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Abstract Research and drug developments fostered
under orphan drug product development programs have
greatly assisted the introduction of efficient and safe
enzyme-based therapies for a range of rare disorders. The
introduction and regulatory approval of 20 different
recombinant enzymes has enabled, often for the first time,
effective enzyme-replacement therapy for some lysosomal
storage disorders, including Gaucher (imiglucerase, tali-
glucerase, and velaglucerase), Fabry (agalsidase alfa and
beta), and Pompe (alglucosidase alfa) diseases and mu-
copolysaccharidoses I (laronidase), II (idursulfase), IVA
(elosulfase), and VI (galsulfase). Approved recombinant
enzymes are also now used as therapy for myocardial
infarction (alteplase, reteplase, and tenecteplase), cystic
fibrosis (dornase alfa), chronic gout (pegloticase), tumor
lysis syndrome (rasburicase), leukemia (L-asparaginase),
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some collagen-based disorders such as Dupuytren’s con-
tracture (collagenase), severe combined immunodeficiency
disease (pegademase bovine), detoxification of methot-
rexate (glucarpidase), and vitreomacular adhesion (ocri-
plasmin). The development of these efficacious and safe
enzyme-based therapies has occurred hand in hand with
some remarkable advances in the preparation of the often
specifically designed recombinant enzymes; the manu-
facturing expertise necessary for commercial production;
our understanding of underlying mechanisms operative in
the different diseases; and the mechanisms of action of the
relevant recombinant enzymes. Together with information
on these mechanisms, safety findings recorded so far on
the various adverse events and problems of immunoge-
nicity of the recombinant enzymes used for therapy are
presented.
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Key Points

Regulatory approval of nine recombinant enzymes
has enabled effective enzyme-replacement therapy
for a number of rare lysosomal storage diseases
involving enzyme deficiency, in particular, o-
glucosidase in the glycogen storage disorder Pompe
disease; a-p-galactosidase A and -
glucocerebrosidase for the lipid storage disorders
Fabry disease and Gaucher disease, respectively; and
o-L-iduronidase, iduronate-2-sulfatase, N-
acetylgalactosamine-6-sulfatase, and N-
acetylgalactosamine-4-sulfatase for
mucopolysaccharidoses types I, II, IVA, and VI,
respectively, where, in each case, accumulated, and
ultimately toxic, substrates include dermatin,
heparan, and keratan sulfates.

Of the remaining approved enzyme preparations,
three are tissue plasminogen activators, alteplase,
reteplase, and tenecteplase, administered for acute
myocardial infarction, while the other eight cover a
range of disorders: cystic fibrosis (dornase alfa),
chronic gout (pegloticase), tumor lysis syndrome
(rasburicase), leukemia (L-asparaginase), some
collagen-based disorders such as Dupuytren’s
contracture (collagenase), severe combined
immunodeficiency disease (pegademase bovine),
detoxification of methotrexate (glucarpidase), and
vitreomacular adhesion (ocriplasmin).

Adverse events range from boxed warnings for
severe allergic reactions, including anaphylaxis, to
rare effects on the heart, lungs, liver, blood, and skin
as well as a variety of mild to moderate commonly
seen responses such as gastrointestinal symptoms,
headache, and mild cutaneous reactions, but side
effects are generally not serious.

1 Introduction

A large number and variety of enzyme defects have been
identified in humans, many leading to diseases produced by
enzyme deficiency or altered amounts of metabolites. One
may think that the existing knowledge of enzymology,
together with implication of an enzyme-based defect,
would lead to rapid progress in the development of suc-
cessful targeted therapies for some of the diseases. How-
ever, much progress in our understanding of cell and
molecular biology was needed before significant advances
leading to registered efficacious pharmaceuticals could
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occur. The so-called storage diseases provided both the
best early examples of a clear association between enzyme
deficiency and disease as well as candidates for a suc-
cessful therapeutic approach to treatment. For treatment to
be successful, a number of requirements were seen to be
essential. First, it was clear that not all storage diseases
were suitable targets for therapy [1]. Some diseases pro-
duce irreversible damage, for example, ganglioside GM2
storage diseases Tay—Sachs disease and Sandhoff’s disease,
where central nervous system (CNS) damage that occurs
early in life is untreatable. Other factors that need to be
considered include the likelihood of producing sufficient
specific enzyme; its stability; the possibility of delivering
the enzyme to the cell target where it needs to act; the
enzyme’s likely antigenicity and the consequent antibody
response in treated patients; and the frequency of the dis-
ease—a rare disease with only a few patients might not
justify research and development efforts and costs, even
under an orphan drug development program [1, 2].

2 Toward Successful Enzyme-Replacement Therapy
(ERT): Gaucher Disease

Early evidence obtained from experiments using cultured
skin fibroblasts from patients with a mucopolysaccharide
storage disease or mucopolysaccharidosis (MPS), together
with cells of a different genotype, indicated that post-
translational modification of lysosomal enzymes could
correct previously defective glycosaminoglycan catabolism
[3]. Subsequent investigations showed that the corrective
modification resulted from the recognition by comple-
mentary receptors of b-mannose-6-phosphate on the mod-
ified lysosomal enzymes [2, 4-9]. During the same period
as these studies, lysosomal enzymes injected into rats were
shown to avoid rapid clearance and to be specifically taken
up by liver reticuloendothelial cells via recognition of
mannose residues [10-12]. Importantly, the complemen-
tary mannose receptors were demonstrated on the surface
of macrophages, and their recognition spectrum was shown
to extend beyond this sugar to N-acetyl-p-glucosamine and
L-fucose [13, 14]. Once bound to the receptors, enzyme is
rapidly internalized and transported to the lysosomes. The
discoveries of specific recognition of phosphorylated
mannose residues, mannose receptor-mediated uptake of
lysosomal enzymes, and the presence of these receptors on
macrophages demonstrated that a lysosomal enzyme needs
to be specifically recognized by its target cells. These
insights led on to the first successful enzyme-replacement
therapy (ERT) for type I Gaucher disease [15], which
occurs with a frequency of 1 in 75,000 births worldwide,
making it the most prevalent of the sphingolipid storage
disorders [16]. Gaucher disease is the result of an inborn
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error of metabolism due to a deficiency of the lysosomal
acid P-glucosidase glycoprotein, B-glucocerebrosidase
(glucosylcerimidase; B-glucosyl-N-acylsphingosine gluco-
hydrolase), which cleaves B-p-glucosylceramide (gluco-
cerebroside) into glucose and ceramide. The enzyme’s
substrate is a widely distributed cell membrane component
and, in the absence of B-glucocerebrosidase, glucocere-
broside and other glycolipids accumulate by as much as 20-
to 100-fold in the lysosomes of cells, particularly macro-
phages and other cells of the reticuloendothelial system
[15]. With this background, glucocerebrosidase prepared
from human placenta and marketed as Ceredase® was used
to reverse the clinical manifestations of type I Gaucher
disease [17, 18] by targeting the patients’ macrophages
after sequential deglycosylation to expose mannose resi-
dues [19]. Imiglucerase, a recombinant, deglycosylated
glucocerebrosidase prepared in Chinese hamster ovary
(CHO) cells by DNA technology, was soon introduced.
Because it proved at least as clinically effective as Cere-
dase® and could provide a pathogen-free preparation in
almost unlimited amounts, it (as Cerezyme®) soon replaced
its predecessor.

3 Approved Enzymes as Replacement Therapy
for Lysosomal Storage Diseases

In an effort to encourage the development of products for
the diagnosis and treatment of rare or so-called orphan
diseases, countries, beginning with the USA, have intro-
duced legislation to provide incentives for developers and
manufacturers who would otherwise have been unable to
cover the costs involved in bringing a drug to a very small
market [20]. For example, the US FDA Office of Orphan
Products Development (OOPD) provides incentives in
cases involving fewer than 200,000 people in the USA
where, since 1983, more than 400 drugs and biologic
products for rare diseases have been brought to market
under the Orphan Drug Designation programs. This
compares with a total of ten products developed in the
previous decade [21]. The recombinant enzyme biologics
covered in this review are regulated and approved by the
FDA Center for Drug Evaluation and Research (CDER)
[22] rather than the Center for Biologics Evaluation and
Research, which retains regulatory responsibility for bac-
terial and human cellular products, gene therapy products,
vaccines, allergenic extracts, antitoxins, antivenoms,
blood, blood components, and plasma-derived products.
With the emphasis here being on the recombinant proteins
involved in ERT for lysosomal storage diseases as well as
other approved orphan drug recombinant enzymes for
treatment of rare diseases, the well-known and long-used
enzymes hyaluronidase and streptokinase have not been

included, nor have the serine protease and transglutamin-
ase coagulation factors involved in the coagulation path-
ways, since the sheer volume, complexity, and
specialization of the mechanisms and disease states asso-
ciated with the science and therapy of clotting and
hemostasis requires the space for a review of its own.
Likewise, although pancrelipase (Creon®) is indicated for
the treatment of pancreatic insufficiency due to cystic
fibrosis and chronic pancreatitis, the relatively poorly
defined nature of this extract of porcine pancreas glands
containing multiple enzymes, including lipases, proteases,
and amylases, does not fit with the highly purified, mainly
recombinant enzyme preparations toward which this
review is directed.

Utilizing the scientific insights summarized above and
the still-expanding manufacturing expertise in biologics,
orphan drug research and development programs have
made remarkable progress in introducing efficacious and
safe enzyme-based therapies for a range of rare disorders.
Central amongst these disorders, and as a direct result of
the knowledge and experience gained in the development
of ERT for Gaucher disease, are successful ERTs for a
small but growing number of other lysosomal storage
diseases. A list of these diseases, together with the
responsible deficient enzymes, and the accumulating pro-
ducts that cause the signs and symptoms of the diseases
currently being treated with approved recombinant enzyme
preparations are set out in Table 1. Depending on the
particular MPS, the accumulated products produce clinical
manifestations such as short stature, coarse features, motor
dysfunction, cardiomyopathy, ocular abnormalities, skele-
tal dysplasia, hepatosplenomegaly, and mental retardation.
Approved ERTs are now administered for a second lipid
storage disorder, Fabry disease, for the glycogen storage
disorder, Pompe disease, and for types I, II, IVA, and VI
MPS. In addition to the individual deficient enzymes and
resultant accumulated products (Table 1), the specificities,
properties, and mechanisms of action of the nine approved
recombinant enzymes currently used as ERT for lysosomal
storage diseases (alglucosidase alfa, agalsidase beta, imi-
glucerase, taliglucerase alfa, velaglucerase alfa, laronidase,
idursulfase, elosulfase alfa, and galsulfase) are set out in
Table 2. Three of these recombinant enzymes, the human
B-glucocerebrosidases imiglucerase [23, 24], taliglucerase
alfa [25-27], and velaglucerase alfa [28-30] (Table 2), are
each approved for treatment of Gaucher disease, but one of
these, taliglucerase alfa, differs from the others in two
significant ways. Taliglucerase alfa, produced in carrot root
cells [31], is the first recombinant enzyme used for therapy
that has been derived from a plant cell expression system.
Taliglucerase alfa also shows differences in its glycosyla-
tion, a result of its core o(1-2)-p-xylose and o(1-3)-L-
fucose, which is unique to plant-derived proteins [32].
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Table 1 Approved enzymes® used as replacement therapy for lysosomal storage diseases: syndromes, deficient enzymes, and accumulated

products

Approved recombinant
enzyme® used for ERT

Type of disorder

Name of syndrome

Accumulated substrate/
product(s)

