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Preface

PEGylated protein conjugates: A new class of
therapeutics for the 21st century

Ruth Duncan' and Francesco M. Veronese?

Y Centre for Polymer Therapeutics, Welsh School of Pharmacy, Redwood Building, King Edward VII
Avenue, Cardiff, CF10 3NB, UK
% Department of Pharmaceutical Sciences, University of Padova, 35131 Padova, Italy

Introduction

The collected Chapters in this volume describe the current status of poly(eth-
ylene glycol) (PEG) modification of proteins, peptides, oligonucleotides and
small molecule drugs, the recent advances in conjugation chemistry, and new
clinical products. The book provides an excellent update in this rapidly evolv-
ing field, and the comprehensive collection of Chapters complements well past
reviews/volumes that have documented the evolution of PEGylation. For
example, a reader new to this field is encouraged to gain the historical per-
spective by reading the following reviews [1—8]. Only then is it possible to see
just how far this field has come and understand that it has already established
a new class of therapeutics as we start the 21st Century!

In 1990, the Regulatory Authority’s approval of the first PEGylated
enzymes (PEG-adenosine deaminase; ADAGEN® and PEG-L-asparaginase;
ONCASPAR®) was an important landmark. This achievement was the culmi-
nation of the pioneering research of Davis, Abuchowski and colleagues in the
1970s that led to the development of these first PEG-enzyme products by
Enzon Inc., a company still today contributing important new advances in
PEGylation technology. These beginnings, together with the parallel research
efforts of a relatively small number of academic groups in the 1980s, gave the
credibility to this novel class of drugs, viewed with much scepticism by the
pharmaceutical industry at the outset. As with many new ideas, PEGylation
was rated as interesting science but impractical to commercialise. How wrong
could they be! Today there are thousands of researchers worldwide working in
the field and many companies have been founded on the back of this technol-
ogy. The smaller ones offer speciality PEGs, new conjugation chemistries,
and/or they are developing PEGylated liposomes/nanoparticles and PEG-
based conjugates of proteins, peptides, oligonucleotides and small molecules
as new medicines. Today almost all Pharma sell highly profitable, PEGylated
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products; for example the two PEG-interferon alpha products and PEG-
human-GCSF all have an ~1 billion $US market.

We all know that it is relatively easy now to review the literature-and spec-
ulate, although sometimes dangerously as to the likely future directions of a
scientific field. Due to the vast wealth of emerging literature, most authors are
encouraged to limit their review to those studies published over the last 3—5
years. While this is important, and defines the state of the art, it is also wise to
remember the historical evolution of any field, acknowledge its roots, the
advances made and the challenges/disappointments encountered. This ensures
a realistic starting point for any new developments, avoids repeating mistakes
of an earlier generation and allows new technologies to be built on firm foun-
dations, and most rightly gives credit to those who came before [1-8]. It is
sometimes too easy to reinvent the wheel on the back of hype! Scientific
progress is always evolution and rarely revolution, to quote Einstein “... my life
is based to such a large extent on the work of my fellow human beings, and |
am aware of my great indebtedness to them...” (From ‘My Credo’, a speech by
Albert Einstein to the German League of human Rights, Berlin 1932). This
short introduction makes some brief comments relating to the ‘recent’ histori-
cal evolution of the fields of drug targeting and drug delivery, polymers as
therapeutics, and the strategic importance of PEG-protein conjugates. These
topics are meant to provide a link with the other chapters in the textbook which
describe almost all recent progress in chemistry and purification of conjugates,
potential issues relating to toxicity and immunogenicity, and also the recent
extension of PEGylation strategy to oligonuceotide delivery.

Historical perspective

This year we are celebrating the centenary of Paul Ehrlich’s Nobel Prize in
Physiology and Medicine (awarded 1908). Ehrlich’s vision not only gave
important new insights into immunological mechanisms, but he also discov-
ered the first synthetic low molecular weight chemical drug. This was arguably
the beginning of drug development as we know it today and medicinal chem-
istry is still the mainstay of the modern pharmaceutical industry. Moreover,
Ehrlich coined the term ‘magic bullet’, still popular today as an embodiment
of the dream of effective disease-specific, targeted therapy. The phrase ‘magic
bullet’ has proved easier to ‘say’ than achieve in practice. However, it is clear
as we enter the 21st Century there is a paradigm shift, both in terms of the
changing societal healthcare needs (e.g., increased incidence of diseases relat-
ing to the aging population, and emergence of drug resistant infectious dis-
eases), and in parallel, the emergence of exciting new tools that have real
potential to help tackle more effectively life-threatening and chronic, debili-
tating diseases in clinical practice.

Whereas the majority of pharmaceuticals are still natural products or syn-
thetic low molecular weight drugs, the last two decades have seen growing
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commercialisation of biotech macromolecular therapeutics, particularly anti-
bodies, proteins, peptides and oligonucleotides. The small interfering ribonu-
cleic acids (siRNAs) have most recently entered clinical trials with much
anticipation of important new therapeutic benefits. Moreover, genomics and
proteomics research is bringing remarkable advances in the understanding of
molecular mechanisms of many diseases, which together with the identifica-
tion of new molecular targets, is leading to an ever-increasing number of
biotech drugs. Although these advances have brought many exciting new ther-
apeutic opportunities, it is well acknowledged that effective targeting/delivery
of such macromolecular drugs both to diseased cells, and, furthermore, to the
particular intracellular compartment they must reach for activity, is very diffi-
cult to achieve in practice. The issue of effective drug delivery, and, hopefully,
targeting is ever more evident and these challenges are stimulating parallel
interest in the design of complementary drug delivery systems (DDS) needed
to realise the potential of macromolecular therapeutics.

In the DDS field, the explosion of innovative thinking in the 1970s marked
a renaissance period for enabling technologies. A number of distinct classes of
DDS appeared that were recently extensively described and reviewed [9]. They
included antibody-conjugates, reviewed in [10], liposomes reviewed in [11],
nanoparticles reviewed in [12] and polymer—protein [1-8] and polymer-drug
conjugates [13, 14]. In these early days, each technology was viewed as com-
peting with the others, and it was naively suggested that one would emerge as
the ‘best’ universal platform for all drug delivery applications. However, clear-
ly each technology has individual advantages and disadvantages [9], and there
was increasing realisation that ‘the’ ideal DDS must be designed on a case-by-
case basis, being optimised in respect to the nature of the drug payload to be
carried and the specific target for pharmacological action. During the 1980s, a
sound biological rational for design of DDS emerged and many modern sys-
tems are hybrid, nano-sized technologies, (e.g., PEG-coated liposomes) incor-
porating multiple components that harness the benefits of several of the origi-
nal technologies. Moreover, they can be viewed as the ‘first generation’
nanopharmaceuticals and many have become established clinical products as
discussed in [9]. Indeed, the number of Regulatory Authority approved prod-
ucts of this type have grown year on year, and in 2002/2003 the FDA approved
more macromolecular drugs and drug delivery systems than small molecules
as new medicines [15].

In the context of DDS, it is also important to acknowledge the rapidly ris-
ing interest in the application of nanotechnology in medicine [16, 17]. The
European Science Foundation’s Forward Look in Nanomedicine defined
‘nanomedicine’ (i.e., nanopharmaceuticals) as “nanometre size scale systems
consisting of at least two components one of which being the active ingredi-
ent”. This definition embraces the PEG conjugates as described herein, and the
convergence of the basic scientific disciplines relating to ‘nano’ research is
bringing a wealth of new opportunities. For example, to apply existing and
new technologies to important emerging clinical challenges, e.g., use of stem
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cells, and promotion of tissue engineering and repair, design of systems that
self-assemble in the patient, and to fabrication of hybrid systems combining
DDS technologies and miniaturised devices. Real opportunities exist to design
nano-sized, bioresponsive systems able to diagnose and then deliver even
macromolecular drugs, so-called theranostics, and to design systems able to
promote tissue regeneration and repair in disease, trauma, and during ageing
so perhaps in the future it will be possible to circumvent the need for
chemotherapy. Although many of the ideas circulating today are still science
fiction, it is likely that some facets of ‘nanotechnology applied to medicine’
will become practical reality within the foreseeable future.

What is increasingly clear, however, is the growing role of natural and syn-
thetic polymers as components of complex DDS, as nanopharmaceuticals and
to make nanodevices. Those PEG conjugates described in this volume are
nanopharmaceuticals according to the above definition, and they were certain-
ly well ahead of time!

Polymer therapeutics

So, let us begin a brief introduction to ‘polymer therapeutics’. In the begin-
ning, the idea of using water-soluble polymers as components of innovative
polymer-based therapeutics, particularly for parenteral administration, was
viewed by the industry with much scepticism as another totally impractical,
scientific curiosity that was much too risky. This was a peculiar stance since
natural polymers have been active components of herbal remedies for several
millennia, and polymers were widely used as biomedical materials, to fabri-
cate medical devices, as pharmaceutical excipients, and for controlled drug
delivery in the form of hydrogels, rate-controlling membranes and biodegrad-
able implants for local delivery. However, it is worthy to remember that the
many synthetic polymers we use in society everyday in many different forms
(from plastics to computers and mobile phones, to consumer products, etc.) do
have a relatively short history. From the outset critics were right to point out
that most synthetic and natural polymers are not suitable, and moreover never
designed for human administration.

It is sometimes forgotten that the efforts of Hermann Staudinger and his
contemporaries led to the birth of polymer science only in the 1920s (post Paul
Ehrlich!), and moreover, it was not until 1953 that Staudinger was honoured
with the first Nobel Prize for ‘polymer chemistry’ as reviewed in [18].
Nevertheless, even in these early days, biomedical applications of polymers
were envisaged. In the Second World War, synthetic water-soluble polymers
were widely adopted as plasma expanders, e.g., poly (vinyl pyrolidone), and
large amounts of synthetic polymer were safely administered. This encouraged
further exploration of polymers as drugs (e.g., radioprotectants and
immunomodulators) and began to underline the potential usefulness of water-
soluble, biomedical polymers.
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Pioneering work began to emerge in the 1960s and 1970s that lay the foun-
dations for a clearly defined chemical and biological rational for the design of
polymeric drugs [13, 19, 20], polymer—protein conjugates [1-8], polymer-
drug conjugates [21] and block copolymer micelles [19]. Today, we use the
umbrella term ‘polymer therapeutics’ to include all these classes of polymer-
based drugs [13, 14]. From the industrial standpoint, these multicomponent
nanosized medicines (typically 5-30 nm) are new chemical entities and
macromolecular prodrugs rather than conventional ‘drug delivery systems or
formulations” which simply entrap, solubilise or control drug release without
resorting to chemical conjugation.

There has been a growing realisation that the versatility of synthetic poly-
mer chemistry provides a unique opportunity to tailor synthetic, biomimetic,
macromolecular carriers of a specific molecular weight (typically
5,000-100,000 g/mole). Polymer structure can be customised to provide the
multi-valency so often needed to promote effective receptor-mediated target-
ing. Moreover, using the flexibility of dendrimer chemistry, we have a tool kit
able to build sophisticated three-dimensional architecture into the structure of
synthetic macromolecules, as reviewed in [22], and this is increasingly being
built into PEG chemistry via use of branched or dendronised PEGs.
Importantly, the linking chemistries used for polymer conjugation have been
refined over the years such to enable creation of macromolecular prodrugs
(e.g., containing drugs, proteins, oligonucleotides) that are able to display
sophisticated rate control and site-specific release of the bioactive moiety. The
polymer therapeutics are, still today, often misreported as a rather minor con-
tribution to the therapeutic armoury. This is largely because over the years
large companies have made a very small investment in this area compared to
biotech and medicinal chemistry/high throughput screening. However, review
of the current polymer therapeutics market size (>5 billion US$) compared to
antibodies (>17 billion US$) show just how wrong this conclusion is, espe-
cially taking in account the disparity in the relative historical economic invest-
ment in the two fields!

PEG conjugates

So within this complex landscape of drug delivery and polymers, how best can
one summarise the current and future contribution of PEGylation? At the out-
set [4], PEGylation was developed as a tool to improve delivery of protein
drugs and rectify their shortcomings. For example, proteins and peptides can
have a short plasma half-life, poor stability, poor formulation properties and
they can be immunogenic. Although other polymers, such as dextran, had been
explored to address these shortcomings, PEG was initially chosen as the poly-
mer for protein modification as it was already used as ‘safe’ in body-care prod-
ucts and approved for use as excipient in many pharmaceutical formulations.
As a further advantage, it could be synthesised to have a molecular weight of
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narrow polydispersity and also to have one terminal functional group making
it ideal for protein modification without risk of crosslinking. Moreover, this
highly hydrated polymer chain makes it theoretically ideal to ‘mask’ sites
responsible for the immunogenicity of proteins to which it was bound. 30
years later, PEGylation is now a well-established tool able to address the lim-
itations of proteins, peptides and oligonucleotides and, in addition a number of
PEG-drug conjugates have been tested clinically for both parenteral and oral
administration.

Undoubtedly, the Regulatory Authority approval of the first PEG-enzyme
conjugates, ADAGEN® and ONCASPAR®, in the 1990s was a significant
breakthrough. Indeed, this proof of concept immediately gave credibility to all
the emerging classes of polymer therapeutics as a whole. However, although
ADAGEN® and ONCASPAR® were important first products, they achieved
limited clinical use and only a niche market; particularly ADAGEN®, which is
used to treat severe combined immunodeficiency syndrome, a rare disease
with few patients worldwide, and a disease that has more recently been treat-
ed with mixed success by gene therapy. Nevertheless, these beginnings paved
the way for the subsequent application of PEGylation to cytokines such as the
interferons (PEG-Intron® and PEGASYS®, (see the chapter by Pasut in this
book), which have been successfully used to treat hepatitis C, and a granulo-
cyte colony-stimulating factor (Neulasta®, see chapters by Molinex and by
Sergi et al.) used as an adjuvant to repair the effects of neutropenia-inducing
chemotherapy. These innovative medicines achieved significant therapeutic
benefit, improved patient convenience as they need less frequent dosing com-
pared to the free-protein drug, and achieved considerable economic success
and they are now featured in the top marketed drugs lists. Recent Regulatory
Approval of the PEG-aptamer Macugen® as a treatment for age-related macu-
lar degeneration, (reviewed in [23]), the PEG-anti-TNF antibody Fab’ frag-
ment (Cimzia®) for treatment of Crohn’s disease, (reviewed in [24] and by
Nesbitt et al.) also in clinical development for arthritis, as well as the sugges-
tion to use the enzyme urate oxidase for the refractory gout treatment uricase
(chapter by Hershfield et al.), are all showing a move towards application of
PEG conjugates in the treatment of chronic diseases. It is important to note that
such conjugates have not only therapeutic and formulation advantages, but
also the potential to be cost-effective and even cost saving [25, 26].

Evolution of PEGylation chemistry over the last 30 years has been well doc-
umented [5—8]. Instrumental to the continuing success of the now emerging
products has been the increasing degree of sophistication of the conjugation
chemistry and methodology developed for product isolation and characterisa-
tion, as described and reviewed in detail by Fee. The first PEGylated enzymes
contained multiple PEG chains per protein, whereas now a number of conju-
gation approaches (chemical and enzymatic also described herein by
Bonora/Drioli, Sergi et al. and by Fontana et al.), combined with recombinant
protein technology, can ensure 1:1 (polymer: protein) site-specific conjuga-
tion. The PEGs used vary in molecular weight from low (~3-5,000 g/mole) to
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high (20-40,000 g/mole) molecular weight chains and both linear and
branched PEGs are now being used (see the chapter by Veronese et al. for
properties and limitations description). As PEG is not biodegradable, the use
of high molecular weight PEGs and chronic administration of all molecular
weights of PEG raise questions about fate and long term safety (see the chap-
ter by Webster et al. on toxicity and the chapter by Armstrong on PEG
immunogenicity) that may have regulatory implications in the future depend-
ing on proposed conjugate use, dose, frequency of dosing and whether the
treatment is for an acute or a chronic disease [27, 28]. Additional chapters deal
with the use of PEGylation for the improvement of anticancer drug therapy
(see chapter by Mero et al.) and of acromegaly (chapter by Finn). As for all
polymer therapeutics, a sound biological rational for design has always been
applied to PEG-proteins and it has evolved with time as more has become
known of the structure activity relationships in respect to the effect of PEG
molecular weight and branching on the pharmacokinetic-pharmacodynamic
profile.

As more and more polymer therapeutics are being developed, there is a need
to continuously review and consider new Regulatory Guidelines for their
approval (see the chapter by Viegas and Veronese).

The future?

It should not be forgotten that it was only the turn of the last century when Paul
Ehrlich proposed the first synthetic small molecules as chemotherapy and
Hermann Staudinger was suggesting that small molecules, monomer units,
might be covalently linked to give us polymer chains! Who could have pre-
dicted the plastics revolution that followed?

Introduction of the first biotechnology and polymer-based products over the
last two decades of the 20th Century was greeted with the same suspicion that
Ehrlich encountered when introducing modern chemotherapy in his day.
Things are now rapidly moving on. PEGylated proteins are now well estab-
lished as therapeutics and PEGylated peptides are gaining momentum. Will
they be the mainstay of therapy for all diseases within this Century? Probably
not, but it seems certain that as we start the 21st Century we are entering a ther-
apeutic era where low molecular weight chemotherapy, macromolecular
drugs, including, antibodies, peptides and proteins, polymer therapeutics, and
oligonucleotides and cell therapy will all play an important and complementa-
ry role in the prevention, control and cure of diseases. It is rapidly becoming
apparent that the future is combination therapy. Many of the PEG conjugates
already marketed and those in clinical development will increasingly be used
in combination with small molecular chemotherapy and/or any of these new
classes of therapeutic/nanopharmaceuticals to ensure successful treatment of
complex pathologies. This itself will bring new healthcare challenges includ-
ing treatment cost, the need to foresee and minimise potential new contraindi-
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cations and/or drug—drug interactions. There is still much interesting/vital
research remaining to be done.

To conclude, thanks to the efforts of a relatively small community (aca-
demic and industrial), PEGylation and PEG-proteins as polymer therapeutics
are already well established. The recent progress documented in this volume
shows that there is more, much more, yet to come and that this is just the
beginning!
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Abstract

A historical overview of protein-polymer conjugation is reported here, demonstrating the superiority
of poly(ethylene glycol) (PEG) among other synthetic or natural polymers, thanks to its unique prop-
erties like the absence of toxicity and immunogenicity, and a high solubility in water and in organic
solvents. Furthermore, PEG is approved by the FDA for human use. Relevant physicochemical and
biological properties of PEG and PEG-conjugates, as the basis of the pharmacokinetic and pharma-
codynamic improvements, are reported here and discussed in view of successful therapeutic applica-
tions. The chapter also highlights that, although PEGylation is well studied and exploited by many
researchers from both academia and industry, it remains difficult to forecast its effects on a predeter-
mined bioactive molecule. The use of PEG-enzymes in bioconversion, which is of interest in drug dis-
covery and production, is also briefly reported.

Historical overview of protein-polymer conjugation

The discovery of PEGylation in the 1970s as a strategy to overcome the prob-
lems of administration of therapeutic proteins was neither a fortuitous occur-
rence, nor the result of careful laboratory investigations, but the result of few
months of library work on biochemistry and polymer chemistry. This is what
J. Davies, the discoverer of PEGylation, reported in a “commentary” to the
2002 ADDR issue dedicated to PEG [1]. He concluded that the hydrophilic
polymer link could reduce immunogenicity and increase the half-life of con-
jugated proteins in vivo. However, the great challenge was to find a safe poly-
mer for a general use. PEG, a hydrophilic polymer easy to obtain in large
quantities, was already being used in industry for numerous applications
including, 1) an additive for paper production, 2) for controlling the viscosity
of printing ink, 3) in biology as a precipitating agent for proteins, and 4) as an
inducing agent for cell fusion. Thanks to its low or non-toxic properties it has
also been used as a food additive and drug excipient [2]. In all these applica-
tions, PEG was used in its diol form, but the availability of the methoxy-PEG,
(mPEG) with only one terminal hydroxyl group, attracted Davis’ interest since
he had seen the possibility of preventing formation of dimers or, more criti-
cally, preventing cross-linked forms of proteins using mPEG once the PEG
hydroxyl groups were activated for protein conjugation.
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The literature shows that several natural or synthetic polymers also share
properties with PEG such as hydrophilicity, no toxicity and reactivity with pro-
teins. Many polymers have been proposed to improve the therapeutic applica-
tion of proteins, peptide or simple non-peptide drugs, but for various reasons
none have showed the efficacy of PEG. A few polymers obtained by radical
polymerization of suitable acrylic monomers were widely studied, among
these poly(N-vinyl pyrrolidone) [3, 4], poly(N-acryloyl morpholine) [5],
poly(vinyl alcohol) and succinic acid maleic acid anhydride copolymer [6] and
the combination of an acrylic backbone and PEG pendants (see PolyPEG®).
Up to now, only the last has been used in therapy as a conjugate with neocar-
cinostatin, a small protein with anticancer activity. Unfortunately, all these
polymers share a common problem: great polydispersity which is due to the
chemistry of polymerization. Hopefully, this limitation will be overcome by
the improved polymer synthesis methods recently developed [7]. An alterna-
tive promising polymer is poly(oxazoline) that, although of quite a different
structure as compared to PEG, shares some useful properties: it may be
obtained with low polydispersity thanks to the easily controlled anionic poly-
merization, it is also amphiphylic and it may be obtained with only one reac-
tive terminal group [8]. Biologically active long-lasting conjugates have been
obtained with model enzymes as well as with small non-peptide drugs [8§—10].
Polysaccharides were also used for conjugation and one drug in Russia,
Streptodekase®, reached therapeutic application by conjugation of dextran
with streptokinase [11]. This product represented a milestone in the therapeu-
tic use of protein conjugates. However, the method, based on a partial random
oxidation of the carbohydrate moieties to yield reactive carbonyl groups, was
very crude because it gave rise to heterogeneous and cross-linked products.
Thanks to improved sugar chemistry, specific methods of single point activa-
tion in the polysaccharide chain now allow more defined conjugates with pro-
teins [12—14]. Enzymatic methods for polysaccharide coupling have also been
developed which, together with the development of genetic engineering, have
yielded new glycosylated or hyperglycosylated proteins. These methods when
applied to different model proteins (e.g., enzymes, cytokines and antibodies)
lead to an increased retention time in the blood, a decrease in immunogenici-
ty along with a desired minimal loss of biological activity [15—18]. One such
hypersialylated protein has already successfully reached the market
(Aranesp®). Globular proteins were also investigated for polymer conjugation.
The most studied protein was human serum albumin which was initially ran-
domly conjugated using cross-linking reagents that gave heterogeneous
although biologically active, long-lasting and less immunogenic products [19].
Later, a more specific conjugation was proposed that took advantage of the
lone free thiol residue of human albumin [20].

There has been a loss of interest in many of these non-PEG modification
strategies while some still await a successful clinical application. On the other
hand, PEGylation has seen a continual development that has never ceased
since 1977, when the first two papers on this technique by Davis and
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Abuchowski were published [21, 22]. This is also due to a great deal of
research conducted by the pharmaceutical industry which has evaluated
PEGylation as a possible solution to shortcomings encountered by proteins of
potential therapeutic interest [23].

A synthetic historical overview of PEGylation, as reported in Table 1,
demonstrates that new results and applications have always paralleled devel-
opments in PEG chemistry. Presently, there are eight marketed PEG-proteins
and one PEG-aptamer (Tab. 2).

Table 1. History of PEGylation

Decade PEGs Observation Applications

1970-1980 PEG-chlrotriazine Immunogenic or Research studies, enzyme
PEG-succinimidyl- toxic starting modification for biocatalysts

succinate material, highly and application on protein
PEG-tresil polydispersed PEG, therapeutics
lack of selectivity

1980-1990 PEG-aldehyde Site-specific conju- Enzyme replacement therapy
PEG- succinimidyl gation, less polydis-

carbonate perse PEG, absence
PEG-p-nitro-phenyl of diols

carbonate
PEG-AA-NHS
PEG-carbonyl-

imidazole, etc.

1990-2000 Branched PEG Improved selectivity, Cytokines, hormones,
PEG-NHS marketing of PEGylated  anticancer drugs targeting
PEG-maleimide drug
PEG-OPSS

2000 on Releasable PEGs Detailed chemical and Non-protein drugs PEGylation,

Heterobifunctional biological characteriza-  oligonucleotide PEGylation
PEGs tion of conjugates, com-
Forked PEGs bination of genetic Seven PEG-Protein drugs and
Star PEGs engineering and one PEG-Aptamer on the
Monodisperse PEGylation in the market.
PEGs design and discovery

of new drugs, more
stringent regulatory
requirements. Develop-
ments of enzymatic
methods of coupling.

In this chapter, basic properties of PEG and important aspects of
PEGylation will be described. This chapter may therefore be regarded as an
introduction to the following chapters of the book that describe more specific
applications of the PEGylation. Other PEG applications, not directly related
to therapeutic uses but still important for drug development, will be also
reported.
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Table 2. PEGylated proteins or oligonucleotides, FDA approved or in advanced clinical trials

Brand Generic name Active substance Indication Approval
year
Adagen® Pegadamase Adenosine Deaminase SCID 1990
Oncaspar® Pegaspargase Asparaginase Leukemia 1994
Neulasta® Pegfilgrastim G-CSF Neutropenia 2002
PEG-INTRON®  Peginterferon-o2b  Interferon-0:2b Hepatitis C 2000
PEGASYS® Peginterferon-o2a  Interferon-o2a Hepatitis C 2001
Somavert® Pegvisomant Growth hormone Acromegaly 2003
antagonist
Macugen® Pegaptanib Anti-VEGF aptamer ADM 2004
Mircera® PEG-EPO EPO Anemia 2007
associated with (Europe)
chronic kidney
disease
Cimzia® Certolizumab pegol ~ Anti-TNF Fab' Rheumatoid Expected
arthritis and 2008

Crohn’s disease

Cimzia did get approval in April 2008.

ADM, age-related macular degeneration; EPO, erythropoietin; G-CSF, granulocyte-colony stimulat-
ing factor; IFN, interferon; SCID, severe combined immunodeficiency disease; TNF, tumor necrosis
factor; VEGF, vascular endothelial growth factor

A number of PEG and PEG conjugate reviews have already been published
over the years. The reader may refer to two specific books [2, 24] and three
recent collections of reviews [25-27].

PEG physicochemical properties and availability

The repeated ethylene oxide units along the PEG chain convey unique proper-
ties to this polymer: the ethylene moiety confers hydrophobicity, while the
oxygen allows strong interactions with water. The polymer is therefore very
soluble in both water and in many organic solvents. Furthermore, the car-
bon—carbon and carbon—oxygen bonds give great flexibility to the overall
structure and allow repulsion of incoming molecules (Fig. 1).

For several years Shearwater Polymer Inc. was the only commercial source
of activated PEGs at a high degree of purity, devoid of diols and with low
polydispersity, but the great success of PEGylation prompted the more recent
development of several new dedicated producers. The characteristics of PEG
depend on its molecular weight and chain shape. Very low molecular weight
PEGs < 400 Da are oils but at ~1.5-2 kDa PEG has a waxy appearance. PEG
is a solid at higher molecular weight, provided that it is maintained dried.
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Figure 1. Structure of PEG to show its A) flexibility and hydratation, B) linear methoxy-PEG struc-
ture and C) branched PEG structure (PEG2)

Storage under an inert atmosphere is recommended because, although stable
towards several chemical reagents, PEG is sensitive to oxidation that
may cleave the chain. As with all the synthetic polymers, PEG is polydisperse,
the Mw/Mn value is about 1.01 for polymers with molecular weight ranging
from 2—-10 kDa, while reaching values up to 1.2 for higher molecular weight
polymers.

The anionic polymerization for the synthesis of PEG leads to chains with
one or two hydroxyl groups at the ends, in the case of methoxy or diol PEG,
respectively. These groups must be properly activated to obtain a PEGylating
agent suitable for protein conjugation. A variety of reactive PEGs with differ-
ent molecular weights are commercially available for conjugation to all of the
reactive amino and thiol residues found in proteins (see chapter by Bonora and
Drioli in this book). Enzymatic methods of PEGylation have also been pro-
posed and are opening a new field of study. Relevant examples are based on
transglutaminase (TGase), which catalyzes PEG coupling to glutamine
residues [28, 29], or on a double enzyme system that promotes the transfer of
a sialic acid PEG to a residue of O-GalNAc which had previously been enzy-
matically coupled to a serine or a threonine amino acid in an [30] (see also the
chapter by Sergi et al. in this book).

Monodisperse PEG has recently become commercially available, but,
unfortunately, so far at low molecular weights only, between 500—-800 Da [31].
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A monodisperse high molecular weight PEG would be very welcome to over-
come the subtle differences in biological properties of polydisperse conju-
gates, but its synthesis and purification using current technologies would be
too difficult and expensive for a commercial product. An additional advantage
of monodisperse PEGs would be simplification of the analytical problems of
conjugate characterization, because electrospray mass spectroscopy could be
routinely employed. Currently, MALDI analysis is routinely utilized with
polydisperse PEG. A recent enabling application of a monodisperse polymer
was the localization of the PEGylation site in G-CSF that had been conjugat-
ed by TGase [32].

