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Introduction

The field involving the application of enzymes is expanding every day. We now find
that enzymes are used in many branches of our economy (food, textiles, pulp and
paper, electronics, medicine, chemistry and so forth), mainly as tools for specific
biotransformations, for diagnostic and quality control, and as pharmaceutical drugs.

To develop and optimize the use of enzymes in the next decade, many problems
have to be resolved. They concern:

1. the instability of the structure and the activity of the enzyme under vartous
operational conditions;

2. the availability of the enzyme at a reasonable cost;

3. the obtention of a very specific biotransformation capacity; and

4. the far too rapid clearance of the enzyme in biclogical fluids.

Many research groups are focusing on these concerns, and approaches such as genetic
and protein engineering, as well as engineering of the microenvironment of the
enzyme, are presently privileged solutions. These points have been reviewed recently
by many authors (Mozhaev and Martinek, 1990; Gianfreda and Scarfi, 1991; Gupta,
1991; Mattiasson and Adlercreutz, 1991; Roig and Kennedy, 1992; Janecek, 1993;
Mozhaev, 1993). An enzyme should be considered as a natural ‘green product’ which
is fully biodegradable and safe for the environment. It is easy to believe that the
enzyme will become a very attractive tool in the future as the tendency of consumers
to request more natural and biodegradable products and processes will be enforced.

Abbreviations: ADA. adenosine deaminase; Ade, adencsine; ALL, acute lymphoblastic leukaemia; AML,
acute myelobiastic leukaemia; ASNase, asparaginase; dAdo, 2-deoxyadenosine: dATP, deoxyadenosine
triphesphate: BSA, bovine serum albumin; HRP, herseradish peroxidase; mPEG, monomethoxy
polyethylere giycol; NMR, nuclear magnetic resonance; OPA, o-phthaldehyde; PEG, polyethylene
glycol; rIL-2. recombinant interlenkin-2: SDS/PAGE, sodium dodecyl sulphate polyacrylamide gel
electrophoresis; SOD, superoxide dismutase; TNBS, trinitrobenzenesulphonic acid.
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This chapter will focus on the current biomedical applications of enzymes and their
polyethylene glycol adducts, as well as potential future developments.

ENZYMES AS PHARMACEUTICAL DRUGS

For a long time in medicine, enzymes have been used as diagnostic tools (Boehringer
Mannheim, 1998-89), as prognostic tools and as disease markers {Guilbault, 1983;
Schwartz, 1992). More recently, enzymes have found applications as a new class
of therapeutic agents {(Klausner, 1983; Kiein and Langer, 1986; Goldberg, 1992
Maeda et al., 1992 Smith ef al., 1993). This new emerging field, named Enzymo-
therapy, should rapidly expand in the next decade when problems related to their
use will be solved. Enzymes may well supply a new class of very important
biological drugs. Table I gives a non-exhaustive list of enzymes currently in
clinical use, as well as future prospects as established treatments. For the sake of
clarity, Table I is subdivided on the basis of the main area in which enzymes can
be useful, such as:

t. agents for replacement therapy in inherited genetic and metabolic diseases;

2. scavengers to limit the tissue damage during the course of inflammatory diseases
and various ischaemia/reperfusion injuries;

3. specific detoxification agents during acute chemical poisoning;

4. temporary palliative agents during an acute organ failure;

5. agents for corrective treatments; and

6. antineoplastic agents.

Points 1 and 6 will be discussed in further detail in this chapter, using three case
examples.

It is well known that several major problems limit the use and decrease the
efficiency of enzymes in the clinic. One of these is the immunological reaction
frequently observed following multiple injections of foreign enzymes, which can lead
to antibody formation that neutralizes the enzyme or that can also lead to a severe
anaphylactic shock. In addition, the half-life of the majority of enzymes in the
bloodstream is impaired by rapid glomerular filtration and non-specific absorption,
by the endothelial system and by the endoplasmic reticulum. The lack of specificity
in targeting the enzyme to ‘selected” cells or organs requires that higher doses of
enzyme need to be used, directly affecting the cost of the treatment. Therefore, to
overcome these limiting factors, which are acting against the expansion of the use of
enzymes in humans, an approach consisting of the surface modification of clinically
useful enzymes was proposed. These enzymes would be grafted with biocompatible
potymer chains, with the aim of diminishing their immunogenicity and increasing
their plasma half-life. During the past 20 years this has been considered as the best
performing strategy, for which polyethylene glycol is the most successfully used and
the most widely studied biocompatible polymer. Finally, to reduce the high cost
associated with the use of pure enzymes in the treatment of patients, a solution should
be found by establishing better multidisciplinary collaboration between enzymologists,
clinicians and genetic engineers, that will allow the design of enzymes with both
improved activity and targeting capacity.
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Polyethylene glycol adducts

Many types of polymers have been tested for this purpoese but the monomethoxy
polyethylene glycol of molecular mass of 5000 gives the most spectacular results in
terms of increasing the biological half-life of the enzyme in blood and limiting the
immunological response. Table 2 describes the changes in the characteristics of
macromolecules when they are covalently modified by PEG. Some most noteworthy
examples of these positive changes are:

1. the increase in water solubility, which is not a major problem with protein;

2. the increase in the resistance of the modified protein to protease action, which is
of great interest for the lack of antibody response;

3. the decrease of immunogenicity due to masking of the antigenic sites of the
protein by the polymer chains; and, finally,

4. the modification of its biochemical behaviour and its pharmacokinetics.