Deficient enzyme

Alglucosidase alfa
(Lumizyme®; Myozyme®)

Glycogen storage

Agalsidase beta® (Fabrazyme®) Lipid storage
(sphingolipidosis)
Imiglucerase” (Cerezyme®) Lipid storage

Taliglucerase alfa’ (Elelyso®) (sphingolipidosis)

Velaglucerase alfa’ (VPRIV®)

Laronidase” (Aldurazyme®) MPS type 1 Hurler, Scheie and Hurler—
Scheie syndromes
Idursulfase” (Elaprase®) MPS type II Hunter syndrome

Elosulfase alfa® (Vimizim®) MPS type IVA

Galsulfase” (Naglazyme®) MPS type VI

Pompe disease®
Fabry disease

Gaucher disease

Morquio A syndrome

Maroteaux-Lamy syndrome

Acid a-glucosidase Glycogen

a-D-Galactosidase A Ceramide trihexoside®

Glucocerebroside
(Glucosylceramide)

B-Glucocerebrosidase®

o-L-Iduronidase Dermatan sulfate
Heparan sulfate
Iduronate-2-sulfatase Dermatan sulfate
Heparan sulfate

N-Acetylgalactosamine- Keratan sulfate

6-sulfatase Chondroitin 6-sulfate
Dermatan sulfate

Chondroitin 4-sulfate

N-Acetylgalactosamine-
4-sulfatase

CDER FDA Center for Drug Evaluation and Research, EMA European Medicines Agency, ERT enzyme-replacement therapy, FDA US Food and

Drug Administration, MPS mucopolysaccharidosis
? Approved by FDA CDER or EMA or both
® For information on individual enzymes refer to Table 2

c
d

¢ Globotriaosylceramide (Gb3, GL-3)

' For details and differences of these three enzymes, see Table 2

Also known as glycogen storage disease type II and acid maltase deficiency

Agalsidase alfa (Replagal®), another recombinant form of the enzyme, is also used (see Table 2)

& Also called acid B-glucosidase, B-glucosidase, p-glucosyl-N-acylsphingosine glucohydrolase or GCase

" Enzymes that catabolize or cleave glycosaminoglycans dermatan, heparan, keratan and chondroitin sulfates, preventing their accumulation,

which causes the clinical manifestations seen in the four disorders

Fabry disease is a second lipid storage disorder (sphin-
golipidosis), but in this case caused by a deficiency of an
o-D-galactosidase, which results in a build-up of globotri-
aosylceramide, more commonly known as Gb3 or ceramide
trihexoside. Gb3 accumulates in capillary endothelia,
affecting in particular the kidneys, heart, eyes, brain, ner-
vous tissue, and skin [33]. Progress in determining the
efficacy of ERT for Fabry disease was greatly aided by
ensuring an ongoing supply of recombinant human enzyme
prepared in CHO cells [34] and development of a mouse
model [35, 36]. Both agalsidase alfa (Replagal®) and
agalsidase beta (Fabrazyme®) (Table 2) have received
regulatory approval for the treatment of Fabry disease [37,
38], although the two preparations appear to be function-
ally indistinguishable [39—41].

A deficiency of lysosomal acid o-glucosidase in Pompe
disease leads to an accumulation of glycogen, which causes
myopathy throughout the body but especially in skeletal
muscles, heart, liver, and the nervous system [42]. In the
early ERT studies, recombinant human o-glucosidase, or
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alglucosidase alfa, was produced in large scale in CHO
cells and in milk of transgenic rabbits [43, 44]. Both
enzyme preparations reduced lysosomal glycogen storage
in animals and had a prominent effect on cardiac hyper-
trophy, cardiac function, and survival in human infants [42,
45]. Alglucosidase alfa currently approved by both the
FDA and the European Medicines Agency (EMA) is pro-
duced by CHO cells (Table 2).

MPS types I, II, IVA, and VI are due to deficiencies
of o-L-iduronidase, iduronate-2-sulfatase, N-acetylga-
lactosamine-6-sulfatase, and N-acetylgalactosamine-4-sul-
fatase, respectively. Each produce accumulations of
glycosaminoglycans, in particular dermatan sulfate, hepa-
ran sulfate and chondroitin sulfate. Laronidase, a recom-
binant human o-L-iduronidase enzyme secreted by
overexpressing CHO cells and modified to contain complex
oligosaccharides [46, 47] is used in ERT for MPS I (also
called Hurler syndrome) and clinically milder variants
(Tables 1, 2) [48]. Idursulfase, a recombinant form of
iduronate-2-sulfatase (Tables 1, 2), has been approved by



Enzymes Approved for Human Therapy

35

Table 2 Enzymes approved for human therapy™: properties, approved indications,” mechanisms, and adverse effects

Generic and
trade names

Enzyme specificity and properties

Approved indications®

Mechanism(s) of action
relevant to indications

Adverse effects, serious
and common

Agalsidase beta”
(Fabrazyme®™)

Alglucosidase
alfa
(Lumizyme®;
Myozyme®)

Alteplase
(Activase®;
Actilyse®;
Cathflo®
Activase®)

L-Asparaginase
(Elspar®;
Erwinase®),
Pegaspargased
(Oncaspar®)

Collagenase®
(Xiaflex®;
Xiapex®
Santyl®)

Dornase alfa
(Pulmozyme®)

Elosulfase alfa

(Vimizim®)

Galsulfase
(Naglazyme®)

Glucarpidase
(Voraxaze®)

Idursulfase
(Elaprase®)

A recombinant o-p-galactosidase A;
glycosylated, 2 subunits MW ~ 100
kDa 398 amino acids

A recombinant human glycogen-
specific acid alfa-glucosidase
(GAA). Glycoprotein, MW 109
kDa, 883 residues

Recombinant tPA, a serine protease;
single glycosylated polypeptide
chain 527 amino acids MW ~59
kDa

From E. coli (Elspar®) or Erwinia
chrysanthemi (Erwinaze®). L-
Asparagine specific; 4 subunits
MW 35 kDa E. coli enzyme linked
to monomethylpolyethylene glycol
(PEG)

Proteases that hydrolyse collagen; 2
enzymes, collagenases AUX-I
(MW 114 kDA) and AUX-II (MW
113 kDa), each ~ 1,000 amino
acids”

Recombinant human
deoxyribonuclease I (thDNase I);
260 amino acids, identical to
natural enzyme

Recombinant N-acetylgalactosamine-
6-sulfatase (rhGALNS); monomer
496 amino acids, MW 55.4 kDa, 2
glycosylation sites. Cys53 (in active
site) modified to formylglycine"

Recombinant N-acetyl-
galactosamine-4-sulfatase (rhASB),
MW ~56 kDa 495 amino acids; 6
glycosylation sites, 4 with
mannose-6-phosphate. Cys53
modified to formylglycine®

Recombinant pseudomonas sp.
carboxypeptidase G2 produced in
E. coli

Recombinant human iduronate-2-
sulfatase; 525 amino acids; MW
76 kDa; 8 Asp-linked glycosylation
sites. Cys modified to
formylglycine"

Fabry disease (o-D-
galactosidase A
deficiency)

Pompe disease (GAA
deficiency)

Myocardial infarction
with ST elevation;
acute ischemic
stroke; pulmonary
embolism

ALL. Erwinaze®
administered to
patients
hypersensitive to
E. coli L-
asparaginase

Dupuytren’s
contracture with
palpable cord
(Xiaflex®), wound
cleaning and healing
(Santyl® ointment)

Cystic fibrosis

ERT for MPS IV type
A (MPS IVA;
Morquio A
syndrome)

ERT for MPS VI
(Maroteaux-Lamy
syndrome)

Treatment of toxic
concentrations of
methotrexate due to
impaired renal
clearance

ERT for MPS 11
(Hunter syndrome)

Hydrolyses
globotriaosylceramide (GL-3,
ceramide trihexoside) and
lipids® with terminal o-p-
galactose thus reducing GL-3
deposition in capillary
endothelia

Binds cell surface mannose-6-
PO,, transported to lysosomes
where it degrades glycogen
(and maltose and isomaltose)
by hydrolysing a-1,4- and o-
1,6-glycosidic linkages

Enzyme binds fibrin in
thrombus, cleaves Arg/Val
bond in plasminogen to —
plasmin, which causes local
fibrinolysis

Hydrolyses L-asparagine —
aspartic acid and ammonia
leading to inhibition of protein
synthesis in some leukemia
cells that cannot synthesize L-
asparagine

Breaks peptide bonds of
collagen in its native triple
helical conformation

Hydrolyses extracellular DNA
released from neutrophils into
sputum reducing viscosity and
aiding clearance from lungs®

Enzyme increases catabolism of
glycosaminoglycans' that
otherwise remain incompletely
catabolized causing skeletal
dysplasia and other
abnormalities

Cleaves SO, of sulfate ester
from terminal N-
acetylgalactosamine of
glycosaminoglycans reducing
disease manifestations’

Methotrexate hydrolysed to
glutamate and less toxic 2,4-
diamino-N'-methyl-pteroic
acid largely excreted by the
liver

Reduces disease manifestations
by hydrolysing 2-SO, esters of
terminal iduronate SOy,
residues from
glycosaminoglycans

Infusion reactions;
immunogenicity and allergic
reactions (anaphylaxis, hives,
pruritus, rash); stroke; ataxia;
pain; cardiac abnormalities;
nephrotic syndrome

Boxed warning: anaphylaxis,
severe allergic reactions;
cardiorespiratory failure. Also:
infusion reactions; respiratory
problems; pneumonia; fever;
rash; 1BP; nausea; rash;
urticaria

Bleeding (especially GI); sepsis;
venous thrombosis; allergy
including anaphylaxis

Allergic reactions including
anaphylaxis; thrombotic
events; pancreatitis; glucose
intolerance; hepatotoxicity;
PRES; coagulopathy

Peripheral edema; allergic
reactions; ISR; contusion; pain
in treated tissue; tendon
rupture; ligament damage;
pruritus

Voice alteration; sore throat;
rash; pharyngitis, laryngitis;
dyspnea; dyspepsia; chest
pain; urticaria

Boxed warning: anaphylaxis.
Also: urticaria, dyspnea,
flushing; pyrexia;
immunogenicity; vomiting;
nausea; headache; chills;
abdominal pain

Infusion reactions, anaphylaxis,
rash; urticaria; dyspnea;
pyrexia; vomiting; nausea;
headache; abdominal pain

Allergic reactions including
anaphylaxis; flushing;
paresthesia; headache; nausea;
vomiting; hypotension

Boxed warning: anaphylaxis.
Also: hypersensitivity
including rash, urticaria,
flushing; pyrexia; diarrhea;
pruritus; headache; vomiting;
cough
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Table 2 continued