For many years, only the linear form of the polymer was used, but more
recently a branched form, called PEG2, was proposed and has had great suc-
cess [33, 34] as demonstrated by its use in three commercial drug conjugates,
two proteins, o-interferon [35] (see also chapter by Pasut in this book) and
anti-TNF-receptor [36] (also see Nesbit chapter of this book) and an anti-
VEGEF aptamer [37]. The advantage of this special form of PEG resides in the
fact that it covers a larger surface of a protein involving only one amino acid
residue in the conjugation. Furthermore, branched PEGs may slowly release
one of the two PEG lysine linked chains, by cleavage of the carbamate linkage
between polymer chains and the branching unit, thus helping its clearance
from the body [38].

Advantages of PEGylation

The above reported features of PEG, namely high hydration and flexibility,
form the basis of several advantages that PEGylation can attain by polymer
coupling to proteins, drugs or surfaces. A short list of these advantages
includes: a) the increase in hydrodynamic volume conferred to conjugated
molecules, thus reducing their kidney excretion and prolonging in vivo half-
life, b) the protection of amino acid sequences sensitive to chemical degrada-
tion, c) the masking of critical sites sensitive to metabolic enzyme degradation
or to antibody recognition, d) the possibility to solubilize proteins in organic
solvents allowing new enzyme applications as biocatalysts, e) the solubiliza-
tion of water insoluble drugs in a physiological medium, f) the reduction of
either protein opsonization of liposomes, microparticles or protein adhesion of
surfaces coated with PEG, thus increasing their biocompatibility, g) the reduc-
tion of protein aggregation. All of these properties conferred by PEGs may
have a role in the therapeutic application of proteins and in drug discovery and
development.

No studies have been found indicating major disruption of protein confor-
mation using NMR or circular dichroism (CD). On the one hand, the polymer
chains in a PEG-protein conjugate prevent the interaction of the protein sur-
face with incoming molecules by steric effects but on the other hand, PEGs
also can have direct stabilizing influence on protein conformation. So far, this
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aspect has not been investigated in mechanistic detail, but some information
can be obtained from the studies done on protein glycosylation. In fact PEG
and polysaccharides share a common hydrophilic character and preliminary
studies carried out on PEG and glycan conjugates, obtained with the same
coupling method, demonstrated that PEGylation and glycosylation have a
similar effect on proteins [39]. Detailed structural investigations by CD,
infrared spectroscopy, and hydrogen/deuterium exchange demonstrated that
glycan conjugation increased the rigidity and stability of a protein native
structure by increasing electrostatic and Wan der Walls interactions. These
results are in agreement with the observation that a high degree of glycosyla-
tion reduced the protein B factor, an indication of protein chain flexibility [14,
15, 39]. Recent studies demonstrated that this stabilization also holds for
PEGylation, although small differences in rigidity were found which were
ascribed to the different structures of the two polymers: PEG being more com-
pact than glycans. Another example on the effects of PEG on protein confor-
mation can be observed in the case N-terminal PEGylation with PEG 20 kDa
of brain-derived neurotrophic factor (BDNF). This protein under physiologi-
cal conditions is a non-covalent dimer while in salt free formulations is pres-
ent as unstable monomer that undergoes cleavage and aggregation.
Unexpectedly it was observed that the rate of protein degradation is acceler-
ated in the PEGylated form. A proper preformulation study demonstrated that
when 150 mM of sodium chloride was incorporated into the formulation,
improved conformational and thermodynamic stability of both BDNF and
PEG-BDNF was achieved [40].

This increased structural stability of PEGylated proteins is of paramount
importance for therapeutic applications, ensuring protein stability during drug
formulation, storage and in vivo circulation. In fact, proteins may undergo
modifications by various mechanisms including chemical reactions, such as
oxidation, denaturation, hydrolysis, disulfide exchange or conformational
changes, resulting in aggregation. These modifications, which in most cases
lead to the loss of biological activity, immunogenicity or increased toxicity, are
significantly reduced in a more compact PEGylated protein [41].

Effect of PEGylation on absorption, transport, elimination and activity

Most proteins of pharmaceutical interest, such as enzymes, cytokines and
hormones, possess a molecular weight between 15-30 kDa. Also falling near
this range are monoclonal antibody fragments, which seem exceptionally
promising as therapeutics thanks to the reduced risk of immunogenicity and
the ability for enhanced tissue mobility when compared to full length anti-
bodies [23, 42]. Almost all proteins within this size range have the shortcom-
ing of a fast in vivo clearance that can hamper their therapeutic exploitation.
For these biologically active agents, PEGylation represents a suitable solution
to increase in vivo residence. It is clear that polymer size, amount of PEG
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coupled and sites of binding on a protein have a role in determining the fate
of the conjugate in the body and the rate of excretion (see also the Pasut chap-
ter in this book). Therefore, understanding the in vivo behavior of PEG, in its
free or conjugated form, is of basic relevance for designing a PEGylation
strategy.

It is known that proteins having molecular weights below the kidney filtra-
tion threshold, about 60 kDa, are mainly excreted into the urine. However,
PEG cannot be compared to a globular protein when related to kidney excre-
tion because this linear and flexible polymer, with a random coil conforma-
tion, may cross barriers by a ‘reptation’ mechanism [43, 44]. Furthermore,
each oxyethylene PEG unit is able to coordinate 3—5 water molecules, thus
increasing the polymer hydrodynamic volume by an approximate 5—10 fold
greater amount than that predicted by the nominal molecular weight, see
Figure 1a [24].

Although there is evidence of limited in vivo chain degradation for very
small PEGs by alcohol dehydrogenase [45], aldehyde dehydrogenase [46] and
cytochrome P-450 [47], PEG is considered a non-biodegradable polymer, and
for human use it is commonly used at molecular weights below its kidney
clearance threshold. So far, the highest PEG molecular weight employed for a
conjugate approved for human therapy (i.e., Pegasys®) is 40 kDa. In fact, the
threshold for an easy kidney filtration is about 40—60 kDa (a hydrodynamic
radius of approximately 45 A [48]) and over this limit the polymer remains in
circulation for longer periods of time and accumulates in the liver. Of interest
is the sigmoidal relationship between PEG molecular weights and their in vivo
half-lives that fits the theoretical models of renal excretion of macromolecules
based on the pore sizes of the glomerular capillary wall, in this case with a
marked increase of circulation times in the range of 20—30 kDa [49, 50]. This
behavior implies that the influence of PEG on the protein conjugates half-lives
is not easily predicted and several case by case studies were therefore carried
out to determine the half-life increases [51]. Manjula and co-workers report-
ed the effect of different PEG sizes in the case of hemoglobin’s (Hb) hydro-
dynamic volume and conjugate radius. The authors demonstrated that the
molecular size of the protein was significantly enhanced after covalent attach-
ment of PEG and exhibited a fairly linear relation with the mass of linked PEG
chain. Hb linked with two chains of PEG 10 kDa (total calculated mass
84 kDa) or with two chains of PEG 20 kDa (104 kDa) exhibited a hydrody-
namic volume of 712 and 1,436 nm’, respectively, while octamer or dode-
camer forms of proteins, without coupled PEG chains, having a molecular
weight of 128 and 192 kDa exhibited a hydrodynamic volume three-fold
lower than that of the PEGylated proteins [52]. Therefore, oligomerization can
also increase the protein half-life by molecular mass augmentation but it is not
as effective in the protection against proteolytic enzymes as PEGylation which
can effectively mask sensitive amino acid sequences (Fig. 2). Furthermore,
computer modeling investigations of PEGylated proteins suggested that PEG
chains of 5 and 10 kDa are distributed all around the proteins surface reduc-
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Figure 2. Different behavior of PEGylation and oligomerization of proteins towards kidney excretion
and stability; a) both PEGylation and oligomerization increase the hydrodynamic volume of the pro-
teins and decrease the kidney excretion; b) PEG shields the protein surface and masks sensitive sites
recognized by proteolytic enzymes and antibodies, whereas oligomerization does not.

The n is chopped off protein in the circles.

ing the protein’s exposure, while the 20 kDa polymer may fold up with itself,
conferring less protection [52]. Other physical properties influenced by PEG
size were studied by comparing the viscosity of different PEG-Hb conjugates:
it was found that the hydrodynamic volume of conjugates increased almost
linearly with molecular weight of PEG chains while viscosity and colloidal
osmotic pressure exhibited an exponential increment with the length of PEG
chain [52]. In addition, studies conducted by Fee and co-workers [53] demon-
strated that the final molecular size of each PEG-protein specie is determined
by the sum of the native globular protein size and the total size amount of con-
jugated PEG, rather than by the particular PEG molecular weight used or the
degree of grafting. Researchers observed that o-lactalbumin linked to a single
chain of PEG 20 kDa exhibited a hydrodynamic volume of 53 nm?, which is
very close to the hydrodynamic volume of the same protein linked with four
chains of PEG 5 kDa [53]. Further studies by the same authors demonstrated
that a protein conjugated with a comparable mass of linear PEGs yields con-
jugates with similar hydrodynamic volumes but a lower half-life in vivo when
compared with conjugates obtained using a branched PEG of the same weight
[54]. The authors speculated that the polymers form a dynamic, hydrated
polymer layer at the protein surface, and the characteristic “umbrella-like”
structure of branched polymers (Fig. 1c¢) masks the protein surface better than
the linear form, conferring higher resistance to proteolytic enzymes, antibod-
ies or immunocompetent cells. Indeed, the most recent conjugates that have
reached the commercial market contain higher molecular weight PEGs and
are coupled site specifically at thiol or are mono PEGylated at lysines, while
Adagen® or Oncaspar®, which were first marketed at the beginning of 1990s,
were prepared by random conjugation of multiple strands of short 5 kDa PEG.
So far, the branched PEG2 has lead to three successful drugs, PEGASYS®,
Cimzia® and Macugen®. This PEG allows for a double mass of bound poly-
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mers for each site of attachment, thus better improving both pharmacokinetic
and pharmacodynamic profiles. These advantages are being pursued with
recent conjugates while previous PEGylation aimed at simply extending the
half-life of the drug or reducing its adverse reactions, without optimizing the
potency.

The most detailed investigation to reach an optimum balance between PD
and PK is represented by PEG-interferon a-2a development, where the protein
was linked to a single chain of branched 40 kDa PEG resulting in a conjugate
that retains only 7% of the native protein activity, but a half-life approximate-
ly 11-fold greater [55, 56]. Hence, this favorable balance allowed a weekly
dose schedule of the PEGylated form with almost constant drug levels yield-
ing higher rates of viral eradication than the parent interferon o-2a adminis-
tered three times a week (see also the chapter by Pasut in this book).

Cox and co-workers studied a method to selectively modify human growth
hormone (hGH) [57]. The protein was genetically modified by site directed
mutagenesis that introduced an unpaired free cysteine into a region not
involved in receptor binding. The cysteine was in turn modified with a 20 kDa
PEG that was selectively reactive towards thiols. The in vitro and in vivo prop-
erties of mono-PEGylated-hGH were compared with those of a multi-
PEGylated-hGH previously described [58]. In the multiply PEGylated pro-
tein, eight out of nine lysines and the N-terminal amino acid were modified to
various degrees using an activated ester 5 kDa PEG leading to a complex mix-
ture of conjugate isomers. The mixture was composed of multiple PEGylated
species containing from 2—7 coupled PEG chains, and each isomer had dif-
ferent values of in vivo potency. As expected, the heavy PEGylated species
showed reduced or no activity in vitro while the monoPEGylated-hGH exhib-
ited an activity 100-fold greater. The mono 20 kDa PEG-hGH conjugate,
obtained by genetic engineering, showed an in vivo half-life comparable to
that of multi-PEGylated hGH, which contained an average of 5-6 PEG chains
per protein.

A similar study has been reported for erythropoietin (Epo) [59]. It was
found that lysine modification with amine-reactive PEGylating agents leads
to bioactivity reduction, whereas attaching a single PEG of 20 kDa to an Epo
mutein, in which a cysteine was inserted far from regions important for pro-
tein stability and bioactivity, has seven- to eight-fold improved residence in
blood with almost complete in vitro bioactivity retention. However, the
approach to design protein variants containing one free cysteine by genetic
engineering is not always optimal because in some case the mutated protein
can be less active, unstable, and prone to misfolding or aggregation. An exam-
ple is IFN--1b, where the thiol PEGylation of its mutated forms was partic-
ularly challenging due to the instability of the native cysteine bridge under the
reaction conditions. In the same work, the authors also studied the expression
of muteins where some lysines were depleted. This approach is useful
because it can reduce the number of multi-PEGylated isomers when an amino
reactive PEG is used. Unfortunately, complications with maintaining the
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disulfide bonds under conditions favorable for efficient PEGylation preclud-
ed the utility of site selective thiol PEGylation. The lysine depleted mutein
completely lost antiviral activity or maintained only an unacceptably low
residual activity (<1%), even though the PEGylation was far from the active
site [60].

Other factors must be taken into consideration as demonstrated by Bowen
and co-workers who found that the in vivo activities of PEG-NTG-conjugates
(granulocyte colony-stimulating factor mutein) increased by increasing the
molecular weight of attached PEG [61]. The authors speculated that a lower
receptor affinity of these conjugates could also positively affect their in vivo
half-life, because receptor-mediated endocytosis by mature granulocytes is an
important mechanism regulating the levels of hematopoietic growth factors.
Actually, there are only a few reported instances of biological activity increase
after PEGylation, as in the case of PEG-enzymes where the enhanced activity
was ascribed to a positive influence of the polymer in substrate binding
[62, 63].

Conjugate size and the amount of linked PEG also have roles in the diffu-
sion through tissues, reflected in the volume of distribution and conjugate
half-life. These are relevant parameters in choosing the proper administration
route for each conjugate. In fact, i.m. or s.c. administrations may slow down
absorption, diffusion and finally the PEGylated drug reaching circulation in
blood. In these cases, conjugates may act as a depot, but note also that protein
degradation may be favored under these circumstances. For this reason i.v.
may be the preferred administration route of PEG conjugates. Investigation of
the pharmacokinetic profile following different administration routes of free
and conjugated forms of superoxide oxidase (SOD), asparaginase adenosine
deaminase or glucagon-like peptide-1 are reported [64—66]. For example, the
systemic bioavailability of PEG-SOD administered via i.p., i.m. or s.c. was
71%, 54% or 29% of the value obtained after i.v. administration. On the other
hand, the maximum protein concentration peak in blood appeared earlier in
the case of i.v. and i.p. than for i.m. or s.c. Different administration routes were
also considered, as for instance the nasal pathway proposed by Youn et al. for
PEG-glucagon-like peptide-1 conjugates [67]. Unfortunately, the high mole-
cular weights of PEG polymers, commonly used in PEGylation, prevent their
bioavailability from oral and dermal routes. In fact, the bioavailability of an
orally administered 1,000 Da PEG is only 2%. This value can rise to between
79-100% but only for PEG oligomers with a molecular weight of up to
600 Da [68].

All the above reported data demonstrate that every protein has its specifici-
ty and behavior, therefore there is not a single strategy for PEGylation and
each new project must be accompanied by a PK and PD evaluation [69].
Summary of PK and PD values in differently modified proteins is reported in
Table 3.



22 F.M. Veronese et al.

Table 3. Comparison between PK and PD PEGylated and the native protein (adapted from [69])

PEGylated-drugs PK PD
Half-life (t,,) (h) In vitro activity
Parent drug  PEGylated % Activity Species Ref.
(tip) () drug (t;0) (h) retained

PEG-arginine deiminase 2.8 50 48 rats 97
PEG-Catalase 1 10 95 mice 21
PEG-Methioninase 2 38 70 primates 84
PEG-Superoxide dismutase 0.01 38 51 mice 64
PEG-Uricase 3 72 100 human 98
PEG-Tricosanthin 3.3 8.3 14 rats 86
PEG-Lysostaphin 5 >>25 57 mice 85
PEG-GCSF 1.8 7 41 rats 99
PEG-IFN-02a 0.7 51 7 mice 55
PEG-IFN-Bla 0.98 13 50 rats 100
PEG-IFN-B1b 1.1 16.3 50 rats 60
PEG-IL6 0.05 48 51 rats 101
PEG-TNFo. 0.07 0.7 80 rats 36, 102
PEG-Calcitonin 3.31 15.4 50 rats 103, 104
PEG-GLP 0.04 0.56 83 mice 67
PEG-hGH 0.34 10 24 rats 57
Fab’Fragment 0.33 9.05 100 rats 42
PEGvisomant 0.50 100 22 rats 69
Anti-VEGF RNA aptamer 24 94 25 primates 37

Effect of PEGylation on protein recognition, uptake and processing

The observations reported above highlight the difficult task of foreseeing the
effect of PEGylation on protein pharmacokinetics and pharmacodynamics. In
fact, many parameters such as protein absorption, elimination, degradation and
unfolding are affected by PEGylation and in particular by both the amount of
linked PEG and the site of coupling. As a consequence the development of a
proper chemical strategy for PEGylation of a specific protein is not straight-
forward. Such constraints are potentially circumvented with a releasable
approach in which a fully active protein may be recovered after in vivo admin-
istration. Methods involving releasable PEGs are based on special linkers
between polymer and protein, which can be cleaved by chemical or enzymat-
ic hydrolysis [70] (see also the chapter by Bonara and Drioli in this book).
Predicting the effects of PEGylation on immunogenicity is even more prob-
lematic due to the great numbers of biological variables that can generate neu-
tralizing antibodies or can break self-tolerance. An antibody response involves
a complex cascade of events: antigen internalization by antigen processing
cells, their processing to peptides followed by presentation to B or T cells, also
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T and B cells maturation that results in cell division and antibody release [71,
72]. Furthermore, an immune response may also be strongly elicited by a
series of repetitive moieties that together act as an epitope. This is for instance
the case of aggregated proteins which are more immunogenic than non-aggre-
gated proteins which cause of breaking self-tolerance, a phenomena that can
take place even without T cell involvement [73, 74].

In this complex scenario, PEGylation may act at different levels, among
these we may recall: a) the reduced mobility of PEGylated proteins in tissue
that may influence the translocation from blood to cells or organs involved in
immunogenicity, b) the reduced recognition and uptake by antigen presenting
cells (APC), c) the increased stability of PEG conjugates towards proteolytic
enzymes inside the APC and finally d) a decreased recognition by B cell recep-
tors of epitopes masked by PEG [75—-77]. Quantitative studies of all these phe-
nomena in vivo are still missing, although interesting investigations of the
effect of PEG on certain non-covalent interactions were reported. It was
demonstrated, for instance, that the presence of PEG on cyclic immunogenic
peptides does not prevent their binding to the major histocompatibility com-
plex (MHC) but the modified peptides are not immunogenic and do not stim-
ulate the production of MHC-restricted T cells as in the case of free peptides
[78]. In another study, the uptake, intracellular transport and degradation of
PEG conjugates were all investigated with PEGylated asialofutein, a protein
known to bind to the galactose receptors of hepatocytes. It was found that
receptor-mediated uptake was decreased by the presence of PEG, due to a
reduced rate of formation of the receptor-ligand complex. Furthermore, sub-
cellular fractionation by density gradient, demonstrated that PEG-modified
asialofutein is transported and degraded intracellulary in the same manner as
the native protein, although the rate of proteolysis is reduced [79]. The ability
of PEGylation to reduce protein aggregation is of great importance in prevent-
ing the immunogenicity of recombinant human proteins that, if administered
at high doses, may form aggregates that are potentially immunogenic, thus
breaking self tolerance. An interesting case of the effect of PEGylation on pro-
tein aggregation has been reported for G-CSF. In this case, the authors deter-
mined that the chemistry linking the PEG to protein may have a role in con-
trolling the aggregation rate [80]. Further insights on protein aggregation can
be obtained from another work also dealing with G-CSF. In this last case,
PEGylation was directed to the lone free cysteine that has a relevant role in
forming covalent aggregates through thiol scrambling. The aim was to reduce
both non-covalent aggregation, as shown in the above reported study [81], and
covalent aggregation mediated by the cysteine. Unexpectedly, the thiol conju-
gate PEG-G-CSF showed a higher propensity to form non-covalent aggregates
with respect to the native protein. This result demonstrated that the site of
PEGylation has a role in protein aggregation [81].

Precise rules of the effects of PEGylation on immunogenicity are difficult
to draw because of the difficulty of comparing results from different studies.
The problem in comparing results is due either to the various methods used to
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evaluate antigenicity, each one with a distinct sensitivity and specificity, or to
the different conjugate administration routes. Units are not standardized and
often not reported, so it is difficult for any direct comparison between differ-
ent laboratories [82]. Furthermore, most of the immunological studies are car-
ried out in animals that are not always predictive of human behavior. However,
note that the presence of antibodies in blood does not necessarily preclude
therapeutic efficacy because in several cases the antibodies may dissipate over
time or do not neutralize the therapeutic protein’s biological activity and there
are limited studies published addressing neutralizing antibodies. The anti-
genicity of PEGylated proteins, i.e., recognition by the antibodies elicited
against the unmodified protein, was sometimes evaluated and reported [83].
Antibodies against PEG can also be raised. This aspect is reported in detail in
the chapter by Armstrong of this book.

It is beyond the scope of this chapter to fully review the literature on
immunogenicity of PEGylated proteins. Therefore we have chosen to highlight
only a few examples. Several studies have highlighted how the elicitation of an
antibody response against a conjugated protein did not completely prevent the
protein’s biological activity. Examples are enzymes where the active site does
not involve a large array of exposed amino acids, but also cytokines in which
the binding region is rather extended on the protein surface. PEGylated
methioninase, a heterologous enzyme active towards the small substrate
methionine, promotes an antibody response but still maintains the ability to
degrade its substrate; meanwhile PEG increases its circulation residence time,
as demonstrated in monkeys [84]. In other cases, where the substrate is a
macromolecule, the decrease in activity may be ascribed more to the steric hin-
drance of PEG chains that prevent the approach of the substrate than to the
effect of neutralizing antibodies. Reduced antibody binding upon PEGylation
was found with the non-human enzyme lysostaphin, an endopeptidase that dis-
rupts the cell walls of Staphylococcus aureus. In this case, the biological activ-
ity is partially reduced, probably due to the effect of PEG steric hindrance on
the binding of the large substrate (cell walls): the larger the PEG is, the greater
the activity loss. A hindered branched form of PEG was chosen for the modi-
fication, rather than a linear one to more efficiently prevent the entry of the
polymer inside the active site of the enzyme [85].

Trichosantin, a ribosome inactivating protein extracted from plants, was
also recently studied. In this case, different mutants were produced and two of
these were PEGylated at one thiol group with a 5 kDa polymer. A marked
decrease in immunogenicity was found, but it was accompanied by some
reduction of biological activity. The authors concluded that the PEGylated
sites in the muteins are at or near the protein’s antigenic sites. Also, in this case
the decreased activity may be ascribed to the steric hindrance of PEG that pre-
vented the enzyme’s approach to the DNA, a large substrate [86].

Certolizumab Pegol, a PEGylated humanized Fab’ fragment directed toward
anti-tumor necrosis factor o, (TNF-a) produces low incidences of antibodies
in patients, thus not affecting drug efficacy. Furthermore, Certolizumab Pegol



Protein PEGylation, basic science and biological applications 25

did not cross react with anti-Infliximab antibodies [36], Infliximab being a dif-
ferent non-human monoclonal antibody against TNF-o that has been approved
and marketed as Remicade®. This will allow the use of Certolizumab Pegol
when the therapy with Infliximab must be interrupted due to the formation of
neutralizing antibodies.

Detectable neutralizing antibodies were occasionally observed for PEG-
interferon o-2b administered to mice (one animal out of 10), while they were
always raised to a substantial amount by the unmodified cytokine and to even
higher titers by its aggregates [55]. Interferon-f3-1-b, a protein that tends to
aggregate and is difficult to formulate due to its high hydrophobicity, was con-
jugated to PEGs of various molecular weights and shapes resulting in a series
of derivatives with different sites and degrees of modification [60]. The specie
that exhibited the best pharmacokinetic properties was the branched 40 kDa-
conjugate, which was extensively investigated for immunogenicity in rats. In
this case, the authors used a number of tests to assay immunogenicity: direct
and indirect ELISA, flow cytometry, Biacore and antiviral activity neutraliza-
tion. The PEGylated protein demonstrated the formation of much lower titers
of IgG when compared to the unmodified TFN-B-1b. Interestingly, the anti-
bodies raised against the native protein did not demonstrate significant bind-
ing to PEG-IFN-B-1b, whereas the IgGs against PEG-IFN-B-1b also bind the
native protein. Furthermore, PEGylation increased the solubility and stability
of TFN-B-1b preventing the formation of aggregates that could be immuno-
genic [60].

PEGylation also achieved success in the reduction of immunogenicity of
glycosylated proteins. One case is represented by recombinant erythropoietin
(rhEPO), a protein that during therapeutic protocols for chronic administration
for anemia treatment can lead to immunogenicity and EPO resistant anemia.
PEGylated thEPO products were obtained with linked single and multiple
chains of the polymer. Only the mono-PEGylated species was assessed for
immunogenicity because the multi-PEGylated proteins were less effective in
increasing hemoglobin levels. While the unmodified thEPO was found to raise
antibodies in 69% of rats following 12 weeks of treatment, no antibody was
found in the PEGylated protein treated animals while the hematopoietic activ-
ity was maintained [87].

PEGylated enzymes for biocatalysis in organic solvents

Enzyme catalysis currently represents an interesting alternative to chemical
synthesis for production of fine chemicals, in particular when chemo- or regio-
selectivity is required. Biotransformation procedures received further applica-
tion by the so called ‘non aqueous’ enzymology that allows for the synthesis
or modification of compounds insoluble in water as is the case of several drugs
or their precursors. Furthermore, the absence of water may in some cases mod-
ify the specificity of reactions and reverse reaction equilibrium [88—-90].
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Generally, when enzymes are employed in organic solvents, they are used
as suspended powders and the dispersion degree may be a critical factor in the
expression of catalytic activity. The activity of one enzyme depends on the
number of productive encounters that occur between the enzyme and a sub-
strate. As expected, due to diffusion limitations, dispersed enzymes in organic
solvents were found to exhibit 10—1,000 fold reduced catalytic activities in
comparison to enzymes dissolved in aqueous solution [91]. Consequently,
every method that may increase dispersion in organic solvents may improve
the catalytic performance and those that will allow complete dissolution will
be highly desirable. Among the proposed methods to solubilize enzymes,
PEGylation is preferred because the amphiphilic polymer conveys its dissolu-
tion properties to the proteins. It was found that the solvent may influence
enzyme stability, rate of reaction and selectivity. Among the several enzymes
that were PEGylated and studied in organic solvents, so far we are describing
only a couple of examples that may illustrate the potentials and limitations of
this procedure. Candida rugosa lipase treated with PEG-p-nitro-phenyl-chlro-
formiate [92] and PEG-cyanuric chloride [93] were found to exhibit enhanced
stability in isooctane where the first conjugate was found to be more active
than the second one. In both cases, however, they exhibited decreased lipase
and esterase activities, compared to activity in aqueous systems although
transesterification activity was improved [94].

Subtilisin Carlsberg exhibited an activity in dioxane 32-fold less than in
water [95], but the PEGylated form exhibited complete solubility in dioxane
and an enzymatic activity that depended upon the level of PEGylation. Indeed
it was demonstrated that increasing the extent of PEGylation increases the
enzymatic activity, while the enzyme’s enantioselectivity decreased.

A further possible utility of PEGylation is to reduce the diffusion of an
enzyme entrapped in a hydrogel matrix by increasing its size. Thus, PEGylated
lipase could be permanently entrapped in a polyvinyl alcohol (PVA) hydrogel
obtained by freezing and thawing a PVA-enzyme solution. The entrapped
enzyme maintained catalytic activity and showed regioselectivity in the
hydrolysis of water insoluble acetoxycoumarines [96].

Conclusions

From the short overview of protein PEGylation described in this introductory
chapter, one can understand the great potentials of the technique. The applica-
tions are only partially disclosed because many uses of poly(ethylene glycol)
conjugation are beyond the scope of this book. Some of these unreported appli-
cations have already achieved pharmaceutical relevance, such as modification
of surface properties and improvement of in vivo behavior of liposomes,
microparticles or materials. Others remain as interesting biological experiments
only, waiting for further developments, for example, the case of the modifica-
tion of the cell surface for transplantation purposes or the use of PEGylation in
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two phase partitioning. Thanks to the unique physical—chemical and biological
properties of PEG, doubtless further new applications will be discovered.

All of this demonstrates how wrong those biochemists were who, at the Bad
Neuenahar 1977 ‘Enzyme Engineering Meeting’, dismissed the Abuchowski
report on protein immunogenicity as a dream without future.
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Abstract

Poly(ethylene glycol) (PEG) derivatives are the first choice of the water soluble, biocompatible poly-
mers on hand for conjugation to proteins and polypeptides. This chapter deals with the PEG reagents
that are available for the preparation of bioconjugates. The opportunities of different reactive groups
on PEG are described and their different activities against the functional moieties of the amino acids
are illustrated. Some attention is also given to the modification of the PEG backbone to increase its
loading capacity and to eventually modify the stability of the conjugating bonds.

Introduction

The unique chemical and biomedical features of poly(ethylene glycol) (PEG)
have been successfully exploited during these years for a variety of practical
purposes, since it is possible to introduce the polymer on a desired molecules
without negatively interfering with their fundamental properties. Thus, PEG
itself can be easily chemically modified and joined to other units with little, if
any, effect on their chemistry, but with great modification of solubility, size
and stability. This polymer, at first glance, looks like a very simple molecule
[1]. In fact, it is a linear neutral polyether of general structure:

RO—(CHQ—CHz—O)n—CHz—CHz—OH where R = CH3, H

One of its most striking features is the wide solubility, up to 50% w/w in the
majority of solvents adopted in the organic reactions, as well as in water. On
the other hand, by addition of ether it is easily precipitated as a powder from
organic solution. When applied to organic syntheses this precipitation/filtra-
tion process allows for a fast purification of the molecules eventually bound to
the polymer.

