half-life
of the disappearance of enzymatic activity from plasma after
each administration.

RESULTS

Characterization of the Administered Isozymes. The
partially purified @-GAL A isozymes from human spleen and
plasma Cohn fraction IV-1 had essentially identical physical
and kinetic properties (Table 1). Both isozymes bound to con-
canavalin A-Sepharose, indicating that the native isozymes were
glycoproteins. However, the splenic isozyme had a single iso-
electric point at pH 4.3 [using the column micromethod of
Behnke et al. (30)], whereas the plasma isozyme had a pI of 3.7
and migrated more electronegatively in 6% polyacrylamide disc
gels at pH 7.0. After neuraminidase treatment, the pl of the
plasma enzyme, its substrate affinity, and its migration on
polyacrylamide gels were essentially the same as those of the
treated or untreated splenic isozyme (13). The administered
preparations had low endotoxin levels, were negative for
thrombin activity and hepatitis B antigen, and were sterile.

Plasma Disappearance Kinetics of Infused Isozymes.
Infusion of the isozymes did not result in any change in vital
signs or other complications. Coagulation studies were normal
before and after each infusion. Fig. 1 compares the typical
disappearance kinetics of equivalent doses of plasma and splenic
isozymes from the circulation. Maximal recovery from plasma
for both the plasma and splenic activities was approximately
50% of the injected dose at 1 min, based on the plasma volumes
of the respective recipients. The splenic isozyme was rapidly
cleared with a )3 of approximately 10 min. In marked con-

Table 1. Comparison of the administered a-GAL A preparations

Isozyme
Property Splenic Plasma
Enzymatic activity
(4-MU-a-D-Gal) 18,000 U/ml 5,630 U/ml
Specific activity
(4-MU-a-D-Gal) 20,500 U/mg 1,450 U/mg
(GbsCer) 3,280 U/mg 234 U/mg
pH optimum 4.5 4.6
Isoelectric point, pl 4.3 3.7
After neuraminidase
treatment 4.3 4.2
K (4-MU-a-D-Gal) 2.5 mM 1.9 mM
After neuraminidase
treatment 2.5 mM 2.6 mM
Thermostability, t1/2 at 55°C 7 min 7 min
Dose/injection (2000 U/kg) 120,000 U 90,000 U
Buffer composition
Sodium chloride 120 mM 120 mM
Sodium phosphate 10 mM 25 mM
pH 6.5 6.0
Endotoxin 1.3 ng/ml 1.0 ng/ml
U, units.
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Fi1G. 1. Disappearance from plasma of a-GAL A activity after

the third intravenous injection of the splenic (—) and plasma (- --)
isozymes. The t,/9 values for each injection are shown in the inset.

trast, the plasma isozyme disappeared more slowly witha ¢, /o
of about 70 min. The metabolic clearance rate of the splenic
enzyme was 253 ml/min, which was about 8 times faster than
that of the plasma enzyme. These clearance curves were com-
patible with distribution of the respective isozyme in at least
two compartments, the plasma enzyme being retained longer
in the injected compartment. No exogenous activity was re-
covered in peripheral leukocytes from either recipient at 1 and
4 hr after injection 1.

Fig. 2 contrasts the in vivo disappearance kinetics of the
splenic and plasma isozymes with their in vitro stabilities when
incubated in buffered whole blood maintained at pH 7.4 and
87°C. Under the in vitro conditions, both isozymes had half-
lives greater than 200 min, indicating their relative stabilities
under these conditions. As shown in Fig. 3, electrophoresis of
mixtures of each isozyme with normal or Fabry plasma or with
LDL showed no alteration in the electrophoretic mobility of
either isozyme. In all mixtures, the plasma isozyme migrated
to the front of the human serum albumin band whereas the
splenic isozyme migrated to a less electronegative position.
Neither isozyme comigrated with LDL. In contrast, when either
enzyme preparation was mixed with rabbit anti-splenic a-GAL
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of a-GAL A isozymes. The values for the in vivo disappearance of the
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plasma; O, splenic. In vivo: @, plasma; B, splenic.
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A antibody, the electrophoretic mobility was markedly de-
creased, demonstrating that this system could detect nonco-
valent binding of the isozymes to other proteins.

There were no detectable alterations in the maximal activity
or clearance kinetics for either isozyme with successive injec-
tions (Fig. 1 Inset), indicating the absence of neutralizing or
precipitating antibodies to either enzyme. In addition, no an-
tibodies were detected by double immunodiffusion studies or
by intradermal and scratch tests before and after each admin-
istration.