Generic and
trade names

Enzyme specificity and properties

Approved indications®

Mechanism(s) of action
relevant to indications

Adverse effects, serious
and common

Imiglucerase
(Cerezyme®)

Laronidase
(Aldurazyme®)

Ocriplasmin
(Jetrea®)

Pegademase
bovine
(Adagen®)

Pegloticase®

(Krystexxa®)

Rasburicase
(Elitek®;
Fasturtec®)

Reteplase®
(Retavase®;
Rapilysin®)

Taliglucerase
alfa (Elelyso®)

Tenecteplase
(TNKase®,
Metalyse®)

Recombinant monomeric
glycoprotein human B-
glucocerebrosidasek M, 60430, 497
amino acids; His not Arg at pos 495
of placental enzymel.
Oligosaccharide chains modified to
expose terminal mannose residues

Recombinant variant of human o-L-
iduronidase; 628 amino acids; MW
83 kDa; 6 glycosylation sites with
at least 2 mannose
6-phosphorylated

A recombinant truncated human
plasmin, 2 polypeptide chains of 19
and 230 residues linked by 2
disulfide bonds, MW 27.24 kDa

Extensively pegylated bovine ADA
[(monomethoxypolyethyleneglycol
succinamidyl) 11-17-adenosine
deaminase]

A pegylated recombinant porcine-like
uricase (urate oxidase)'; 4 identical
noncovalently linked chains each
300 amino acids, MW 136.8 kDa

Recombinant Aspergillus-derived
urate oxidase” expressed in yeast;
tetrameric protein, identical
subunits 301 amino acids, MW 34
kDa

Recombinant non-glycosylated form
of human tPA; contains 355* of 527
amino acids MW 39.571 kDa

Recombinant” human lysosomal -
glucocerebrosidase, MW 60.8 kDa;
differs from natural enzyme by 2
amino acids at N-terminal and up to
7 at C-terminal

Recombinant tPA of 527 amino acids
with Asn for Thr at 103, Gln for
Asn at 117, and tetra Ala at
296-299

Long-term ERT for
type 1 Gaucher
disease™

ERT for MPS I
(Hurler, Hurler-
Scheie, Scheie
forms)

Treatment of
symptomatic
vitreomacular
adhesion

ERT for ADA
deficiency in
patients with SCIDP

Treatment of chronic
gout refractory to
conventional
therapy

For management of
plasma uric acid
levels during anti-
cancer therapy™

Acute myocardial
infarction

Long-term ERT for
adults with type I
Gaucher disease

Acute myocardial
infarction with
fewer bleeding
complications

Terminal mannose recognized
by receptors on macrophages.
Catalyzes hydrolysis of
glucocerebroside to glucose
and ceramide preventing
secondary hematologic,
spleen, liver, and skeletal
complications

Enzyme cleaves o-L-iduronic
acid from nonreducing end of
dermatan and heparan sulfates
that remain stored in
lysosomes

Active against fibronectin and
laminin, components of the
vitreomacular interface.
Enzyme dissolves the protein
that links the vitreous to the
macular

Enzyme deaminates toxic*
adenosine and 2'-
deoxyadenosine to less toxic
inosine and 2’'-deoxyinosine

Lowers uric acid levels and
prevents deposition of crystals
by conversion of uric acid to
allantoin excreted by kidneys

Converts uric acid to allantoin in
patients with hyperuricemia.
Soluble allantoin excreted via
kidneys

Thrombolytic. As for alteplase
but reteplase is fibrin-selective
and works faster and longer
than tPA*

Enzyme taken up by target cells
via mannose receptors”.
Catalyzes hydrolysis of
glucocerebroside to glucose
and ceramide preventing
secondary hematologic,
spleen, liver, and skeletal
complications

As for alteplase but more
specific for fibrin and more
resistant to inactivation by
PAI-1*

Hypersensitivity” (hypotension,
dyspnea, pruritus, urticaria,
angioedema, anaphylaxis);
nausea; vomiting; headache;
chills; tachycardia; diarrhea;
rash®

Boxed warning: anaphylaxis.
Also: ISR; rash; upper
respiratory infections; hyper-
reflexia; paresthesia; pyrexia

Vitreous floaters; macular hole;
eye pain; conjunctival
hemorrhage; photopsia; vision
blurring and impairment

Hemolytic anemia; autoimmune
hemolytic anemia;
thrombocytopenia; ISR;
urticaria®

Boxed warning: anaphylaxis;
infusion reaction. Also: gout
flares; nausea; vomiting;
contusion or ecchymosis; chest
pain"

Boxed warnings: Anaphylaxis;

hemolysis®;
methemoglobinemia; inhibits
uric acid in vitro. Also:
vomiting, headache;
abdominal pain; pyrexia;
peripheral edema; rash;
anxiety

Bleeding; allergic reactions;
fever; ISR; nausea; vomiting;
cardiac effects”

Warnings: anaphylaxis, allergic
and infusion reactions. Also:
URTI; headache; pharyngitis,
arthralgia; back and extremity
pain; urinary tract infection;
flu-like symptoms

Bleeding; allergic reactions;

nausea; vomiting; fever;
hypotension; cardiac effects”
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Table 2 continued

Generic and Enzyme specificity and properties Approved indications® Mechanism(s) of action Adverse effects, serious

trade names relevant to indications and common

Velaglucerase Recombinant human B-glucocereb- Long-term ERT for As for taliglucerase alfa Warnings: hypersensitivity

alfa (VPRIV®) rosidase, MW 63 kDa, 497 amino adults with type I including anaphylaxis;
acids; same sequence as natural Gaucher disease infusion rate. Also: infusion
enzyme but has added mannose N- reactions; headache; pyrexia;
linked glycans for target cell arthralgia; prolonged aPTT;
recognition nasopharyngitis; dizziness;
bone pain

ADA adenosine deaminase, ALL acute lymphocytic leukemia, aPTT activated partial thromboplastin time, BP blood pressure, CDER FDA Center for Drug
Evaluation and Research, EMA European Medicines Agency, ERT enzyme-replacement therapy, FDA US Food and Drug Administration, GI gastroin-
testinal, /M intramuscular, ISR injection site reaction, MMP matrix metalloproteinase, MPS mucopolysaccharidosis, MW molecular weight, PAI plas-
minogen activator inhibitor, PRES posterior reversible encephalopathy syndrome, SCID severe combined immunodeficiency disease, tPA tissue
plasminogen activator, URTI upper respiratory tract infection

* Approved by FDA CDER or EMA or both

® Agalsidase alfa (Replagal®) is another recombinant form of the enzyme. Beta and alfa forms differ only in the quantitative levels of the sialic acid and
mannose-6-phosphate in the oligosaccharide side chains

¢ E.g., Galabiosylceramide and blood group B substance
4" Allows IM injection of smaller doses and with less frequent administration than native Escherichia coli L-asparaginase
¢ Collagenase from Clostridium histolyticum

f AUX-I and AUX-II show some sequence homology with human MMPs and antibodies to these collagenase proteins may have the potential to cross-
react with the MMPs (see Edkins et al. [76])

& DNA, a viscous polyanion, may also reduce effectiveness of aminoglycoside antibiotics, e.g., tobramycin, by binding to the antibiotic
" Required for sulfatase enzyme activity
! Glycosylaminoglycans keratan sulfate and chondroitin sulfate catabolized in lysosomes

I Uptake of enzyme by lysosomes thought to be mediated by binding of terminal mannose-6-phosphate residues on oligosaccharide chains of galsulfase to
receptors complementary to mannose phosphate

X B-p-glucosyl-N-acyl-sphingosine glucohydrolase

! Alglucerase (Ceredase®), a placentally-derived glucocerebrosidase, was the first enzyme to receive approval for Gaucher disease. Ceredase® was
replaced by imiglucerase (Cerezyme®) in which oligosaccharide chains are modified to terminate in mannose sugars recognized by macrophages that
accumulate lipid in Gaucher disease

™ In children and adults with one or more of anemia, thrombocytopenia, bone disease, hepatomegaly, or splenomegaly

" 6.6 % of patients

© 13.8 % of patients experienced adverse events related to the enzyme

P To be used in patients who are not suitable candidates for, or have failed, bone marrow transplantation

9 Toxic to lymphocytes

" Enzyme is an orphan drug and because of small population and voluntary reporting in post-marketing period, clinical experience is still not sufficient to
be confident that the full range and extent of adverse events have been seen/reported

* Contraindicated in patients with glucose-6-phosphate dehydrogenase deficiency since hydrogen peroxide is produced during the conversion of uric acid
to allantoin and severe oxidative hemolytic anemia and methemoglobinemia may result

' Pegylation increases half-life from ~8 h to 10-12 days
" May exacerbate congestive heart failure but not yet formally studied
¥ Enzyme does not occur in humans

" Used in pediatric and adult patients with leukemia, lymphoma and solid tumors receiving anti-cancer therapy expected to result in tumor lysis syndrome
with subsequent elevation of plasma uric acid

* Compare tPA and alteplase, each composed of 527 amino acids; longer half-life (13-16 min) than alteplase
Y Frequent sequelae of patients’ underlying disease; symptoms may not be due to the drug

? Produced in genetically modified carrot root cells since plant-derived enzyme contains terminal mannose residues necessary for binding to target
phagocytic cell receptors

# PAI-1 is also called endothelial plasminogen activator inhibitor or serpin E1. A serine protease inhibitor (serpin) and inhibitor of tPA and urokinase, the
activators of plasminogen and ultimately fibrinolysis

both the FDA and the EMA as a safe and effective treat-  brain barrier, idursulfase is probably not an effective
ment for MPS II or Hunter syndrome. However, in com- treatment for the CNS manifestations of the disease [49].
mon with each of the enzymes used for ERT in lysosomal =~ The enzyme removes the sulfate group from the 2-position
storage diseases and which are too large to cross the blood—  of dermatan and heparan sulfates [50] and while the
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complementary DNA (cDNA) sequence predicts a 550
amino acids precursor, the mature protein is secreted as a
525 amino acid protein after cleavage of the 25 amino acid
signal sequence; the following eight amino acids are also
removed from the proprotein [51]. Elosulfase alfa, a CHO
cell-derived recombinant form of N-acetylgalactosamine-
6-sulfatase [52] (Tables 1, 2), was granted marketing
approval by the FDA and the EMA in 2014 [53, 54] for the
treatment of patients with MPS IVA, also known as Mor-
quio A syndrome, an autosomal recessive disorder caused
by a deficiency of the enzyme [55]. In 2005, galsulfase, a
recombinant form of N-acetylgalactosamine-4-sulfatase
(Tables 1, 2), was approved by the FDA for the treatment
of patients with MPS VI (Maroteaux—Lamy syndrome), an
autosomal recessive disease due to deficiency of N-acet-
ylgalactosamine-4-sulfatase [56-58]. Although ERT with
galsulfase has been relatively successful in treating some
aspects of MPS VI disease, such as growth, puberty, and
pulmonary function, it has been disappointing in alleviating
joint, ophthalmic, and CNS symptoms. Starting treatment
at an earlier age may be beneficial for growth, and some
aspects of the syndrome may be modified by longer periods
of treatment [58].