PEG as chemical reagent

Regarding its chemical modification, PEG offers the terminal primary hydrox-
yl groups for modification since the polyether backbone is quite chemically
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inert. A PEG chain offers no more than two anchoring point, namely the two
OH groups at its extremities. Monomethylether of PEG (mPEG) is often used
when it is desirable to have only one molecule of product bound to each poly-
meric chain, or to link multiple PEG chains to a substrate and avoid any pos-
sible cross-linking reaction. The covalent bond between PEG and the new
molecule is achieved directly by using the original OH groups of the polymer
whenever possible. Alternatively, new functionalized PEGs can be obtained or
by direct transformation of hydroxyls to the wanted target functionality, or by
reaction of the polymer with a bifunctional molecule where one function is
used for conjugation to the polymer, while the other remains available for
linking the organic moiety of interest [2]. Thus, to make PEG useful as a
reagent for peptide or protein modification, it must be activated with a func-
tional group that is reactive toward some group on the protein [3].
Modification of amino acid moieties in peptides and proteins is a well known
field. Most PEG reagents use the same chemistry embodied in simpler
reagents used to modify proteins. Through a series of chemical steps, one can
convert the PEG hydroxyl group into a molecule containing a reactive end
group (functional group) [4]. Despite the clinical successes of many PEG con-
jugates, conjugation of a PEG reagent to a biomolecule and providing the con-
jugate in a form that has the purity and structural definition required for clin-
ical applications remains challenging. In particular, the conjugation reaction
may give a relatively disperse mixture of products if there is more than one
functional group that is reactive toward the PEG reagent. For example, with a
typical protein, even with a monofunctional PEG, the conjugation reaction
often results in an isomeric mixture of singly substituted, as well as isomeric
disubstituted, and polysubstituted conjugate forms. Because of the above con-
siderations, providing PEG reagents that can provide ‘site-directed’ conjuga-
tion is one of the challenges for the PEG reagent chemist. Unfortunately,
reagents that are site specific are rare. More often, a specific site may be engi-
neered into a biomolecule to allow for site specific attachment. Regardless, the
selection of the appropriate reagent becomes the challenge for the bioconju-
gation research.

The PEG binding to proteins generally involves the amino residue of lysine,
because these groups, always present in proteins, are very reactive and exposed
to solvent. Furthermore a great deal of studies are reported in literature regard-
ing methods for specific amino residue modification in proteins. The thiol
modification is also of particular interest since cysteine is seldom present in
proteins, but may be a very specific binding site when present. Other amino
acid residues were also considered for the conjugations, as the guanidino
group of arginine, the carboxylic group and the carboxamido group of gluta-
mine, as well the sugars in case of glycoproteins. Carboxylic groups were used
for the conjugation but in very few cases only, because the needed coupling
agent yields the desired reaction with an amino PEG, but contemporaneously
cross linking with the amino group of the protein takes place also. Prerequisite
for all of the methods is that they employ chemical procedures that are com-
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patible with the conditions of protein stability for what pH, temperature, salt
concentration is concerned.

Eventually, it is well known that use of a stable bond in forming the conju-
gate begs for substantial loss in therapeutic activity of the protein or polypep-
tide. However, even if ca. 5% or more bioactivity remains, the advantages of
using a PEG conjugate having a stable bond may make this option most attrac-
tive. With the use of stable PEG-conjugate bonds one does not have to worry
about the rate for PEG release of the drug. In some cases, it may make a dif-
ference which reagent type is chosen because the protein charge may be
important. There are other complications with certain reagents that make it
prudent to consult with an experienced PEG chemist prior to taking on a major
new PEGylation program [5].

The conjugate purification from excess reagent, from the non-modified
protein and from the leaving groups are usually carried out by gel filtration,
ultrafiltration, ion exchange or reverse-phase procedure. The use of ionic
exchange chromatography is sometime hampered by the presence of PEG that
could mask the protein charges; however an important advantage is given by
the possible purification of large amounts of crude PEGylated derivatives in
a single process. On the other hand, other methods such as based on affinity
are rarely useful for the rejecting property of PEG that prevents a productive
binding. Usually the analysis of the conjugation to the protein reactive groups
and the estimation of the degree of modification is carried out by colorimet-
ric method or by amino acid analysis provided that PEG was previously
labeled with an unnatural amino acid as norleucine or [-alanine [6].
Moreover the ionic exchange can be also useful in analyzing the presence of
different isomers due to the multiple attack sides offered by the protein. An
example of such a mixture is given in Figure 1. Valuable data on protein con-
jugate heterogeneity are also obtained by mass spectroscopy methods,
MALDI in particular.

ADCT B, ADC1 CHANNEL B (ANNAW03100504.D)

5 10 15 20 25 30 o

Figure 1. Ion exchange column fractionation of the reaction mixture obtained by reaction of human
grow hormone with PEG-5,000-OSu, in borate buffer at pH 8.5 (Anna Mero, personal communication)
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Specific PEG reagents
Modification of amino groups

Since most applications of PEG conjugation involve labile molecules, the cou-
pling reactions require mild chemical conditions suitable also in water solu-
tions. In the case of polypeptides, the most common reactive groups addressed
in coupling are the alpha N-terminus or epsilon amino groups of lysine respec-
tively. First-generation chemistries were generally plagued by PEG impurities,
restriction to low molecular weights, unstable linkages, and lack of selectivity
in modification. Examples of first-generation PEG derivatives include: (a)
PEG dichlorotriazine, (b) PEG tresylate, (c) PEG succinimidyl carbonate, (d)
PEG benzotriazole carbonate, (¢) PEG p-nitrophenyl carbonate, (f) PEG
trichlorophenyl carbonate, (g) PEG carbonylimidazole and (h) PEG succin-
imidyl succinate. In Tables 1 and 2 a survey of the different PEG-derivatives
reacting with the amino group is reported: the alkylating ones maintain the
charge of the native protein in the final conjugate, while the acylating reagents
lead to a loss of positive charge in the final conjugate with respect to starting
protein. The PEG dichlorotriazine derivative can react with multiple nucle-
ophilic functional groups such as lysine, serine, tyrosine, cysteine, and histi-
dine, which results in displacement of one of the chlorides and produces a con-
jugate with retained charge in the form of a secondary amine linkage [7]. The
remaining chloride is less susceptible to reactions with nucleophilic residues.
Unfortunately, the reactivity is sufficient to allow crosslinking of protein mol-
ecules containing additional nucleophilic residues. Another alkylating reagent
used to nonspecifically modify multiple amino groups, forming secondary

Table 1. PEG alkylating derivatives reacting with amino groups to yield secondary amines, this pre-
serving the protein charge

(6] PEG-epoxide Slowly reactive, rarely used.

PEG—0—CHj4—>
PEG—0O PEG- chlorotriazine Abandoned for therapeutic

N application due to toxicity.

Ny pCl
N

PEG—0O
PEG—0—S0;CH,CF, PEG-tresyl Not much used: it leads to a

mixture of products.

0} PEG-aldehyde A two steps reaction: it follows
/\/U\ a reductions with NaCNBHj.
If the coupling reaction is
PEG H carried out at low pH (4.5-5)
it reacts only with the o-amino
group.
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Table 2. PEG acylating derivatives reacting with amino groups to yield amide or urethane bonds, this
decreasing the protein charge by a number equal to the number of couple PEG chains

0
PEG—OJVCH%

OSu
PEG-0O || CH,CH3 || OSu
O
PEG—X
OSu
O
PEG X
OSu
(0]
PEG-OJJ—OSu
Cl
0}
PEG-OJJ—O Cl
Cl

PEG—OJ-LOQNOZ

PEG-carboxilates

Several derivatives
with one or more

—CH,— groups between

PEG-succinimidyl-
succinate

PEG-amino acid-
succinimidyl ester

PEG-peptide-succin-
imidyl ester

PEG-carbonates

PEG-succinimidyl-
carbonate

PEG-2,3,5 trichloro-
phenyl carbonate

PEG-benzotriazolyl
carbonate

PEG-pnitrophenyl
carbonate

The rate of conjugation depends
on the numbers and ramification
of —CH,— groups.

Easy hydrolysis of the ester
between succinic acid and PEG

Easy quantification of the number
of linked PEG chains by analysis
of added unnatural Nle or fAla
units.

Met-Nle or Met- BAla allows an
easy localization of PEGylation
site by removing PEG with CNBr.
Lysosomal cleavable sequences
(i.e., H-Gly-Phe-Lue-Gly-OH)
allow the release of drug inside
the cell.

Slowly reactive, final linker as
urethane

Slowly reactive, final linker as
urethane

Slowly reactive, final linker as
urethane

Slowly reactive; final linker as
urethane

amine linkages to proteins, viruses and liposomes, is PEG tresylate or tosylat-
ed [8]. Although more specific to amino groups than PEG dichlorotriazine, the
chemistry of conjugation and the conjugation products are not unique and well
defined. Therefore, a heterogeneous mixture that results from attaching PEG-
tresylate to proteins may contain a population of conjugates with degradable
linkages. Second-generation PEGylation chemistry has been designed to avoid
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the above noted problems of diol contamination, restriction to low molecular
weight mPEG, unstable linkages, side reactions and lack of selectivity in sub-
stitution. One of the first examples of second-generation chemistry is mPEG-
propionaldehyde [9]. mPEG-propionaldehyde is easier to prepare and use than
PEG-acetaldehyde because the acetaldehyde is very susceptible to dimeriza-
tion via aldol condensation. A key property is that under acidic conditions
(approximately pH 5), aldehyde is largely selective for the N-terminal o--amine
because of the lower pK, of the o-amine compared to other nucleophiles
[10—12]. The conjugation of electrophilic PEGs to amino acid residues on pro-
teins is highly dependent on their nucleophilicity; nucleophilic attack will only
take place when the pH of the protein solution is near or above the residue’s
pK,. Although complete selectivity is not observed, the extensive heterogene-
ity frequently seen with lysine chemistry is greatly reduced. Coupling of alde-
hydes to primary amines proceeds through a Schiff base, which is reduced in
situ to give a stable secondary amine linkage as shown in Figure 2. This is also
a convenient way for conjugation when the amino positive charge is critical for
the biological activity retention.

As an alternative alkylating agent, the epoxy PEG can also be used, but it is
low reactive and furthermore the specificity in not sure since hydroxyl groups
may also react.

Most first-generation PEG chemistries are those that produce conjugates
through acylation. Two widely used first-generation activated mPEGs are suc-
cinimidyl carbonate (SC-PEG) [13, 14] and benzotriazole carbonate (BTC-
PEG) [15]. SC-PEG and BTC-PEG react preferentially with lysine residues to
form a carbamate linkage, but are also known to react with histidine and tyro-
sine residues; SC-PEG is slightly more stable to hydrolysis than BTC-PEG.
Other PEG acylating reagents which produce urethane linked proteins include
p-nitrophenyl carbonate (pNPC-PEG), trichorophenyl carbonate (TCP-PEG)
and carbonylimidazole (CDI-PEG) [16, 17]. These reagents are prepared by
reacting chloroformates or carbonylimidazole with the terminal hydroxyl
group on mPEG, and these have much lower reactivity than either the SC-PEG
or BTC-PEG. Generally, the slower the reaction the more specific the reagent
is to certain amino acid groups of the protein. The formation of a carbamate
bond is shown in Figure 3.

The remaining first-generation PEG reagent is succinimidyl succinate (SS-
PEG) [18]. SS-PEG is prepared by reaction of mPEG with succinic anhydride,

N Protein

i I
mPEG—C—H + HQN“—Protein =~——= mMPEG—C—H + Hzo

mPEG—ﬁ‘—:N“_Protein + NaCNBH, — mPEG—CH,—N*H—Protein

Figure 2. Scheme of the formation of a stable amino linkage between mPEG and a protein.
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O
Il .
mPEG—O—g—O—Y + HoN—Protein mPEG—C—0Su + HyN—Protein
) (8) l
T [
mPEG—O—C—NH—Protein mPEG—C—NH—Protein

Figure 3. Scheme of the formation of a carbamate (A) and of an amide (B) bond between mPEG and
a protein (Y = p-nitrophenyl, trichlorophenyl, benzotriazole)

followed by activation of the carboxylic acid to the succinimidyl ester. The
polymer backbone contains a second ester linkage that remains after the con-
jugation reaction with a protein. This linkage is highly susceptible to hydroly-
sis after the polymer has been attached to the protein. Not only does this
hydrolysis lead to loss of the benefits of PEG attachment, but the succinate tag
that remains on the protein after hydrolysis can act as a hapten and lead to
immunogenicity of the remaining protein [19]. In general, active esters of PEG
carboxylic acids are the most used acylating agents for protein modification.
Active esters react with primary amines near physiological conditions to form
stable amides as shown in Figure 3.

The first carboxylic acid derivative of PEG not containing a degradable link-
age to the PEG backbone, as in SS-PEG, was carboxymethylated PEG (CM-
PEG) [20]. The succinimidyl ester of this compound (SCM-PEG) is extremely
reactive and is therefore difficult to use. To have an active ester that had more
favorable kinetics for protein modification, propionic acid (PEG-O-
CH,CH,-COOH) and butanoic acid (PEG-O-CH,CH,CH,—~COOH) deriva-
tives of PEG have been prepared [21]. Changing the distance between the active
ester and the PEG backbone by the addition of methylene units had a profound
influence on the reactivity towards amines and water. For example SBA-PEG,
which has two additional methylene groups, has a longer hydrolysis half-life
than SPA-PEG, which has one additional methylene group. Additionally, the
presence of an amino acid or peptide arm between PEG and the attached macro-
molecule gives several advantages due to the variability of properties that may
be introduced using a suitable amino acid or peptide [22]. Among these arm,
norleucine is of interest for the advantage in analysis of PEGylated proteins and
methionine for the identification of PEGylation site [6, 23-24].

Modification of thiol groups
PEGylation of free cysteine residues in proteins is the main approach for site-

specific modification because reagents that specifically react with cysteines
have been synthesized, and the number of free cysteines on the surface of a
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protein is much less than that of lysine residues. This rare residue may be
introduced at the desired position of the sequence by genetic engineering. The
advantage of this approach is that it makes possible site-specific PEGylation at
areas on the protein that will minimize a loss in biological activity but decrease
immunogenicity. PEG derivatives such as PEG-maleimide vinylsulfone,
iodoacetamide, and orthopyridyl disulfide have been developed for
PEGylation of cysteine residues, with each derivative having its own advan-
tages and disadvantages [25-28] as resumed in Table 3. There is an activated
disulphide, namely PEG-orthopyridyldisulfide (PEG-OPSS) that reacts specif-
ically with sulthydryl groups under both acidic and basic conditions (pH
3—10) to form a disulfide bond with the protein. Disulfide linkages are also sta-
ble, except in a reducing environment when the linkage is converted to thiols.
PEG-vinylsulfone (PEG-VS) reacts slowly with thiols to form a stable
thioether linkage to the protein at slightly basic conditions (pH 7-8) but will
proceed faster if the pH is increased. Although PEG-VS is stable in aqueous
solutions, it may react with lysine residues at elevated pH. Unlike PEG-VS,
PEG-maleimide (PEG-MAL) is more reactive to thiols even under acidic con-
ditions (pH 6-7), but it is not stable in water and can undergo ring opening or
addition of water across the double bond.

PEG-iodoacetamide (PEG-IA) was also employed as a well-known reaction
in protein chemistry; it should be done in slight molar excess of the PEG deriv-
ative in a dark container to limit the generation of free iodine that may react
with other amino acids. This modification procedure presents the advantage
that, by strong acid hydrolysis, the PEGylated cysteine gives rise to car-
boxymethylcysteine, a stable cysteine derivative that can be identified and
quantified by standard amino acid analysis [29].

Table 3. PEG derivatives reacting with thiol groups

O PEG-iodo acetamide Less reactive.

PEG\NHJJ\/I

I
PEG—ﬁ—CH:CHZ
0

PEG-vinylsulfone Give stable linkage; may react
with amines at high pH values.

(@) PEG-maleimide Give stable linkage; may react
with amines. It presents
instability problems due to ring

PEG—N l opening

O

— PEG-pyridildisulphide Most specific towards thiol;
PEG—S—S yields a cleavable linkage by
N / a reducing agent.
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Modification of other groups

Hydroxyl groups

PEG-isocyanate is useful for hydroxyl group conjugation yielding a stable ure-
thane linkage [30]. However, its reactivity may be best exploited for non-pep-
tide moieties such as drugs or hydroxyl-containing matrices for chromatogra-
phy and also to yield biocompatible surfaces. In fact, PEG-isocyanate is also
highly reactive with amino moieties. A possible solution, not yet fully exploit-
ed, could take advantage by the use of a PEG-phosphorylated unit playing with
the higher stability of the final phosphodiester bond in comparison with any
concurrent phosphoroamidite derivative [31]. An effective, alternative proce-
dure for the selective modification of hydroxyl groups is given by the use of
specific enzymes as a GalNAc glycosylation at specific serine and threonine
residues in proteins [32]. This enzymatic method, termed GlycoPEGylation,
was applied to three clinically important proteins and it was demonstrated that
these proteins were exactly modified at the O-glycosylation sites of the native
proteins (see chapter by Fontana et al. in this book).

Carboxyl groups

An original strategy was devised to specifically PEGylate carboxylic groups in
proteins without cross-linking formation with amino groups: it takes place
only by the use of PEG-hydrazide [33]. The very low pK of the hydrazide
group allows its binding to carboxyl groups in acid media (pH 4.5-5) where
all the protein amino groups are protonated and not reactive. This condition
assured that intra or inter-molecular protein cross linking between carboxy-
lates and a PEG amine does not take place.

o]

PE NHNH I
W 2 . HO-C-R __, PEG\'(NHNH\’(R
o o

0

Guanido groups

The few examples of PEGylation at the level of arginine were all based on the
use of PEG-1,3-dioxocompounds. The disadvantages of this method are the
long reaction time needed for complete coupling and the non-specificity of its

chemistry, since other amino acids, histidine and lysine in particular, may also
react [34, 35].

H H

- —CH + C—NH—R PEG-O HC, \f
4 \%N(a

HN



42 G.M. Bonora and S. Drioli

Carboxamido groups

As for the hydroxyl groups, the specific conjugation of PEG to the amido
groups of glutamines is possible under mild conditions using enzymes.
Recently, has been discovered that glutamine in proteins can be a substrate for
the PEGylation mediated by transglutaminase enzymes [36]. This process has
been extensively investigated and the site-specific post-translational modifica-
tion of proteins analyzed for an eventual prediction of the possible site of con-
jugation [37].

Modification of backbone

Multifunctional PEGs

As mentioned, PEG derivatives show good chemical and mechanical proper-
ties, terminal reactive functional groups, as well as advantageous solubilising
properties. However, a reduced size homogeneity and loading capacity could
hamper their pharmacological application, and these adverse characteristics
increase with higher molecular weight. With a view to improve their overall
features, many modifications of linear bifunctional PEGs have been proposed
as the formation of the so-called branched PEGs, where two linear polymeric
chains are linked together trough a tri-functional spacer [38]; alternatively, the
introduction of dendrimeric structures has been also proposed [39, 40]. A dif-
ferent approach has been recently described where a simple procedure pro-
vides linear PEGs bearing multiple pendant hydroxyl groups along the final
chain [41]. Recently, the production of new branched, high-molecular weight
multimeric PEG-based systems (MultiPEGs), starting from inexpensive com-
mercial PEG moieties assembled through a divergent dendrimeric fashion,
have also been planned [42, 43]. A scheme of some of these PEG derivatives
is drawn in Figure 4.

Reversible linkages

Most first- and second-generation PEG reagents were designed to provide a
stable conjugate linkage between the PEG and protein moieties [44].
Unfortunately conjugation often results in the polymer being attached at or
near a site on the active agent that is necessary for pharmacologic activity.
Releasable PEGylation technologies have been developed as a means to
address the typical activity loss observed with stable-bond PEGylation of
many biomolecules [45]. Releasable PEG reagents provide conjugates having
a degradable linkage between the PEG moiety and the therapeutic biomole-
cule. One of the simplest releasable linkers used in PEGylation is the PEG
double-ester approach that provides an ester moiety in the PEG linker as a
cleavage point [46]. Ester linkages are susceptible to both acid and base cat-
alyzed hydrolysis, but the primary cleavage mechanism in vivo is expected to
be enzymatic [*']. Other releasable PEG approaches are based essentially on a
chemical process, as, for example, a benzyl elimination procedure. In this case
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Figure 4. Scheme of the general structure of some backbone modified PEGs

a disulfide-based system allows release of the native protein by a reduction
process to release the PEG polymer; this is followed by an elimination mech-
anism that detaches the residual linker from the protein [48].

Final remarks

Dependent on the final product desired each coupling method has been report-
ed to have its own advantages and disadvantages. The choice of coupling
agent, molecular weight of the PEG, the percentage of groups modified and the
specific properties of the protein being modified can alter the characteristics of
the final conjugated derivative. It is possible to change any of these variables
in order to ‘custom-design’ the final product, though it is the inherent charac-
teristics of the protein and peptides that dominates the final biological activity
of the adduct. Proteins are not the only compounds that can benefit, since
chemical drugs and other chemical compounds can be modified with PEG.
The only limitations to the use of PEG are in the minds of those who develop
the coupling schemes. Site-directed attachment and non covalent attachment
of PEG open up a whole new category of possibilities. Changes in the mole-
cular weight and charge of the PEG attached also provide new possibilities.
Labile bonds between the PEG and the compound of interest provide the
potential for pro-drug development and targeting agents. Importantly, in this
era of ever increasing costs, PEG-conjugation can be used to control expendi-
tures to replace labile compounds due to short use life times in vivo. By under-
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standing the technology and having developed a database of knowledge, it is
possible to produce an end-product that behaves precisely as wanted, has a
long-acting life in vivo and is cost-effective.
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Abstract

Site-specific PEGylation reagents have been developed that undergo thiol-specific bis-alkylation with
the two cysteine sulphur atoms from a native accessible disulphide in proteins. The process for this
approach of site-specific PEGylation involves two steps: (1) disulphide reduction to release the two
thiols and (2) bis-alkylation of the PEG reagent to the two sulphur atoms to give a three-carbon bridge
to which PEG is covalently attached. Mechanistically, the conjugation is thought to occur by a sequen-
tial, interactive bis-alkylation that requires functionalised PEG reagents that have a o,3-unsaturated
'-mono-sulphone moiety. Competitive reactions can be effectively suppressed to achieve high yield
PEGylation with a stoichiometric equivalence of the reagent. The reagents are easily prepared and pre-
cursor forms of our PEG reagents can be used to control the rate of formation of the reactive PEG
mono-sulphone in situ that undergoes conjugation with the protein. Purification is often a simple
process where unPEGylated protein can be easily recycled to further increase yields. Many classes of
therapeutically relevant proteins possess accessible native disulphides. Our studies have shown that
peptides, proteins, enzymes and antibody fragments can be site-specifically PEGylated by bis-alkyla-
tion using a native, accessible disulphide.

Introduction: the need for site-specific PEGylation

Protein PEGylation is a clinically proven strategy to increase the therapeutic
efficacy of protein-based medicines. With the discovery of PEGylation by
Davis et al. [1-3] in the 1970s, many proteins and small molecules have been
examined using a wide range of strategies and reactive poly(ethylene glycol)
(PEG) reagents for conjugation [4—14]. A primary reason to PEGylate proteins
is to increase their half-life in the vascular circulation while also maintaining
a large therapeutic index [15, 16]. Pioneering work has led to important clini-
cal products that have been developed [4, 17-22]. The clinical use of
PEGylated proteins has been shown to be safe [15] while indicating that
PEGylation can provide significant unexpected, and as yet unexplained, ther-



48 J.-W. Choi et al.

apeutic benefits [16, 23—26]. Certainly by just reducing the frequency of dos-
ing, PEGylation can reduce the immuno-toxicities that can be associated with
frequent dosing regimes that are often necessary for protein-based medicines.
PEGylation is now considered an enabling technology that can be used in the
development of protein-based medicines.

It is widely recognised that there has been little toxicity observed for PEG
in the wide range of consumer and healthcare products in which it is used [15].
This lack of toxicity is also generally observed when a PEGylated product is
administered parenterally [15, 27]. Although some concerns have been noted
due to accumulation in animal models [28], recent regulatory approvals sug-
gest that parenteral doses of up to 200 mg or more weekly of PEG as part of a
PEGylated product are possible for extended periods [15, 27, 29-33]. In terms
of accumulation, there is a trend for parenteral products that are given long-
term that the molecular weights for each PEG chain should be less than about
40 kDa, although this is dependent on the medical indication, total dose given,
mode of administration and the particular protein being used.

While PEG is considered safe, there is much effort that is focused to make
PEGylated proteins that have increased purity [11, 14, 34—42]. The vast major-
ity of PEGylated products are mixtures with PEG conjugated at different sites
on the protein, leading to positional isomerism. In recent years site-specific
PEGylation has become a key goal because the issue of positional isomers has
caused some questions to be asked about the nature of heterogeneous product
mixtures. In particular such mixed products can have a variety of biological
activities and the physical and pharmacological properties of proteins are
changed depending on the site and the number of PEG molecules conjugated
to the protein [43, 44]. When PEG reagents are employed that allow reactions
at multiple attachment sites along the protein backbone, a heterogeneous mix-
ture of PEG-protein conjugates is produced. This mixture is not economic to
purify and results in a complex final product that is difficult to standardise,
reproduce and to scale for manufacture. Site-specific PEGylation would solve
these problems and will allow for a more simple development of analytical
methods and an easier regulatory path for new products.

The need for more uniform protein-based products is also driving research
for other approaches that are designed to favourably alter the pharmacokinet-
ics and efficacy of protein-based medicines. These include the development of
fusion proteins [45-55] and re-engineered proteins where immunological or
clearance sequences have been modified [56—58]. Other synthetic polymers
[59], for protein conjugation particularly polysaccharide derivatives such as
hydroxyethyl starch [60] and poly(sialic acid) [61, 62] ought to be mentioned.
These polysaccharides tend to be polydisperse and variable in structure and
they lack the now long clinical history as protein adducts compared to
PEGylation. It will be important to confirm if novel sugar containing proteins
show changed immunogenicity compared to the wild-type protein or to its
PEGylated forms. The more rigid structure of polysaccharides compared to
PEG may result in a greater propensity for immunogenicity. Other, more
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recent technologies include the use of short peptide sequences, e.g., the beta
sub unit of chorionic gonadotropin [63] and poly(amino acids) [64]. Again
there is the need to ensure these new sequences do not create new epitopes
when combined with existing protein molecules. While these other technolo-
gies, including releasable linkers for PEGylation [65-67], continue to devel-
op, PEGylation is already a clinically proven post-translational chemical
process that can make proteins into better medicines, so PEGylation will also
continue to be developed and utilised [68].

Considering the need for site-specific PEGylation, positional isomers result
because the conjugation of PEG to a protein is usually performed with
PEGylation reagents that generally undergo alkylation or acylation reactions
with amine nucleophiles on the protein [4, 6, 7, 12, 69]. The terminal amine on
a protein [34, 35, 39, 70] and the amine on lysine residues along the protein
backbone [4, 7-9] have been the most used for conjugation. Other residues
including histidine, serine and tyrosine have also been utilised. There has also
been effort to conjugate PEG to non-nucleophilic residues such as side chain
and terminal carboxylic acids [12, 36, 71-74].

A considerable number of PEGylation strategies have been developed in
attempts to achieve site-specific PEG conjugation [34-40, 71, 75-78].
Approaches to site-specificity have included (1) a focus on the terminal amino
acid in the protein of interest [34, 35, 38, 39, 79], (2) insertion of a non-paired
cysteine as a PEGylation site [40, 76, 80—84], (3) structure based approaches
using prediction of the most reactive groups on the protein surface [85], (4)
oxidation or enzymatic reaction of a glycosylated moiety on the protein fol-
lowed by PEGylation [86], (5) use of enzyme catalysed chemistry on a specif-
ic glycosylation site [87], or a transglutaminase to conjugate to a glutamine
residue [36, 72] and (6) insertion of un-natural amino acids into the protein
sequence to enable mono-PEGylation at that specific site [41]. There is also
considerable current attention being paid to methods to post-translationally
modify proteins generally [88—92] and some of these may translate into
PEGylation strategies. Of the site-specific conjugation strategies listed above,
only the first two approaches have to date resulted in clinical products [21, 29,
30, 93].

Terminal amine conjugation is typically conducted by reductive amination
[6, 34, 35] and is considered to be a substantially site-specific PEGylation
strategy [70]. Reductive amination is a two-step procedure that first relies on
the site-specific formation of an imine in water followed by reduction of the
imine to give a secondary amine that links the PEG to the protein. Efforts to
determine the optimal pH to achieve site-specific reaction at the amine termi-
nus are complicated because small differences in reaction conditions result in
competitive imine formation along the protein main chain. The specific condi-
tions needed to achieve substantially terminal amine specific PEGylation are
usually very narrowly defined for each protein of interest.

Conjugation reactions can be conducted efficiently and site-specifically at
free thiols in the presence of amine and hydroxyl groups in mild conditions
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[7]. Most amine moieties on the protein are protonated and are unable to com-
pete with a free thiol for conjugation at pH values below approximately 7.5.
Mild reaction conditions that are most optimal for proteins can usually be
found where thiol conjugation is efficient in the presence of the nucleophilic
groups on the protein and with water. There is a general need to ensure that the
PEGylation process is as efficient as possible so that yield and purification
processes are economically viable [94]. Thiol based conjugations are general-
ly much more efficient than amine/hydroxyl based conjugations in the reaction
conditions that are suitable for most proteins.