Table 2. Change in the characteristics of molecules or macromelecuies modified with covalently
beund polyethylene glycol

What is increased? What is decreased? What else?

Water solabiiity Immunogenicity Antigenicity is masked
Resistance against proteases Toxicity Pharmacokinetics are modified
Celtular influx Blood clearance

Affinity to the cellular membrane Fouling

Chemical and physical stability
Biocompatibility
Hydrodynamic volume

CHEMISTRY OF PEG

In order to achieve the surface derivatization of an enzyme by covalent addition of
polymer chains, many chemical procedures have been developed to obtain
polyethylene glycol (PEG) and monomethoxy polyethylene glycol (mPEG) with
reactive functional groups at their extremities. The chemistry of these functional
groups, which can react with free amino, carboxylic or sulphydryl groups of the
amino acids at the surface of an enzyme under mild agueous conditions, has been
reviewed recently (Harris, 1985; Harris et al., 1992). The functionalization of PEG
with the aim of specific cross-linking reactions with side-chains of different amino
acids has been discussed in detail (Zalipsky and Lee, 1992). As an example of a
reagent specific for amino acid side-chain residues, the formation of a PEG-thiol
protected with a 4-thiopyridone derivative {Woghiren, Sharma and Stein, 1993)
allows specific derivatization of cysteine residues of the protein.

The covalent reaction or attachment of a reactive group to the hydroxyl functions
of PEG was successfully achieved with 1,1'-carbonyl diimidazole (Beauchamp et al.,
1983), cyanuric chlortde (Nishimura er al., 1983; Jackson et af., 1987), 2.4,5-
trichlorophenyl chloroformate or 4-nitrophenyl chloroformate (Veronese et al.,
1983; Fortier and Laliberté, 1993) with or without a peptide spacer arm of various
lengths (Sartore et al., 1991a), the Moffatt—Swern reaction (Wirth ef al., 1991), tresyl
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chloride (Delgado er al., 1990), and by various N-hydroxysuccinimide derivatives
{Anderson and Tomasi, 1988; Zalipsky, Seltzer and Nho, 1991}, such as succinimidyl
active ester (Knauf ef al., 1988) and succinimidy! carbonate (Zalipsky, Seltzer and
Menon-Rudolph, 1992) or with 4-fluoro-3-nitrobenzoic acid (Ladd and Snow, 1993).
The advantage of using 4-fluoro-3-nitrobenzoic acid is that the addition of PEG on to
the protein surface can be followed quantitatively.

Recently, the pegylation of peptides during their solid-phase synthesis has been
performed successfully (Lu and Felix, 1993). It should aiso be mentioned that PEG
addition is not only limited to enzymes and proteins. Various small drug-PEG adducts
such as doxorubicin (Caliceti er al., 1993), vitamin E (Sokol et al., 1993),
acetominophen and other drugs (Zalipsky, Gilon and Zilkha, 1983), and various
peptide-PEG adducts such as interleukin-2 (Katre, Knaunf and Laird, 1987; Balemans
et al, 1993; Ofosu-Appiah et al, 1993), hirudin (Zawilska et al,, 1993) and
granulocyte-macrophage colony-stimulating factor (Kniisli et al., 1992), have been
synthesized with success.

SEPARATION AND CHARACTERIZATION OF PROTEIN-PEG ADDUCTS

One of the most difficult tasks of PEG technology is related to the determination of the
number of PEG chains added on to the surface of the proteins or enzymes and to the
purification of the derivatized enzymes. This should represent a crucial step for the
approval of the innocuity of the product by competent authorities. For the characteri-
zation of the preparation, several techniques were developed to evaluate the molecular
weight of the protein-PEG adduct, with the aim of deducing the number of PEG
chains per protein. Gel filtration using aqueous buffer, with or without organic
solvent modifiers, as well as SDS/PAGE electrophoresis failed in the majority of
cases to determine the molecular weight of the preparation. Explanations such as the
entanglement of PEG in the PAGE matrix (Abuchowski er al., 1977; McGoff,
Baziotis and Maskewicz, 1988) and insulation of the protein from the electric field by
PEG (Bode, 1976), as well as a dramatic increase in the hydrodynamic volume of the
modified protein or enzyme, have been considered responsible for the lack of
electrophoretic mobility in SDS/PAGE electrophoresis and for the increase of the
observed resident time during gel filtration of PEG-modified protein.

A denaturing buffer composed of 8 M urea was used for gel filtration chromatog-
raphy of various horseradish peroxidase PEG adducts (Fortier and Laliberte, 1993).
The aim was to decrease the availability of water and to reduce hydrogen interactions,
thus allowing the separation of the modified proteins. During the chromatographic
analysis of eight different adducts of horseradish peroxidase (HRP) prepared with
PEG of molecular masses varying between 750 and 35 000, it was observed that the
peak width of preparations of HRP increased with the molecular mass of PEG adducts
faster than predicted by the retention time. The increase of the peak width according
to the molecular mass of PEG was explained in part by the heterogeneity of the
commercial preparation of HRP used and by the polydispersity of the PEG, which is
more marked with high molecular mass PEGs. This was in agreement with the
conclusion of the experimental work of Kunitani et al. (1991} who showed that
protein—-PEG adducts should be regarded as a homogeneous distribution of molecular
weights as a function of the polydispersity of PEG. Contamination of monomethoxy
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polyethylene glycol by polyethylene glycol (Selisko, Delgado and Fisher, 1993)
often leads to aggregation of the protein and to the misinterpretation of the molecular
mass of the protein-polymer adduct.