4 Other Enzymes Approved for Therapy

Of the remaining enzymes in the current CDER Thera-
peutic Biologic Products list, three are tissue plasminogen
activators (tPA) while the other eight cover a range of
diseases, including cancers, immunodeficiency, heart dis-
orders, cystic fibrosis, macular adhesion, and disorders
involving collagen.

4.1 Tissue Plasminogen Activators

Natural human tPA is a serine protease synthesized by
endothelial cells. It is a single polypeptide chain of 527
amino acids, MW ~ 70 kDa, but in the presence of plasmin
it is cleaved into two chains linked by one interchain
disulfide bond [59-61]. For the correct folding of tPA,
correct pairing of the 17 disulfide bonds in the molecule is
required. tPA is made up of five structural domains: a
looped ‘finger’ domain near the N-terminal, a growth factor
domain, the kringle 1 and kringle 2 domains and, next to
the latter, the serine protease domain. The finger and
kringle 2 domains bind fibrin clots while the protease
domain with its catalytic site at the C-terminus catalyzes
the conversion of plasminogen to plasmin [59-61]. Since
tPA does not cause side effects such as systemic hemor-
rhaging and depletion of fibrinogen, investigations were
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undertaken to provide a suitable high yielding, reliable
source of the protein. This led to transfection of CHO cells
with the tPA gene, extraction of the recombinant product
from the culture medium [62] and attempts to produce the
protein from Escherichia coli [63, 64]. Currently approved
tPAs are alteplase, reteplase, and tenecteplase (Table 2).
Whereas alteplase is glycosylated and has 527 amino acids,
the so-called third-generation recombinant tPAs reteplase
and tenecteplase are variants of tPA engineered for a longer
half-life and resistance to inhibition [65]. Deletion mutant
reteplase is not glycosylated and has only 355 amino acids
due to deletion of three of the tPA domains, kringle 1,
finger, and epidermal growth factor domains. The kringle 2
and protease domains are retained [66], representing amino
acids 1-3 and 176-527. The aim in developing reteplase
was to produce a faster thrombolytic agent and one with a
longer effective half-life without increasing the risk of
thrombosis. Tenecteplase is the most fibrin-specific of the
tPAs. The 527 amino acid recombinant protein has modi-
fications at three sites, positions 103, 117, and 296-9
(Table 2) that result in an increase in half-life, resistance to
plasminogen activator inhibitor (PAI)-1 and thrombolytic
potency against platelet-rich thrombi [67]. Like natural
human tPA, the recombinant forms bind fibrin in clots via
the fibronectin finger (except reteplase) and kringle 2
domains before protease domain-mediated cleavage of a
plasminogen Arg-Val bond to form plasmin which, in turn,
exerts a thrombolytic action by degrading fibrin.

4.2 Asparaginase

Specific for the non-essential amino acid L-asparagine, the
amidohydrolase L-asparaginase is prepared from E. coli
and Dickeya dadantii, formerly named Erwinia chrysant-
hemi. Three asparaginase preparations are currently
approved, one each from E. coli and D. dadantii and a
pegylated preparation, pegaspargase, from E. coli
(Table 2). A recombinant E. coli form has been developed
and is being tested [68]. Depletion of the supply of
asparagine leads to cell cycle arrest in the Gl phase,
inhibition of protein synthesis and apoptosis of lympho-
cytic leukemia cells. Use of the enzyme in acute lympho-
cytic leukemia (ALL) is based on the fact that susceptible
leukemia cells cannot synthesize asparagine due to lack of
the enzyme asparagine synthase and depend on an endog-
enous source of the amino acid for survival [69, 70].
Pegaspargase is a monomethoxypolyethylene glycol succ-
inimidyl conjugate of E. coli L-asparaginase. It shows
increased half-life and decreased immunogenicity and
appears to be associated with improved outcomes when
administered for ALL [71].
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4.3 Collagenase

Collagenases are proteinases that hydrolyze collagen and it
is this property that has seen the enzyme from Clostridium
histolyticum become the first approved non-surgical treat-
ment for Dupuytren’s contracture [72, 73] (Table 2).
Injection of collagenase into a Dupuytren’s cord, which is
mainly interstitial collagen, results in enzymatic cleavage
and disruption of the cord. Collagenase as Xiaflex® [72]
and Xiapex® [73] is a mixture of class I (AUX-I) and class
II (AUX-II) C. histolyticum collagenases in a required
ratio. Each class hydrolyses collagen at different sites but
they act in a complementary manner to degrade the protein.
Class I collagenases (a., B, v, and ), products of the colG
gene, hydrolyze collagen near the amino and carboxy ter-
mini, generating large proteolytic fragments. Class II col-
lagenases (9, ¢, and (), products of the colH gene, cleave
interior sites of the molecule, generating smaller fragments
[74]. Together, this different, but complementary, substrate
specificity leads to effective degradation of the entire col-
lagen molecule [75]. All seven collagenases, o, B, v, 9, €, {,
and m, are zinc proteinases functionally related to matrix
metalloproteinases (MMPs) which, among other activities,
degrade the extracellular matrix. Although it has been
suggested that the sequence homology shared between
AUX-I, AUX-II, and human MMPs indicates potential
immunological cross-reactivity between the proteins, with
resultant antibody-induced inhibition of MMPs, studies so
far show no evidence of any clinical adverse events asso-
ciated with MMP inhibition in patients treated with colla-
genase [76].

4.4 Dornase Alfa

Dornase alfa is a 260 amino acid recombinant human
deoxyribonuclease I (rthDNase I) identical in composition
to the natural enzyme (Table 2). Viscous extracellular
DNA, released mainly by disintegrating neutrophils dur-
ing infection, accumulates in sputum of patients with
cystic fibrosis, contributing to reduced pulmonary func-
tion and frequent pulmonary infection [77]. Mucus con-
taining significant amounts of extracellular DNA from
degenerating leukocytes is also a problem in bronchiec-
tasis patients [78], patients with respiratory syncytial virus
bronchiolitis [79], and in non-cystic fibrosis pediatric
patients with atelectasis [80]. Dornase alfa (Table 2)
converts extracellular DNA to 5'-phosphonucleotide end
products, reducing both sputum viscosity in the airways
and adhesiveness of lung secretions without affecting
intracellular DNA and has proven to be an effective
treatment in cystic fibrosis [8§1-83] and the other condi-
tions mentioned.

4.5 Glucarpidase

Glucarpidase (Table 2), a recombinant pseudomonas car-
boxypeptidase G2 produced in E. coli, is used clinically to
hydrolyze methotrexate and other antifolates [84]. Metho-
trexate, administered for various cancers, is eliminated in
the urine, so patients with renal impairment given the drug
may experience high plasma concentrations. Glucarpidase
is indicated in such patients, ensuring that methotrexate is
eliminated enzymatically, mainly by hepatic mechanisms,
and not by the kidneys. Toxic blood levels of the drug can
be rapidly decreased by intravenous administration of
glucarpidase [85]. Leucovorin, a reduced folate and
potential substrate for glucarpidase, should not be given
with the enzyme that degrades it. In addition, the drug
competes with methotrexate for the enzyme [86].

4.6 Ocriplasmin

The use of plasmin to degrade fibrin polymers has been a
priority in human therapy for more than 60 years. In the
recombinant protein age, it was found that intracellular
plasminogen activators made the production of plasmino-
gen, the precursor of plasmin, difficult. This led to the
production of short forms of plasmin that retained fibri-
nolytic activity. Ocriplasmin (also known as des-kringle
1-5 plasmin or microplasmin) (Table 2), a proteolytic
enzyme and truncated form of human plasmin produced in
a yeast Pichia pastoris expression system [87], lacks all
five kringle domains and is composed of 249 amino acids
in the form of two polypeptide chains linked by two
disulfide bonds joining residues 6 and 124 and 16 and 24.
Four intrachain disulfide bonds stabilize the larger poly-
peptide chain of 230 amino acids [88]. Ocriplasmin has
activity against the clinically relevant plasmin receptors
fibronectin and laminin, components of the vitreoretinal
interface [89]. Vitreomacular adhesion may lead to traction
and macular holes, but clinical trials have shown that in-
travitreal injection of ocriplasmin can induce separation of
the vitreous and macular surfaces, thereby resolving vit-
reomacular traction and closing macular holes [§9-91].

4.7 Pegademase Bovine

Pegademase [92, 93], the first enzyme approved by the
FDA as an orphan drug, is adenosine deaminase of bovine
intestine origin [94] extensively pegylated (Table 2) to
increase the half-life. Pegademase, used as therapy for
severe combined immunodeficiency disease (SCID), also
provided the first successful enzyme treatment for an
inherited disease. SCID is a primary (i.e., inherited)
immune deficiency caused by several different genetic
mutations affecting the immune system, with at least 12
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genes implicated [95]. The disease is referred to as ‘com-
bined’ because both cell-mediated (T lymphocytes) and
humoral (B lymphocytes) immunity are affected [96, 97].
The most common genetic defect in SCID is an X-linked
mutation or the so-called gamma chain defect leading to
decreased amounts of immunoglobulin G. This form rep-
resents about 50 % of cases, while defects involving the
gene for adenosine deaminase account for ~15 %. A
deficiency of adenosine deaminase leads to the accumula-
tion of adenosine, 2'-deoxyadenosine, and their metabo-
lites, which are toxic to lymphocytes. A deficiency of T
lymphocytes, particularly functional helper T cells and B
lymphocytes, results in a markedly decreased production of
antibodies and impairment of both arms of the adaptive
immune response [95-97]. Therapy with pegademase
bovine has been shown to diminish the frequency of
opportunistic infections and relieve symptoms of diarrhea,
failure to thrive, and dermatitis. Note also that treatment
with the enzyme does not preclude a subsequent bone
marrow transplant from a human leukocyte antigen (HLA)-
identical donor.

4.8 Pegloticase

Rasburicase (see Sect. 4.9), developed for treating tumor
lysis syndrome (TLS) in pediatric cancer patients, was also
found to lower serum urate levels in patients with gout, but
the use of rasburicase for this purpose was found to be
limited by its immunogenicity and relatively short half-life.
Pegloticase (Table 2) was developed to overcome this [98].
Pegylated to reduce its potential for immunogenicity and to
increase its circulatory half-life, pegloticase, a recombinant
porcine/baboon variant uricase (urate oxidase) produced in
E. coli, is used for therapy of gout previously refractory to
conventional therapy with uricostatic (e.g., allopurinol) and
uricosuric drugs (e.g., probenecid, colchicine, sulfinpyra-
zone). Nine of the 30 lysines of this tetrameric peptide are
pegylated, giving a final MW of 545 kDa [99, 100]. The
enzyme urate oxidase, which is absent in humans, catalyzes
the oxidation of uric acid to 5-hydroxyisourate and
hydrogen peroxide. The former compound is unstable and
breaks down to racemic allantoin, which is much more
soluble than uric acid and is readily excreted. Pegloticase
has been evaluated for efficacy in at least eight clinical
studies [98, 101].