The limitation of mono-thiol selective PEGylations is that most proteins do
not have a free, unpaired cysteine as a source of a free thiol. Cysteine residues
in extracellular proteins tend to be paired together as disulphides [95]. Few
proteins display an unpaired cysteine [95-98]. When proteins have a natural-
ly occurring unpaired cysteine it is invariably buried within the protein to avoid
aggregation and oxidation [99], and it is not generally accessible for a conju-
gation reaction with a PEG reagent [100]. In order to utilise thiol-specific PEG
reagents, it is usually necessary to recombinantly engineer a new and free cys-
teine into the protein [80]. Incorporating a free cysteine is technically demand-
ing to ensure that biological activity can be maintained. The presence of a free
unpaired cysteine increases the potential for irreversible protein aggregation
during its purification. Since many therapeutically relevant proteins have
native disulphide bonds, the presence of a recombinantly added unpaired cys-
teine also increases the propensity for disulphide scrambling and protein mis-
folding, further complicating protein purification.

In spite of these inherent limitations at the protein level, thiol-specific PEG
reagents have been developed and are being intensely evaluated [6, 7]. These
reagents include those that can undergo thiol exchange reactions [75] or alky-
lation reactions [6, 78]. Thiol exchange reagents covalently link the PEG to the
protein via a non-native disulphide bond. A non-native disulphide bond link-
ing PEG to the surface of a protein is very different to the native disulphides
in a protein. The stability of native disulphides is complex [101, 102] and is a
function of the non-covalent interactions that help maintain the tertiary struc-
ture of a protein [95, 102—104]. Such interactions would not be expected to
contribute to the stability of a non-native disulphide linking PEG to the pro-
tein. The inherent accessibility of disulphides that link a protein molecule to a
PEG molecule also contributes their chemical lability.

PEGylation reagents that undergo a thiol alkylation reaction include those
that are capable of (i) substitution (e.g., iodoacetamide derivatives) and (ii)
those reagents that can undergo an addition reaction. More examples of the
second set of reagents have been examined and they include vinyl sulphone,
vinyl pyridine, and maleimide end-group functionalised PEGs [40, 105, 106].
Maleimide-based conjugation is by far the most common of the thiol specific
reagents that are currently being utilised. Although many maleimide deriva-
tives have been examined, as a class of compounds they are hydrolytically
labile [107].
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Table 1. Classes of protein-based medicines that can be improved by PEGylation

Protein type PEGylation need

Comment

Replacement Half-life extension required
proteins for proteins that require
frequent administration.
Peptides Half-life extension required
Mask immunogenicity for
non-endogenous proteins.
Full Half-life extension is not
antibodies generally required.
PEGylation could mask
effector function.
Antibody Half-life extension required.
fragments Mask immunogenicity for
non-endogenous proteins.
Enzymes Half-life extension may be
required.
Other Half-life extension required
proteins for proteins that require

frequent administration.

Site-specific PEGylation would improve pro-
duct homogeneity. There is a need for im-
proved efficiency in production. Proteins in-
clude cytokines, growth factors, blood factors.

Many peptides are in development. Site-
specificPEGylation is required since the
relative steric-shielding effects of PEG will be
much greater than with larger molecular weight
polypeptides.

Full antibodies are expensive to produce at
the doses required for clinical efficacy.
Effector function is not required for many
applications.

Site specific PEGylation is key to maintain
binding while extending half-life and
minimising immunogenicity. There is
considerable potential for bacterial and
yeast production.

Multi-site, hyper-PEGylation of non-human
proteins is preferred to avoid immunogencity.

Novel protein scaffolds including ankyrins,
10FN3 domain of human fibronectin and
lipocalins. Mask immunogenicity for non-
endogenous proteins.

There continues to be a need to develop efficient strategies for the site-spe-

cific PEGylation of proteins (Tab. 1). The development of protein-based med-
icines is at a crossroads. While there are many opportunities for PEGylation to
be utilised in what is essentially life-cycle management with follow-on bio-
logics [108], it is the advent of new classes of proteins [109, 110] and peptides
[111-117] where site-specific PEGylation will be most useful. In this context,
site-specific PEGylation should not be treated as a ‘bolt-on’ platform technol-
ogy merely designed to optimise pharmacokinetics. It is our view that
PEGylation should become an integral part early in the design and develop-
ment of protein-based medicines. Preclinical studies of PEGylated proteins are
performed with model systems and these are not adequately representative of
the biological activity for PEGylated biopharmaceuticals in man. There is a
general lack of clinically validated animal models for many of the diseases in
which PEGylated biopharmaceuticals can be evaluated systematically. Hence
there is a real need for being able to evaluate and optimise PEGylated proteins
of defined structure during preclinical studies. As new classes of proteins are
developed we further feel that it is imperative that site-specific PEGylation be
developed that utilises only natural amino acids.
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Disulphide bridging PEGylation

The vast majority of therapeutically relevant proteins do not have free unpaired
cysteines that can be used for site-specific conjugation [96, 118]. They do how-
ever tend to have an even number of cysteines that pair up to form disulphides
[95, 97, 98]. Our approach to site-specific PEGylation relies on the thiol selec-
tive chemistry of the two cysteine sulphur atoms that are derived from a native
accessible disulphide. Site-specific PEGylation occurs by sequential, interac-
tive bis-alkylation using o,B-unsaturated ['-mono-sulphone functionalised
PEG reagents 1 (Scheme 1). This approach to PEGylation involves using PEG
reagents that are capable of the specific type of bis-alkylation shown in Scheme
1. The process for PEGylation follows two general steps: (1) mild disulphide
reduction to release the two sulphur atoms as thiols from the disulphide, and
(2) conjugation of both thiols by sequential, interactive bis-alkylation to yield
a three-carbon bridge to which PEG is covalently attached (Scheme 1) [119-
121]. The advantage of this approach is that selective and efficient PEGylation
can be accomplished without the need to recombinantly engineer the protein
[80] to add a free cysteine or a non-native amino acid.

SOR
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Scheme 1. Site-specific, disulphide bridging PEGylation of an accessible protein disulphide is
achieved by disulphide reduction followed by reaction with the functionalised PEG 1. These latently
crossed functionalised PEGylation reagents are capable of sequential and interactive addition-elimina-
tion reactions leading to bis-thiol alkylation. Mechanistically, PEGylation involves (i) a first thiol addi-
tion to the PEG mono-sulphone, (ii) sulphinic acid elimination to generate a second double bond, and
(iii) a second thiol addition. All the reagents we prepare undergo PEGylation by the same mechanism.

The PEGylation reagents that we use have a substituted propenyl group as
the conjugating moiety on the terminus of PEG (e.g., PEG structure 1, Scheme
1). This conjugation moiety comprises an electron withdrawing group (e.g.,
carbonyl), an o,-unsaturated double bond, and an o,p' sulphonyl group that
is prone to elimination as sulphinic acid. The electron-withdrawing group is
required to promote thiol addition and to lower the pKa of the o-proton so that
the elimination reaction can proceed. This juxtaposition of chemical function-
ality results in a latently cross-conjugated system. The conjugated double bond
in the PEG mono-sulphone 1 is required to initiate a sequence of interactive
and sequential addition-elimination reactions (Scheme 1). The addition of the
first thiolate allows the elimination of a sulphinic acid derivative. This gener-
ates another conjugated double bond at the o, B'-position for the addition of a
second thiolate. If the two thiols are derived from a protein disulphide bond, a
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three-carbon bridge is formed between the cysteine sulphur atoms of the orig-
inal disulphide.

A key feature for site-selectivity in this approach to PEGylation is the need
to first reduce a disulphide. Many relevant proteins only have one to two
disulphides and thus pose no problems in terms of site-selectivity. Other pro-
teins have more disulphides, and accessible disulphides can be selectively
reduced in the presence of buried disulphides. While there are examples of
small disulphide rich proteins of less than 10 kDa that can easily undergo
reduction of all of their disulphides [122], selective reduction is also possible
in many proteins using mild conditions and without the use of denaturants.
Small proteins tend to have more disulphides than large proteins because they
need to compensate for their relatively low number of hydrophobic interac-
tions. Avoiding denaturants during reduction can ensure that inaccessible
disulphides are not reduced. Buried disulphides [95, 123] usually contribute
to a protein’s tight packing and are therefore more difficult to reduce chemi-
cally. As a result, denaturants are often required to disrupt the protein’s terti-
ary structure and thereby allow access of the reductant to the buried disul-
phide. The use of mild conditions enables the reduction of an accessible disul-
phide bond while still maintaining its tertiary structure. Once an accessible
disulphide is reduced, the two free cysteine sulphur atoms become available
for PEGylation. The chemical modification of an accessible disulphide with
our bis-alkylation PEG reagent 1 (Scheme 1) completely differs from other
forms of chemical modification. Instead of chemically functionalising each
cysteine sulphur atom with a separate molecule to block the reformation of
the disulphide bond — as many modifications do — a covalent link through the
three-carbon bridge is maintained between the two cysteines of the original
disulphide bond.

The therapeutic targets of protein-based medicines are in the extracellular
environment. Unlike the cell cytoplasm, the extracellular environment is non-
reducing, so proteins in the extracellular environment usually have intact disul-
phides [99, 101]. Currently, most classes of proteins that are used therapeuti-
cally are related to endogenous extracellular proteins, so it is not surprising
that most [124] therapeutic proteins have disulphides. In the context of the
fully folded protein, disulphide bonds influence the physicochemical and bio-
logical properties of the protein in subtle and complex ways [101, 102]. The
tertiary structure of a protein is more stable than the unfolded forms of the pro-
tein [125—127]. While the folded protein displays a net gain in energy due to
decreased entropy, the decrease in energy of the folded form of the protein
occurs from the loss of enthalpy from many non-covalent interactions within
the folded states [103, 104, 125-127]. While our method of PEGylation
exploits the effective conjugation chemistry of thiols, it relies on re-bridging
disulphides such that protein structure is not unduly perturbed.

There are many protein folding pathways [128] that have been studied ex
vivo and protein folding while complicated, is influenced by varying degree by
non-covalent interactions [103, 104]. As folding proceeds, there is usually an
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increase in these cooperative interactions. Disulphide bonds stabilise these
intermediate folded structures as well as the final folded tertiary structure
[129—132]. The controlled reduction of disulphides to study the unfolding of
proteins has been useful to examine the mechanisms underlying the correct
folding of a protein and to study those non-covalent interactions that stabilise
its tertiary structure [133—140]. These studies have led to an understanding of
how disulphide bonds function to stabilise a protein’s structure and one con-
cept that has emerged is that solvent accessible disulphides can contribute pri-
marily to the stability of the protein rather than primarily to its biological func-
tion [95]. This essentially means such disulphides contribute to maintaining
the non-covalent interactions within the tertiary structure of the protein.

In this context, there are several examples [141] where disulphides are
derived from cysteines that are well separated in the protein’s primary struc-
ture. For example the Cys6—Cys120 bond in o-lactalbumin is important for the
stability of the protein [142]. There are many therapeutically relevant proteins
with solvent accessible disulphides that are derived from cysteines that are
well separated along the protein main chain. The cysteines in these disulphides
are particularly relevant as targets for PEGylation. Computational studies can
aid the process of selecting the target protein by determining the potential
effects of inserting a three-carbon bridge into the accessible disulphides of a
protein. Our search of publicly accessible protein databases suggests that there
are many therapeutically relevant proteins that have at least one disulphide
bond that is close to the surface of the protein which can be chemically modi-
fied without resulting in a loss of the protein’s structure or function.

It is often quite straight forward using publicly accessible databases to
determine which disulphides are solvent accessible, and we have used compu-
tational approaches to predict whether the insertion of a three-carbon bridge
will lead to the loss of the protein’s tertiary structure [143—145]. Modelling
studies examined the insertion of a three-carbon bridge into each of the two
disulphides in interferon-a:2 (IFN). They predicted only minimal disturbance
of the overall tertiary structure of the protein would occur [143, 144]. This con-
clusion was subsequently confirmed experimentally by (1) circular dichroism
— which indicated that the disulphide reduced IFN and the bridged PEG-IFN
maintained their native structure, and (2) biological studies — which showed
that the mono PEG-IFN had antiviral activity that was similar to amine-
PEGylated versions of IFN [119]. Such computationally generated modelling
information is useful to gain some insight about the protein being studied. It
can also be applied to proteins that have to be recombinantly engineered to
incorporate an optimised disulphide that will be amenable to PEGylation using
a three carbon bridge [146, 147].

Our disulphide bridging PEGylation reagents are fundamentally different
from other PEGylation reagents because they undergo bis-alkylation as shown
in Scheme 1. Other PEGylation reagents have been described that have two, or
more, separate thiol selective moieties; e.g., two maleimides [76, 148] or two
vinyl sulphones [149]. The reactive moieties in these reagents while separated
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by many more atoms than in our reagents, are not capable of undergoing bis-
alkylation as shown in Scheme 1. In contrast, the sequential nature of the
mechanism for our reagents ensures that only one alkylation reaction can
occur at any point in time. The sequential, interactive nature of the addition
reactions with our reagents 1 is important to ensure that efficient rebridging of
the original disulphide bond can occur. The combination of (a) maintaining the
protein’s tertiary structure after reduction of a disulphide, (b) bis-thiol selec-
tivity of the PEG reagent, and (c) PEG associated steric shielding generally
ensures that only one PEG molecule is conjugated to bridge the sulphur atoms
derived from a disulphide. Using the bis-alkylation reagents 1, we have
PEGylated peptides, proteins, enzymes and antibody fragments without abol-
ishing their biological activity (Tab. 2). The PEGylation is efficient and often
occurs with just one equivalent or a slight excess of reagent being required.
Un-PEGylated protein can be isolated and recycled, or the reduction step can
be repeated and followed by a second addition of the PEGylation reagent 1.
Our process for PEGylation can be accomplished with a range of reagents.

Table 2. Examples of proteins that have been PEGylated by disulphide bridging

Protein class Example proteins Activity
Cytokines, hormones, Interferon o-2a 4
haemapoietic proteins Interferon o-2b v
(helical barrel proteins) Erythropoietin v
Leptin v
Blood proteins Coagulation factor v
Antibody fragments Anti-TNFo v
Anti-CD4 v
Enzymes Asparaginase v
Lipase v
Peptides Imaging ligand v

Reagent synthesis

The first reagent that we examined that is analogous to the generalised reagent
1 (Scheme 1) was the PEG mono-sulphone 8 (Scheme 2). This PEG reagent 8
is typically prepared from the known carboxylic acid bis-sulphone 5
[150-152] (Scheme 2). Coupling of mono-amine terminated PEG is routinely
accomplished using the active ester bis-sulphone 6 or by direct carbodiimide
mediated coupling with the acid bis-sulphone 5.

Analogous coupling reactions to append PEG can also be conducted with
the carboxylic acid bis-sulphide 4 (or its NHS ester) to give the corresponding
PEG bis-sulphide. These can then be gently oxidised to give the corresponding
PEG bis-sulphone without any changes to the structural characteristics of the
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Scheme 2. Preparation of PEG mono-sulphone 8: (a) paraformaldehyde, piperdine hydrochloride,
ethanol, reflux; (b) toluene thiol, ethanol, reflux; (c¢) formalin, ethanol, toluene thiol, reflux; (d)
OXONE; (e) DIPC, NHS; (f) methoxy-PEG-NH,; (g) DCC, CH;0-PEG-NH,; (h) phosphate buffer,
pH 7.8.

PEG. We used this strategy to prepare the PEG bis-sulphone 11 (Scheme 3)
and with other polymers such as the water-soluble, biocompatible polymer,
poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) [153]. In the case
of PMPC, we found the most effective way to prepare the PEGylation reagents
from this polymer was to prepare a bis-sulphide initiator that was used to give
the analogous PMPC-bisulphide. This was then oxidised to give the desired
PMPC-bis-sulphone conjugation reagent that was used to PCylate interferon
[154].

Although the reaction pathway for PEG conjugation requires the PEG
mono-sulphone 8 to be present for the first addition reaction, the precursor
PEG bis-sulphones (e.g., 7 and 11) tend to be used for PEGylation reaction.
This is because the PEG bis-sulphone can be used to generate the mono-sul-
phone (e.g., 7 — 8) in situ (Scheme 4) using mild conditions that are general-
ly applicable for solubilising proteins. The PEG mono-sulphone can be gener-
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Scheme 3. Synthesis of PEG bis-sulphone 11: (a) DIPC and (b) OXONE.
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Scheme 4. Elimination of toluene sulphinic acid 13 from PEG bis-sulphone 7 generates PEG mono-
sulphone 8. It is required for the first thiol addition reaction to occur.
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ated in a controlled fashion while in the presence of the protein. Specifically,
we have observed that the PEG bis-sulphone 7 undergoes elimination to give
the corresponding PEG mono-sulphone 8 at pH values of 6.0 or higher. The
side product from this reaction is toluene sulphinic acid 13. We have charac-
terised this elimination reaction by "H-NMR and RP-HPLC [120]. The rate at
which this elimination reaction occurs is dependent upon the structure of the
PEGylation reagent, pH, concentration and temperature. Preliminary compu-
tational studies of the elimination reaction from the PEG bis-sulphone have
been published [143].

There are two advantages for using the PEG bis-sulphone reagents. Firstly,
the PEG bis-sulphones are stable compounds that are not readily susceptible to
hydrolytically based degradation reaction and can be easily stored. Secondly,
a single reagent can be used to site-specifically PEGylate a wide range of pro-
teins. The facility to control the generation of the reactive conjugating mole-
cule (i.e., PEG mono-sulphone) provides a means by which the rate of the first
addition reaction to the protein can be controlled. Hence PEG bis-sulphone
reagents are important because the rate at which the corresponding PEG
mono-sulphone is generated in situ can be matched to the thiol reactivity of the
protein after the reduction of its disulphide(s). This means that the conjugation
conditions can be tailored by simple means to optimise the PEGylation for a
wide range of proteins. When it is necessary to conduct a PEGylation reaction
at an acidic pH value because of, for example, issues related to the protein’s
solubility or its stability, it is best to isolate and use a PEG mono-sulphone
reagent directly for the conjugation reaction [120, 121]. Some peptides and
proteins are less prone to aggregation or are more soluble in slightly acidic
conditions. Also a range of pH conditions can be useful for optimising the
reduction step; e.g., reduction of somatostatin at pH 6.2 followed by conjuga-
tion with the PEG mono-sulphone 8 [120]. The synthesis and isolation of pure
PEG mono-sulphone (e.g., 8) is accomplished by incubation of the correspon-
ding PEG bis-sulphone in 50 mM phosphate buffer (pH 7.8) followed by
purification on reverse-phase (RP) HPLC.

For the majority of protein PEGylation reactions, it is more practical to use
the PEG bis-sulphone to generate the PEG mono-sulphone in situ. We have
prepared the PEG bis-sulphone reagents using PEGs of molecular weights up
to 40 kDa. The reagents are easily prepared on a multigram scale. It is impor-
tant with polymer-based reagents to ensure that there is adequate availability
of the reactive moiety in a range of conditions that are appropriate for proteins.
We have certainly observed that with some water-soluble polymers [155] the
reactivity of the functionality at the terminus can be reduced [154]. For exam-
ple, we were not able to observe protein conjugation with aldehyde or
N-hydroxysuccinimide ester terminal functionalities on PMPC polymers. It
was not possible to prepare efficiently the PMPC bis-sulphone directly from
the corresponding PMPC amine because the amine reactivity was low.

It is also known that thiol reactivity in a protein is a function of neighbour-
ing amino acid residues [156]. To ensure our reagents can be optimised for use
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with any given protein while also following the same mechanism for conju-
gation (Scheme 1), we have prepared PEGylation reagents with different leav-
ing groups (e.g., PEG bis-sulphone 11, Scheme 2). The overall hydrophilicity
of the reactive moiety can be varied by simple changes in the leaving group.
Such changes in the hydrophilicity of the polymer terminus could be impor-
tant for presenting the reactive moiety optimally to a protein of interest. Also,
since the overall conjugation reaction is thought to be thermodynamically
driven, it is anticipated that differences in leaving group solubility will influ-
ence the reaction.

It is possible to make a wide range of PEGylation reagents simply by using
the easily prepared PEG bis-sulphone 7 (shown in Scheme 2). Since the PEG
bis-sulphone 7 can undergo reaction with thiols via the corresponding mono-
sulphone 8, it is a simple matter to allow the PEG bis-sulphone 7 to react with
functionalised thiols of interest as a means to make PEGylation reagents with
different leaving groups. The bis-sulphide products from these reactions can
then be oxidised to give the corresponding bis-sulphones.

It is also possible to utilise the PEG bis-sulphone reagent 7 to prepare
reagents with completely different types of leaving group. For example
amines, which can be quarternised or are protonated during protein conjuga-
tion to form a charged PEGylation reagent, can be utilised. In this case, a
charged PEGylation reagent could more optimally interact with the protein of
interest. For example (Scheme 5), the PEG bis-sulphone 7 was used to give
the PEG mono-amine 14 which was found to readily undergo protein
PEGylation.

In addition to varying the leaving groups, we are also examining reagents
that link the PEG to the protein entirely by an aliphatic linkage. An example
aliphatic PEG bis-sulphone 18 is shown in Scheme 6. The electron-withdraw-
ing group in this reagent 18 is an amide rather than an aryl carbonyl that is
present in the other PEG bis-sulphones that have been described. While the
reactivity of amide 18 is reduced, these reagents are still observed to undergo
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Scheme 5. Synthesis of PEG mono-amine 14: (a) piperidine, ambient temperature, THF, 3.5 h.
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Scheme 6. Synthesis of aliphatic amide PEG bis-sulphone 18: (a) NaOH, methanol, reflux, 4 h and
(b) DCC.
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protein PEGylation. The practical synthesis of these aliphatic reagents uses
sulphinic acid salts [157] as nucleophiles and offers the opportunity to prepare
many types of reagent that could be used to conjugate proteins by the mecha-
nism shown in Scheme 1.

The process for disulphide PEGylation

The process that we follow to PEGylate proteins comprises two steps: (1)
reduce an accessible disulphide and (2) rebridge the disulphide by sequential
bis-alkylation PEGylation. We generally observe that an equivalent or a small
excess of the PEGylation reagent is required for each disulphide to be
rebridged with PEG. The reagents do not typically undergo reaction with
water, salts, buffer or common denaturants. We always conduct control
PEGylation reactions to confirm that no conjugation has occurred unless a
disulphide in the protein is first reduced. Purification is usually straightforward
because little excess PEG is present and the number of products formed is
related to the number of disulphides that have been reduced.

Considering the mechanism for the sequential bis-alkylation reactions
(Scheme 1), there can only be one double bond available in the reagent for
thiol addition at any point in time. Both [ positions are activated by the same
carbonyl electron-withdrawing group and thus are not chemically independent
of each other. The reversible nature of thiol addition reactions to conjugated
double bonds [158, 159] contribute to the efficient formation of the three-car-
bon bridge for a given disulphide. When thiols are present, then amines display
less relative reactivity at the reaction conditions that are conducive for thiol
addition reactions. Thiols are nucleophilic at neutral pH and therefore most
amine residues will be protonated. Amine alkylation and acylation reactions
often require more basic conditions and often the reagents undergo competi-
tive reactions with water. While thiol specificity and the equilibrium nature of
conjugate addition chemistry are key, there are two additional physicochemi-
cal characteristics that help to underpin the success of our approach for site-
specific PEGylation: (1) maintain the propinquity of the two cysteines after the
reduction of a disulphide bond and (2) steric shielding by the PEG after the
first addition reaction has occurred.

Throughout the disulphide reduction and PEGylation steps for most pro-
teins, it is generally possible to preserve a varying degree of the protein terti-
ary structure. This helps to keep the free thiols close to each other and to min-
imise protein aggregation. Maintenance of the protein’s tertiary structure after
the reduction of the disulphide ensures that the second cysteine sulphur atom
is nearby so that it favours the second addition reaction that is required to con-
nect the three-carbon bridge. Lawton et al. [150—152, 160] first demonstrated
that the B,B'-bis-sulphone functionality could undergo bis-thiol alkylation via
the alkenyl B-mono-sulphone to crosslink proteins by the mechanism shown in
Scheme 1 [151, 152, 160]. The bis-sulphone functionality was also examined
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with antibody fragments [161], and others have studied the chemical reactivi-
ty of related propenyl reactive moieties in organic synthesis [150, 162—166].
In the protein cross-link studies multiple intermolecular and competitive reac-
tions with other amino acid residues were observed [150-152, 160, 161].
Without PEG attached, the early compounds were not water-soluble. Exposure
of therapeutic proteins to organic solvents generally results in a greater
propensity for denaturation due to the disruption of the hydrophobic interac-
tions within the protein structure. Denaturation will thus increase when protein
disulphides are reduced in such conditions.

After the first addition reaction (Scheme 1), the steric shielding of the PEG
will inhibit the approach of a second protein molecule with a free thiol to com-
pete for the second conjugation reaction. The steric shielding of PEG after the
first conjugation reaction should also inhibit the approach of a second PEG,
and thereby prevent one molecule of PEG becoming conjugated to each of the
cysteine sulphur atoms from a disulphide. The combination of PEG steric
shielding and broadly maintaining protein tertiary structure are thought impor-
tant for disulphide-bridging PEGylation.

Different proteins have been examined to determine the scope for disul-
phide bridging PEGylation (Tab. 2). Digestion, NMR and MALDI studies are
all consistent with PEGylation having occurred by disulphide bridging [119,
120]. Control reactions are often conducted. A typical example is asparaginase
[120]. This tetrameric protein has one disulphide and 22 lysines per monomer-
ic unit. There was no observed reaction when asparaginase was incubated with
1.3 equivalents of the PEG mono-sulphone 8 at pH values ranging from
6.0—8.6 overnight at ambient temperature. Once the disulphide was reduced
with DTT, quantitative PEGylation was observed in these conditions. This
example illustrates the efficiency and the selectivity for PEGylating proteins
with the PEG mono-sulphone 8.

For proteins with one accessible disulphide we have found that quantitative
PEGylation occurs with one equivalent of the PEG bis-sulphone 7. This is
observed for asparaginase and also for leptin, which is a-helical bundle pro-
tein. Leptin shares many structural features with therapeutic proteins such as
interferons o and B, granulocyte-colony stimulating factor, growth hormone
and erythropoietin. Computational studies showed that the disulphide bond in
leptin was accessible and stochastic modelling indicated that leptin would
maintain its tertiary structure if the disulphide was modified with a three-car-
bon bridge to which PEG was attached [167]. Compared to many other o-hel-
ical bundle proteins where disulphides are formed by two cysteines each locat-
ed in a helix, one cysteine in the disulphide bond in leptin (Fig. 1) is located
in a very flexible loop of the protein. The other cysteine in leptin is located in
a helix. It is therefore possible that reduction of the disulphide in leptin could
lead to the separation of the two free cysteine sulphur atoms making rebridg-
ing of the disulphide difficult. However, PEGylation using the PEG bis-sul-
phone 7 (1.3 equivalents) in phosphate buffer at pH 7.8 with 2 M L-arginine
gave a high yield of the mono-PEGylated leptin (~67% by SEC). In a cell pro-
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Figure 1. Computer generated image of leptin showing the single disulphide bond that links a cysteine
located on one helical barrel and a cysteine located on the protein with little secondary structure.

liferation assay, the mono-PEGylated leptin showed optimum activity at a con-
centration range of 0.5—1 pg/ml. This is equivalent to ~10% of the prolifera-
tive activity of leptin which has an optimum proliferative activity between
0.05-0.1 pg/ml [168].

If a protein has two accessible disulphides, such as interferon-o2, and if
both are reduced (e.g., interferon-o2) followed by the addition of one equiva-
lent of the PEG bis-sulphone 7, we observe yields of 60—70% of the mono-
PEGylated IFN. The remainder of the product mixture was unPEGylated pro-
tein and diPEGylated IFN (~5%). If two equivalents of the PEG bis-sulphone
7 were added, then diPEGylated-IFN was the exclusive product. Each disul-
phide in interferon holds two helical barrels together. While the disulphides in
interferon are easily reduced, the hydrophobic interactions between the
o-helices aid in maintaining the tertiary structure of the reduced protein as
observed by circular dichorism. With a single PEG attached, the biological
activity of the PEG-IFN was similar to the published in vitro activity of the
amine linked PEGylated IFN-02a in clinical use [43, 44, 169—172]. The di-
PEGylated-IFN also displayed in vitro biological activity [120]. As expected,
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the in vivo half-life of the PEG-IFN directly correlated with the size of the
PEG [119, 120].

Interestingly, the biological activity of the disulphide bridged PEG-IFNs
was independent of the molecular weight of the PEG attached. This is in con-
trast to the experience with protein amine PEGylation where biological activ-
ity varies with the PEG [43]. We have also observed this independence of bio-
logical activity as a function of the size of the PEG with asparaginase. We
believe that this is due to the site-specific nature of the disulphide bridging
PEGylation, which is independent of the size of the PEG reagent used. Often
with amine selective reagents, a large excess of reagent is used and different
positional isomers are isolated because of the kinetic nature of the reaction.
Different product mixtures are observed by just varying the size of the PEG
reagent. Product mixtures also depend on the protein and the specific
PEGylation process that is used. For example no conjugation of PMPC to IFN
was observed with MPC reagents that were prepared for amine alkylation
(aldehyde) or amine acylation (NHS ester). Using a PMPC bis-sulphone
reagent the corresponding PMPC-IFN molecule was made, and both in vitro
activity and an extended half-life for IFN were observed [154].