It should be kept in mind that, due to its random coil structure, a polyethylene
glycol with a molecolar mass of 20 000 has a hydredynamic volume equal to a protein
of about 70 000 Da (based on its viscosity) {Tam and Tremblay, 1991). The increase
in hydrodynamic volume has been well documented by a light-scattering study
performed on native superoxide dismutase (SOD) and on modified SOD-mPEG,
{McGoff, Baziotis and Maskewicz, 1988). In this study, it was demonstrated that the
apparent molecular diameter of native SOD increased from fess than 3 nm to 13.2 nm
when modified with mPEG with a molecular mass of 5000.

Separation of the PEG-modified protein from the unreacted PEG is a difficult task,
mainly because PEG has a random coil structure which is well hydrated in aqueous
solution (Bailey and Koleske, 1967). It has been demonstrated that ultrafiltration
techniques can be useful for small molecular masses of PEG, but in the presence of
high molecular masses of PEG (i.e. >5000) it is very difficult to separate unreacted
PEG from protein-modified PEG, as was recently described in an extensive study by
Lentsch and co-workers (Lentsch, Aimar and Orozco, 1993). They showed that,
depending on the molecular mass of PEG in a bovine serum albumin (BSA) solution,
itis difficult to increase the transmission of PEG through the ultrafiltration membrane
without increasing the fouling of BSA at the membrane surface. They underlined the
importance of a thick channel (thickness of the membrane) and a low cross-flow to
enhance the PEG concentration polarization in order to eliminate PEG from the
filtration solution.

One possible strategy which can enhance the ultrafiltration of PEG is based on the
reduction of its hydrodynamic volume under conditions that are not detrimental to the
activity of the modified enzyme. This can be obtained, as we have demonstrated
(Fortier and Laliberté, 1993} by performing the ultrafiltration in the presence of 0.65
M potassium sulphate which is a kosmotrope salt (Chicz and Regnier, 1990), leading
to a reduction in the viscosity of the PEG solution (Bailey and Koleske, 1967).
Sulphate is one of the best kosmotrope salts and it helps to stabilize the enzyme or
protein. Its use results in the dehydration of the PEG coil which then collapses, leading
to a reduction in its hydrodynamic volume. This filtration procedure was evaluated
and it was shown that the presence of this salt enhanced the efficiency of the
ultrafiltration process by a factor of 2 to 3 times. Under these conditions, the pressure
and the flow of the ultrafiltration device remained constant throughout the experi-
ment, and a membrane with a smaller molecular weight cut-off was used to avoid the
loss of biological material.

To address the problem of determination of the number of chains of PEG added to
the surface of a protein, several techniques have been developed during the past 3
years to replace the classical speclrophotometric assay based on the reaction of the
free amino groups of the protein with trinitrobenzenesulphonic acid (TNBS assay)
(Fields, 1971, Snyder and Sobocinski, 1975) or the spectrofluorometric assay using
fluorescamine {Stocks ef al., 1986). One technique consists of the addition of an
amino acid spacer, such as an unnatural amino acid such as norleucine, between the
protein and the PEG. The quantity of norleucine found by amino acid analysis is
proportional to the number of chains added to the protein surface (Sartore er al.,
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1991b). These authors have also shown, using seven different proteins modified by
PEG to various degrees ranging from 10to 80%, that TNBS and OPA (o-phthaldehyde)
procedures that allow guantification of free lysine amino groups at the surface of the
protein overestimated the number of amino groups that reacted with PEG compared
1o the amount of norleucine detected. Recently, the use of monomethoxy polyethylene
glycol esters of 4-fluoro-3-nitrobenzoic acid enabled the addition of PEG on to the
protein surface to be followed quantitatively by fluorescence (L.add and Snow, 1993).
More sophisticated methods were also elaborated, such as analysis of the protein
adducts by nuclear magnetic resonance (NMR) (Jackson er al., 1987) or analysis by
mass spectrometry (Vestling et al., 1993).

FACTORS AFFECTING THE CATALYTIC ACTIVITY OF AN ENZYME DURING PEG
DERIVATIZATION

Table 3 summarizes the factors that can affect the catalytic activity of a biological
macromolecule submitted to surface derivatization using activated PEG. Table 4
shows a compilation of various enzymes and different derivatization procedures
along with the percentage modification and the residual activity of the various
enzyme~PEG adduct preparations. One of the first problems encountered during the
derivatization of an enzyme is to select the PEG reagent that will minimize the loss of
residual activity versus the number of polymer chains added. Strong and non-specific
reagents, such as the mPEG-triazine ether derivative obtained by activation of mPEG
with cyanuric chloride, often lead to a majority of enzyme derivatives with low
specific activities. Many examples are given in Tuble 4, such as adenosine deaminase
which has a residual activity for adenosine of 28% when cyanuric chloride is used to
pegylate 40% of the lysyl residues. This is compared to a residual activity of 78%
when a carbonyldiimidazole reagent is used to modify more than 80% of the tysyl
residues. For other enzymes, such as catalase or superoxide dismutase, varying results
have been obtained with the same reagent for the same level of modification. These
variations can be related to the purity of the reagent and to the conditions of the
reaction. A classical example based on the derivatization of alkaline phosphatase
{Yoshinga and Harris, 1989) to a similar percentage of modification by different
reagents gave varying residual activities. In this example, the succinimidyl-succinate
PEG derivative acts very well, giving 61-79% modification with a small loss of
specific activity of less than 10%. This is far better than the result obtained with the
cyanuric chloride-PEG derivative. It was shown with some reagents, such as tresyl-
chloride or cyanuric chloride-activated PEG, that the PEG adduct can be reacted with
different functional groups of the protein, leading to denaturation. It became very
difficult, when using the trinitrobenzene sulphonic acid assay, to extrapolate the
number of PEC chains added because the assay does not account for addition of PEG
to carboxyls, sugars or tyrosine due to the strong reactivity of this PEG derivative.