4.9 Rasburicase

Rasburicase (Table 2), a recombinant Aspergillus flavus-
derived urate oxidase expressed in Saccharomyces cerevi-
siae, is almost identical to the natural Aspergillus enzyme,
differing only by having a higher specific activity and by a
modified reactive cysteine [102]. Rasburicase has proved
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effective in managing TLS [103-105], which usually
occurs 48-72 h after initiation of cancer therapy when
large numbers of tumor cells undergo apoptosis in a short
time, releasing their intracellular contents into the circu-
lation. This causes an ionic imbalance involving hyperka-
lemia and hyperphosphatemia, secondary hypercalcemia
and hyperuricemia, and possibly acute kidney injury and
death [106, 107]. In pediatric patients with acute leukemia
and lymphoma, rasburicase has proved to be the treatment
of choice and superior to allopurinol, but results with adults
have been less clear. However, in a study of the efficacy of
the preparation for the prevention and treatment of hyper-
uricemia during induction of chemotherapy for aggressive
non-Hodgkin lymphoma in adults, results showed the
enzyme to be a highly effective, fast-acting, and reliable
therapy [108].

5 Safety of Approved Enzymes

Two general points need emphasis in relation to the safety
of enzymes administered as ERTs. Since the enzyme
preparations are, in the main, similar to the enzymes
produced naturally in humans, adverse events, especially
severe ones, are generally not expected. They do occur, of
course, but the symptom range is often relatively small
and reactions tend to be mild. However, note that since
enzymes are proteins, there is always the potential for
immediate allergic reactions, including anaphylaxis, and
boxed warnings mentioning anaphylaxis have been issued
for six of the enzymes listed in Table 2. Second, many of
the enzymes have been developed and administered under
orphan drug programs and have therefore been given to
relatively small numbers of patients, meaning that col-
lected safety data constitute a much smaller body of
results than is usually the case with new approved medical
agents.

5.1 Adverse Events Caused by Enzymes Used
as Therapy for Lysosomal Storage Diseases

5.1.1 Agalsidase Beta for Fabry Disease

An infusion reaction, occurring in ~ 10-14 % of patients,
is the most common adverse event seen during adminis-
tration of agalsidase for Fabry disease. Reactions, usually
mild with no sign of respiratory symptoms, urticaria, or
changes in vital signs, occur with a higher frequency
(~18 %) in children. Symptoms tend to be easily con-
trollable with antihistamines and corticosteroids. The
overall general absence of severe adverse events is reflec-
ted in each of the reported adverse event categories
(Table 2). For example, cardiac disorders, when they
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occur, are commonly tachycardia and/or palpitations, and
gastrointestinal reactions tend to be nausea, vomiting, and
diarrhea [38, 39, 109-113].

5.1.2 Alglucosidase Alfa for Pompe Disease

Now more than a decade old, the Genzyme Corporation
MA, USA-sponsored Pompe Registry, the world’s largest
repository of worldwide data on Pompe disease, was set up
to further understand the natural history and clinical
symptomatology of, and treatment outcomes for, the dis-
order. Valuable information recorded and disseminated
includes age at symptom onset, diagnostic methods,
mutations, symptoms, and clinical manifestations of
infantile-onset versus adult-onset disease.

The two registered commercial preparations of alglu-
cosidase alfa (Table 2), Lumizyme® and Myozyme®, are
seen by the FDA as being biologically different prepa-
rations due to a different manufacturing process. Lumi-
zyme® is approved by the FDA for ERT for late-onset,
i.e., non-infantile, Pompe disease without evidence of
cardiac hypertrophy in patients more than 8 years old;
Myozyme® is approved for ERT for infantile-onset
Pompe disease. Despite the apparent enzyme identity of
the two preparations, the listed adverse reactions of each
show some significant differences. Whereas both carry
warnings for severe allergic reactions, including life-
threatening anaphylaxis and cardiorespiratory failure,
Lumizyme® is responsible for a wide range of reactions,
including pyrexia flushing, hyperhidrosis, headache,
hypertension, dizziness, rash, and urticaria, while for
Myozyme®, infusion reactions, infections such as pneu-
monia and respiratory syncytial virus, respiratory dis-
tress/failure, and gastrointestinal problems predominate
[114-116]. This difference is probably related as much
to the age of patients and the administered dose of
enzyme as to the alleged ‘biological difference’ between
the preparations, with Lumizyme® given to older patients
with late-onset disease and Myozyme® used to treat
infants. In a randomized study of alglucosidase alfa for
late-onset Pompe disease in 60 patients, most enzyme-
induced adverse events were not serious except for three
cases of anaphylaxis, two with respiratory and cutaneous
reactions, and the third with severe tongue swelling.
Serum immunoglobulin E (IgE) antibodies to alglucosi-
dase alfa were detected in two of the patients [117].
Myozyme® treatment of 18 patients with infantile-onset
Pompe disease caused mild to moderate infusion reac-
tions in 11 within 2 h of the infusion. The most common
adverse manifestations, urticaria, fever, and decreased
oxygen saturation, occurred in the patients given 40 mg/
kg [118].

5.1.3 Recombinant Enzymes Used to Treat Gaucher
Disease: Imiglucerase, Taliglucerase Alfa,
and Velaglucerase Alfa

Imiglucerase, taliglucerase alfa, and velaglucerase alfa,
each administered for long-term ERT for Gaucher disease,
show a similar spectrum of adverse events, with immediate
type I hypersensitivity reactions being the most prominent
(Table 2) [24, 119]. As with all orphan drugs, limited
safety information was available at the time of marketing
authorization. A long-term international post-marketing
safety surveillance of imiglucerase carried out on more
than 4,500 patients treated with the drug over an 8-year
period (1997-2004) found that the most common and
consistently reported adverse events could be classified
into three categories: general disorders and administration
site reactions (i.e., pyrexia, chills, chest discomfort); skin
and subcutaneous tissue disorders (pruritus, rash, urticaria);
respiratory, thoracic, and mediastinal disorders (dyspnea,
cough, throat irritation). Adverse events related to imiglu-
cerase were most frequently associated with infusion of
enzyme. They occurred with a low incidence, generally
<1 %, and were predominantly self-limiting. Post-mar-
keting analysis of adverse events in children (aged
2-12 years) given imiglucerase identified dyspnea, fever,
nausea, flushing, vomiting, and coughing as the most
common events. The most common events for adolescents
and adults were headache, pruritus, and rash [120]. The
effect on safety of the frequency of administration of im-
iglucerase was assessed in a comparison of intravenous
infusions given to adults once every 4 or every 2 weeks
with the same total monthly dose. The frequency of
adverse events, (which were generally mild) was compa-
rable between the treatment groups [121].

A summary of the adverse events following taliglucer-
ase alfa, including a warning for anaphylaxis, allergy, and
infusion reactions, recorded by the FDA [25, 122] is shown
in Table 2. In a phase III multinational double-blind,
9-month, 20-infusion clinical trial, taliglucerase alfa-rela-
ted adverse events were mild/moderate and transient. No
serious drug-related events occurred, although two patients
(6 %) developed hypersensitivity reactions [26]. A total of
20 adverse events related to taliglucerase alfa treatment
were reported in eight patients with Gaucher disease
studied for bone marrow responses; one experienced a
hypersensitivity reaction during infusion, one had infusion-
related dizziness, chills, and nausea, and one developed a
fixed drug reaction [123]. Some clinicians believe that
taliglucerase alfa seems to have the poorest safety profile of
the three recombinant enzymes used to treat Gaucher dis-
ease, and while usage may reflect this (Sect. 6), there is
currently an absence of figures to decide the question.
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As with imiglucerase and taliglucerase alfa used for
ERT, velaglucerase alfa is generally well tolerated, with
drug-induced adverse events usually mild to moderate [28,
124]. The list of adverse events (Table 2) for velaglucerase
alfa is similar to those seen with the other two B-gluco-
cerebrosidases although there are reports of severe pro-
longed activated partial thromboplastin time and allergic
dermatitis occurring with velaglucerase alfa [30]. The
safety of the enzyme was assessed in 12 patients with type I
Gaucher disease in a 9-month phase I/Il and extension
study. Adverse events with an incidence of >10 % were
infusion reactions, dizziness, headache, nausea, back pain,
bone pain, and pyrexia. No serious events related to ther-
apy were reported. Events with an incidence of >10 % and
related to treatment during the extension study were tre-
mor, epistaxis, abdominal pain, pain in extremity, and
fatigue [125]. Results from an FDA-approved Early Access
Program using pre-licensed velaglucerase alfa revealed no
enzyme-related serious adverse events and no withdrawals.
One patient out of the 71 treated who had previously had an
allergic reaction to taliglucerase, experienced an allergic
reaction during the first infusion of velaglucerase, and a
second switch-over patient had a fixed drug reaction at the
first infusion [126].

5.1.4 Laronidase for MPS 1

Results of trials designed to examine the efficacy and
safety of laronidase (o-L-iduronidase) in the treatment of
MPS I showed that the enzyme is generally well tolerated
with few events being treatment related and few, if any,
serious adverse reactions [127]. Apart from an FDA boxed
warning issued for the potential of anaphylaxis and in
common with other enzymes used in ERT, the list of side
effects is not extensive and lacks serious events (Table 2)
[128]. In a long-term trial, laronidase infusions provoked
mostly mild and easily managed reactions in 53 % of 40
patients. One patient experienced an anaphylactic reaction
but, in the main, reactions markedly diminished after
6 months [129].

5.2 Idursulfase for MPS II

A phase II/IIl idursulfase ERT study of 32 Hunter syn-
drome patients (aged 5-31) showed that the enzyme was
well tolerated over the 1-year treatment period. Again, the
most common adverse events were infusion-based reac-
tions. The incidence of these reactions reached a maximum
between weeks 4 and 12 and declined thereafter. Adverse
events occurring with at least a 9 % greater frequency than
in the placebo-treated group were headache, nasopharyn-
gitis, abdominal pain, arthralgia, pruritus, pruritic rash,
swelling at the infusion site, urticaria, dyspepsia, anxiety,
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and chest wall pain [130]. A follow-up long-term, open-
label extension study showed that 50 of the 94 patients
(53 %) experienced at least one infusion-related reaction,
with headache, urticaria, and pyrexia the most common
symptoms [131]. In a Japanese idursulfase ERT study of
ten adult patients with MPS II, five of ten patients expe-
rienced drug-related infusion reactions occurring within
24 h of the infusion. Skin reactions, namely urticaria and
erythema, resulted in patients who showed the highest
incidence. Two patients experienced serious reactions, one
involving flushing, diffuse urticaria, and numbness of the
tongue after commencement of the fifth infusion [132]. A
study designed to evaluate the occurrence of infusion-
related reactions in patients with MPS II receiving idur-
sulfase reported 65 reactions in 33 patients (31.7 %) in the
first year of ERT, with almost all of the initial reactions
occurring within the first 3 months. Most reactions were
mild to moderate and could be managed by slowing the rate
of infusion or by giving antihistamines or antipyretics
[133]. Idursulfase is yet another enzyme used for ERT that
carries an FDA black box warning of the risk of anaphy-
laxis after/during infusion of the drug [134]. A list of the
adverse events to idursulfase assembled by the FDA is
shown in Table 2.