It is important to ensure that any disulphides that have been reduced, but not
PEGylated are then reoxidised [120]. This will ensure the retention of the pro-
tein’s biological activity. For example, when both of the disulphides of IFN
were reduced, and one equivalent of the PEG bis-sulphone 7 was added, the
unPEGylated and reoxidised protein retained its biological activity. Therefore
any reduced disulphides that have not been PEGylated, can be reoxidised to
enable recycling of any unPEGylated protein for another disulphide bridging
PEGylation reaction.

Other proteins with multiple numbers of disulphides have also been evalu-
ated. Examples include ribonuclease and lipase. Lipase B has three disulphide
bonds (Fig. 2). Using a 20 kDa disulphide-bridging PEG reagent, the major
product was monoPEGylated lipase (40%), and as with interferon, the reaction
could shift towards diPEGylated lipase formation with the addition of
increased amounts of the PEGylation reagent. Without optimising this reac-
tion, we determined the in vitro activity of the PEGylated lipase by measuring
the amount of p-nitrophenol released from the substrate p-nitrophenyl palmi-
tate. Compared to the native lipase, the mono-PEGylated lipase retained
25-50% activity. Also in a similar fashion to interferon, no significant differ-
ence was observed when different molecular weights of PEG were attached,
corroborating our hypothesis of the importance of site specificity on the inde-
pendence of bioactivity with PEG size.

Antibody fragments do not have the effector functionalities that are associ-
ated with the constant region and they can be manufactured more economical-
ly from bacterial and yeast sources. There is significant effort to develop frag-
ments, novel protein scaffolds [109, 110] and peptides [173] that can display
antibody or protein-like binding properties. In antibodies generally, there are
several accessible disulphides that can be PEGylated. For Fabs, there is an
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Figure 2. Computer generated image of lipase illustrating the three disulphide bonds.

accessible disulphide in the vicinity of the hinge region. It is distal to the Fab’s
receptor binding site. There are multiple non-covalent interactions between the
light and heavy chains that maintain the Fab’s tertiary structure when the hinge
disulphide is reduced. It has been reported that this disulphide in the Fab can
be removed with little loss of Fab stability [174], hence this disulphide is a par-
ticularly good target for our PEGylation strategy. The conditions required to
reduce the accessible disulphide are much milder than those required to reduce
the other more buried disulphides located within a Fab. This enables practical
site-specific PEGylation of Fabs [119]. We have shown with disulphide bridg-
ing PEGylation that the anti-HIV-1 activity of an anti-CD4 Fab is retained. As
expected its affinity for the CD4 cell surface receptor on lymphocytes is
reduced. These results are consistent with the observations of Kubetzko et al.
[175] where the attachment of a 20 kDa PEG near the hinge region of an anti-
body fragment resulted in a five-fold reduction in the apparent in vitro affini-
ty of a PEGylated antibody fragment to its receptor. This loss of affinity was
due to a reduction in the association rate of the PEGylated molecule for its
receptor. There was no change in the dissociation rate. Although PEGylation
reduces the observed association rate, all of the PEGylated molecules can
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eventually bind to the receptor. Receptor clustering may also affect binding
affinity because the steric shielding of PEG would be expected to influence the
approach of neighbouring PEGylated molecules. The deconvolution of avidity
and PEG steric effects is complex [176] and much still remains to be elucidat-
ed. Related observations have been made for PEG-IFN [43, 172]. PEGylated
molecules may intermolecularly inhibit association events of the protein to
which it is covalently bound, thus resulting in an apparent reduction in the
number of binding sites, minimising protein aggregation and increasing pro-
tein stability [177].

One general paradigm in medicinal chemistry during analogue optimisation
is to rigidify the structure of candidate compounds to decrease their confor-
mational mobility in order to better match a profile of interactions with the tar-
get of interest. The same general strategy may apply with the development of
peptides because they can readily be accessed by phage libraries and optimised
as cyclic peptides designed to mimic the relevant properties of a protein of
interest [173, 178]. Our PEGylation strategy works well with peptides, partic-
ularly cyclic peptides that have a disulphide. For example, somatostatin is
comprised of 14 amino acid residues (molecular mass — 1,637.9 Da) and has a
disulphide bond between Cys3 and Cysl4. This disulphide when reduced,
readily underwent PEGylation using the PEG mono-sulphone 8. The disul-
phide reduction of somatostatin was optimally accomplished with TCEP-HCI
at slightly acidic values because at higher pH values peptide precipitated out
of solution. TCEP-HCI [179] was ideal for disulphide reduction at acidic pH
values and it could be used at stoichiometric equivalence. Once oxidised,
TCEP was not nucleophilic and it did not react with the PEG mono-sulphone
8; therefore, its removal [180] before conjugation was unnecessary.

All our data show that the PEG-to-protein linkage is stable in the proteins
and peptides that we have examined. The thiol-ether bonds formed during
PEGylation are not susceptible to reduction. Although in principle it is possi-
ble that a reverse Michael reaction can occur in the PEGylated protein, we
have not observed this to happen, even in the presence of excess dithiothritol
(DTT) in water at 95 °C. Since the electron-withdrawing group in our reagents
is a carbonyl group, it is always possible to reduce it to ensure there is no pos-
sibility for thiol elimination. It is also reassuring from the published literature
that the consensus is that PEGylated biologicals have a low exposure-toxicity
relationship in humans [15]. Therefore, if the toxicological evaluation of the
biological is complete, and efficacy is confirmed, the PEGylation of a protein
is not expected to present an additional or unexpected risk in human studies.
Nonetheless, as for any therapeutic protein that is being developed for use in
humans, a toxicology package in relevant species will be required prior to
starting clinical trials. Since our strategy for PEGylation is site specific with
both the PEGylation process and activity broadly independent of PEG size,
preclinical optimisation essentially only requires the determination of the
disulphide reducing conditions and the size of PEG that is required for optimal
pharmacokinetic and pharmacodynamic properties.
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Conclusions

PEGylation is a clinically proven strategy to increase the efficacy of protein-
based medicines. Our approach to site-specific PEGylation exploits the thiol
selective chemistry of the two cysteine sulphur atoms from an accessible, nat-
urally occurring disulphide. The efficiency of the process is exemplified by the
near stoichiometric use of our reagents during PEGylation. The PEGylation
reagents are designed to undergo bis-thiol alkylation by an interactive mecha-
nism that involves addition-elimination reactions. The result is that PEG 1is
attached to a three-carbon bridge that is linked to the two sulphur atoms from
an accessible protein disulphide. Our site-selective approach to protein
PEGylation is chemically efficient and provides a unique PEGylation techno-
logy where the PEG size can be tailored to a desired in vivo half-life without
influencing the in vitro activity. Since no recombinant engineering is required
to incorporate a cysteine or a non-native amino acid more homogenous PEG-
protein products may be achievable more easily. Disulphide bridging
PEGylation is therefore a technology for the rapid development of PEGylated
biopharmaceuticals that may become more cost-effective medicines.
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Abstract

Modification of therapeutic proteins and peptides by polyethylene glycol conjugation is a well known
method to improve the pharmacological properties of such drugs.

Here we describe an alternative way of PEGylation from classic chemical methods, taking advantage
of enzymes able to specifically modify some amino acid side chains, in particular glycosyltransferas-
es and transglutaminases.

A few examples are here described, in particular granulocyte-colony stimulating factor, which has
been successtully PEGylated by enzymatic methods leading to a new long-lasting compound present-
ly under evaluation in clinical studies.

Introduction

Pharmacological therapy for human diseases has involved a growing number
of proteins and peptides as therapeutic agents. Although great effort has been
dedicated to finding new biomolecules and to improve their therapeutic prop-
erties, most of them still suffer drawbacks such as short half-life, low thera-
peutic index, immunogenicity and other side effects. To overcome these limi-
tations several approaches have been proposed, the most successful one to date
being the covalent conjugation of polyethylene glycol (PEG) to the protein
surfaces. For an approach to PEGylation strategy, among the numerous papers
and reviews published so far, the reader may be referred to two dedicated
books [1, 2] or a recent collections of reviews [3-5].

The predominant method used to link PEG to proteins or peptides takes
advantage of reactive electrophiles at the terminal end of methoxy-PEG suit-
able for reaction with nucleophiles in proteins, usually amino residues but also
thiol ones. This is the case of some marketed PEGylated drugs, such as
Adagen® (PEG-adenosine deaminase) [6], Oncaspar® (PEG-asparaginase) [7]
and PEG-Intron® (PEG-interferon alpha-2b) [8]. These products have been
obtained using the so-called first generation PEGylation chemistry, charac-
terised by a non-specific protein or peptide modification with low molecular
weight polyethylene glycol chains (<12 kDa). An improvement in PEGylation
relies on the use of higher molecular weight polymer (=20 kDa), linear or
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branched, possibly attached in a site-specific fashion as in the case of Pegasys®
[9], a form of interferon o-2a having a branched polyethylene glycol chain of
40 kDa bound to primary amine groups of lysine. However, also in this case,
the coupling reaction is not site specific, the products containing a mixture of
mono-PEGylated positional isomers and as a consequence the biological activ-
ity is the combined result of the single different species. To overcome the issue
of isomer mixtures, site selective PEGylations were devised taking advantage
of a polyethylene glycol functionalised with an aldehyde group which, at low
pH values, reacts specifically with the N-terminal amino group of proteins to
yield a labile Schiff base, which upon reduction yields a stable secondary
amine. The greater the difference in pK between the N-terminals and the e-side
chains of lysines, the greater selectivity of this approach. The most relevant
example of this conjugate chemistry is represented by Neulasta® (PEG-fil-
grastim) [10], where a 20 kDa linear PEG chain is covalently bound to the
N-terminal Metl residue through an alkyl-amino bond.

A different approach to site-specific PEGylation is based on the introduc-
tion into the protein or peptide of an engineered cysteine residue that specifi-
cally binds to a thiol reactive polyethylene glycol chain [11, 12]. This method
allows for a high yield and selectivity of conjugation but, involving a change
in the protein sequence, it may eventually lead to structural changes in the pro-
tein, decreased activity or enhanced immunogenicity. Introduction of an addi-
tional free thiol into the protein may also create issues with unwanted dimeri-
sation during protein production.

Emerging techniques for an increased selectivity of PEGylation take advan-
tage of the properties of enzymes which recognise and specifically modify
only a single or a few amino acid residues in the native proteins as it is the case
of glycosyl-transferases and transglutaminases.

Glycosylation and glyco-PEGylation

Carbohydrates are the most diverse biopolymers in nature and their specific
interactions with physiological receptors make their role crucial in many bio-
logical processes. When bound to a protein they can modulate or mediate a
wide variety of events such as folding, secretion, serum lifetime, molecular
recognition, etc. They are enzymatically attached to proteins in a process
called glycosylation that represents the most extensive and complicated co- or
post-translational modification into eukaryotic cells [13]. Carbohydrate moi-
eties are naturally attached to a selected amino acid residue by linkages catal-
ysed by a family of glycosyltransferases [14, 15] which are specific for both
the donor nucleotide-activated sugar and the acceptor amino acid. Since a dif-
ferent enzyme usually catalyses each step in a pathway leading to the final
oligosaccharide, the chain elongation is realised by a multiglycosyltransferase
system. The binding of carbohydrate moieties to the amino acid residue
involves two different types of glycosylation: N-linked and O-linked ones. The
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N-linked glycosylation consists of the addition of a large lipid-linked oligosac-
charide precursor followed by ordered removal of certain sugar residues and
addition of others residues, each step being catalysed by different enzymes. On
the other hand, O-linked sugars are added one at a time by a different glyco-
syltransferase enzyme. The biosynthetic pathway for O-glycosylation is a
post-translational process that takes place in the Golgi apparatus and most
commonly involves initially the linking of GalNAc (N-acetyl galactosamine)
to the hydroxyl group of serine or threonine or hydroxylysine residues and is
typically completed by the terminal addition of one or two negatively charged
N-acetylneuraminic acid residues from a nucleotide-activated precursor.

Since glycosylation can result in the improvement of physical-chemical and
biological properties of recombinant proteins, glycobiology and carbohydrate
chemistry have become increasingly important in modern biotechnology and
in manufacturing of biodrugs [16]. In one application, isolated glycosyltrans-
ferases are used in vitro to add desired sugars to proteins of therapeutic inter-
est. A number of such transferases have been cloned and expressed for use in
large-scale processes.

A successful example of the industrial application of glycobiology is offered
by “GlycoAdvance"” technology (Neose Technologies Inc.), an important tool
that can serve as a remedy for the shortcomings of the expression systems of
commercial interest. By using in vitro isolated glycosyltransferases, Neose is
able to perform either a complete sialylation that enhances proteins in vivo
half-life (without the terminal sialic acid glycoproteins are rapidly cleared from
the blood), or a fucosylation that increases bioactivity (incompletely fucosylat-
ed proteins lack the recognition site essential for interaction with selectins).

To date numerous neo-glycoproteins have been produced with applications
in vaccine development [17], disease diagnosis [18], drug targeting [19] and
immunosuppressive therapy [20].

As an extension of the GlycoAdvance  method, Neose developed a novel
strategy that uses glycosyltranferases for enzymatic conjugation of sialic acid
covalently substituted with PEG at the 5'-amino position [21] to glycan accep-
tor sites on glycoproteins. This new enzymatic PEGylation approach was
termed “GlycoPEGylation” (Fig. 1).

The method involves a two-step procedure, namely enzymatic GalNAc gly-
cosylation at serine and threonine residues in proteins, followed by enzymatic
transfer of PEG-linked sialic acid to the previously introduced GalNAc
residues.

GlycoPEGylation has been applied to a growing number of clinically
important recombinant proteins, such as granulocyte colony stimulating factor,
interferon alpha-2b and granulocyte/macrophage colony stimulating factor
that are naturally O-glycosylated when expressed in mammalian cells but not
when expressed in E. coli.

The main advantage of GlycoPEGylation resides in the enhanced structural
homogeneity of the oligosaccharide chains conjugated to proteins as compared
to those obtained by random chemical methods.
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Figure 1. Schematic representation of two-step glycoPEGylation process. In the first reaction Ser or
Thr side chain is glycosylated by attachment of GalNAc, in the second one PEG-sialic acid is bound
to the previously added sugar.

Granulocyte Colony Stimulating Factor (G-CSF)

G-CSF is a 174 amino acids glycosylated cytokine that stimulates the prolif-
eration, survival and differentiation of neutrophil granulocyte progenitor cells
and mature neutrophils. The development of recombinant G-CSF (e.g.,
methionyl G-CSF produced in E. coli or filgrastim) allowed the development
of new therapies to treat several kinds of neutropenia and related infective and
febrile phenomena. In particular filgrastim is administered in high-risk patients
being treated with myelotoxic antitumoral drugs or for myeloablation followed
by bone marrow transplant or in late-stage HIV infection.

G-CSF is rapidly eliminated from blood (t;,, of 3—4 h) by a combination of
non-specific and non-saturable renal clearance mechanisms and receptor-
mediated endocytosis. Its therapeutic use requires multiple daily injections to
obtain an extended pharmacological effect [22]. To overcome this limit, the
fusion of G-CSF to carrier proteins such as immunoglobulin or albumin, the
incorporation in slow-release nano- and microspheres and the conjugation to
PEG have been proposed. PEGylation was initially performed by nonselective
strategies leading to mixtures of positional isoforms and later by a chemical
selective route linking PEG to a cysteine mutant using a thiol specific reagent
[23]. A further approach takes advantage of the difference in pKa of the o and
€ amino groups for N-terminal PEGylation of methionyl-G-CSF by selective
acylation at the oo amino group only occurring at low pH. The product, pos-
sesses a single PEG chain of 20 kDa and is marketed under the trade name of
Neulasta® [10]. The drug has achieved great success for reducing the incidence
of febrile neutropenia in patients with non-myeloid cancer receiving myelo-
suppressive chemotherapy. Administered as a single subcutaneous injection,
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once per chemotherapy cycle, is effective as a daily administration of the non-
conjugated filgrastim [24, 25].

GlycoPEGylation was used [26] to modify G-CSF. In this case E. coli
expressed G-CSF was selectively GalNAc O-glycosylated at its natural glyco-
sylation site. The (GalNAc)-G-CSF product was purified by size exclusion
chromatography before the second step of enzymatic PEGylation by sialyl-
transferases using the substrate cytidine monophosphate (CMP)-sialic acid.
CMP-Sia-PEG-20K was prepared at Neose Technologies, while human
GalNAc-transferases and sialyltransferase were expressed in a soluble form in
insect cells and purified to homogeneity by Gen Bank. The conjugate was puri-
fied by HPLC on SP Sepharose and Superdex 75. MALDI-TOF/MS time-
course analysis (performed on a Voyager-DE MALDI time-of-flight mass
spectrometer equipped with delayed extraction), revealed that glycosylation of
G-CSF is essentially complete at a single site, Thr133.

A comparative pharmacokinetic study in rat, carried out with Neulasta® as
reference compound, showed comparable values of elimination half-life (t/,),
AUC and clearance. Similarities were also found in other preclinical assays,
including G-CSF competition binding and cellular proliferation.

Granulocyte Macrophage Colony Stimulating Factor (GM-CSF)

GM-CSF is a cytokine active as a white blood cell growth factor which stim-
ulates stem cells to produce granulocytes and macrophages. In its human
mature form, it is O-glycosylated at multiple sites (SerS, Ser7, Ser9, and/or
Thr10) [27, 28], but can be produced as a non-glycosylated protein by recom-
binant expressionin E. coli. Recombinant GM-CSF is usually administered to
patients after bone marrow transplant or chemotherapy.

A glyco-PEGylation reaction [21], carried out as for G-CSF, yielded a more
heterogeneous product. The combined MS/MS and peptide Edman degrada-
tion analysis demonstrated that galactosyl N-acetyl-transferase transfers
GalNAc residues to the amino acid residues Ser7 and Ser9, with traces of
incorporation into an unidentified site.

Interferon Alpha-2b (IFN «a-2b)

IFN o-2b is a 165 amino acid protein, naturally O-glycosylated at Thr106
residue. It is extensively used as antiviral or antineoplastic agent to treat chron-
ic myelogenous leukemia, lymph nodes spread melanoma multiple myeloma,
non-Hodgkin’s lymphoma, kidney cancer and Kaposi’s sarcoma. Produced in
bacteria by recombinant DNA technology, it still retains biological activity since
glycosylation is not required for receptor binding or folding. IFN a-2b was
glycoPEGylated [21] following the Neose strategy with a sialyl PEG 20 kDa
and purified by HPLC on SP Sepharose followed by HPLC on a Superdex col-
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umn. MALDI-TOF/MS analysis of the product showed complete conjugation at
Thr106. GlycoPEGylated IFN o-2b labelled with a radioactive tracer showed a
significantly slower clearance rate in rats than the unmodified protein.

Other proteins of clinical interest which have been glycoPEGylated include
follicle stimulating hormone [29], erythropoietin [30] and Factor VII [31].

Transglutaminase mediated PEGylation

Transglutaminases (TG-ases) are a group of enzymes of prokaryotic or eukary-
otic origin acting at the glutamine side chain, as described in Figure 2, where
A represents a polypeptidic chain bearing one or more glutamine residues
whose y-carboxamide groups act as acyl donors and B can be a variety of
unbranched primary amines, including the amino groups of lysine side chains
or a generic alkylamine acting as acyl acceptors [32—34].

The mammalian enzymes are Ca>* dependent and are coded by a family of
genes that lead to several structurally and functionally correlated isoenzymes
(from TG-1 to TG-7; Factor XIIIA; Band 4.2). The enzymes are expressed in
various tissues yielding specific post-translational modifications of proteins
under physiological or pathological conditions [35].

Microbial TG-ases isolated from different micro-organisms, in particular
from Streptoverticillium spp, do not require Ca®*, are less specific and are used
for industrial applications in the food chain, in particular to improve the tex-
ture of meat, cheese and their derivatives [36].

No specific consensus sequences that are targeted by TG-ases have been
identified, but it was recently found that glutamine residues should be located
on flexible and solvent accessible polypeptide chain regions in order to be
recognised and modified by such enzymes [37]. Furthermore, it appears that
positively charged or sterically bulky side chains preceding or following a glu-
tamine residue in the substrate can positively influence recognition by the
enzymes [38, 39].

On the other hand, no selectivity exists for the acyl acceptor moiety since
both microbial and mammalian TG-ases can interact with different primary
aliphatic alkylamines, preferentially bearing a linear chain of at least four car-
bon atoms as in the case of the e-amino group of lysine [40]. One of the most
studied bacterial transglutaminases is that produced by Streptoverticillium
mobaraense, which is a smaller protein than the mammalian enzymes.

(A¥CONH, +(B

Figure 2. Conjugation reaction mediated by transglutaminase. A is a glutamine containing molecule
(protein or peptide), B a primary amine donor (such as lysine side chain, PEG-amino).
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Structural investigations [41] suggested that the lower specificity of microbial
TG-ases are due to higher flexibility of the active site region and to the small-
er size of the protein, making the interaction with the glutamine substrate
residues easier. Microbial TG-ases are therefore more suitable for the modifi-
cation of proteins and peptides, using an amino functionalised PEG as amine
donor [42-44].

Selected examples of the successful use of TG-ases in site-specific
PEGylation of biodrugs chosen from among those reported so far in several
papers and patents are presented below.

Enzymatic PEGylation of granulocyte-colony stimulating factor

As an alternative to the commercial product Neulasta®, where PEG is linked
by a chemical strategy, a new G-CSF-PEG 20 kDa was recently produced by
BioKer s.r.l, using site specific mono-conjugation of an E. coli produced
Met-G-CSF, catalysed by microbial transglutaminase [45]. The product, cur-
rently in clinical phase I, is named BK0026.

The PEGylation takes place under mild conditions (few hours, 4 °C, pH
7.4), by incubation of the protein with a 10-fold molar excess of 20 kDa PEG-
NH, in the presence of 0.1-0.5 units of microbial TG-ase per ml of reaction
mixture. After cationic exchange chromatography followed by size exclusion
chromatography and a final ultrafiltration concentration step, a homogenous
product was obtained with 90% yield. RP-HPLC, electrophoresis, SEC-HPLC
and MALDI mass spectrometry were used to assess the purity and homogene-
ity of the conjugate and confirmed the presence of one chain of PEG per pro-
tein molecule. The conjugation site was assessed by analysis of the peptides
obtained by enzymatic hydrolysis with endoproteinase Glu-C from
Staphylococcus aureus V8.

As shown in Figure 3, the chromatographic profiles of the digested peptide
mixtures of the starting and conjugated proteins are identical with the excep-
tion of two peaks that were attributed to the peptides comprising the conjuga-
tion site and originated by specific and non-specific endoproteinase Glu-C
cuts. These peptides were isolated and identified, showing that they both con-
tain the residues GInl132 and GInl35. Further characterisation by Edman
sequencing demonstrated that the PEGylation only occurred at Gln135.

The assignment of the PEGylation site was confirmed by an orthogonal
approach based on the enzymatic PEGylation of G-CSF with a monodisperse
polymer form (556 Da Boc-PEG-NH,, obtained from LCC, SW). The conju-
gation with this new PEG reagent independently validated the attribution of
GIn135 as the unique site of conjugation through the direct characterisation of
the endoproteinase Glu-C digestion mixture by ESI-MS and tandem MS
(MS/MS) [46].

The pharmacokinetic parameters of BK0026 evaluated after subcutaneous
administration in Sprague-Dawley male rats, as compared to those of native
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Figure 3. Reversed Phase HPLC profiles of endoproteinase Glu-C digested BK0026 and Met-G-CSF.
Missing peptides correspond to V10 and V15 fragments, whose sequences are here reported.

Met-G-CSF and of Neulasta® showed a similar behaviour in terms of half-life,
C max and AUC for both BK0026 and Neulasta® (Tab. 1).

The in vitro biological activity of BK0026, evaluated in terms of cell pro-
liferation effects on the mieloblastic NFS-60 cell line, demonstrated a compa-
rable stimulation of the proliferation of NFS-60 cells for BK0026 and
Neulasta® The ECs, values were 247.9 + 0.14 and 201.5 + 0.08 pg/ml respec-
tively (unpublished observations).

To complete the BK0026 biological characterisation, its pharmacodynamic
properties compared to Neulasta® were investigated by subcutaneous adminis-

Table 1. Pharmacokinetic parameters calculated after subcutaneous administration of Met-G-CSF,
BK0026 and Neulasta® to Sprague-Dawley male rats

Met-G-CSF Neulasta® BK0026
Tmax (h) 2 8 8
Cmax(ng/ml) 132 29.2 36.9
AUC (ng h/ml h) 735 920 794

Ty (h) 2.1 8.1 8.2
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tration of both products at three different dosages in rats. As shown in Figure 4,
in all BK0026 treated animals a moderate to marked elevation of neutrophil
count was evident on day 1, reaching its maximum level on days 2-3 and
returning to baseline after about 6—8 days. A comparable dose-dependence
trend was observed following Neulasta® treatment. The increase of absolute
neutrophil count (ANC) peak time at higher doses (Fig. 4c) is likely due to the
saturation of the dose-dependent neutrophil-mediated clearance mechanism,
as already reported after administration of Neulasta® [47].

A 40
s
S 30
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<

ANC x 10%L

ANC x 10%L

Figure 4. Absolute neutrophil count (ANC) versus time after subcutaneous administration of BK0026
(0J), Neulasta® (A) and negative control (buffer, @), at three different dosages (A: 40 ug/kg; B:
120 pg/kg; C: 360 ug/kg) on Sprague-Dawley male rats.
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These results demonstrate that BK0026, besides being a product easier to
obtain in pure and homogeneous form and simple to scale-up, may represent a
convenient clinical alternative to Neulasta®.

Interleukin-2 (IL-2)

IL-2, a cytokine involved in the immune signalling system and produced dur-
ing immune response, is responsible for growth and differentiation of cytotox-
ic T cells. A recombinant IL-2 is marketed as Proleukin® for the treatment of
some forms of cancer such as metastatic melanoma.

Guinea pig liver transglutaminase (G-TG-ase), a form of mammalian TG-
ase commercially available, was unsuccessful in catalysing PEG conjugation
of IL-2, most probably since, as mentioned above, TG-ases from eukaryotic
sources possess high substrate specificity.

To get PEGylation, it was necessary to produce a chimeric form of IL-2 [42]
carrying at the N-terminus a suitable glutamine containing tag with the
sequence AQQIVM to yield a fusion protein called rTG2-IL-2. This protein,
incubated with 10 kDa PEG-amino at a 500-fold molar excess in the presence
of G-TG-ase and calcium ion, gave mono and di-PEGylated species. The for-
mation of a di-PEGylated product was unexpected considering the hindrance
of the two adjacent glutamines, but it can be probably explained by the large
excess of polymer used as well as by its small size.

Di-PEGylated rTG2-1L-2 was characterised for in vitro activity and phar-
macokinetic profile in rats in comparison with a random PEGylated IL-2
obtained by chemical reaction. Both products showed prolonged half-life and
similar pharmacokinetic profiles, but the adduct obtained by G-TG-ase reac-
tion PEGylation exhibited a higher in vitro activity than the random PEGylated
product, most probably due to the conjugation of the polymer at the N-termi-
nal tag not involved in receptor interaction. However, this experiment, first
described by Sato, demonstrated that a TG-ase could be successfully used to
modify a protein in a site-specific fashion with the unnatural substrate PEG
amine [44].

Sato also described IL-2 PEGylation using microbial transglutaminase
(M-TG-ase) from a Streptoverticillium sp. strain under quite similar reaction
conditions. In this case, one of the six glutamine residues of natural IL-2
underwent PEGylation. Peptide mapping coupled with MS analysis allowed
identification of GIn74 as the only PEGylation site.

These results confirmed the higher specificity of G-TG-ase as compared to
the microbial form of the enzyme, although M-TG-ase can still show some
specificity towards the amino acidic sequence due to the flexibility of the pro-
tein chain or the presence of polar and charged residues surrounding the reac-
tive glutamine.
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Growth hormone (GH)

GH is a 191 amino acid single chain protein that is synthesised by the anteri-
or pituitary gland, and plays an important role in somatic growth through its
effects on the metabolism of proteins, carbohydrates and lipids. Recombinant
human GH is produced by E. coli or mammalian cell fermentation and is mar-
keted under different brand names. To date, no PEGylated derivatives have
been approved for clinical use, although many different strategies have been
tested for conjugation, mainly through chemical coupling to lysine N or C ter-
minus, and cysteines, (obtained by disulfide bridge reduction or insertion by
mutagenesis) [48].

Use of microbial transglutaminase was also studied as an alternative for
growth hormone PEGylations. By incubating GH with PEG amine of different
MW in the presence of M-TG-ase, the formation of two main mono
PEGylation products at GIn40 or GInl41 has been observed in spite of the
presence of thirteen Gln residues on the polypeptide chain. The identification
of the conjugation sites was accomplished by peptide mapping followed by
MS analysis. It would be interesting to make one the two reactive sites silent,
to allow the formation of a single mono-PEGylated product, which would be
easier to characterise and obtain in a pure, and reproducible form.

Erythropoietin (EPO)

Erythropoietin or haematopoietin, a cytokine primarily synthesized by foetal
liver and adult kidneys, is responsible of regulation of red blood cell produc-
tion. Recombinant EPO, currently used as treatment for anaemia due to chron-
ic kidney diseases, cancer treatment and heart failure, is a glycoprotein pro-
duced by mammalian cell fermentation and sold under different brand names,
such Epogen®, Eprex® or Neorecormon®.