Another factor is related to the availability and the number of functional groups in
the protein and their positioning with respect to the substrate fixation site and to the
catalytic site. This can explain why some proteins such as catalase and superoxide
dismutase give high residual activity after extensive modification, while others, such
as phenylalanine ammonia lyase and uricase, lose most of their catalytic activity with
minimal modification.
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Table 3. Factors that affect the activity of an enzyme during its modification by polyethylene glycol

[.  The coupling reagent bound to the PEG that reacted with the protein, they range from mild type
{phenylcarbonate) to strong type (cyanuric chloride)

The molecular mass of the PEG, from M 750 to 100 000

The number of functional groups of PEG (monomethexy or not, induced some polymerization)
The number of chains of PEG added to the surface of the enzyme

The functional group of the enzyme that would be derivatized. such as SH, NH,, COOH, sugars
6. The stability of the chemical link

Fhe reaction conditions, i.e. temperature, pH. co-solvent, etc.

El bl

~

As the importance and the usefulness of PEG adducts has increased during the past
decade, the chemisiry of PEG activation has attracted the attention of many organic
chemists. A variety of chemical reagents specific for different functional groups of a
protein are now available, and their reactions can be carried out in very mild aqueous
conditions that are not detrimental to enzyme activity. The number of chains as weli
as the length of the PEG chain added to the surface of an enzyme can modulate the
specific activity as well as the specificity of the enzyme for its substrate. For example,
horseradish peroxidase modified with 3-4 PEG chains shows an increase in its
specific activity towards phenylenediamine (Table 4). However, enzymes such as
batroxobin, ribonuclease, lysozyme, metalloprotease Vibrio and other proteases lose
their capacities to transform and to hydrolyse their natural high molecular weight
substrates. This is due to steric hindrance induced by the PEG chain around their
catalytic site that does not allow the macromolecular substrate to reach the catalytic
centre. In the majority of cases, these modified enzymes are still very active in the
presence of small synthetic substrates.

Another important factor that should be taken in consideration when performing
derivatization of proteins is the durability of the chemical link between the protein and
the PEG. For an in vive utilization, which requires a long circulation time of the
modified enzyme, a stable bond between the enzyme and the PEG is needed. To
achieve this, an urethane bond is preferable to an ester hond which is more labile,
having a half-life in blood of about 8 hours. Zalipsky and Lee (1992) have discussed
the subject in a recent review paper.

The derivatization of an enzyme with PEG should be optimized in order to obtain
a modified enzyme with high activity and with specific properties such as non-
immunogenicity, high serum residence time, decrease in susceptibility to proteolysis
and so forth. The user should therefore take into account the stability of the protein in
the buffer at the pH at which the reaction will be carried out, to the functional group
of the protein that will be modified, as well as to the number of chains that should be
added to it. There are not enough detailed studies on the role of the PEG chain-length
(Laliberté, Gayet and Fortier, 1994), on the nature of the functional group to use, on
the ideal degree of modification to reach, versus the molecular weight of the protein
and the number of available NH, groups, to enable the establishment of a general
procedure. Thus, each protein is a unique case for which the reaction, the percentage
of modifications and the choice of reagent should be optimized in a specific manner
in order to take advantage of this technology.
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Behaviour of enzyme-PEG adducts

As adirect consequence of PEG modification of the surface of an enzyme, the enzyme
is more resistant to various denaturing conditions (pH, elevated temperature) as was
demonstrated with horseradish peroxidase (Fortier and Laliberté, 1993; Laliberté,
Gayet and Fortier, 1994). The enzyme is also resistant to the action of proleases, a
behaviour which is important for decreasing the immunogenicity of the protein. The
plasma half-life of the enzyme is markedly increased. This will be seen below.

RESISTANCE TO PROTEASES

As was previously discussed for biomaterial covered with grafted PEG chains,
repulsion of proteins fo the surface results from the high segmental flexibility of the
PEG that confers a strong mobility to the chain resulting in a high degree of steric
exclusion (Lim and Herron, 1992). This explains in part why proteins, platelets and
cells do not adhere on to PEG-treated materials (Kishida et af., 1992; Amiji and Park,
1993; Llanos and Sefton, 1993). Similar reasons could explain why large substrates
are not able to diffuse to the active site of the enzyme and why proteases cannot access
the proteineous structure of a modified enzyme to hydrolyse peptide bonds. This
proteolytic-resistant characteristic was demonstrated for several different proteins
and enzymes (Kondo er al., 1989; Sada et al., 1991; Francis, Delgado and Fisher,
1992). The decrease in immunogenicity could be related to the lack of accessibility of
the antigenic epitopes of the protein covered by PEG, which is a non-immunogenic
polymer. It has been observed frequently that the protein~PEG adduct does not react
with the antibody directed against the native protein (Abuchowski et al., 1977; Sehon,
1992; Katre, 1993). In addition, without a complete Freund adjuvant, it is not possible
to obtain antibody against PEG alone, except for those with very high molecular
masses (Sehon, 1992). In the same manner, as the protein is more resistant to
proteolysis, it is reasonable to think that when a modified protein is phagocytosed by
macrophages, no elicitation of the humoral response occurs as there is no digestion of
the modified protein. Thus, no antigen can be presented by the macrophage to the
lymphocytes. There is no precise scientific explanation of why a modified protein
cannot induce a humoral response, nevertheless the fact remains that the higher the
number of PEG chains added at the surface, the lower are the possibilities of obtaining
antibody. This phenomenon was observed for PEG of molecular mass higher than

1800.