5.2.1 Elosulfase Alfa for MPS IVA

Collected results from six different clinical trials involving
235 patients reveal that ~19 % of patients infused with
elosulfase alfa experience a hypersensitivity reaction, with
8 % classified as anaphylactic. This finding is reflected in
an FDA box warning (Table 2). Enzyme efficacy did not
appear to be impaired in the hypersensitive patients [135].
Safety data collected in a phase III controlled study of ERT
with elosulfase alfa for MSP IVA (176 patients aged
>5 years) showed that 22.4 % of patients had an adverse
reaction leading to an extended interruption or discontin-
uation of infusions [136]. A full list of adverse events
(mostly mild such as nausea, vomiting, chills, headache,
and abdominal pain) to the enzyme when used as ERT is
set out in an EMA assessment report [54] and the FDA full
prescribing information [137].

5.2.2 Galsulfase for MPS VI

Galsulfase is generally considered to be a relatively safe
drug when used for ERT [57], with infusion-related reac-
tions being the most commonly occurring, and predomi-
nate, adverse event. This is not unusual with the enzymic
preparations used for ERT or, in fact, for intravenously
administered protein therapeutics in general. Other repor-
ted adverse events following galsulfase include headache,
pyrexia, limb, chest and ear pain, visual abnormalities,
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anxiety, dyspepsia, upper respiratory infection,s and cough
[138, 139] (Table 2). In their extended examination of
galsulfase therapy for MPS VI in phase I, II, III, and long-
term follow-up studies, Harmatz and colleagues [140-143]
observed an incidence of infusion reactions of 20-75 %.
Serious drug-related adverse events were uncommon, with
a total of only 1.8 % of patients experiencing such reac-
tions in the published studies; three of the more serious
were asthma, apnea, and urticaria. An assessment of the
efficacy and safety of galsulfase for MPS VI in 34 children
aged <5 years [144] showed no serious infusion-related
reactions, although eight children (24 %) experienced
some treatment-related adverse events. Infusions were
continued in each case with the aid of slower infusion rates
and antipyretics if needed. Skin rash and edema occurred in
one patient who had been receiving ERT for 2 years, and
single episodes of tachycardia, skin rash, nausea, elevated
blood pressure, and pyrexia were recorded.

Slower infusion rates and pretreatment with antihista-
mines, steroids, and/or antipyretics have often been used in
attempts to manage infusion reactions during ERT. For
example, in one report of the successful management of a
reaction in a young patient that precluded further therapy, a
significant reduction in the rate of infusion was slowly
reversed over a period of months while, at the same time,
steroid premedication was introduced. The patient ulti-
mately tolerated infusions, with no adverse effects [145].

There has been a report of a single case of thrombocy-
topenia after the third ERT infusion of galsulfase. A
decrease in dose of the enzyme, followed by a subsequent
return to the normal dose led to a reversal of the condition.
The authors speculated that antibodies to galsulfase may
have been the cause [146]. With ocular pathology such as
corneal clouding, ocular hypertension, and optic nerve
swelling (papilledema) common in MPS VI patients, the
report of reversed papilledema and improved visual acuity
in an 11-year-old MPS VI patient receiving galsulfase is
both curious and encouraging [147].

5.3 Adverse Events Caused by Other Enzymes Used
for Enzyme Replacement Therapy

5.3.1 Tissue Plasminogen Activators

The most frequently seen and potentially serious adverse
event associated with thrombolytic agents is bleeding [148,
149], especially at intracranial, gastrointestinal, retroperi-
toneal, and pericardial sites. In an international randomized
trial (GUSTO) conducted in 1,081 hospitals in 15 countries
and involving 41,021 patients with evolving myocardial
infarction, tPA was compared with streptokinase and hep-
arin (subcutaneous and intravenous). Mortality rates in the
four treatment groups were 7.2 % for subcutaneous

streptokinase and heparin; 7.5 % for intravenous strepto-
kinase and heparin; 6.3 % for tPA and intravenous heparin;
and 7 % for the combination of both thrombolytics with
intravenous heparin. These figures reveal a 14 % reduction
(95 % confidence interval 5.9-21.3) in mortality compared
with tPA. Corresponding rates for hemorrhagic stroke were
0.49, 0.54, 0.72, and 0.94 %, respectively, a significantly
higher incidence for tPA (p = 0.03). For death and dis-
abling stroke combined, the incidence was lower in the tPA
group (6.9 %) than in the streptokinase groups (7.8 %;
p = 0.006) [150]. Combined results from trials conducted
in the late 1980s showed an incidence of stroke of 1.2 % for
patients receiving alteplase and 0.9 % for patients receiving
placebo [151-154]. Intracerebral hemorrhage is a severe
adverse event for tPA therapy for acute myocardial infarc-
tion, but for alteplase, the frequency of intracerebral hem-
orrhage combined with cerebral infarction and subdural
hematoma is comparable to incidences of adverse events
seen with other thrombolytic agents in myocardial infarc-
tion [155]. Use of alteplase to salvage dysfunctional central
venous access devices due to thrombosis was undertaken to
analyze the efficacy and safety of the drug after adminis-
tration of up to 2 mg, which was instilled into the lumen of
the central venous catheter and allowed to remain for up to
2 h. If the device was still occluded, the procedure was
repeated. A total of 1,064 patients with dysfunctional
catheters were treated. Serious adverse events occurring
within 30 days of treatment were gastrointestinal bleeding
(0.3 %), thrombosis (0.3 %), and sepsis (0.4 %). No cases
of intracranial hemorrhage or embolic events were seen
[156]. Intrapleural installation has also produced adverse
reactions to alteplase. For example, in one study where the
enzyme was used in the management of complicated pleural
effusion or empyema, chest pain and bleeding at the chest
tube site were seen in 6 and 2 %, respectively of 120
patients [157]. At least 41 cases of orolingual angioedema
after alteplase administration have been recorded. Although
rare, the condition, characterized by swelling of the upper
lip and tongue, develops within minutes of injection,
causing airway obstruction and breathing problems. These
characteristics of the reaction show a clear resemblance to a
type 1 immediate hypersensitivity anaphylactic-like
response mediated by IgE antibodies [158]. A number of
studies have reported that the development of orolingual
angioedema is associated with the use of angiotensin-con-
verting enzyme (ACE) inhibitors (see, for example, Hill
et al. [159]). Sepsis, venous thrombosis, and allergic reac-
tions are other well-known adverse events resulting from
alteplase therapy [160, 161].

As with other thrombolytics, bleeding is the most
common adverse event seen with reteplase and tenectep-
lase (Table 2). There appears to be no significant difference
in the risk of hemorrhage and stroke between reteplase and
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alteplase, and the risk of stroke (1.2 % for reteplase in
3,288 patients) is similar to that for other thrombolytic
agents [162, 163]. The incidence of intracranial hemor-
rhage for reteplase is ~0.8 %; this increases with age and
elevated blood pressure. Any bleeding, regardless of
severity, is said to occur with an incidence of ~20 %. In a
comparison of thrombolysis achieved with reteplase and
alteplase in patients with acute myocardial infarction, there
was no significant difference in bleedings requiring a
transfusion or in the incidence of hemorrhagic stroke [164].
Chest pain is a common side effect of reteplase, occurring
in more than 10 % of patients. Cardiac events such as
arrhythmias, circulatory collapse, and another heart attack
are seen in 1-10 %, and heart or heart valve damage, blood
clot in the lungs, and hypersensitivity occur in 0.1-1 % of
treated patients. To evaluate the safety of tenecteplase,
3,235 patients with acute myocardial infarction were given
the enzyme as a single bolus (30-50 mg). Total stroke rate
at 30 days was 1.5 %, and intracranial hemorrhage occur-
red in 25 patients (0.77 %). Death, death or nonfatal stroke,
or severe bleeding occurred in 6.4, 7.4, and 2.8 % of
patients, respectively [165]. A comparison of single-bolus
tenecteplase with front-loaded alteplase in acute myocar-
dial infarction revealed an almost identical 30-day mor-
tality rate (6.18 % tenecteplase vs. 6.15 % alteplase),
similar rates of intracranial hemorrhage (0.93 vs. 0.94 %),
and a similar rate of death or non-fatal stroke at 30 days,
but there were fewer non-cerebral bleeding complications
and less need for blood transfusions with tenecteplase
[166]. The similarity in side effects between alteplase, re-
teplase, and tenecteplase extends to the possibility of
allergic reactions including anaphylaxis; the incidence of
such reactions to tenecteplase is <1 %. Other recorded
adverse events to tenecteplase include nausea, vomiting,
fever, hypotension, and a range of cardiac abnormalities.
Expanded lists of side effects for the three tPAs are set out
in the regulatory literature [160, 161, 167-169].

5.3.2 L-Asparaginase

Allergic reactions (including anaphylaxis), pancreatitis,
hyperglycemia, hepatotoxicity, and abnormal liver func-
tion, posterior reversible encephalopathy syndrome
(PRES), CNS dysfunction, and thrombosis are listed as the
most serious adverse events amongst multiple toxic effects
induced by L-asparaginase therapy [170] (Table 2). More
than 30 years ago, L-asparaginase-induced coagulopathy
involving intracranial hemorrhage with thrombosis of the
extremities, immune hemolytic anemia, and abnormal
collagen-stimulated platelet aggregation was described and
discussed [171]. This profound effect on the coagulation
and fibrinolytic systems appears to be the result of drug-
impaired synthesis of proteins, including fibrinogen,
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antithrombin III, protein C, and plasminogen [172]. The
incidence of thrombotic complications is in the range of
3-7 %, usually occurring within days of L-asparaginase
administration [173]. Hypersensitivity reactions to the
enzyme, occasionally fatal, are well-known, especially in
children, where allergic sensitivity can sometimes be
avoided by switching from the E. coli to the Dickeya
(Erwinia) enzyme. The impact of L-asparaginase-induced
hypersensitivity on the duration of survival was assessed in
adults with ALL. Leukemia-free survival did not correlate
with the occurrence of hypersensitivity reactions and, in
general, E. coli L-asparaginase was well tolerated. The
authors concluded that the possibility of L-asparaginase
becoming inactivated by an immune response becomes less
important when secondary treatment with Dickeya enzyme
is available [174]. A comparison of E. coli L-asparaginase
(half-life 26 h) and polyethylene glycol (PEG)-conjugated
enzyme (half-life 5.5 days) for treatment of children with
ALL showed no correlation between L-asparaginase
activity and serum levels. This trial, involving 118 children
[175], ultimately led to FDA approval of pegaspargase for
the first-line treatment of ALL. A recent successful pedi-
atric treatment regimen of multiple doses of intravenous
pegaspargase for adult leukemia patients showed hyper-
bilirubinemia and transaminitis as the most common grade
3/4 toxicities [176]. An interesting combination of two
complications of L-asparaginase therapy was recently
reported in a patient who developed transient diabetes
mellitus with ketoacidosis and acute pancreatitis [177].