Effect of Infusions on Circulating GbsCer Levels. A
marked difference in the clearance of the circulating substrate
was observed after the administration of these isozymes. As
shown in Fig. 4 left, the splenic isozyme effected a rapid de-
crease in the plasma concentration of GbsCer. The level of the
circulating substrate decreased to approximately 50% of the
preinfusion values at 15 min after injection followed by a rapid
return to preinfusion levels by 2-3 hr. In contrast, the plasma
isozyme resulted in a prolonged depletion of the circulating
substrate (Fig. 4 right). At 2 hr after injection, the levels of
GbsCer were decreased to 30-50% of the preinfusion values.
Significantly, low levels were retained up to 12—24 hr and
slowly returned to preinfusion levels after 36-72 hr. When the
total amount of substrate cleared with time was calculated by
integrating the mean concentrations of GbgCer, the plasma
isozyme appeared to have cleared about 25 times more substrate
over time than the splenic isozyme. For each administration,
the total amount of circulating lipid cleared, based on the re-
spective recipient’s plasma volume, was less than the potential
quantity of natural substrate that the administered enzymatic
activity could hydrolyze in vitro.

In order to determine whether a component other than the
enzyme in either preparation could bind GbsCer and perhaps
mediate its clearance, radiolabeled GbsCer adsorbed to LDL
was incubated with an aliquot of the splenic or plasma isozyme
preparation or of normal plasma and the mixtures were elec-
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FiG. 4. Effect of intravenously
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b on concentrations of GbsCer in
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ance of a-GAL A activity (injec-
tion 3); (b) means and ranges of
Gib;Cer concentrations in plasma
after injections 1, 3, 4, and 6
(plasma) and injections 1, 3, 4, 5,
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trophoresed. In each mixture, two peaks of radioactivity were
detected, a major peak at the point of application and a second
peak which corresponded to the position of LDL. Essentially
no alteration in the distribution of radioactivity was observed
when the LDL-substrate complex was mixed with either en-
zyme preparation or normal plasma.

DISCUSSION

The results of these studies demonstrated significant in vitro
and in vivo differences between the splenic and plasma a-GAL
A isozymes that may be crucial to the effectiveness of enzyme
therapy for Fabry disease. In contrast to the a-GAL A isozyme
purified from human spleen, the plasma isozyme (i) was more
anodic on polyacrylamide and cellulose acetate electrophoresis
and was sensitive to neuraminidase treatment, (i) was retained
in the recipient’s circulation with a 7-fold longer half-life, and
(iii) was about 25 times more effective in the clearance of cir-
culating GbgCer. In addition, these clinical trials demonstrated
that multiple doses of either partially purified isozyme, ad-
ministered unentrapped over a 117-day period, did not elicit
an immune response in the recipients.

The in vitro demonstration that the a-GAL A isozyme par-
tially purified from human plasma was more acidic than the
splenic form and was affected by neuraminidase treatment was
consistent with previous studies (31) demonstrating that plasma
forms of various lysosomal hydrolases are more electronegative
than their respective tissue counterparts. These physical and
kinetic findings were corroborated in our laboratory by using
highly purified plasma a-GAL A [specific activity = 44,600
units/mg (13)] and the splenic isozyme purified to apparent
homogeneity (1,450,000 units/mg (unpublished results)]. In
addition, immunodiffusion studies of these highly purified
preparations revealed a line of identity for both isozymes against
rabbit anti-human splenic a-GAL A antibody (unpublished
results). These results suggest differences in the posttranslational
modification of the two isozymes, the plasma form being more
electronegative, consistent with it’s being more sialylated than
the tissue isozyme.

Recently, attention has been focused on the role of oligo-
saccharide moieties in the molecular recognition processes that
determine the clearance and tissue uptake of sialylated and
desialylated glycoproproteins (14-17), including lysosomal
hydrolases (18-20). Ashwell and Morell (14) demonstrated that
the terminal sialic acid residues on many circulating mam-
malian glycoproteins rendered these molecules more electro-
negative and were essential for their prolonged retention in the
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circulation. Desialylation, exposing the penultimate galactosyl
moieties, signaled their rapid clearance from the circulation
via selective recognition of these asialoglycoproteins by hepa-
tocytes and uptake into their lysosomal apparatus (16). Similar
plasma clearance kinetics have been demonstrated for native
and desialylated plasma or tissue forms of various purified ly-
sosomal hydrolases injected intravenously into rodents (17-20).
The different in vivo plasma disappearance kinetics of the
a-GAL A isozymes described here were similar to those ob-
served in the rodent studies (17-20) and suggest the occurrence
of this molecular recognition process for homologous hydrolases
administered to humans. We postulate that the differential
clearance kinetics were due to the presence of sialic acid resi-
dues on the plasma form of a-GAL A, but this remains to be
demonstrated conclusively.