Many studies on PEG modification of erythropoietin have been carried out,
but the FDA only recently approved a mono-PEGylated EPO, called Mircera®,
with positional isomers bearing PEG chains both at the N-terminus and at
some lysine residues [49].

PEG attachment to erythropoietin through TG-ase catalysis has been proven
by Centocor [50]. In some patents Centocor claims to have obtained a
PEGylated form, mainly mono-PEGylated EPO, by incubating the protein
with amine functionalised PEG in the presence of guinea pig liver transgluta-
minase. Microbial forms are also declared to be suitable biocatalysts for the
enzymatic conjugation.

Of general interest is the fact that a reversed TG-ase catalysed reaction can
also take place when polyethylene glycol end capped with glutamine-glycine
dipeptide is used as the acyl donor while the lysine side chains of the proteins
act as acyl acceptors.
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Conclusions

PEG conjugation (known as PEGylation) has been established as a strategy to
overcome several limitations connected to the use of proteins in therapy. So
far, the chemical methods of PEGylation have received the most attention and
have allowed the development of a number of PEGylated therapeutic proteins
marketed for clinical use.

An emerging, but so far not sufficiently exploited technique, is represented
by the use of enzymes, such as glucosyl-transferases and transglutaminases in
the PEG coupling step which are able to covalently bind sugars, PEG or other
chemical moieties to protein and peptides, in a fairly specific fashion with high
yield and limited costs. The most noticeable example of conjugated proteins
obtained by enzymatic PEGylation is represented by G-CSF which was glyco-
PEGylated by a strategy developed by Neose Technologies Inc., or site-specif-
ically mono-PEGylated by microbial TG-ase to yield a product in clinical
Phase I according to a method first described by Bio-Ker S.r.I.

To determine the basis of TG-ase specificity we recently examined the
PEGylation sites of proteins reported in the literature or independently studied
in our laboratory in terms of their known 3D structure and dynamics. We have
observed a clear-cut correlation between sites of TG-ase attack and regions of
enhanced backbone flexibility, this last being detected by the crystallographic
profile of the B-factor along the protein polypeptide chain [37]. A mechanism
of local unfolding of the polypeptide substrate will therefore strongly favour a
site-specific modification by TG-ase, provided that a Gln residue is encom-
passed in that region. Since chain flexibility was earlier found to dictate the
sites of limited proteolysis of proteins [51], we propose that both TG-ases and
proteases require an unfolded polypeptide substrate for their selective enzy-
matic attachment and consequently it should be possible to predict the site(s)
of TG-ase mediated modification of a protein on the basis of its 3D structure
and molecular dynamics.

It is also worthy to note that this correlation holds for other enzymes. A
recent analysis of the structure and dynamic features of the O-glycosylation
sites targeted by the enzymatic GlycoPEGylation technique [21], demonstrat-
ed the correlation between sites of chain flexibility or local disorder deter-
mined crystallographically and sites of O-conjugation.
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Abstract

Transglutaminase (TGase) is able to catalyse the acyl transfer reaction between the y-carboxamide
group of a protein-bound glutamine (Gln) residue and an amino-derivative of poly(ethylene glycol)
(PEG-NH,), thus leading to a PEGylated protein. Several proteins of therapeutic interest have been
PEGylated by means of TGase, among them interleukin-2, granulocyte colony-stimulating factor,
human growth hormone and erythropoietin. Surprisingly, PEGylation occurred at specific Gln
residue(s), despite the fact that these proteins contained several Gln residues. An analysis of the
TGase-mediated reactions in terms of structure and dynamics of protein substrates revealed a correla-
tion between sites of TGase attack and chain regions of enhanced backbone flexibility, as detected by
the crystallographic profile of the B-factor along the protein polypeptide chain. Moreover, the TGase-
mediated reactions often occurred at chain regions characterized by missing electron density, indicat-
ing that these regions are disordered. In particular, it was noted that in a number of cases the sites of
TGase attack occurred at the same chain regions prone to limited proteolysis phenomena. Since chain
flexibility or local unfolding was earlier found to dictate the sites of limited proteolysis of proteins, it
is concluded that both TGase and a protease require an unfolded polypeptide substrate in an extended
conformation for the site-specific enzymatic attack.

Introduction

Protein drugs may possess several shortcomings that can limit their usefulness
in therapy, including susceptibility to degradation by proteases, rapid kidney
clearance and propensity to generate neutralizing antibodies [1-4]. Among the
techniques so far explored for the development of safer and more useful pro-
tein drugs, undeniably the protein surface modification by covalent attachment
of poly(ethylene glycol) (PEG) became an extremely valuable technique for
producing protein drugs more water-soluble, non-aggregating, non-immuno-
genic and more stable to proteolytic digestion [5—10]. In numerous studies it
has been demonstrated that PEGylated proteins possess improved half-life in
the blood serum, because the large size of the PEG-conjugated molecule slows
down renal clearance [11-14]. Finally, PEGylation can mask the protein’s sur-
face and strongly reduce protein degradation by the action of proteolytic
enzymes. PEG is a water-soluble, biocompatible polymer commonly utilized
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as an additive in protein formulations, as well as for facilitating crystallization
of proteins. Many attempts have been undertaken to develop new polymers
with improved properties, but none of these new polymers has been able yet to
compete with PEG for protein conjugation. This can be explained by the bio-
compatibility of PEG and the valuable experience with PEG as a low-cost
additive for the pharmaceutical industry over the last decades [15, 16].

The most used chemical methods of PEGylation of proteins involve the
covalent conjugation of PEG at the level of the e-amino group of lysine
residues by using acylating PEG derivatives [17—-20]. A drawback of these pro-
cedures resides in multiple sites of conjugation and thus in the substantial het-
erogeneity of the PEGylated proteins. Nowadays, there is a stringent need of a
very detailed chemical characterization of the proteins used for therapy and
thus the heterogeneity of PEGylated proteins is clearly a serious problem [20,
21]. Since PEGylation is a permanent protein modification, the national and
international authorities for drug approval make high demands on the stringent
characterisation of PEG reagents and the final PEGylated product. Major
requirements are the specification of the degree of PEGylation, analysis of the
dispersity index of PEG and determination of the PEGylation sites on the pro-
tein conjugate [21]. Therefore, in order to prepare more homogeneous protein
conjugates, the site-specific PEGylation of pharmaceutical proteins will be an
active area of research for the coming years.

Several chemical approaches were developed for a site-specific
PEGylation of proteins, such as the selective PEGylation at the level of the
thiol group of cysteine (Cys) residues [22—-24] or at the N-terminal amino
group [25-29] of a polypeptide chain. Recently, novel procedures of transg-
lutaminase (TGase)-mediated PEGylation of pharmaceutical proteins were
proposed [30—34]. The key step for the TGase-mediated catalysis involves the
interaction of a y-carboxamide group of a glutamine (Gln) residue of a
polypeptide substrate with the TGase’s active site, forming a reactive thioa-
cyl-moiety and then reaction with an amino donor, thus leading to a new
isopeptide amide bond [35-39] (Fig. 1). When the amino-donor is the
€-amino group of a protein-bound lysine (Lys) residue, the TGase-mediated
reaction results in an intermolecular protein crosslinking due to the formation
of e-y-glutamyl)lysine isopeptide bonds. This crosslinking reaction is a most
relevant and physiologically important enzymatic reaction of TGase, being
involved in wound healing and blood coagulation [40]. Of course, the TGase-
mediated reaction between Gln and Lys residues can also lead to an intramol-
ecular protein crosslinking. Other nucleophiles can react with the acyl-
enzyme derivative, including primary amines, hydroxylamine and other
amino-containing chemical moieties. The hydrolysis of the reactive thioester
intermediate can be a competitive reaction, thus leading to the modification
of the former Gln into a Glu residue [41].

The PEG polymer can be covalently linked to a protein-bound Gln residues
by using an amino-derivative of PEG (PEG-NH,) as an amino donor in the
TGase-mediated reaction, resulting in a protein—-CONH—-PEG conjugate (see
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Figure 1. Schematic drawing of the TGase-mediated PEGylation of a protein. The y-carboxamido
group of protein-bound glutamine (Gln) residue serves as an acyl-donor to form the acyl-enzyme
intermediate at the level of the active-site cysteine (Cys) residue located in position 64 of the 331-
residue polypeptide chain of microbial TGase [46] and a concomitant release of ammonia. Then, an
amino-donor reacts with the highly reactive thioester intermediate leading to the formation of a novel
y-amide derivative of glutamic acid (Glu) and the free native enzyme [36]. The acyl-enzyme reacts
with nucleophilic primary amines, including the amino-derivative of poly(ethylene glycol) (PEG-
NH,). In this case, the resulting product of the reaction is a PEGylated protein.

Fig. 1) [42]. Thus, TGase can act as a reverse-protease, catalysing a coupling
reaction instead of hydrolysis. Here, we will briefly present and discuss few
cases of site-specific TGase-mediated PEGylation of proteins and we will
highlight the molecular features of the protein substrate that enable the often
observed site-specific PEGylation at the level of one or very few protein-
bound Gln residue(s). We will show that the Gln-residues being attacked by
TGase are encompassed in chain regions of the protein substrate displaying
enhanced flexibility or being unfolded. These features are those earlier identi-
fied as determining the sites of limited proteolysis of globular proteins. Indeed,
in a number of cases the same chain regions being sites of TGase’s reaction are
also sites of limited proteolysis.

Microbial transglutaminase (TGase)

Transglutaminase (TGase; protein-glutamine 7y-glutamyl-transferase, EC
2.3.2.13) catalyzes an acyl transfer reaction in which the y-carboxyamide
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groups of peptide- or protein-bound Gln residues act as the acyl donors [36,
40, 41]. The most common acyl acceptors of TGase are the €-amino groups of
lysine residues within proteins or the primary amino groups of some naturally
occurring polyamines [37, 40]. TGases are widely distributed in various organ-
isms, including vertebrates, invertebrates, plants and microorganisms [35, 36].
Among these TGases, the human blood coagulation factor XIII has been most
studied and its molecular and enzymological properties have been analyzed in
great detail [40]. A microbial TGase has been isolated from the culture medi-
um of Streptoverticillium sp. S-8112, which has been identified as a variant of
Sv. mobaraense [43—46]. The crystal structure of this microbial TGase consists
of a compact domain with overall dimensions 65 x 59 x 41 A [47]. The cys-
teine (Cys) residue in position 64 of the 331-residue chain of the enzyme,
essential for the catalytic activity, is located at the bottom of a deep cleft, its
depth being 16 A (see Fig. 2). The crystal structure of microbial TGase
revealed that the overall fold of this enzyme is different from that of factor
XIII-like TGase [48]. Nevertheless, a similar cysteine protease-like catalytic
mechanism for the microbial TGase has been proposed [46]. Indeed, the Cys-
His-Asp triad of cysteine-proteases is conserved, being given in the microbial
TGase by Cys64, Asp255 and His274 residues. Of interest, the catalytic triad

PDB code 11U4

Figure 2. Three-dimensional structure of microbial TGase from Streptomyces mobaraense. The pro-
tein model was prepared from the X-ray structure of the enzyme [46] using the software MBT
(Molecular Biology Toolkit; http://mbt.sdsc.edu) available in PDB (code 11U4) [47]. The numbers 1
and 331 indicate the N- and C-terminus, respectively, of the 331-residue chain of TGase. The active
site area of the enzyme is circled and the location of Cys64 is indicated by an arrow.
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of microbial TGase almost superimposes the same triad of factor XIII-like
TGase, implying a similar mechanism of catalysis. There are a number of
acidic residues (Aspl, Asp3, Asp4, Glu249, Asp255 and Glu300) in the
TGase’s active site cleft and aromatic residues (Trp59, Tyr62, Trp69, Tyr75,
Tyr278, Tyr291 and Tyr302) on the surface around the cleft. These character-
istic distributions of the acidic and aromatic residues appear to have an effect
on the substrate specificity of TGase [46].

The optimum pH for TGase activity is between 5 and 8, but the enzyme dis-
plays some activity also at pH 4 or 9. The optimum temperature for enzymat-
ic activity is 55 °C (for 10 min at pH 6.0) and the enzyme maintains full activ-
ity for 10 min at 40 °C, but looses activity within a few minutes at 70 °C [49].
At variance from other mammalian TGases, including the well-characterized
guinea pig liver enzyme [40], microbial TGase is totally independent of calci-
um ions. Heavy metals such as Cu**, Zn>* and Pb*" are strong inhibitors of the
enzyme, since they bind to the thiol group of the active-site Cys64 [43, 46].
Several molecular and functional characteristics of microbial TGase, including
calcium-independence, protein stability, higher reaction rate and small mole-
cular size, are advantageous for its industrial applications [50-53]. Actually,
microbial TGase is widely used to improve the physical properties of food pro-
teins, including legume globulins, wheat glutens, egg yolk and albumin pro-
teins, actins, myosins, fibrins, milk caseins, o-lactalbumin, B-lactoglobulin
and other proteins. Because of the usefulness and generality of the enzymatic
reaction mediated by TGase outlined in Figure 1, additional and novel appli-
cations of this enzyme in protein research and technology are expected to be
further explored [50].

Examples of TGase-mediated PEGylation of proteins

The use of microbial TGase for the enzymatic PEGylation of proteins is quite
recent [30—34, 42], but the examples of successful production of homogeneous
protein conjugates are indeed very interesting and clearly demonstrate that the
TGase methodology offers great promises [34]. A striking result of these stud-
ies is that PEGylation mediated by TGase can be site-specific, sometimes lead-
ing to the conjugation of a PEG moiety at the level of only one Gln residue
among the many Gln residues of the protein substrate [34, 42]. Here, we will
summarize the results obtained with few proteins, emphasizing those obtained
with proteins of pharmaceutical interest.

Interleukin-2
Interleukin-2 (IL-2) was identified more than 30 years ago and shown to con-

sist of 133 amino acid residues [54, 55]. Two cysteine residues at positions 58
and 105 form a disulfide bridge. A third residue at position 125 is not essen-
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tial for biological activity and sometimes is replaced in commercially available
IL-2 to avoid misfolding and aggregation and to increase shelf-life of the pro-
tein [55]. This pleiotropic cytokine is produced mainly by activated T cells and
it was first described as a T cell growth factor. IL-2 has a wide spectrum of
effects in the immune system. Some of the possible mechanisms by which
IL-2 carries out its anticancer effects include the augmentation of cytotoxicity
of immune cell, enabling delivery of immune cells and possibly serum com-
ponents into tumor [54, 55].

A site-specific PEGylated-derivative of recombinant IL.-2 was prepared uti-
lizing the microbial TGase from Streptomyces mobaraense and an amino
derivative of PEG (PEG-NH,) [30-33]. It was found that TGase mediates a
selective and stoichiometric incorporation of the PEG polymer chain at the
level of GIn74, despite the protein contains six Gln residues in positions 11,
13, 22, 57, 74 and 126. An IL-2 derivative with a galactose-terminated tri-
antennary glycoside Gals covalently bound selectively to GIn74 was also pre-
pared by the TGase method, with the goal of obtaining a therapeutic protein
that can allow selective hepatic delivery [33].

In order to explain the striking site-specific reaction of TGase on IL-2 we
must consider molecular aspects of the protein—protein interaction phenome-
non occurring when TGase attacks its globular protein substrate and thus the
structure and dynamics of IL-2. As shown in Figure 3, IL-2 is a four-helix
bundle protein, in which helix B (residues 59-73) and C (residues 83-97) are
connected by a long loop [56-59]. The TGase-reactive GIn74 residue is
encompassed by this connecting loop. An interesting observation can emerge
if one considers the B-factor profile of the polypeptide chain of IL-2
(Fig. 3B). The B-factor (or crystallographic temperature factor) represents the
mean-square displacement of the polypeptide backbone and is frequently
used as a measure of chain flexibility of folded globular proteins [60—63].
When plotted against residue number, B-factor values provide a graphic
image of the degree of mobility existing along the polypeptide chain of a pro-
tein. Moreover, X-ray crystallography can define missing electron density in
protein structures, which corresponds to disordered regions [64—66]. The
absence of interpretable electron density for some sections of the protein
structure is associated with the increased mobility of atoms in these regions,
which leads to non-coherent X-ray scattering, making atoms invisible
[64—66]. Upon inspection of the B-factor profile shown in Figure 3B, it is
seen that the site of TGase attack at GIn74 occurs at a disordered chain region
of the IL-2 molecule, since there is no electron density for chain segment
74—81. Therefore, the GIn74 residue is embedded in a chain region which is
unfolded and thus a most suitable substrate for the TGase action, considering
that the enzymatic reaction requires the binding and adaptation of a 10—12
residue polypeptide segment at the enzyme’s active site ([34], see also
below).
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Figure 3. TGase-mediated PEGylation of human interleukin-2 (IL-2). (A) Three-dimensional struc-
ture of recombinant IL-2 derived from the X-ray structure of the protein (PDB code 1M48) [56]. The
figure was prepared using the MBT (Molecular Biology Toolkit; http://mbt.sdsc.edu) software avail-
able in PDB [47]. The 133-residue chain of IL-2 is depicted with rainbow colors from the N-terminus
(blue) to the C-terminus (red). The protein chain is characterized by missing electron density in seg-
ments 1-4, 74-81 and 131-133 and thus these chain segments are very flexible or disordered. In the
model these segments are arbitrarily drawn by a red line. (B) Profile of the B-factor along the 133-
residue chain of the protein, as determined from the X-ray structure of the protein taken from PDB
(code 1M48). There are no figures of B-factor for the N- and C-terminal regions, as well as for chain
region 74-81. The site of specific TGase-mediated PEGylation of IL-2 at GIn74 is indicated by an
arrow. (C) Amino acid sequence and secondary structure of human IL-2. The helical segments along
the protein chain are indicated by squiggled red lines above the amino acid sequence. The connectiv-
ity of Cys58 to Cys105 forming the single disulfide bridge of the protein is indicated by a dashed
green line. The disordered chain segments are indicated by red lines below the amino acid sequence.
The site of TGase attack at GIn74 is indicated by an arrow.

Granulocyte colony-stimulating hormone

Granulocyte-colony stimulating factor (G-CSF) is the major regulator of gran-
ulopoiesis in vivo and stimulates proliferation, differentiation and survival of
cells of the granulocyte lineage [67—69]. Structurally, G-CSF is constituted by
a single polypeptide chain of 174 amino acid residues and belongs to a group
of proteins that share a four-helix bundle architecture [68—69]. While wild-
type G-CSF has a glycosylation site at Thr133, recombinant G-CSF lacks gly-
cosylation. The clinical use of G-CSF involves treatment of neutropenia, a
condition that occurs in a variety of diseases, including congenital defects,
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bone marrow suppression following pharmacological manipulation and infec-
tion, as well as in treatments of cancer patients undergoing cytotoxic
chemotherapy. Recombinant G-CSF is already in clinical practice for those
patients suffering from neutropenia during or after chemotherapy, as well as
for use in bone marrow transplantation [70—75]. PEGylated G-CSF has been
prepared by using reactive PEG derivatives [76] and nowadays a variety of
effective G-CSF drugs (Neupogen, Filgrastin) are in use [70-75].

The site-specific incorporation of PEG-NH, into recombinant G-CSF can
be achieved by using microbial TGase using polydisperse PEG of high mole-
cular weight [77] or a monodisperse PEG of low molecular weight [42]. In
both cases, it was possible to achieve essentially quantitative conjugation of
PEG-NH, and to isolate a mono-PEGylated derivative of G-CSF. Considering
that G-CSF contains 17 Gln residues, this selectivity of the TGase reaction is
clearly striking. Since the determination of the site of conjugation in the
PEGylated protein by fingerprinting techniques combined with mass spec-
trometry using polydisperse PEG is hampered by the molecular heterogeneity
of the resulting conjugate, the G-CSF derivative prepared using TGase and a
monodisperse PEG-NH, of low molecular weight was used for the identifica-
tion of reactive Gln residue(s). To this aim, PEGylated G-CSF was digested
with proteases and the resulting peptides analyzed by electrospray and tandem
mass spectrometry [42]. The results of these analyses allowed the unambigu-
ous identification of GInl34 as the site of PEGylation. Of note, Gln134 is
located nearby the Thr133 residue, which is the site of glycosylation in wild-
type G-CSF. Therefore, we may anticipate that the TGase-mediated reaction
likely mimics molecular aspects of the O-glycosylation reaction of the protein
in vivo (see below).

Since the X-ray structure of human G-CSF is known, we can try to explain
the selective reaction of TGase by considering the structural features of the
protein substrate [68—69]. First of all, we can observe that Gln134 is embed-
ded in the long chain segment connecting helices C and D and, therefore, that
modification does not occur at the level of chain regions encompassing the
four main helices of the protein [69] (see Fig. 4A). Moreover, a main feature
of this loop is that it encompasses the chain segment 121-137, for which there
is no electron density and thus is disordered by crystallographic criteria.
Therefore, TGase selectively attacks the G-CSF substrate at a disordered
region of the protein chain. However, there are other Gln residues located in
disordered regions, but not susceptible to the TGase reaction. We explain the
lack of TGase reaction at the level of Gln131 and GIn173 by considering that
these two Gln residues are followed by a Pro residue (see Fig. 4C). If one
accepts our view that the mechanism of reaction of TGase is similar to that of
a protease ([34], see also below), we can propose that TGase acts similarly, for
example, to trypsin, which does not cleave the Lys—Pro or Arg—Pro peptide
bond (see the web site shttp://www.expasy.ch/tools/peptidecutter/). The lack of
TGase reaction at the level of GIn67 and GIn70 can be explained by the fact
that, even if these residues are embedded in the flexible/disordered chain seg-
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Figure 4. TGase-mediated PEGylation of human granulocyte colony-stimulating factor (G-CSF). (A)
Three-dimensional structure of G-CSF derived from the X-ray structure of the protein (PDB code
IRHG) [69]. The figure was prepared using the MBT (Molecular Biology Toolkit;
http://mbt.sdsc.edu) software available in PDB [47]. The 174-residue chain of G-CSF is depicted in
rainbow colors from the N-terminal (blue) to the C-terminal (red). The protein chain is characterized
by missing electron density in segments 1-9, 61-71, 126—137 and 171-174 and thus these segments
are disordered. In the model these segments are arbitrarily drawn as red lines. (B) Profile of the B-fac-
tor along the 174-residue chain of G-CSF as determined from the X-ray structure of the protein and
taken from PDB (code 1RHG). There are no figures for B-factor in chain regions 1-9, 61-71,
126-137 and 171-174 due to the fact that there is no electron density for them. The site-specific
TGase-mediated PEGylation at GIn134 is indicated by an arrow. (C) Amino acid sequence and sec-
ondary structure of human G-CSF. Helical segments along the protein chain are indicated by squig-
gled red lines above the amino acid sequence. The connectivities of the two disulfide bonds
Cys36—Cys42 and Cys64—-Cys74 are indicated by yellow lines above the sequence. The disordered
chain segments are indicated by red lines below the sequence. The site of TGase attack at GIn134 is
indicated by an arrow.

ment 61-71 (see Fig. 4B), this chain region is crosslinked by the disulfide
bridge Cys63—Cys74 and this chain segment may be too short for an effective
binding and adaptation at the TGase’s active site. Indeed, we remind herewith
that a chain segment of 10—12 residues in an extended conformation is
required for an enzymatic reaction on a polypeptide substrate ([34], see also
below). Finally, there is no TGase reaction at the level of the disordered N-ter-
minal chain segment 1-8 (Fig. 4B), since at this N-terminal region there is no
Gln residue that could be attacked by TGase (see Fig. 4C). Overall, these con-
siderations allow us to conclude that, in analogy to the IL-2 case above dis-
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cussed, the selective reaction of TGase on the G-CSF substrate can be
explained by the main requirement of a Gln residue to be embedded in a dis-
ordered or unfolded chain region.

Human growth hormone

Human growth hormone (hGH) is a single chain polypeptide hormone of 191
amino acid residues displaying several biological activities, including effects
on growth, lactation, activation of macrophages and insulin-like and diabeto-
genic effects [78]. Nowadays hGH is extensively used to treat hGH deficien-
cy, including treatment of short stature resulting from hGH inadequacy, as well
as renal failure in children. The protein has a short functional half-life in vivo
and must be administered daily by subcutaneous injection for maximum effec-
tiveness. Improved versions of hGH were obtained by PEGylation of the hor-
mone at the level of o- and €-amino groups using the N-hydroxysuccinimidyl
ester derivative of PEG. Eight to nine lysine residues and the N-terminal amino
acid were modified to varying extents and the various hGH derivatives differed
from one another for their in vitro bioactivity [79]. To achieve a selective pro-
tein modification, a Cys residue was introduced by site-directed mutagenesis
into the hormone at position 3 in place of a threonine residue and then the
mutant hGH was reacted with a Cys-reactive PEG derivative [80].

Recently, in our laboratory we have studied the TGase-mediated
PEGylation of hGH using a PEG-NH, derivative [34, 42]. The PEG derivatives
thus obtained were isolated by chromatography and analyzed for their content
of PEG chains, as well as their location along the 191-residue chain of the hor-
mone. Briefly, it was found that a major product was a hGH derivative
PEGylated at GIn40 and GInl41, in analogy to similar results reported in a
patent [81]. This selective or preferential PEGylation of hGH appears to be
quite striking, if one considers that the 191-residue chain of the hormone con-
tains 13 Gln residues.

An analysis of the structure and dynamics of the hGH substrate can help us
to find out possible molecular features of the hGH substrate that enable the
TGase-mediated reactions at Gln40 and GInl141. A four-helix bundle architec-
ture characterizes the 3D architecture of hGH [82, 83]. Interestingly, the sites
of attack by TGase and proteases lie outside the four helical segments of the
four-helix bundle (residues 9-34, 72-92, 106—128 and 155-184), implying
that rigid chain regions embedded in a hydrogen-bonded secondary structure
do not react with TGase. The long chain loop 129-154 that connects helix C
to helix D displays high B-factor values or no electron density, implying that
this loop is highly flexible or even disordered (see the hGH crystal structure,
PDB code 3HHR) [83]. Also the region approximately from residue 30 to
residue 60 displays high B-factor values. Therefore, in analogy to the cases of
IL-2 and G-CSF above presented and discussed, we can conclude that chain
flexibility/disorder explains the site-specific TGase’s reactions on the hGH
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substrate. In addition, we should here emphasize that several proteases, includ-
ing plasmin, trypsin, thrombin and subtilisin, cleave hGH at region 134-149
[78]. Pepsin cleaves the peptide bond Phe44—Leu45, thus leading to the com-
plementing fragments 1-44 and 45-191 [84]. Staphylococcal V8-protease
cleaves hGH at Glu33, followed by slower reactions at Glu56 and Glu66 [85].
Therefore, several proteases selectively hydrolyse hGH at the same chain
regions that are sites also of TGase’s attack, implying that both TGase and pro-
teases require chain flexibility/disorder for their site-specific reactions on the
hGH substrate. Other details of the TGase reactions on hGH can be found in
recent publications from our laboratory [34, 42].

Erythropoietin

Erythropoietin (EPO) is a 166-residue protein that acts as the major regulator
of erythropoiesis in the body [86]. The secreted protein is heavily glycosylat-
ed and this post-translational modification is important for the stability, solu-
bility and in vivo bioactivity of the protein, but not for its interaction with the
receptor. Recombinant EPO in being used as an effective therapeutic agent in
the treatment of various forms of anemia, including anemia associated with
chronic renal failure and cancer patients on chemotherapy. Trade names of
EPO presently in use include Epogen, Procrit and Aranesp. Several approach-
es have been used to prepare derivatives of EPO with a longer half-life in the
blood serum and reduced immunogenicity, including hyperglycosylation and
PEGylation [87].

The PEGylation of recombinat EPO using TGase was described in a patent
[88] and evidence was provided that the TGase-mediated PEGylation allows
the production of a protein with one to three PEG chains attached to the pro-
tein. In order to identify the protein-bound Gln residues that can be attacked
by TGase, dansyl-cadaverine was used as an amino-donor (see Fig. 1) and then
the labeled protein was analyzed by fingerprinting techniques combined with
mass spectrometry. It was possible to conclude that dansyl-cadaverine was
linked to two out of the seven Gln residues, one being Glnl15. The second
modified Gln was encompassed in chain segment 53—97, but since several Gln
residues are contained in this chain region of the protein, the identity of the
modified residue could not be ascertained [88].

Clearly additional experimental work is required for a detailed analysis of
the TGase-mediated PEGylation of EPO. Nevertheless, an attempt can be
made to explain why GInl115 is a site of the enzymatic reaction. The structure
of the receptor-bound EPO has been solved by X-ray crystallography [89] and
that of the free from in solution by NMR [90]. It is interesting to observe that,
in the 166-residue chain of EPO, GIn115 is located at the long chain loop con-
necting helix C (helix 90—-111) to helix D (helix 138—160). The high flexibil-
ity of this loop is evidenced by the B-factor profile along the polypeptide chain
of the protein (see PDB file 1CN4) [89]. Moreover, GIn115 is located nearby
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the chain region 124—130, for which there is no electron density and thus is
disordered [89]. Of interest, a noticeable difference between the NMR [90] and
crystal structure [89] of EPO is found in the region from Leul12 to Thr132 of
the loop connecting helix C to helix D. The NMR data show that the chain seg-
ment 112-132, encompassing GInl15, has an extended conformation and is
highly flexible. Therefore, the limited data so far available for the PEGylation
reaction of EPO are in line with the proposal that the TGase reaction requires
substrate’s flexibility at the site of enzymatic attack.