5.3.3 Collagenase

Many of the adverse events recorded for collagenase
(Table 2) are associated with the use of the enzyme to treat
Dupuytren’s contracture and Peyronie’s disease. Reactions
occurring in >5 % of patients with Dupuytren’s contrac-
ture include peripheral edema, contusion, injection site
reactions, pain in extremities, and pruritus. In Peyronie’s
disease, the most frequently reported events are penile
hematoma, swelling, pain, and ecchymoses; erectile dys-
functions; and genital pruritus [72, 73, 178-183].

5.3.4 Dornase Alfa

Treatment of 968 adult and child cystic fibrosis patients
with aerosoled recombinant human DNase for 24 weeks
proved to be well tolerated, with only voice alteration and
laryngitis observed more often in the treatment group than
in the placebo group. Even these reactions were mild and
resolved within 21 days. No signs of anaphylaxis were
seen [81]. Adverse events occurring in a 12-week trial of
dornase alfa administered to patients with advanced cystic
fibrosis predominately involved the respiratory system, but
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no overall difference between the test and placebo groups
were seen. Cystic fibrosis-related adverse events such as
chest pain, dyspnea, and hemoptysis occurred with similar
frequency in both groups. No serious adverse events were
recorded. Non-respiratory events that occurred more fre-
quently (>3 %) in the dornase alfa recipients included
fever, rhinitis, pharyngitis, a decrease in forced vital
capacity (FVC), voice alteration, and dyspepsia. Adverse
events involving sputum changes (consistency, color,
increase or decrease) and its mobilization (eg., inability to
bring it up), and deaths during the treatment period, were
similar in the treated and control groups [82]. A controlled
trial of dornase alfa conducted before and after physio-
therapy produced 34 adverse events in 26 of 52 cystic
fibrosis patients. Upper respiratory tract infections caused
by viruses and suppurative lung disease exacerbated by
sputum pathogens accounted for the majority of the events
[83]. Rash, urticaria, abdominal pain, nausea, vomiting,
pyrexia, and headache have also been reported following
dornase alfa therapy [184].

5.3.5 Glucarpidase

A number of studies show that glucarpidase is generally
well tolerated, with no major adverse events requiring
intervention. The most common adverse events reported
from clinical trials and compassionate use experience are
flushing, paresthesia, headache, shaking, hypotension,
nausea and vomiting, tingling fingers, burning of face and
extremities, and a feeling of warmth [185-189].

5.3.6 Ocriplasmin

Two double-blind, phase III clinical trials comparing a
single intravitreal injection of ocriplasmin with placebo
injection in patients with symptomatic vitreomacular
adhesion found a similar incidence of ocular events in the
two groups. Events associated with vitreous detachment,
namely, vitreous floaters, photopsia, injection site pain, and
conjunctival hemorrhage occurred in 68.4 % of eyes
injected with the recombinant enzyme and in 53.5 % of
placebo-injected eyes (p < 0.001). Vitreous floaters
occurred in 16.8 % of the treated group and 7.5 % of the
placebo group. There was no difference in the incidence of
serious ocular events such as macular hole, retinal detach-
ment, or visual acuity [89]. The most commonly reported
adverse reactions (>5 %) in patients treated with ocriplas-
min listed by the FDA [190] are vitreous floaters, con-
junctival hemorrhage, eye pain, photopsia, blurred vision,
macular hole, reduced visual acuity, visual impairment, and
retinal edema (Table 2). A recently published post-mar-
keting safety survey of 2,465 retinal physicians in the USA
that sought responses to questions on the frequency of use

of ocriplasmin and incidences of ocular events received 270
responses concerning 1,056 eyes treated with the enzyme
[191]. Reported incidences of adverse events were as fol-
lows: acute decline in visual acuity, 179 (17 %); develop-
ment of submacular fluid or serous retinal detachment, 108
(10.2 %); dyschromatopsia, 96 (9.1 %); progression of
vitreomacular traction to macular hole, 92 (8.7 %); devel-
opment of retinal detachment, 28 (2.7 %); development of
retinal tear, 21 (2 %); development of afferent pupillary
defect, 19 (1.8 %); electroretinographic abnormalities, 6
(0.6 %); crystalline lens instability, 4 (0.4 %); and vascu-
litis, 3 (0.3 %). Interestingly, only 15.9 % of the physicians
who observed an adverse event had reported the event to the
FDA. There have been a few other important reports in the
post-marketing period on side effects following intravitreal
ocriplasmin, including vision loss that correlated with outer
retinal disruption [192] and darkened vision even though
there were improvements in vitreomacular adhesion and
visual acuity [193]. A somewhat more disturbing case of
acute pan-retinal structural and functional abnormalities
involving visual acuity loss, pupillary abnormality, and
visual field constriction after ocriplasmin suggested to the
authors that the many adverse effects were due to the
widespread occurrence of laminin in the eye and the con-
sequent diffuse protease effect of ocriplasmin throughout
the retina [194].

5.3.7 Pegademase Bovine

Because pegademase bovine is an orphan drug, the rela-
tively small pool of patients and voluntary nature of
reporting adverse events in the post-marketing period
means that clinical experience with the enzyme is still less
than what might be considered desirable (Table 2).
Hypersensitivity reactions have so far not been reported
and a fairly small range of adverse events, including
injection site reactions, headache, and pain, were noted in
early clinical trials [92, 93]. In the first months of a
developing restoration of the immune response, a transient
immune dysregulation may occur. This has seen the
development of cases of thrombocytopenia and hemolytic
anemia, sometimes associated with virus infections or
sepsis [195, 196]. Transient thrombocytosis has also been
reported [197]. The long-term effects of pegademase
therapy are not yet known but it is already clear that, in
some patients, full T-cell immune function is not achieved.
Low T-cell numbers have led to cases of malignancy,
likely reflecting reduced immune surveillance [198].

5.3.8 Pegloticase

The FDA has issued a black box warning for anaphylaxis
and infusion reactions during and after administration of
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pegloticase, and has listed warnings and precautions for
gout flares and the possibility of exacerbation of congestive
heart failure [100]. Other adverse reactions listed by reg-
ulatory agencies are chest pain, contusion or ecchymosis,
nausea, vomiting, nasopharyngitis, and constipation [99,
100] (Table 2). A recently published retrospective analysis
of the FDA Adverse Event Reporting System database
identified 118 cases of adverse events involving pegloti-
case in the USA; 14 were pegloticase-associated cardio-
vascular events; 35 were infusion reactions; 26 were
related to gout; and 11 were cases of anaphylaxis induced
by the enzyme. Cardiovascular events, infusion-related
reactions, gout flares, and anaphylaxis were found to occur
more frequently than statistically expected [199]. An
evaluation of the long-term (up to 3 years) safety of
pegloticase in the treatment of refractory chronic gout
revealed that infusion reactions were the most frequent
adverse event. Reactions were less often seen in patients
receiving biweekly treatment and those who showed a
sustained low urate response [200]. Note that pegloticase is
contraindicated in patients with glucose-6-phosphate
dehydrogenase deficiency (see following section).

5.3.9 Rasburicase

Anaphylaxis to rasburicase and hemolysis and methemo-
globinemia are the subjects of an FDA black box warning
for the enzyme [201]. The latter two events are relevant to
patients with glucose-6-phosphate dehydrogenase defi-
ciency whose erythrocytes are subject to the oxidative
stress of hydrogen peroxide produced during the rasburi-
case-catalyzed conversion of uric acid to allantoin. Met-
hemoglobinemia and/or hemolysis may result from the
production of the peroxide. Consequently, rasburicase is
contraindicated in patients with known glucose-6-phos-
phate dehydrogenase deficiency. There are now a number
of reports of methemoglobinemia and/or hemolysis in
adults and children in the literature, leading to a recom-
mendation to screen patients thought to be at risk [202,
203]. Rasburicase degrades uric acid in blood and plasma
at room temperature, causing interference with the mea-
surement of uric acid. This has resulted in a fourth con-
tribution to the FDA boxed warning for the enzyme, with
the directive to immediately chill collected blood samples
and perform the assay within 4 h of collection. In an
assessment of the safety of rasburicase and a comparison
with allopurinol in adults at risk of tumor lysis syndrome,
adverse events, mainly allergic in nature, were more
common in the rasburicase groups. Most reactions were
grade 1 or 2; no anaphylaxis or grade 4 hypersensitivity
were reported [204]. The most common adverse reactions
(incidence >20 %) occurring in rasburicase-treated
patients with hematologic malignancies are vomiting,
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nausea, pyrexia, peripheral edema, anxiety, headache,
abdominal pain, constipation, and diarrhea (Table 2) [201].