BLOOD CLEARANCE

Modification of therapeutic proteins, enzymes or drugs with polyethylene glycol of
various molecular masses offers several advantages, as mentioned in Table 2. One of
these is related to the increase in serum residence time of the protein adducts when
compared to the native proteins or enzymes. For example, Table 5 shows the serum
half-lives, in hours, of asparaginase and asparaginase—polyethylene glycol from E.
coli in various species and as a function of the type of administration of the injection.
In humans, the half-lives of asparaginase and asparaginase-PEG adducts are 7-8
hours and 384-600 hours, respectively, when injected intravenously (Park er al.,
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1981). Numberous other examples can be found in recent review papers on the
pharmacology and the pharmacokinetics of protein-PEG adducts (Francis, Delgado
and Fisher, 1992; Zalipsky and Lee, 1992; Katre, 1993).

Table 5. Serum half-life (hours) of asparaginase or asparaginase-PEG adducts from E. coli
following the administration of injection in various species

Species Injection ASNase ASNase-PEG Refereaces
Human ™ 30 144 Asselin er al. (1993)
™M 33-43 - Ho, Yap and Brown (1981)
v 7-8 354-600 Park et al. (1981)
v 729 - Ho, Yap and Brown (1981)
Rhesus monkey M 146 - Berg er al. (1993)
Dog 1A% 24 ? Wada et al. (1990)
Rabhit ? 20 144 Ho et al. (1988)
Rat iP 5 >72 Wada er al. (1990)
Mouse iP 5 91 Abuchowski et al. (1984)

ASNase, asparaginasc; M, intramuscular; [P, intraperitoneal; IV, intravenous.

The increase in the half-life of a protein is of clinical importance because the
therapeutic protein having a high 7, in blood will maintain a therapeutic dosage
during a longer time. This will reduce both the amount of enzyme-PEG adducts to be
injected and the frequency of injections. Consequently, the therapeutic index will be
higher for a modified protein than for the native one. This will also influence the cost
of the treatment. As the modification of the surface by addition of PEG increases
markedly the molecular mass and the hydrodynamic volume of the protein, the
glomerular filtration of this modified protein is reduced, based on a molecular mass
cut-off for the glomerular filtration of the protein of about 70 kDa.

Experiments conducted with rIL-2 (recombinant interleukin-2) have shown that
the PEG adducts coniribute to a decrease in renal clearance {Katre, Knauf and Laird,
1987; Knauf er al., 1988) without affecting its antitumoral activity (Balemans et al.,
1993). The reduction of the renal clearance will favour the elimination of the protein
adduct by the endothelial reticutuin or by endocytosis, but at a rate of disappearance
that will follow a model of second-order decay, as was demonstrated for various
protein adducts. Effectively, a rapid phase is observed and this is related to a rapid
endocytosis of the protein adduct, followed by the saturation of this system. A slow
disappearance of the protein adduct is then observed and is probably the resuit of
unspecific absorption. It is also expected, following surface modification, that
ceflular clearance of some modified proteins will be reduced due to the fact that their
glycosylated parts are masked by PEG, avoiding specific interactions with cellolar
components. As an example, modified lactoferrin, which is normally cleared by
hepatocytes by interaction between its carbohydrate components and cellular receptors,
shows a dramatic decrease in its rate of clearance in the presence of hepatocytes when
compared to unmodified lactoferrin (Beauchamp et al., 1983).

Current biomedical applications and future developments of soluble enzymes
and their pegylated derivatives

This subject has been reviewed recently {Klein and Langer, 1986; Goldberg, 1992;
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Smith et al., 1993). The technology of pegylation is now widespread, with the aim of
increasing the therapeutic index of enzymes by limiting their loss by rapid in vivo
degradation, by kidney clearance, by humoral response or by cellular components.
Table I gives an overview of diseases associated with enzyme deficiencies that can be
overcome with appropriate enzyme treatments. More than 200 enzyme deficiencies
related to genetic dysfunction have been reported in humans. Research in enzyme
replacement therapy and gene therapy is currently in progress throughout the world
to find solutions to these diseases. This is not a simple undertaking and it will take a
considerable time for the establishment of an efficient gene therapy for each of these
deficiencies. With this in mind, enzymotherapy is more than just an intermediate
solution while awaiting the time when a successful gene therapy will be obtained. For
example, in adenosine deaminase deficiency, enzymotherapy is the only palliative
treatment available to limit the permanent damage during the time delay before gene
therapy becomes operational in the patient. Three case applications involving the
clinical use of enzymes or modified enzymes will now be presented.