Apomyoglobin

Apomyoglobin (apoMb), myoglobin without the heme group, is a small
monomeric protein of 153 amino acid residues that has been used as a model
protein for numerous studies of protein structure, folding and stability. While
the holo form of the protein is highly helical and consists of eight helices
(named A through H) [91], apoMb shows a slightly reduced helical content
due to unfolding of helix F, as demonstrated by NMR measurements [92, 93]
and limited proteolysis experiments [94, 95]. Indeed, while the holo protein
is resistant to proteolytic attack, several proteases with different specificities
selectively cleave apoMb in a very restricted chain segment encompassing the
helix F (residues 82—-97) of the holo protein [94, 95]. For example, ther-
molysin cleaves apoMb at the level of the peptitde bond Pro88—Leu89, lead-
ing to the two complementary fragments 1-88 and 89—153 [96]. The mobil-
ity or unfolding of helix F in apoMb is deduced also from molecular dynam-
ics simulations [97—100]. Recently, we have reacted apoMb with a monodis-
perse amino-derivative of PEG in the presence of microbial TGase at neutral
pH [42]. A homogeneous mono-PEGylated apoMb derivative modified at the
level of GIn91 was thus prepared, despite the protein contains six Gln
residues along its 153-residue chain. Therefore, both TGase and proteases
attack at the same and rather restricted flexible/unfolded chain region of the
apoMb substrate.

Other examples of TGase reacting at flexible sites of the protein
substrate

Here, we will add few examples of experimental studies that demonstrate that
TGase can react with globular proteins at flexible/unfolded regions of their
polypeptide chain. First of all, in a number of studies, relatively short Gln-pep-
tides were added to globular proteins as an N- and C-terminal tails using
recombinant methods [101-103]. It was found that TGase mediates enzymat-
ic reactions selectively at the protein end(s) of these chimeric proteins. The
added short peptide tags, lying outside the core of the globular protein, cer-
tainly are flexible or disordered, considering that the N- and C-terminal ends
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of globular proteins are usually rather flexible or even disordered. For exam-
ple, the reader can observe that the ends of the polypeptide chain of IL-2
(Fig. 3) and G-CSF (Fig. 4) are indeed rather flexible or disordered, as evi-
denced by the high B-factor values for these chain ends.

Among the chimeric proteins prepared for their subsequent labeling using
TGase, we may mention that a derivative of IL-2 fused to the TGase substrate
Ala-Gln-Ile-Val-Met was prepared and used for a TGase-mediated specific
PEGylation at the level of the GIn residue of the peptide tag [31]. Similarly, a
chimera given by glutathione-S-transferase with the flexible peptide tag Pro-
Lys-Pro-GIn-GIn-Phe-Met linked at its N- or C-terminus was labeled specifi-
cally at the level of the peptide tag using TGase and dansyl- or fluorescein-
cadaverine as amino-donor [101]. Also the 20-residue Gln-containing S-pep-
tide of bovine ribonuclease A was fused at the N-terminal region of green flu-
orescent protein (GFP) and shown to be the site of protein cross-linking reac-
tions mediated by TGase [104]. In other studies, TGase has been used for the
attachment of small-molecule probes to bioengineered proteins containing a
Gln-peptide linked at the N- or C-terminus of the protein [101, 103]. Overall,
it is clear that the appended tags at the ends of a protein chain in the chimeric
recombinant proteins are flexible or unfolded, so that these sites can be easily
attacked by TGase.

As an additional example, we may here mention that the 375-residue chain
of actin can be selectively labeled at GIn41 by a TGase-mediated reaction
using dansyl-ethylenediamine or dansyl-cadaverine used as amino-donor
[105]. Moreover, actin can be selectively cleaved at peptide bond
Metd7-Gly48 and Gly42-Val43 by digestion with subtilisin and a protease
from E. coli, respectively [106—109]. That chain disorder controls the selec-
tivity of the reaction by both TGase and proteases is substantiated by the X-ray
structure of actin [110]. Indeed, the B-factor profile along the polypeptide
chain of actin shows a discontinuity at chain region 39-51 due to missing elec-
tron density, indicative of a disordered segment (see the crystallographic data
reported in PDB-code 1QZ6).

It is relevant to add here that TGase can react on protein substrates given by
partly or fully denatured proteins. The apo-form of bovine o-lactalbumin in its
partly folded or molten globule state at neutral pH was shown to react with
TGase, while the native calcium-loaded protein was not a substrate for TGase
[111-114]. Of interest, it was shown that TGase can selectively incorporate
dansyl-cadaverine at the level of Gln residues encompassed by the chain seg-
ment which was shown, by means of spectroscopic measurements, to be disor-
dered in the molten globule state of o-lactalbumin [115, 116]. Moreover, the
same chain region acting as substrate for TGase is also selectively hydrolyzed
by several proteases [117, 118], thus demonstrating that both TGase and pro-
teases act on the flexible/disordered protein regions of o-lactalbumin. Finally,
mention should be given to the fact that a variety of natively or intrinsically dis-
ordered proteins [119—122] are substrates for TGase in vivo, including synu-
clein [123], tau protein [124] and huntingtin [125]. These proteins are involved
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in severe diseases as those of Alzheimer, Parkinson and Huntington and con-
sequently a role of TGase in these diseases has been proposed [126—131].

Local unfolding of the protein substrate dictates the selective attack by
TGase

Numerous studies have been conducted on the substrate specificity of TGases
using synthetic peptides, as well as proteins, with the aim of unraveling the
pattern of amino acid sequences around the reactive Gln residues [132—138].
However, the results of these studies revealed that there is no obvious consen-
sus sequence around the Gln residues modified by TGase and that both the
amino acid sequence and local conformation around the Gln residues con-
tribute to the specificity of the enzyme [132, 136]. Consequently, it was con-
cluded that other factors should govern the TGase reactivity of protein-bound
Gln residues. It was proposed that surface accessibility of a reactive Gln could
dictate the TGase-catalyzed modification [132]. However, it was also recog-
nized that surface exposure alone does not justify the often made observation
that several exposed Gln residues in native globular proteins of known 3D-
structure do not react with TGase [34, 132].

Here, we have illustrated the results of recent experimental studies that
demonstrate that TGase can mediate site-specific PEGylation of globular pro-
tein substrates, a feature that has important utility and useful applications for
the development of safer and long lasting protein drugs. We have shown that a
protein-bound Gln residue can be attacked by TGase only if it is encompassed
in a flexible or disordered region of the protein chain. Indeed, there is a corre-
lation between sites of specific TGase’s attack with sites or regions displaying
enhanced chain flexibility or even disorder, as evidenced by the analysis of the
B-factor profile along the polypeptide chain of the protein substrate (see Figs 3
and 4, as well as [34]). We conclude that the main features dictating the site-
specific modification of a protein-bound GlIn residue by TGase in a globular
protein is the local unfolding of the chain region encompassing that Gln
residue. We emphasize here again that surface exposure of the site of enzy-
matic attack is not sufficient to explain site-specific TGase attack, since in a
protein there are often quite numerous surface exposed Gln residues, but only
the ones that are encompassed in a flexible or unfolded region can be attacked
by TGase [34].

In several cases it has been found that the same region of the polypeptide
chain of a globular protein that reacts with TGase is also the region prone to
limited proteolysis phenomena (see [34] for additional data). We anticipate
that the biorecognition phenomenon between TGase or a protease and a
polypeptide substrate shares analogous mechanism of action, in keeping with
the idea that TGase can be considered a reverse-protease and makes use of the
same triad of active site residues of a Cys-protease (see Introduction). On this
basis, we may propose similar substrate’s binding phenomena occurring with
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TGase and a protease. A widely used nomenclature to describe the interaction
of a polypeptide substrate at the protease’s active site is that introduced by
Schechter and Berger [139]. For TGase, as shown in Figure 5, it is proposed
that the amino acid residues of the polypeptide substrate bind at subsites of the
TGase’s active site. These subsites on the enzyme are called S (for subsites)
and the substrate’s amino acid residues are called P (for peptide). The amino
acid residues of the N-terminal side of the site of TGase reaction are numbered
P3, P2, P1 and those residues of the C-terminal side are numbered P1', P2',
P3'...The P1 or P1' residues are those residues located near the site of TGase’s
attack. The subsites on TGase that complement the substrate binding residues
are numbered S3, S2, S1, S1', S2', S3'... The enzyme-substrate binding
scheme outlined in Figure 5 is in line with the view that a polypeptide substrate
should suffer extensive unfolding and conformational adaptation for an effi-
cient and productive binding at the enzyme’s active site. Indeed, modeling
studies have indicated that the protease-peptide/protein substrate interaction
involves a stretch of up to 12 amino acid residues [140, 141].

Chain flexibility or local unfolding is proposed here for explaining the
TGase’s selectivity, as well as before for the site-specific limited proteolysis of
globular proteins [142—145]. A mechanism of local unfolding of the site of
enzymatic attack appears to be the critical parameter dictating a site-specific
enzymatic reaction. The key role of flexibility in the digestion of a polypeptide
substrate is substantiated by the recent systematic analysis of the recognition
mechanism of proteases for polypeptide substrates and inhibitors [146, 147].
This analysis, made possible by the recent availability of many protease-
inhibitor crystallographic structures, revealed that an almost universal recog-

H,N polypeptide substrate COOH

site of TGase attack

S4 S5

S5 S84 S3 S2 S1 S1° §2' 8%

TGase

Figure 5. Schematic representation of the binding of a polypeptide substrate at the active site of
TGase. A 10-12 residue segment of a polypeptide chain interacts with its side-chain residues (P) at a
series of subsites (S) of TGase. The interaction of the substrate at the TGase’s active requires a spe-
cific stereochemical adaptation of the substrate and thus likely a significant degree of chain mobility.
It is suggested that the polypeptide substrate binds at the TGase’s active site in an extended confor-
mation (see text). The P1 side-chain residue interacting with the S1 binding site of TGase is the car-
boxamido side-chain group of a Gln residue. The figure and nomenclature are adapted from the rep-
resentation of a similar binding of a polypeptide substrate at the protease’s active site introduced by
Schechter and Berger [139].
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nition mechanism by all proteolytic enzymes implies that the binding of a
polypeptide substrate at the protease’s active site occurs in an extended
B-strand conformation [147]. Consequently, we may understand why a folded
and quite rigid globular protein is usually rather resistant to an enzymatic
attack and we may anticipate that only a flexible or disordered polypeptide can
have the structural plasticity to adopt the extended conformation that enables
a stereospecific binding at the enzyme’s active site [142—145].

It is tempting to propose that the molecular features herewith emphasized
for a productive interaction between TGase or a protease with a polypeptide
substrate can be extended also to other enzymatic reactions occurring with
proteins, i.e., to other post-translational protein modifications, such as phos-
phorylation, glycosylation, acetylation, methylation, hydroxylation, amida-
tion, sulfation and other reactions. In fact, the importance of protein disorder
in a variety of biomolecular recognition processes of proteins has been recent-
ly emphasized [120—122]. For example, it is intriguing to observe that the
TGase-mediated PEGylation of G-CSF occurs at GIn134, while in vivo glyco-
sylation occurs at the nearby Thr133 (see above Fig. 4). We may add here that
phosphorylation sites in proteins mostly occur in protein regions characterized
by an intrinsic disorder. The reader is referred to Iakoucheva et al. [148] for a
discussion on the importance of disorder for protein phosphorylation. Indeed,
in a number of X-ray structures of kinases bound to peptide substrates or
inhibitors [149], it has been found that the ligands in their protein-bound state
have extended, irregular conformations, in analogy to the X-ray structures of
proteases with their peptide inhibitors [147] (see also in PDB the kinases-
inhibitor structures 1ATP, 1IR3, 106I, 1PHK, 106K, 1GY3, 1CDK and
1JBP). Therefore, the polypeptide substrate should be disordered and not
intramolecularly hydrogen bonded in a regular secondary structure (helices,
B-strands) in order to be able to bind at the enzyme’s active site [142, 147]. Tt
seems appropriate to consider here that the implications of these crystallo-
graphic data in terms of disordered chain segments as a requirement for the
enzymatic reactions involving polypeptide substrates clearly have been over-
looked. Summing up, we hypothesize that this mechanism of local unfolding
of the site of enzymatic reaction applies to TGases and proteases, as well as
likely to other enzymes that act on protein or polypeptide substrates, thus lead-
ing to a variety of enzymatic post-translational modifications of proteins.

TGase acting on flexible peptide substrates

Here, we have emphasized the importance of local unfolding in the TGase’s
reaction when globular proteins are used as substrates. In this case, the flexi-
bility of the polypeptide chain is clearly the most critical parameter in dictat-
ing site-specific reactions [34]. However, when short flexible peptides are used
in a TGase’s reaction, chain flexibility is no more the critical parameter con-
trolling the rate of reaction. In this case, the amino acid sequence near a Gln-
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residue is expected to play an important role in dictating the proper and favor-
able interaction between the enzyme and the peptide substrate, as it can be
deduced from the scheme shown in Figure 5. Thus, the kinetics of the enzy-
matic reaction will be influenced by the amino acid residues neighboring the
Gln-residue. Indeed, in a recent study the preferred peptide substrate
sequences of microbial TGase have been identified by using a phage-display
library and indeed some peptide sequences react faster with TGase than others
[138]. Considering the features of the microenvironment of the active site of
microbial TGase (see Introduction), it can be anticipated that charge and
hydrophobicity of a polypeptide substrate will play a role in the enzyme’s
kinetics. In particular, since the active site is negatively charged by the pres-
ence of several carboxylate groups near the reactive Cys64 [46], likely nega-
tively or positively charged residues near a Gln-residue will hinder or facilitate
the enzymatic reaction on a polypeptide substrate, respectively. Indeed, the
flexible peptidyl linkers containing a positively charged arginine (Arg) residue
near the Gln-residue exhibited the highest reactivity in a TGase-mediated pro-
tein crosslinking reaction [102]. Similarly, in our laboratory we have found
that a negatively charged glutamic acid (Glu) residue near a Gln-residue
strongly hinders the TGase reaction in a Gln-peptide substrate. Finally, in
agreement with the fact that the active site of microbial TGase is surrounded
by hydrophobic residues [46], it was found that introducing into a Gln-peptide
substrate a hydrophobic amino acid residue substantially accelerated the
TGase’s reaction [134]. These observations regarding the role of amino acid
sequences of polypeptide substrates in the TGase’s reaction can be related to
analogous results obtained in studying the substrate specificities of proteolyt-
ic enzymes. For example, it is known that trypsin hydrolyses selectively Lys-X
and Arg-X peptide bonds, but that tryptic cleavages at these basic residues are
strongly inhibited by nearby negatively charged amino acid residues, so that
for example a Lys—Glu peptide bond is not cleaved (see the website
http://www.expasy.ch/tools/peptidecutter/).

Finally, we may recognize that herewith we have not discussed differences
in the enzymatic activity between microbial or mammalian TGases. Even if
microbial and mammalian TGases share the same catalytic triad (see
Introduction) and often various TGases behave similarly with some peptide or
protein substrates [114], likely differences in their enzymatic activities and
kinetics are expected [137, 138].

Outlook

Considering the increasing relevance of protein pharmaceuticals and the high
regulatory demands for their approval [21, 150], it can be anticipated that inno-
vative methods for the site-specific PEGylation of proteins will be further
investigated for the years to come [14, 21]. The broad applicability and com-
parably low cost of PEG will maintain this polymer in a leading position and
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the PEGylation reaction will find more and more useful applications for the
successful development of pharmaceutical drugs. The site-specific TGase-
mediated PEGylation likely will be further explored [50] and applied for
preparing more homogeneous protein conjugates than those that can be
obtained by using other reactive derivatives of PEG. Here, we have presented
data that indicate that the main features dictating the site-specific modification
of a protein-bound Gln residue by TGase in a globular protein is the flexibili-
ty or local unfolding of the chain region encompassing the reactive Gln residue
[34]. In particular, TGase appears to act on a polypeptide substrate in analogy
to a protease [142—145] and, in fact, often the same region of the polypeptide
chain of a globular protein that suffers limited proteolysis is also the site of
specific TGase attack [34]. Therefore, it is possible to predict the site(s) of
TGase-mediated modification of a protein on the basis of its 3D-structure and
dynamics and, consequently, the likely effects on its physicochemical and
functional properties.
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Abstract

Methods for separation and characterization of PEGylated proteins are reviewed in this chapter. It is
explained that these methods are challenging because PEG itself is a relatively inert, neutral,
hydrophilic polymer and the starting point for PEGylation is a pure protein. Other than changes to
molecular weight and size, differences between the properties of the PEGylated forms of a pure pro-
tein are relatively small, since they arise only from the addition to the protein of relatively inert, neu-
tral polymer chains, which tend to shield interactions.

Physicochemical properties that are routinely used to characterize and purify proteins are discussed
with regard to their applications for PEGylated proteins, including molecular mass, size and shape
(mass spectrometry, size exclusion chromatography, membranes, capillary electrophoresis, gel elec-
trophoresis), electrostatic charge (cation and anion exchange chromatography, isoelectric point gel
electrophoresis, capillary electrophoresis) and relative hydrophobicity (hydrophobic interaction,
reversed phase).

Introduction

As described in other chapters in this book, PEG-protein conjugates, or
PEGylated proteins, are an important class of modern therapeutic drugs. It fol-
lows from the stringent regulatory requirements surrounding the need for
proven clinical efficacy and safety that they must be characterized and purified
before use. Other than changes to molecular weight and size, differences
between the properties of the PEGylated forms of a pure protein are relatively
small, since they arise only from the addition of relatively inert, neutral poly-
mer chains to the protein. Although some changes to the surface properties of
the protein (i.e., charge and hydrophobicity) are inevitable upon conjugation,
these changes are generally small and the large, heavily hydrated PEG chains
tend to shield and weaken the strength of the protein’s surface-related interac-
tions. This imparts exploitable differences between the native protein and its
PEGylated forms but successive PEG chain attachments result in rapidly
diminishing changes to physicochemical properties and there are significant
challenges in separating the PEGylated forms from one another.

Methods for characterization and purification are linked, in that the unique
properties of the PEGylated target molecule must be exploited in each case to
achieve a distinction between the target and other molecules in analytical or
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preparative techniques. Often the same properties can be used both to charac-
terize the molecule and to purify it from contaminants. Of particular interest to
PEGylated proteins for therapeutic use, given that the starting point for their
PEGylation will normally be the highly purified native protein (where “native”
pertains to its un-PEGylated form, as opposed to its wild versus recombinant
or engineered forms) are the removal of PEGylation reaction byproducts and
unconverted reactants, PEGylation extent (the number of PEG adducts on each
molecule, N), and positional isomerism (the positions of the PEG adducts on
each molecule). Potential changes to bioactivity and protein folding are also of
interest. Advantages in terms of reduced plasma clearance rates and increased
clinical efficacies have been reported for branched-PEG adducts over linear
PEG adducts [1] so methods by which these forms can be characterized may
be of interest during research and development activities.

Physicochemical properties that are routinely used to characterize and puri-
fy proteins can also be applied with varying effectiveness to PEGylated pro-
teins, including molecular mass, size and shape (mass spectrometry, size exclu-
sion (gel permeation) chromatography, membranes, capillary electrophoresis,
gel electrophoresis, light scattering), protein folding (circular dichroism), elec-
trostatic charge (cation and anion exchange chromatography, isoelectric
focussing, isoelectric point gel electrophoresis, capillary electrophoresis), rela-
tive hydrophobicity (hydrophobic interaction and reversed phase chromatogra-
phy), diffusivity, immunoassays (ELISA, Western blotting, surface plasmon
resonance (SPR)) and relative solubility (aqueous two-phase systems).
Additional characterization information can be obtained from bioassays and
pharmacokinetic studies, such as plasma clearance rates, toxicity, immuno-
genicity and clinical efficacy but these will not be discussed in this chapter.

Molecular mass, size and shape

Commercial PEGylation reagents are identified by nominal molecular weight
but this usually underestimates the true molecular weight. For example, PEG
reagents with nominal molecular weights of 5 kDa (NOF Corporation, Japan),
10 kDa (Nektar Therapeutics, Alabama, USA) and 20 kDa (NOF Corporation,
Japan) were found by mass spectroscopy to have actual molecular masses of
5589 + 56 Da, 11,555 + 116 Da and 21,910 + 219 Da, respectively [1]. In the
case of branched PEGs, which are manufactured by combining two identical
PEG molecules, the discrepancy between nominal and actual molecular mass-
es can be larger than that for linear PEG chains.

Molecular mass of both native PEGs and PEGylated proteins can be detect-
ed accurately by matrix-assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectrometry, as first reported by Watson et al. [2], a tech-
nique subsequently used by many authors (see, for example, [3—7]). Molecular
mass indicates directly the PEGylation extent, since the total molecular mass
equals approximately the sum of the native protein and total conjugated PEG.
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Specific operating conditions depend on the model of MALDI-TOF used but
an acceleration voltage of 20 kV with linear detection has been found to be
suitable, with samples prepared on various matrices, including sinapic acid [8],
dihydroxybenzoic acid [1] and o-cyano-4-hydroxycinnamic acid [3].
Molecular size changes significantly and by large quanta with each PEG
chain added to a protein. The viscosity radii of random coil PEG molecules in
solution are correlated to their molecular masses by Ry, pgg = 0.1912 M, [8],
while the viscosity radii of globular proteins is Ry, o = (0.82 £ 0.02) M, %333
[9]. Using these correlations, Table 1 shows the radii and equivalent protein
molecular masses of some commonly used PEG nominal molecular weights.

Table 1. Equivalent protein molecular weights for common PEG molecules

PEG Nominal M, Viscosity radius Equivalent globular
(kDa) (nm) protein M; (kDa)
2 1.34 44
5 2.24 20.4
10 3.29 65.4
20 48.5 209.5
40 71.5 670.7

Polyacrylamide gel electrophoresis (PAGE), routinely used for protein
molecular weight and purity determinations can also be used also for analysis
of PEGylated proteins. However, unlike the case for native proteins where
standard protein ladders can be used to make quantitative determinations of
molecular weight, no correlation currently exists for determining PEGylated
protein molecular weight by this method. The migration rates of PEGylated
proteins through porous gels are slowed by the large, heavily hydrated and
uncharged PEG chains attached to the proteins, so their apparent molecular
masses cannot be determined from their positions relative to standard protein
ladders. Often, PEGylation extent can be inferred qualitatively from the band
positions in PAGE gels, since the latter differ significantly with each PEG
chain added to the protein, but this can provide only circumstantial evidence
of PEGylation extent. For example, if site-specific PEGylation is obtained
through maleimide-PEG reacting with a single, free available cysteine residue
on a protein, then a significant shift in the PAGE band position after
PEGylation would support the conclusion that PEGylation was successful. On
the other hand, if one was using a non-specific chemistry such as lysine con-
jugation, the PEGylation extents of the migrating species can only be guessed
by assuming that bands occur in the order of native protein, mono-PEGylated,
di-PEGylated and tri-PEGylated protein, etc., with no missing values of N. In
the absence of a native protein band showing among the reaction products it
would be dangerous to make assumptions regarding the values of N obtained
by this method.
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PEG tends to interact with SDS under reducing conditions, creating a clump
of negatively-charged chains that move in the gel, despite PEG having no
charge. Native SDS-PAGE appears to eliminate PEG interaction with the gel,
providing sharper bands and giving consistent band positions depending on
molecular weight of conjugated PEG, e.g., a di-PEGylated 10-kDa PEG-pro-
tein having a band at the same position as the mono-PEGylated 20 kDa PEG-
protein [10].

PEGylation extent and protein concentration can be determined by size
exclusion chromatography (SEC), provided that the native protein fits well on
the standard protein calibration curve. It is important to remember that elution
volumes in SEC are related to molecular size and not molecular weight,
despite the normal practice in protein chromatography of calibrating SEC
columns in terms of the latter. If molecular weights are used to create calibra-
tion curves, protein and PEG standards lie on distinctly different curves.
However, if molecular size, in terms of viscosity radius, is used to calibrate the
column, protein and PEG standards fall on the same curve. The viscosity
radius of a PEGylated protein depends only on the total molecular weight of
conjugated PEGs, i.e., the viscosity radius is independent of N, the number of
PEG chains attached [8]. Figure 1 shows the elution volumes for cytochrome
C PEGylated to various extents with PEGs of differing nominal molecular
weight. Clearly, the PEGylated protein peaks overlap at positions where the

native
protein
0ka 0K P .
f / / reaction
0 30kDa / / > /bY'Products
40 kDa (
80 kDa

Absorbance at 280 nm [mAU]

o AV .

0 5 10 15 20
Elution Volume [mL]

Figure 1. Size exclusion chromatogram for cytochrome C, PEGylated to varying extents with various
nominal molecular weight PEGs. The peak labeled “10 kDa” is mono-PEGylated; the peaks labeled
“20 kDa” are di-PEGylated with 10 kDa PEG and mono-PEGylated with 20 kDa PEG; the peak
labeled “30 kDa” is tri-PEGylated with 10 kDa PEG; the peaks labeled 40 kDa are di-PEGylated with
20 kDa PEG and mono-PEGylated with 40 kDa PEG; and the peak labeled “80 kDa” is di-PEGylated
with 40 kDa PEG.
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total molecular weight of PEG adducts is equal, regardless of the number of
PEG chains used to reach the total.

Using a model in which PEG chains surround the protein molecule as a
shell and the observation that the PEG layer apparently expands in volume to
attain a surface area to volume ratio equal to that of a native PEG molecule
with the same total molecular weight in solution, the viscosity radius of a
PEGylated protein can be predicted using equations (1) and (2) (where Ry, pgg
is calculated using the total PEG M, attached to the protein) [8].

A 2 1
Ry, peGpror = 3 + EV Ry pg” + 3 Ry pec (1)

where

3 3 6 3 5\21"
A=[108R, .’ +8R, ,p;’ +12(8IR, .  +12R, 'R, 1ys’) ] @).
Thus, by proper calibration using viscosity radii, the PEGylation extent can be
determined quantitatively by SEC. Furthermore, since PEG itself is invisible
to UV at 280 nm and typical amine reactive groups such as succinimide do not
contain UV active chromophores, UV adsorption at 280 nm may be used to
quantify the concentration of PEGylated species. However, some chro-
mophores, such as maleimide or fmoc, do have UV active components. For
conjugates with these types of linkers, it may be necessary to determine the
extinction coefficient after a non-UV method, such as amino acid analysis, has
been used to determine the protein concentration.

Because of the large hydrodynamic radii of PEGylated proteins, SEC can be
used in desalting mode for removal of the small molecule by-products of
PEGylation reactions, e.g., succinic acid, the main by-product of lysine conju-
gation chemistry. It can also be used efficiently for the separation of native and
PEGylated forms of a protein generally up to a maximum of tri-PEGylated
species, while removing small molecules at the same time. The general rule of
thumb for efficient SEC separation of proteins at preparative scale is that the
proteins should differ in molecular weight by no less than two times to ensure
good peak separation. Because of their sizes, even for large PEG adducts
(M, = 20 kDa), it is not efficient to separate species with a PEGylation extent
of N from those with an extent N-1 when N > 3 [11]. For 5 kDa PEG adducts,
the upper limit is N = 2, while for 2 kDa adducts, SEC can be used efficiently
for separating mono-PEGylated species from native protein but not for sepa-
rating species with higher values of N.

A number of authors have used ultrafiltration for purification of PEGylated
proteins [12—15]. More recently, it has been found, unlike the case in SEC, that
it is not only the total PEG molecular weight that affects transport through
ultrafiltration membranes but also N [16]. Molek and Zydney [16] measured a
two-fold decrease in the sieving coefficient for ovalbumin (43 kDa) PEGylated
with two 5-kDa PEGs compared to PEGylation with one 10-kDa PEG. a-lac-
talbumin (14.2 kDa) tetra-PEGylated with 5 kDa-PEG had a sieving coeffi-
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cient more than an order of magnitude smaller than that di-PEGylated with 10-
kDa PEG. This dependence on N may be due to deformation and/or elongation
of PEG chains caused by convective flow into the membrane pores. One might
picture a single conjugated PEG chain as a flexible entity, streaming out in
advance or trailing behind a globular molecule as it moves through a mem-
brane pore. A higher number of conjugated chains would add more to the
effective molecular diameter because of the constraints to movement at the
conjugation sites. Such a view of chain flexibility aiding pore transport is con-
sistent with the observation that PEG molecules have greater sieving coeffi-
cients than proteins with an equivalent hydrodynamic radius [16] and similar
observations regarding differences between PEG and Ficoll (a highly
branched, cross-linked, almost spherical polysaccharide) [1].

Molek and Zydney used a two-stage combination of conventional and
charged ultrafiltration membranes to achieve separation of PEGylated o-lac-
talbumin from reaction byproducts and unreacted precursors [17].
Conventional (neutral charge) ultrafiltration membranes were used first to
remove unreacted native protein and small reaction byproducts from the reac-
tion mixture by diafiltration, taking advantage of the greatly increased hydro-
dynamic radius of the PEGylated species. In the second stage, a higher mole-
cular weight cut-off, negatively charged membrane was used to repel the
PEGylated protein, while allowing the (charge neutral) unreacted PEG to pass
through, again in diafiltration mode. In diafiltration processes, there is of
course a trade-off between purity and yield, which increase and decrease,
respectively, with diafiltration volume. In practice, one cannot completely
remove unwanted components by diafiltration but their concentrations can be
considerably reduced before final purification using more selective processes.