Although the ultimate fate of the injected isozymes could not
be determined, it is presumed that the splenic isozyme was
primarily taken up by the liver (i.e., hepatocytes) or reticulo-
endothelial cells in the spleen, consistent with the findings for
injected tissue forms of lysosomal hydrolases in animals (17-19)
and previous human trials (32-34). The retention of the plasma
isozyme in the circulation may permit its uptake in part by
circulating blood elements, vascular endothelium, or other
visceral tissues; alternatively, the plasma isozyme may be slowly
processed by other circulating enzymes (e.g., neuraminidase)
for tissue uptake or it may be slowly inactivated. It is unlikely
that the isozymes were degraded in the circulation, because
they were relatively stable under physiologic conditions in vitro
(Fig. 2). In addition, binding of either isozyme to a component
in the recipient’s plasma that could have mediated its disap-
pearance was not demonstrated (Fig. 3).

Whatever the ultimate fate of these isozymes, their differ-
ential metabolic effectiveness was underscored by their re-
markably different substrate clearance and reaccumulation
kinetics. The effect of the splenic isozyme on the circulating
substrate was rapid and transient and paralleled the rapid dis-
appearance of the isozyme from the plasma (Fig. 4 left). The
splenic isozyme presumably was taken up primarily by the
lysosomal apparatus of the liver (12, 15, 32, 33), where it may
have hydrolyzed accumulated substrate. In contrast, the pro-
longed retention of the plasma isozyme in the circulation was
associated with significantly more substrate clearance (Fig. 4
right).

As yet, the mechanism by which the administered a-GAL
A activity reduced the levels of GbsCer in the plasma pool is
obscure. The rapidity with which the phenomenon occurred,
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after injection of either the plasma or splenic isozymes, sug-
gested direct hydrolysis of the glycosphingolipid in one or more
of the plasma compartments (e.g., various lipoprotein pools).
Arguments against this possibility are the unfavorable pH and
the relative inactivity of the plasma or tissue a-GAL A isozyme
when incubated at pH 7.4 with the natural substrate (ref. 13;
unpublished results) or with whole blood from patients with
Fabry disease (12). A second possibility is the clearance of the
enzyme from the circulation into a tissue, presumably the liver,
in which the lysosomal catabolism of the glycosphingolipid
substrate occurs, followed by a decrease of the plasma pool of
accumulated substrate to maintain an equilibrium between
plasma and tissue pools. This mechanism has no physiological
analogy and seems to be unlikely due to the rapidity of the
decrease and subsequent reaccumulation of substrate to
preinfusion levels, especially after injection of the splenic en-
zyme. However, evidence for the rapid exchange of neutral
glycosphingolipids between plasma and extraplasma pools has
been reported (35). A third possibility is that the enzyme be-
comes adsorbed onto the surface of certain blood cells or vas-
cular endothelial cells where the pH is favorable for substrate
catabolism. Alternatively, the circulating substrate may have
become bound to a component in the administered prepara-
tions, other than the enzyme, which mediated its removal from
the circulation. However, no evidence for such a component
in the administered preparations was detected by in vitro
studies with radiolabeled GbsCer. Although the site for substrate
hydrolysis or depletion of the circulating substrate is not known,
similar decreases in the levels of circulating substrates have been
reported after enzyme replacement in patients with Fabry
(10-12) and other (32, 33) lysosomal storage diseases.

The potential immunologic complications associated with
the administration of exogenous enzymes have been the subject
of concern (36). These pilot studies demonstrated the absence
of any side effects or immune response to multiple doses of these
unentrapped and partially purified isozymes over a period of
almost 4 months. Further studies evaluating the biochemical,
immunologic, and clinical effects of long-term trials in selected
patients are required before the efficacy and safety of enzyme
therapy for Fabry disease can be established.
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