CASE STUDY 1: ADENOSINE DEAMINASE DEFICIENCY

One of the most striking examples of the complementarity of the two approaches
{gene therapy and enzymotherapy) is given by adenosine deaminase (ADA) defi-
ciency. This results in defects in purine nucleotide metabolism, leading to severe
immunodeficiency diseases afflicting the function of B and T lymphocytes. This
enzyme catabolizes the deamination of adenosine (Ado), 2'-deoxyadenosine (dAdo)
and many other 6-aminopurine nucleosides (Cory, 1992). An accumulation of
deoxyadenosine triphosphate (dATP) was observed in patients with severe immuno-
deficiency. The dATP is an inhibitor of ribonucleoside reductase and subsequently of
cellular replication. Therefore, by reducing the amount of dAdo in the blood, the
accumuiation of dATP is limited and the adenosine deaminase-deficient lymphocytes
will be protected. The intracellular level of these metabolites is in partial equilibrium
with the plasma, as shown by erythrocytes. Red cell transfusion, as well as bone
marrow transplantation, has been used to palliate the ADA deficiency, despite the
high risk associated with these treatments. It has been proposed (Polmar et al., 1976;
Hershfield et al., 1987; Hershfield, Chaffee and Sorensen, 1993) to use purified ADA
injected into the circulation to decrease the plasma level of the dAdo. As discussed
previously, the free enzyme in circulating blood is rapidly eliminated but in the
present case, no humoral response can occur since the immune system is dysfunc-
tional. Therefore, to attain therapeutic levels of ADA, to increase the duration of the
circulating enzyme in blood and to reduce the cost of treatment, the enzyme was
pegylated (Tables | and 4). In a recent pharmacokinetic study in 29 patients with
adenosine deaminase deficiency (Hershfield, Chaffee and Sorensen, 1993), it was
shown that the pegylated ADA had a half-life in blood ranging between 3 and 6 days,
when injected intramuscularly. The therapeutic level was selected to be 2--5 times
greater than the normal level in total blood (red cell) and was maintained at >20 umol
h™' ml-'. After 6-8 months of PEG~ADA treatment, antibodies directed against ADA
were found, as previously shown (Chaffee er al., 1992). These did not impair
treatment in the majority of patients. There was no evidence of hypersensitivity
reactions. An increase of the lymphocyte responses to mitogens and restablishment of
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lymphocyte counts were observed in 80% of the patients. The level of dAdo
decreased by 100-fold during the first 2 months of the treatment and the low level of
dAdo was maintained throughout the entire study. This indicates that immune
function has been restored and that the use of ADA is beneficial. The opportunistic
infections were also resolved and did not recur. The patient receives a weekly
injection for the rest of his or her life. Due to the high cost of this non-curative
treatment, ADA deficiency is therefore a good candidate for gene therapy. Effec-
tively, a form of gene therapy is under development and consists of exposing in vitro
the 11-2 dependent T cells of the patient to an ADA cDNA-bearing retroviral vector.
This requires that the T cells of the patient are sufficiently mature. Consequently, a
PEG-ADA. treatment has to be performed before and continued during the reinjection
of the T cells, to ensure their normal development.

CASESTUDY 2: GAUCHER'’S DISEASE

Gaucher’s disease is an inherited disease of lipid catabolism resulting from an
absence of glucocerebrosidase which leads to the deposition of glucocerebrosides in
macrophages of the reticuloendothelial system (Brady et al., 1966). It is the most
common lysosomal storage disease. Numerous mutations at the acid glucosidase
locus on chromosome 1g21 are responsible for the lack of glucocerebrosidase activity
in macrophages (Pastores, Sibille and Grabowski, 1993). Enzyme replacement
therapy during the course of this disease is effective in treating the haematologic,
hepatic and splenic damage (Barton ef al., 1991a,b) and it is also useful for partially
reconstituting the vertebral body height after 16 months of enzymotherapy, as
indicated in a recent case report (Hill er al., 1993). This success was primarily
achieved by the use of glucocerebrosidase isolated from placenta which can selec-
tively interact with cells bearing mannose receptors, especially the reticuloendothelial
cells (Stahl er al., 1978). The major disadvantage of this enzymotherapy is its cost. It
was demonstrated that | year of therapy for a patient exceeds more than $US 200000,
depending on the protocol used, i.e. self-administration of low doses or infusion of
high doses at the hospital (Barton et al., 1991a,b; Beutler er al., 1991; Pastores, Sibille
and Grabowski, 1993; Zimran et al., 1993}. A major breakthrough for this treatrent
would be to produce the enzyme by genetic engineering and to obtain the right post-
translational modifications in terms of glycosylation that would preserve the
self-targeting of the native enzyme.

CASE STUDY 3: ENZYMES IN THE ARSENAL FOR CANCER TREATMENTS

An antiturnoural effect of guinea-pig serum was first observed by Kidd in 1953.
Broome (1961} later demonstrated that asparaginase (L-asparaginase amidohydrolase,
EC 3.5.1.1.) was the active factor in this serum. Intensive studies were initiated to
understand the antitumouwr action of asparaginase and the role of depletion of
asparagine on the proliferation of lymphoblastic leukaemia cells. At the same time,
asparaginase was tested against a variety of solid tumours but disappointing results
were cbtained.

Following these findings, the therapy of neoplasia based on deprivation of essential
amino acids became an attractive approach. However, it was shown subsequently that
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dietary restriction of essential amino acids for control of turnour growth was inappro-
priate and unsuccessful (Roberts, 1981). Effectively, Marquez et al. (1989} and
Medina, Marquez and Nunez de Castro (1992) established the dynamics of amino
acid exchange between normal and neoplastic cells in mice. Three amino acids —
glutamine, asparagine and serine — which are non-essential for normal cell growth,
were found to be essential for the growth of tumour cells. In another study {Chuang,
Yuand Wang, 1990), 17 amino acid-degrading enzymes were incubated individually
with lymphocytes. The proliferation of lymphocytes was abolished only in the
presence of lysine decarboxylase or asparaginase, and limited proliferations of 78%
and 57%, compared to the conirol, were observed in the presence of arginase and
tyrosinase, respectively.