5.4 Antibody Responses to Enzymes

In theory at least, there is always the possibility of an
immune response to enzyme therapy, and this carries with
it the potential to adversely affect both the efficacy and the
safety and perhaps to also influence subsequent treatments.
Immunologically based adverse events may manifest as
anaphylaxis in the form of cardiovascular collapse, bron-
chospasm, angioedema, urticaria, and erythema; as an
infusion reaction; cytokine-release syndrome; an autoim-
mune reaction; a cytotoxic type II and immune complex
type III hypersensitivities; or as delayed cell-mediated type
IV cutaneous hypersensitivities [205]. On the other hand,
as often reported, the presence of antibodies to a particular
protein may have no clinical consequences [206]. Recently,
the FDA issued a draft guidance, Immunogenicity assess-
ment for therapeutic protein products [207], an approach to
evaluating and mitigating immune responses to a thera-
peutic proteins that might affect its therapeutic action.
Attention is drawn to the fact that immunogenicity is
influenced by both product-specific and patient-specific
factors, conclusions borne out by experience obtained with
ERT, especially for patients with lysosomal storage dis-
eases. In 2003, Brooks et al. [208] drew attention to studies
that collectively showed that antibody responses to
enzymes used in ERT are variable. Percentages of patients
with an antibody response to therapy for Gaucher disease,
MPS I, MPS II, MPS VI, Fabry disease, and Pompe disease
were 15, 91, 11, 100, 89, 55, and 66 %, respectively. Most
of the antibodies were of the IgG and not the IgE class. It
was further pointed out that the relationship of enzyme
pharmacokinetics to antibody production was not clear and
that, over the long-term, some patients develop immune
tolerance with the adverse effects of antibodies becoming
of less concern. The authors concluded that most patients
with lysosomal storage diseases receiving ERT who
mounted an immune response continued therapy, some-
times with premedication and/or a reduced infusion rate.
The production of antibodies inhibiting the therapeutic
effect appeared to be a rare occurrence, but it was sug-
gested that the occasional high-titer, high-affinity anti-
bodies might be important. Later, enzyme therapy with
either agalsidase alfa or beta for Fabry disease revealed
antibodies in males occurred more often to agalsidase beta
[38] and that, unlike males, females did not develop
detectable antibodies to the enzymes [209, 210]. In another
(long-term) study, 40 % of adult females developed anti-
bodies only to agalsidase beta [211]. Agalsidase antibodies
that developed in male Fabry disease patients were found
to frequently interfere with the urinary excretion of GI3
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(deacylated Gb3 or globotriaosylceramide) [210], a gly-
cosphingolipid more elevated in plasma than Gb3 [212].
However, a retrospective analysis of data from 134 patients
of the potential impact of IgG antibodies to agalsidase beta
on the efficacy of ERT for Fabry disease failed to show a
correlation between antibody titers to the enzyme and the
onset of clinical events. In addition, no significant associ-
ation was found between IgG titers and elevated levels of
Gl3, but there was a suggestion that clearance of GI3 may
be impaired in patients with high antibody titers [213]. The
questions of the presence of antibodies and the reduction of
Gl13 in plasma and urine following infusion of agalsidase
(alfa and beta), and resultant treatment outcomes, were
further examined in a long-term study. Anti-agalsidase
antibodies remained for up to 10 years of ERT, and their
presence was associated with a subdued decrease in plasma
Gl3 and a negative effect on urinary Gb3 reduction. The
authors concluded that these results “may reflect worse
treatment outcome” [214]. Women with Fabry disease
proved more tolerant to agalsidase beta than males with the
disease (58 vs. 11 %); most men developed antibodies to
the enzyme (73 %), whereas most women did not (12 %).
Men who developed anti-agalsidase antibodies appear to be
more likely to experience infusion reactions (26 %) than
women (11 %) and those who are seronegative [215].
Results from clinical trials on infantile-onset Pompe
disease showed 34 of 38 (89 %) patients had IgG anti-
bodies to alglucosidase alfa, and there were indications that
those with high titers may experience reduced clinical
efficacy. In late-onset disease, a high proportion of patients,
if not all, developed antibodies and did so within the first
3 months. There appeared to be no associated inhibition of
enzyme activity or adverse events [114, 115]. Approxi-
mately 15 % of patients with Gaucher disease developed
IgG antibodies to imiglucerase in the first year of therapy,
but antibodies rarely developed after 1 year of therapy.
Almost one-half of the patients with antibodies to imiglu-
cerase experienced symptoms of hypersensitivity [28]. In
two studies, IgG antibodies were detected in 53 and 14 %
of patients treated with taliglucerase alfa, but the relevance
of these antibodies to the enzyme’s efficacy and to adverse
events such as infusion reactions remains unclear [122].
Only about 4 % of patients receiving velaglucerase
developed antibodies to the enzyme. These developed late
in a 1-year trial, were of the IgG class, and were neutral-
izing in action [28]. Most patients with MPS I who
received laronidase developed antibodies by week 12
(mean ~ 53 days). During weeks 1-12, plasma clearance
of enzyme increased in proportion to antibody titer, but by
week 26 clearance was back to week 1 levels in spite of
sometimes elevated antibody titers [127, 128]. MPS II
patients aged <7 years with gene deletion, rearrangement,
or different mutations experienced a higher incidence of

anti-idursulfase antibody formation than patients with
missense mutations. One-half of patients aged >5 years
given the enzyme developed anti-idursulfase antibodies,
and the incidence of hypersensitivity reactions was higher
in patients with the antibodies. Approximately 40 % of the
antibody-positive patients had antibodies that neutralized
enzyme activity or cell uptake of enzyme [134]. Trials have
shown that, by week 4 of treatment of MPS IVA patients
with elosulfase alfa, antibodies developed in all patients
and antibody titers are maintained or increased thereafter
during therapy. All patients had antibodies that inhibited
binding of the enzyme to the mannose-6-phosphate
receptor, but titers were not assessed, thus not allowing an
examination of any association between neutralizing anti-
body and treatment [137]. Clinical studies showed that
98 % of MPS VI patients treated with galsulfase developed
complementary antibodies within 4-8 weeks of treatment.
Evaluation of sera for potential relationships of antibodies
to clinical outcomes revealed no clear and consistent
relationship between antibody titers on the one hand and
neutralizing antibody, infusion reactions, IgE antibodies,
and urinary glycosaminoglycan levels on the other [138,
139].

With regard to tissue plasminogen activators, no re-
administration studies or any other studies for immunoge-
nicity or tolerance have been undertaken with alteplase,
reteplase, and tenecteplase. Three of 487 patients tested for
anti-tenecteplase antibodies had a positive titer at 30 days
[169].

Approximately one-quarter of patients treated with
L-asparaginase from E. coli develop antibodies to the
bacterial enzyme. The incidence of antibodies is higher
after the second exposure, hypersensitivity reactions occur
more often in patients with antibodies, and reactions may
be associated with increased clearance of enzyme. Data are
inadequate on neutralizing antibodies, but higher levels
appear to correlate with decreased enzymatic activity
[170]. In a study of children with ALL, high titers of
antibody were associated with low E. coli L-asparaginase
activity but not with pegasparaginase activity [175].

At 30 days after the commencement of administration of
collagenase to patients with Dupuytren’s contracture, high
incidences of an antibody response were seen to AUX-I
(92 %) and AUX-II (86 %). High titers to both proteins
were recorded after the fourth injection. Neutralizing
antibodies to AUX-1 and AUX-2 were detected in 10 and
21 % of patients, respectively, but no correlations of anti-
body frequency, titers, or neutralizing capacity to clinical
response or adverse events were seen [178].

Fewer than 5 % of patients treated with dornase alfa
have developed complementary antibodies, no patients
have developed IgE antibodies to the enzyme, and there
have been no reports of serious allergic reactions to
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dornase alfa. Importantly, improvements in pulmonary
function still occurred, even after the appearance of anti-
bodies [184].

In clinical studies reported by the FDA, 16 of 96 patients
(17 %) developed anti-glucarpidase antibodies following
administration of the recombinant carboxypeptidase; 12
patients developed antibodies after a single injection, while
the remaining four patients received two doses [188].

There appears to be no reports of hypersensitivity
reactions to pegademase bovine injection, although anti-
bodies are produced to the agent in some patients. Anti-
bodies have been detected 3-8 months after the beginning
of therapy, and a small percentage of the patients with
antibodies display enhanced enzyme clearance [195]. After
5 months of therapy, one of 12 patients demonstrated
enhanced clearance of plasma pegademase bovine that
correlated with the appearance of antibody that reacted
with the bovine enzyme and with adenosine deaminase. In
what was essentially an attempt to induce tolerance, the
patient was given an increased dose of enzyme intramus-
cularly twice a week instead of weekly. No adverse effects
resulted, plasma levels of adenosine deaminase were
restored, and the patient was returned to weekly doses after
4 weeks [92].

Anti-pegloticase antibodies were detected in a high
proportion of patients (89 % [99]) and 92 % [100]) given
the enzyme. High antibody titers were detected 3 weeks
after the beginning of treatment, indicating the presence of
IgM [99]. In some studies, high titer antibodies were
associated with failure to maintain pegloticase-induced
normal uric acid levels and showed some correlation with a
higher incidence of infusion reactions [100]. In a study of
the relationship between efficacy and antibody develop-
ment in patients treated for chronic refractory gout, anti-
pegloticase antibodies were determined and antibody titers
were examined for possible relationships with serum
pegloticase, uric acid concentrations, and risk of infusion
reactions. Patients’ diminished responsiveness to pegloti-
case was found to be associated with high titers of antibody
that increase clearance of the enzyme, with the consequent
failure to decrease uric acid levels. Lack of response to the
enzyme also saw an increased risk of infusion reactions
[216].

Anti-rasburicase antibodies may develop and inhibit
enzyme activity in patients given the drug. Of pediatric
patients with a hematologic malignancy, 11 % developed
antibodies in clinical trials within 1 month of first admin-
istration, while trials with adults with hematologic malig-
nancies showed antibodies in 18 %, enzyme-neutralizing
IgG antibodies in 8 %, and anti-rasburicase IgE antibodies
in 6 % of patients from day 14 to 24 months following five
daily doses of rasburicase [201]. However, in a phase III
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study comparing rasburicase with allopurinol in controlling
plasma uric acid in pediatric patients with hematologic
malignancies, the enzyme did not prove to be highly
immunogenic. Overall, the incidence of anti-rasburicase
antibodies was low, with only 2 % positive for enzyme-
neutralizing antibodies and no patients positive for IgE
antibodies to rasburicase [204].

Immunogenicity has not yet been evaluated for
ocriplasmin.

Although it seems to be assumed that PEG is not
immunogenic and non-antigenic, some pegylated agents
elicit anti-PEG antibodies in animal studies, and anti-PEG
may limit the therapeutic efficacy of pegasparaginase in
ALL and of pegloticase in patients with gout. It has
therefore been suggested that the immunogenicity and
antigenicity of approved pegylated compounds be carefully
examined in humans [217].

6 Living with Enzyme-Replacement Therapy

As can be readily imagined, living with ERT for a lyso-
somal storage disease and the medical interventions it
necessitates, is a major part of patients’ and their families’
lives since ERT is time consuming, costly, disruptive due
to required hospital visits, and distressing because of many
associated uncertainties associated with the disorders. With
these points in mind, a recent exploration of the experi-
ences of young patients and their families in Australia
examined the impact of receiving ERT for a lysosomal
storage disorder on the health-related quality of life of
patients with Pompe disease, Gaucher disease, or MPS
types I or II. Findings highlighted the challenges and
coping strategies of living with the disorders and the life-
time treatments required [218]. Communication with
family members and professionals was deemed especially
important, and interventions to deal with the disease were
given high priority. On the positive side, some improve-
ments in physical and psychosocial well-being were noted,
and the importance of positive thinking and ways to
manage uncertainty were described.

In a survey published in 2014 by the European Gaucher
Alliance, an umbrella group established in 1994 to support
patient organizations for the disease, valuable information
was obtained in response to important questions such as
numbers affected, specific treatments, availability of and
access to treatments, support for patients, patient organi-
zations, and funding sources [219]. Inequalities in access to
treatment in different countries were revealed; for example,
6 % of patients in 20 countries were untreated because of a
lack of funding and 3 of 27 countries relied entirely on
humanitarian aid. Main concerns expressed were
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difficulties associated with access to treatment, reim-
bursement, specialist treatment centers, home infusions,
and doctors with expertise in Gaucher disease. The survey
revealed that funding was almost always limited to one or a
very few sources, and two member organizations had no
external funding source at all. Of great concern is the fact
that awareness of and expertise in Gaucher disease within
the medical community is low, sometimes resulting in long
delays or gaps in receiving a correct diagnosis and appro-
priate medical treatment. Amongst rare diseases, Gaucher
disease at least has the relative good fortune of having a
number of fairly effective and specific non-neuronopathic
treatments available. Imiglucerase is the most widely
employed treatment, being used in 64 % of patients, fol-
lowed by velaglucerase alfa (23 %) and taliglucerase alfa
and miglustat (each 4 %). Of great concern for now and the
future is the high cost of ERT for the lysosomal storage
diseases. Current treatments for Gaucher disease for
example, depending on the patient’s weight and dosage, is
estimated to be US$200,000-380,000 or about
€154,000-292,000 per patient per year [219]. Often with
deteriorating economic conditions, it is hard to see how
patients, and most countries, can afford such seemingly
ever-increasing, and already high if not unaffordable,
medical costs.
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