Today, the use of asparaginase for the treatment of acute lymphoblastic leukaemia
{ALL) and acute myeloblastic leukemia (AML) in children and adults, is one of the
most widely studied and successful enzymotherapeutic applications. As the treatment
of ALL or AML by asparaginase alone is ineffective, various antineoplasic drugs,
such as vincristine, methotrexate, doxorubicin and VP16, are given together with the
enzyme in different schedules and treatment regimens.

One of the first reviews (Capizzi and Cheng, 1981) on the use of asparaginase as a
therapeutic agent against ALL discussed the toxicity and immunogenicity of aspara-
ginase, the clinical importance of the inhibition of protein synthesis by asparagine
depletion and, also, the low level of constitutive asparagine synthetase retrieved in
normal cetls. The explanation for tumour cell resistance to asparaginase treatment
seems to be related to the fact that these cells can synthesize asparagine synthetase or
that they have a high constitutive level of this enzyme. It appears difficult to evaluate
the effectiveness of asparaginase treatment without evaluation of the level of consti-
tutive asparagine synthetase in leukaemia cells. Martin ef al. (1993) have shown by
Western blot analysis of the protein content of murine leukaemia cells, both resistant
(L5178Y DI/R) and non-resistant (L5178Y D10) to asparaginase treatment, that
both cell types contain similar immurnoreactive material with a molecular weight
close to that asparagine synthetase. However, no enzymatic activity was detected in
the sensitive cell preparation. It was hypothesized that sensitive cells were able to
translate asparagine synthetase but with structural dysfunction. Further research was
devoted to the understanding of the mechanism by which the enzyme asparaginase
destroys leukaemia cells. Recently, Story ef af. (1993) demonstrated experimentally
in dogs that L-asparaginase kills lymphoma cells by apoptosis (Waring, Kos and
Mullbacher, 1991), based on the analysis of cell morphology and DNA. They
suggested that the enzyme is reducing or inhibiting protein synthesis to a level that
prevents renewal of short-lived proteins which normally suppress activation of the
mechanism of apoptosis (programmed cell death). It was also suggested that accumu-
lation of aspartate induced a strong inhibition of the basic cellular energy mechanisms.
Asparagine synthetase is responsible for the ATP-dependent synthesis of asparagine
from glutamine and aspartic acid (Mehlhaff, Luehr and Schuuster, 1985).

To limit the side-effects of asparaginase treatment on normal cells, which have low
levels of asparagine synthetase, and to initiate an early de novo synthesis of asparag-
ine synthetase in these cells, it was proposed to deplete asparagine gradually to allow
protein synthesis to continue normally. An experimental development has been
presented recently based on in vitro procedures to evaluate the susceptibility of ALL
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cells of patients to asparaginase (Asselin et al., 1989) and to obtain precise quantifi-
cation of asparagine levels in plasma (Asselin ef al., 1991). This should allow the
evaluation of the level of asparagine synthetase and the time required to induce
synthesis of the enzyme in normal cells. Such an analysis should be helpful for
limiting the undesirable side-effects (hypoproteinaemia, decrease in coagulation rate,
cytotoxicity and transient ischaemic cerebral lesion) (Priest et al., 1982; Cetkosky et
al., 1993; Pihko et «l., 1993) of asparaginase treatment in normal cells.

An important point to note from recent clinical studies in acute lymphoblastic or
myeloblastic leukaemia in adults or in children (Clavell er al., 1986; Schiller er al.,
1993; Weiss et al., 1993; Wells et al., 1993) is that the enzyme L-asparaginase or the
pegylated asparaginase are part of the arsenal of chemotherapeutic drugs that can be
used in multidrug resistance regimens during the phases of induction and consolida-
tion therapy. As an example, the Children’s Cancer group, in a recent survey of 1294
patients treated in their programme, concluded that high doses of cytarabine and
asparaginase during the intensification phase of treatment eliminated the necessity for
prolonged maintenance therapy in childhood AML and improved the overall survival
rate.

Hypersensitivity to asparaginase of E. coli has been observed to be as high as 50%
of ALL patients (Capizzi et al., 1971). Intramuscular administration of the enzyme
led to lower allergic side-effects. Antibodies against asparaginase of E. coli do not
cross-react with the asparaginase obtained from Erwinia carotovora or E. chysanthemi,
the other main sources of the enzyme (Wade et al., 1968). The Erwinia enzyme
therefore offers an alternative to the E. coli enzyme when hyper-reactivity occurs in
patients. To palliate the immunogenicity and the rapid blood clearance of asparagi-
nase, several different approaches were atternpted. These consisted of immobilization
of the enzyme onto or into a solid matrix, such as polyacrylamide (Mori, Tosa and
Chibata, 1974; Nadler and Updike, 1974), nylon (Mori, Tosa and Chibata, 1973;
Chong and Chang, 1974). cellulose nitrate membrane (Chang, 1972/73) or dacron
{Cooney, Weetall and Long, 1975). These implanted devices rapidly decreased the
level of asparagine in blood. Due to a limited biocompatibility, dense collagen
encapsulation of these devices occurred and the diffusion of asparagine into the
device was then completely restricted. Recently, liposomes (Cruz er al., 1993) or
erythrocyte ghosts filled with asparaginase (Nagl er al., [988; Del.oach ef al., 1990}
were successfully evaluated. The use of a biocompatible hydrogel of PEG-BSA
{D’Urso and Fortier, 1994a,b) loaded with asparaginase (ID'Urso ef al., 1994) is
currently being evaluated in our laboratory.

One of the successful approaches that has been approved for clinical use is based
on the surface modification of the enzyme by covalent addition of polycthylene
glycol (PEG). For this purpose, the surface was modified by the addition of PEG of
molecular mass of 5000 to the free amino groups of the enzyme (Abuchowski et al.,
1984} and recently by using comb-shaped PEG-maleic acid (Kodera ef al., 1992) of
high molecular mass. Depending on the percentage of free NH, groups of lysine
modified and the nature of the activated PEG, various residual activities of asparagi-
nase were obtained, ranging from 7% to 52%. The reader is referred to the review
paper of Zalipsky and Lee (1992) for more details.

Limited clinical trials for the treatment of ALL have been performed using
asparaginase-PEG adducts (Park ez al., 1981; Ho er al., 1986; Yoshimoto et al., 1986;
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Jurgens et al., 1988). A study with ALL in human patients (Asselin et al., 1993) was
recently published on the pharmacokinetics of asparaginase from E. coli and from
Erwinia with pegylated asparaginase provided by Enzon Inc. (South Plainfield, NJ,
USA). They found that neither the age, sex and risk category of the subject nor the
dose and the number of intramuscular injections received (the first one or the thirtieth
one) affected the serum half-life of the protein and the enzymatic activity of
asparaginase. The results obtained with the pegylated asparaginase contrast with
previously published results in humans and other species in that a relatively short half-
life of pegylated asparagine was obtained (Table 5). For patients showing signs of
hypersensitivity, only the pegylated asparaginase showed persistence in blood, with
aT,, of about 1.8 days. No conclusions can be drawn from this study concerning the
mechanism by which asparaginase is eliminated from the circulation. The results
suggest, however, that neither endoplasmic reticulum nor urinary excretion mecha-
nisms were implicated. The blood clearance probably resulted from an endocytosis
mechanism.

Similar approaches based on the selective deprivation of other amino acids in
plasma have also been developed with the use of the enzyme asparaginase-glutami-
nase isolated from Acinetobacter glutaminsificans (Holcenberg et al., 1979) and
arginase (Savoca et al., 1979, 1984). Glutamine is important for the growth of many
types of tumours and these tissues may use this amino acid as an energy source. As a
recent example, intraperitoneal injections of glutaminase on a daily basis into mice
bearing an Ehrlich ascites tumour reduced the tumour size by 72% after 15 days and
increased the life span by 46% (Pal and Maity, 1992). Glutaminase is cytotoxic
against various types of asparaginase-resistant leukaemia cells and against some solid
lymphoid human tumours. Relatively ercouraging results (prolonged survival, al-
though no remission) were obtained with patients having tumours refractory to
conventional chemotherapy (Holcenberg er ai., 1979). In humans, the side-effects of
ghutaminase are similar to those observed during asparaginase treatments, although
more pronounced in the former.

The depletion of arginine was also evaluated as an antineoplasic treatment, using
arginase which hydrolyses arginine into urea and ornithine, It was demonstrated that
the enzyme can inhibit the proliferation of normal and tumour cells (Currie, 1978). A
few years ago, Savoca showed that the use of arginase—polyethylene glycol adducts
in Ehrlich ascites tumnours in mice was innocuous (Savoca et al., 1979, 1984). There
is much controversy concerning the use of arginase as a potent antitumoral drug. It is
well known that the pelyamine biosynthetic pathway is very active during the growth
of various cancer cells. The plasma level of polyamines can be used as an indication
of growth (jiang, 1990) and depletion of polyamines leads to inhibition of tumour
growth (Janne, Poso and Raina, 1978). With this concern in mind, various inhibitors
of arginase and ornithine decarboxylase have been developed and used as antitumor
agents (Trujillo-Ferrara et al., 1992). This seriously contrasted with the use of
arginase which can lead to an increase of polyamines (spermine, putrescine, spermi-
dine) by increasing the ornithine content of the plasma.

Oxidative products of polyamine degradation, such as aldehydes, have been
implicated in programmed cell death (Parchment and Pierce, 1989). New strategies
for cancer treatment are currently under development using polyamine-degrading
enzymes such as bovine serum amine oxidase which is responsible for the oxidative



Biomedical applications of enzymes 347

deamination of polyamines leading to aldehydes, acrolein and hydrogen peroxide.
These reaction products are highly toxic for cells (Averill-Bates er al., 1993, 1994)
and the toxicity is totally inhibited only in the presence of both catalase and aldehyde
dehydrogenase. However, no pharmacokinetic studies of polyamine-degrading en-
zymes have been performed, and they are probably good candidates for derivatization
by PEG, to increase their plasma half-life and to decrease their immunogenicity, for
later use in humans.

Conclusion

There is no doubt that enzymotherapy is an emerging field that will provide a new
class of biological drugs during the next decade. Enzymes should find wide applica-
tions as a replacement therapy in inherited genetic diseases, as scavengers to limit
tissue damage during the course of inflammatory diseases and in various ischaemia/
reperfusion injuries, as specific detoxification agents during acute chemical poison-
ing, as a temporary palliative agent during an acute organ failure and, also, as
antineoplasic agents. Modification of enzymes, proteins, peptides and drugs by
grafted polymers, especially polyethylene glycol, is currently the best strategy to
solve problems related to the too-rapid clearance from blood and to the immunogenicity
of the underivatized species. During the next decade, improvement of the purification
technologies, lowering of the cost of technology and increased targeting of the
enzyme-PEG adducts will be the main areas of research.
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