Capillary electrophoresis can separate PEGylated proteins on the basis of
size, shape and surface activity (charge, hydrophobicity) and can thus, unlike
SEC and membranes, separate positional isomers in addition to determining
PEGylation extent. Li et al. [18] separated positional isomers of PEGylated
ribonuclease A and lysozyme in a semi-aqueous capillary electrophoresis tech-
nique in which a high molecular weight polyethylene oxide layer was first
adsorbed to the internal surface of the capillary, followed by electrophoresis in
an acetonitrile-water solvent at pH 2.5. Na et al. [19] were able to differentiate
between PEGylated o-interferon with very small differences in conjugated
PEG molecular weight (40 kDa, 43.5 kDa and 47 kDa) using a sodium dode-
cyl sulfate-capillary gel electrophoresis system. Characterisation of the
PEGylation site in positional isomers can also be carried out by proteolytic
digestion of a PEGylated protein and comparing fragments with those
obtained with native protein digestion. For example, using the endo-proteolyt-
ic enzyme Lys-C, differences between native and PEGylated parathyroid hor-
mone 1-34 were examined by capillary electorphoresis and PEGylation sites
assigned using the assumption that steric hindrance prevented cleavage near
the conjugation site [20].
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Electrostatic charge

Ion exchange chromatography is the most commonly used technique for
purification of PEGylated proteins, with many examples available in the liter-
ature, e.g., [21-30]. PEG may affect the charge properties of proteins in three
ways. First, PEG may shield the surface charges of a protein and weaken elec-
trostatic interactions. Second, the isoelectric point (pI) may be altered by con-
jugation of PEG to charged residues (effectively neutralization of a single
charge with each PEG group conjugated). Third, PEGs may hydrogen bond
with some groups to raise their pKa, thus affecting their charge versus pH
behavior.

The most common observation regarding ion exchange separation of
PEGylated proteins is that more heavily PEGylated species (whether from
higher N or higher molecular weight PEG chains [31]) elute at lower ionic
strengths than their less heavily PEGylated counterparts. In some cases, high-
ly PEGylated forms are contained in the flowthrough fractions of ion
exchange, while native and less heavily PEGylated forms bind [21, 11]. Piquet
et al. [27] obtained a 97% purity of mono-PEGylated growth hormone release
factor using a step elution ion exchange process at gram scale. Similar to the
earlier success of Kinstler et al. with cation exchange [24], Lee et al. were able
to separate mono-, di- and tri-PEGylated forms of a recombinant granulocyte
colony stimulating factor using anion exchange [32], obtaining a good purity
of N-terminal mono-PEGylated product. Yamamoto et al. showed that not only
the PEG:protein molecular weight ratio but also the site of conjugation is
important in determining ion exchange behavior, as they were able to separate
three mono-PEGylated forms of lysozyme by cation exchange chromatogra-
phy [33]. However, the differences in the strengths of electrostatic interactions
between positional isomers are small and cannot be exploited effectively at the
preparative scale.

Aside from charge considerations, ion exchange capacity will be affected
by the size of the molecules, lowering diffusivity and access to internal pores
in chromatography media [31]. From equation (1), a 20 kDa protein,
PEGylated with a 20 kDa PEG, has viscosity radii of native, mono- and di-
PEGylated forms equivalent to 20 kDa, 265 kDa and 730 kDa protein mole-
cular weights, respectively. These size differences are significant and one
would expect associated differences in mobility to affect access to ion
exchange binding sites. A macro-porous cation exchange resin has been
shown to achieve higher binding capacities than a conventional resin for
PEGylated species [34]. It should also be noted here that PEG is commonly
used to repel proteins from surfaces [35, 36], so there is a possibility that
PEGylated molecules, once bound on the exterior of a chromatography resin,
could repel further molecules from approaching, particularly larger, slower-
moving, more heavily PEGylated species.

PEGylated proteins, of course, assume net negative and positive charges
above and below their isoelectric points, respectively. PEGylation itself alters
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the isoelectric point (pl) of a protein because each PEG chain binds to and neu-
tralizes a charged residue such as lysine on the protein surface. The change in
plI with PEGylation will depend on the number of charged residues on the pro-
tein and the shape of the net charge versus pH curve near the isoelectric point
itself. The theoretical charge versus pH curves, calculated using PropKa [37]
and sequence data from the Swiss Protein Database, are shown in Figure 2 for
BSA (PDB ID: 1HKI1, [38]) as a function of PEGylation extent. The large
number of charged residues in BSA results in only a small difference to the net
charge with each PEG chain added. Also, the pl for native BSA occurs in a
region where there is a relatively high slope in the charge versus pH curve.
Thus little relative shifts in total charge and plI occur with each successive PEG
chain addition.
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Figure 2. Theoretical change in net charge versus pH for BSA with PEGylation extent.

For smaller proteins, each charged residue that is neutralized by PEGylation
represents a significant fraction of the total charge. Combined with the pI of
the protein being located in a region where the charge versus pH curve has a
low slope, PEGylation can, at least in theory, significantly shift the pl. For
example, Figure 3 shows the theoretical charge-pH curves for native and
PEGylated a-interferon 2A (Protein Data Bank (PDB) ID: 2HIE, [39]. The pl
lies in a region of low slope on the charge versus pH curve and there are a low
number of charged residues, thus PEGylation shifts the calculated pl by two
points from that of the native protein (N = 0) with a pl of 6.6 to that of tetra-
PEGylated protein (N = 4) with a pI of 4.6, with the largest single shift (0.8 pH
points) occurring between the native and mono-PEGylated forms.
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Net Charge

Figure 3. Theoretical change in net charge versus pH for o-interferon 2A with PEGylation extent.

Hydrophobicity

Little work has been done on hydrophobic interactions of PEGylated proteins,
other than its use as the first step in a purification process for growth hormone
by Clark et al. [40], to separate PEGylated forms of growth hormone antago-
nist by Nijs et al. [41], and the observation of Vincintelli et al. [42] that a
PEGylated form of B-lactoglobulin bound more strongly to a hydrophobic
interaction resin than either the free PEG or the native protein. The explana-
tion offered for the latter behavior was that surface deformability of the pro-
tein was enhanced by conformational changes to the protein upon PEGylation.
Thiol PEGylation has been used with hydrophobic interaction chromatography
to aid the separation of plant enzymes that were otherwise difficult to resolve
but the objective was the removal of contaminants by selective modification
with PEG rather than purification of the PEGylated protein per se [43, 44].
There appears to be little, if any, resolution in hydrophobic interaction chro-
matography between various PEGylated forms of a protein, either on the basis
of PEGylation extent or PEG chain length.

Reversed phase chromatography can be used for analytical as well as
preparative (if the protein or peptide is stable) separation of PEGylated pro-
teins both for purity assays and for separation of positional isomers [32,
45-47]. For example, Lee et al. [48] separated mono-PEGylated salmon cal-
citonins first by size exclusion and then used reversed phase chromatography
to separate them into positional isomers. Johnson et al. [49] developed a quan-
titative reversed phase assay for use during manufacturing and for stability
studies of a PEGylated staphylokinase mutant for use as a thrombolytic agent.
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Their assay was able to detect and quantitate de-PEGylation events as well as
the presence of host cell protein contaminants.

Summary

Separation and analysis of PEGylated proteins is challenging because PEG
itself is a relatively inert, neutral, hydrophilic polymer and the starting point
for PEGylation is a pure protein. Thus, other than molecular weight and size,
differences in the physicochemical properties between PEGylated forms of a
protein tend to be rather small. The usual properties of electrostatic charge and
molecular weight (size) form the basis of the most commonly used separation
techniques, particularly ion exchange chromatography, size exclusion chro-
matography and ultrafiltration. The main effect of PEGylation on ion exchange
separations is to shield the electrostatic charges on the protein surface and to
reduce the strength of interactions with higher PEG chain molecular weight or
higher PEGylation extent. Thus, ion exchange can be used very effectively to
separate on the basis of PEGylation extent. Separation of positional isomers is
possible by ion exchange at analytical scale but it is problematic at preparative
scale due to the small size of the differences in electrostatic interactions
between isomers.

PEGylation imparts quantum changes in molecular weight with each chain
added to a protein, so MALDI-TOF mass spectrometry is a logical choice for
determining PEGylation extent. There are corresponding quantum increases in
molecular size, so size exclusion chromatography and ultrafiltration (and dial-
ysis) are very effective methods for separating native and PEGylated proteins.
However, the relative size difference between variants with PEGylation extent
N and (N + 1) reduces with N so that efficient size exclusion chromatography
separation between PEGylated species differing by one PEG chain is not
achievable at the preparative scale for N >3 even for large PEG chains
(M, =220 kDa). For small PEG chains (M;=2 kDa), only native and
PEGylated species can be separated effectively. At the analytical scale, with
proper calibration, size exclusion chromatography can provide valuable infor-
mation on PEGylation extent. Membranes can be used to reduce the concen-
tration of smaller molecular weight species by dialysis but cannot fully remove
them and require an operational trade-off between purity and yield. Gel elec-
trophoresis can confirm PEGylation reactions have proceeded and indicate the
relative purity of products but it cannot confirm PEGylation extent. The main
drawback of separations based solely upon molecular size is that they cannot
differentiate between positional isomers. Capillary electrophoresis is an excep-
tion, quantitatively combining any or all of size, shape, conformational free-
dom and small differences in protein surface properties to separate by both
PEGylation extent and positional isomerism.

Relative hydrophobicity is a useful property for analytical separations using
reversed phase chromatography but hydrophobic interaction chromatography,
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which is used routinely for production-scale purification of proteins, does not
appear to be particularly useful for separation of PEGylated species.
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Abstract

PEG is used to improve pharmacokinetic properties of biologicals. Concern has been expressed about
the toxicological effect and/or fate of the PEG. This paper reviews the available toxicity, metabolism
and clearance data of PEG and PEGylated products in order to place such concerns in to appropriate
context. The available data demonstrates that PEG itself only shows toxicity at high, parenteral doses
and the usual target organ is the kidney as this is the route of excretion for unchanged PEG. A large
therapeutic window (approximately 600-fold) exists between the maximum PEG burden from a cur-
rent biological agent and the doses of PEG associated with human toxicity. Pathological changes
which results in no functional deficit, PEG containing vacuoles in cells, have been observed with
PEGylated biologicals. There is evidence that these PEG vesicle can resolve with time. In conclusion
the doses used clinically for current and many future PEGylated biologicals are low and will result in
exposures to PEG significantly lower than that required to elicit PEG toxicity. In all cases the routine
regulatory toxicology studies would identify relevant pathology should it occur.

Introduction

PEGylation, the addition of PEG molecules to a protein, peptide or other mol-
ecule has become a widely used methodology to improve the pharmacokinet-
ics of the moiety (by reducing clearance and increasing half-life) in humans,
increasing dosing interval and increasing patient convenience compared to the
non PEGylated product. PEGylation is generally considered to improve the
pharmacokinetics of a conjugated molecule by either decreasing glomerular
filtration, deceasing enzymatic degradation or by decreasing affinity for the
target receptor and therefore reducing target mediated clearance [1]. It has also
been proposed that PEGylation can reduce the immunogenicity of conjugated
proteins [2].

Polyethylene glycols are polymers of ethylene oxide with a formula of
HO—(CH,—CH,—O),—H where n is the number (average) of ethylene glycol
units present in the molecule. The number of ethylene glycol units present in
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a molecule of PEG can range from 4 to greater than 400. PEGs, including
those used to synthesise PEGylated biologicals are not single chemical entities
but are mixtures of various polymer chain lengths and for some of the higher
molecular weight materials they can also be branched [3]. PEGs now general-
ly have low polydispersion due to a chromatographic purification that min-
imise the dispersion of molecular weights in the product.

Also the PEG used to PEGylate biological products is routinely capped with
a methyl group at the hydroxyl group not used for conjugation to the biologi-
cal. These PEGs are generally described as methoxy PEGs [3].

The PEG is chemically activated prior to the addition to the protein, the
technologies used to carry out this linkage are discussed in more detail else-
where [4, 5]. The process of PEGylation generally involves the addition of one
or more high molecular weight PEGs to the molecule of interest.
Commercially, PEGylated proteins were initially linked with multiple 5 kD
PEGs in a relatively non-specific manner, targeting reactive amino acids in the
molecule, these can include amines (lysines) and thiols. As the technology has
evolved the PEGylation has frequently become more targeted and it has
become more common to add a single large, potentially branched, PEG with a
molecular weight in the 20—40 kD range. This has led to a far more targeted
approach to PEGylation [6-8].

The choice of PEG as a molecule with which to increase the dosing interval
of biologicals seems to have been largely driven by its lack of toxicity, except at
very high doses and its immune-modulatory properties. PEG is generally con-
sidered to have low toxicity by all routes of administration. PEG is not a strong
ocular or mucosal irritant but can be slightly irritant to skin. While this is a very
brief overview of a complex area, generally PEG has been shown to be very safe
in a large battery of tests and using a large range of routes and molecular weights
[9]. PEGs are widely used and are present in many products used in daily life,
these include toothpaste which can be up to 10% PEG [9]. PEG is also widely
used as an excipient in many medicines administered by the parenteral, topical,
ophthalmic, oral and rectal routes. Examples of intravenous medicines that con-
tain PEG include Vespesid® and Ativan®. The World Health Organisation
(WHO) has set an estimated acceptable daily dose of PEG of up to 10 mg/kg
[9]. However, this WHO limit is likely to refer to the oral route and also does
not specify molecular weight, but a molecular weight range up to 10 kD.

This paper discusses the toxicity observed with PEG and attempts to place
this toxicity in a context that will be useful to those developing PEGylated bio-
logicals in the future and faced with question around the toxicity of PEG por-
tion of the molecule.

Toxicity of PEG in animals

The toxicity of PEG has been widely evaluated and has been thoroughly
reviewed in several papers including most recently that of Fruijtier-Polloth et
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al. [9]. However, the majority of the toxicology studies with PEG have been
performed by the oral route. While these oral data are of interest to the under-
standing of the target organ toxicity of PEG they are not discussed in this paper.
Pharmacokinetic data clearly demonstrate that as the molecular weight of PEG
increases oral absorption decreases [1]. Based on the available data it is there-
fore impossible to separate changes in toxicity from changes in absorption. This
paper has therefore focused on PEGs administered by either the intravenous,
subcutaneous or intra peritoneal routes, allowing a direct comparison of the
toxicology exposure relationship. The majority of toxicology studies with PEG
have been carried out with ‘normal’ PEG (i.e., both hydroxyl groups are pres-
ent). Generally there is little or no toxicity associated with these molecules,
when toxicity is observed it is most frequently associated with the kidneys and
can result in ultra structural vacuolation of the proximal renal tubules [10]. The
available toxicological information is summarised in Table 1. The data present-
ed in Table 1 have been generated in the rabbit which is not a commonly used
toxicology species. However, it is believed that the rat and rabbit are likely to
yield similar results, especially as in both cases renal excretion of PEG is like-
ly to be the predominant route of clearance (see below, ‘Metabolism and excre-
tion of PEG, does this provide an understanding of the toxicological mecha-
nism?’). The mechanism underlying the renal toxicity of PEG is not clear.

As stated above PEG appears to be largely devoid of toxicity except at very
high parental doses and when observed is most often associated with renal
related findings. The data presented above relates to PEG. However, as stated,
the majority of PEGylated agents are routinely conjugated to a methoxy PEG.
Also the majority of the PEGs toxicity data presented in the literature is of low
molecular weights, up to 7,500. PEGs with molecular weights in the region of
20-40 kD are routinely used to PEGylate biologicals. There is a small amount
of data available on the toxicity of methoxy PEG of molecular weight similar
to those used for PEGylating biologicals, these data are summarised in Table 2.
The doses used in the toxicological testing of biologicals are generally lower

Table 1. Summary of the toxicity of acute and chronically administered PEGs by the subcutaneous
and intravenous routes (adapted from [9])

Type of PEG Species Result

Acute toxicity

PEG-750 Rabbit LD50: 10,000 mg/kg: the two animals survived to termination
av) (day 14), one animal had a renal tubular swelling

Chronic toxicity

PEG-200, 300, Rabbit 350 mg/kg/day for 5 weeks: cloudy swellings of renal tubules
400, 1000, 1540, and hepatic parenchyma amongst all groups
3600, 7500 (IV)

PEG-200 (SC) Rabbit 1,000 mg/kg/day, 6 days/week for 60 days: In some animals
increased urea. Two out of six rabbits died on day 6 and 21.
3/3 rabbits died that were fed on rolled barley diet
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Table 2. Summary of the toxicity of acute and chronically administered methoxy PEG by the subcu-
taneous and intravenous routes [11]

Type of PEG Approximate Species Result
molecular weight
of the PEG

Acute toxicity

Mpeg Assumed 12 kD Mice and IV and SC doses at 6.48 mg/m?,
rats no toxicity

Chronic toxicity

mPEG Assumed 12 kD Rats SC administered twice weekly at
2.276 mg/m*week for 13 weeks.
No mPEG related macro or micro-
scopic findings

mPEG Assumed 12 kD Cynomolgus SC administration twice weekly at
monkeys 2.276 mg/m*week for 13 weeks
(followed by 4 week recovery period).
No mPEG related macro or micro-
scopic findings

than those used to study the toxicity of PEG alone [11]. However, these doses
are relevant to the biological burdens of PEG administered during the admin-
istration of PEGylated biologicals.

These data demonstrate that the main target organ for PEG toxicity noted in
toxicological studies is the kidney. By these routes PEG is a very safe mole-
cule requiring very high doses to achieve a toxicological effect. The data pre-
sented above on methoxy PEG also indicate that again this form of PEG has
little or no toxicity at relevant biological doses. The observations reported
above are in keeping with the toxicity observed by other routes (e.g., orally)
where again the predominant target organ is the kidney [9].

Does molecular weight impact the safety of PEG in animals?

There are very little data that allow the examination of the impact of molecu-
lar weight on the toxicity of PEG. The majority of the data available is for PEG
administered by the oral route, as discussed above, this is not suitable for direct
comparison as absorption also changes as molecular weight increases.
However, Table 3 summarises the available data where a consistent route has
been used in a single species to study the single dose toxicity of PEG [12].
Following single dose administration there is no strong evidence of a molecu-
lar weight dependency on the toxicity of PEG. However, it is possible that the
higher molecular weight PEGs are more acutely toxic. Again the doses
described in these acute studies are much higher than the PEG burden seen for
currently available PEGylated biologicals (g/kg versus ug/kg). However, as the
use of PEG for biologicals expands it is possible that this window will narrow,
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Table 3. Acute toxicity (LDs) of PEG in the mouse and rat following intra peritoneal administration
[12]

Mouse Rat
LDy, (g/kg) LDy (g/kg)

PEG200 11.8 -
PEG300 10.4 17.0
PEG400 12.9 -
PEG600 10.2 -
PEG1000 3.1 15.6
PEG4000 10.7 13.0
PEG6000 59 6.8
PEG9000 59 -

but it is likely that a window will still exist as biological doses in the g/kg
range are unlikely.

A similar comparison cannot be carried out for the chronic toxicity of PEG
due to a lack of consistent data. However, in the literature, data that are avail-
able for PEGs with molecular weight similar to those used for PEGylating bio-
logicals demonstrate its safety up to very high doses. Therefore, while under-
standing this trend is of scientific interest, it does not provide an improved
understanding of the safety of PEG.

Reports of PEG toxicity in humans

The majority of the toxicology reports related to PEG in humans relate to find-
ings by the oral route, while not ideal in terms of establishing an
exposure/molecular weight/response relationship in human these data are cru-
cial to the understanding of the toxicity in human as they demonstrate the tar-
get organ/s of toxicity.

PEG3750 is widely used for colon cleansing: no major side effects have
been reported with the exception of a single case of acute renal insufficiency
(reversible) in a patient that received 18L of PEG solution [13]. Also ingestion
of PEG 200 (13% solution) contained in lava lamp liquid induced renal toxic-
ity in a 65 year old man [14].

Similar renal toxicity has also been observed for nitrofurantoin cream (63%
PEG300/5% PEG1000/32% PEG 4000) in burns patients. In these patients
estimates were also made of the systemic concentrations associated with these
adverse events. These plasma concentrations were in the region of 30—70 mM
[15, 16] and demonstrate the high concentrations of PEG required to result in
renal toxicity. In these patients there was also evidence of acidosis believed to
be due to the acid metabolites of PEG, possibly including glycolic acid.

Finally, on a small number of occasions toxicity has been observed follow-
ing the administration of PEG as an excipient by the intravenous route.
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Intravenous nitrofurantoin [17] has been shown to cause acute renal necrosis,
oliguria and azotemia in patients dosed for 3—5 days with a total of 121-220 g
of PEG. One patient who received multiple administrations of Lorazepam
(Ativan®) presented with acute renal tubular necrosis after a cumulative dose
of approximately 240 g of PEG400 [18]. The doses of PEG associated with
these toxicities, the relationships between these doses and those seen for bio-
logicals are discussed below in ‘PEG exposures for biological products, excip-
ient and associated with toxicity’. However, it is clear that at high PEG doses
toxicity is seen in human, predominately limited to target organ effects on the
kidney and is associated with high concentrations potentially in the 10’s of
mM range.

Comparisons of the toxicity of PEG in animals and humans

In both animals and humans the major target organ for PEG toxicity is the kid-
ney. Generally this toxicity is seen as some form of either acute renal failure
or some evidence of renal kidney cell/tubular changes (vacuolation). Animal
studies have been carried out with a methoxy PEG and demonstrate that
methoxylation of the PEG does not dramatically change the toxicity of PEG
with the molecule being well tolerated. These observations are in keeping with
the wide range of PEG like products discussed in the review of PEG toxicity
carried out by Fruijtier-Polloth et al. [9] where despite the various PEG like
structures toxicity was similar and generally only seen at very high doses.

As the kidney is a key clearance organ for PEG [1] in animals and human
there is almost certainly a link between this observation and the observed tox-
icity of PEG. Clearance by the kidney will mean that this organ is likely to be
exposed to the highest burden of PEG and therefore it is this organ that should
be considered when reviewing toxicology data for evidence of PEG specific
findings. However, this does not preclude toxicology occurring in other organs
(see below, ‘Evidence of PEG specific toxicology for PEGylated biologicals’).

Metabolism and excretion of PEG, does this provide an understanding
of the toxicological mechanism?

Predominately PEGs of all molecular weights are excreted unchanged in the
urine, increasing molecular weight generally gives rise to an increase in the
residence time in the body rather than a fundamental shift in the major excre-
tory route [1]. The urinary excretion processes acting on unchanged PEG
would appear to be largely glomerular filtration, a purely passive process. The
metabolism of PEG has been discussed in some detail by Webster et al. [1].
Data clearly demonstrate that metabolism of PEG does occur and that this
metabolism involves the metabolism of alcohol group/s on the PEG to the cor-
responding acid or di acid metabolite. These metabolites have been reported in
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the plasma and urine of burns patients and rabbits and in the bile of cats. The
phase 1 metabolism of PEG is a molecular weight dependent process with up
to 25% of the dose of PEG400 metabolised in humans. This is rapidly reduced
as the molecular weight increases such that by molecular weights of 6000 less
than 4% of the dose is potentially metabolised [1]. The phase 1 metabolism
that has been observed for PEG would appear to be mediated via alcohol dehy-
drogenase [19]. Other enzymes have also been implicated in the metabolism
of PEG, these include P450 and sulphur transferases. When the picture of
metabolism for PEG is considered there is no clear evidence of any major spe-
cies differences in metabolites formed and the phase 1 metabolites seen in
human are formed in animals.

Metabolism studies with PEG have demonstrated that there is no evidence
of ethylene glycol formation in animals and humans [20]. However, while the
presence of ethylene glycol has not been demonstrated in vivo there is evi-
dence that minor amounts of oxalic acid are liberated after the metabolism of
PEG [9]. Oxalic acid is a key metabolite in the degradation of ethylene glycol
and the calcium salt of oxalic acid is believed to be responsible for the renal
toxicity of ethylene glycol [21, 22]. It is therefore possible that oxalic acid or
similar metabolites give rise to the renal toxicology of PEG. The metabolism
of ethylene glycol is detailed in Figure 1.

In a similar vein the acid metabolites of ethylene glycol are thought to be
responsible for the acidosis seen for this molecule following high dose admin-

Ethylene Glycol
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dehydroijw Glycoaldehydew‘mgenase
Glycolic Acid * ~ Glyoxal
lactic dehydrogenasef . .
glycolic acid oxidase Glyoxyl ic Acid
L
Formic Acid Oxalic Acid Glycine
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Carbon Dioxide Calcium Oxalate other metabolites
major route minor route minor route

Figure 1. Metabolism of ethylene glycol in vivo
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istration. Also as stated in the section entitled ‘Reports of PEG toxicity in
human’ acidosis is also seen in patients during PEG overdose. This toxicity is
believed to be due to the acid metabolites of PEG, possibly including glycolic
acid. Again the metabolism and toxicities seen for PEG are similar to those
seen for ethylene glycol and could be due to similar metabolites.

If the toxicity seen for PEG is driven through similar pathways as that seen
for ethylene glycol, two factors will act to limit the toxicity of PEG associat-
ed with biologicals: Firstly, as molecular weight increases the fraction of PEG
metabolised decreases. It is likely that as the molecular weight of PEG increas-
es the risk of chronic toxicity should decrease; there are however no data to
support this suggestion as insufficient comparable data exist (see section ‘Does
molecular weight impact the safety of PEG in animals?’). Secondly, it is like-
ly that the methoxy capping of PEGs used in PEGylation will act to reduce the
toxicity of PEG as the hydroxyl groups required to initiate this
metabolism/toxicity are not present or would at least require O-demethylation
to yield a free OH group prior to metabolism by alcohol dehydrogenase.

Problems associated with bioanalytical measurement of PEG disposition
and metabolism

The limiting factor in determining the disposition of PEG is the measurement
of PEG and its metabolites in vivo. PEG is transparent, has no UV chro-
mophore, is non-fluorescent and hence is relatively difficult to detect by itself.
For small organic molecules, radio-labelling is the most commonly used
methodology to define the metabolic fate of a compound, when administered
to animals and humans. Depending on the modification of the PEG, a range of
radiolabels can be incorporated onto the PEG molecule including 3H, 125 I, 14C,
'8, and '""In [1]. These methods are generally not applicable to PEGylated
proteins as the radio-labelling is performed during PEG reagent synthesis and
the radiolabel is added near the terminal hydroxyl groups of the PEG molecule
and these groups are frequently either methylated or activated in order to pro-
vide the a linker to the protein. Methods involving radio-labelling can also
result in the modification of the PEG structure, limiting their usefulness for
metabolic and pharmacokinetic investigation.

Mass spectrometry based upon matrix-assisted laser desorption/ionisation
(MALDI)-mass spectrometry has been utilised to characterise PEGylated pro-
teins in terms of both the extent of PEGylation [23] and the location of
PEGylation site [24]. PEG itself can be measured by MALDI, with a 1 ng
loading being an approximate detection limit of PEG 4000 and 6000. However
with increasing molecular weight PEG becomes difficult to ionise without the
aid of metal cations [25]. Furthermore identifying metabolites of PEG by this
methodology would be difficult because the PEGs used have polydispersed
molecular weight [3] as shown in Figure 2 and hence subtle changes in mass
due to metabolism will be undetectable by mass spectrometry.
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Additionally, work by Weaver et al. has shown that PEG can suppress ioni-
sation in electrospray mass spectrometry which may increase the uncertainty
surrounding metabolite identification and quantification [26].

An alternative approach would be to measure small molecular weight
derivatives of PEG. In the previous section, ‘Metabolism and excretion of
PEG, does this provide an understanding of the toxicological mechanism?’,
glycolic acid and oxalic acid were identified as potential biomarkers of PEG
metabolism. Both glycolic acid and oxalic acid are amenable to detection by
mass spectrometry as demonstrated in work by Hunt et al. [27] and Keevil et
al. [28]. Measurement of these metabolites in serum and urine following a
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Figure 3. Bioanalytical approaches to determine the disposition and potential metabolism of PEG. (a)
MALDI-TOF-MS spectra of 1 mg/ml 40 K-PEGylated-Insulin (MW ~50,000). (b) Western Blot —
proteins and PEGylated proteins were electrophoresed in a 12% SDS-PAGE gel, transferred to nitro-
cellulose and probed with an anti-PEG antibody — (1) 10 pg superoxide dismutase, (2) 10 pg **PEG-
superoxide dismutase, (3) rat plasma, (4) rat plasma spiked with 10 pg superoxide dismutase and (5)
rat plasma spiked with 10 ug *PEG-superoxide dismutase. (c) '"H NMR of 1 mg/ml PEG 6000, with
all protons from PEG producing a single peak
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toxic dose of PEG may further confirm the hypothesis that the metabolism of
PEG is closely linked to the metabolism pathway of ethylene glycol and fur-
thermore whether metabolism of PEG decreases with an increase in molecu-
lar weight.

Antibody-based methods have recently been reported for the measurement
of PEGylated biologicals based upon Western blotting and enzyme linked
immunosorbent assay (ELISA). The studies utilised antibodies raised against
PEG itself, with two raised against the backbone of PEG [29] and one against
the terminal methoxy group [30]. However, in our experience these antibodies
are not suitable for detecting hydroxy or methoxy terminated PEG (unpub-
lished observations), although they are capable of detecting a variety of
PEGylated proteins, see Figure 3. As PEG is thought to be non-immunogenic
[31] and the three reported antibodies have been raised against PEG while it is
coupled to a protein, it is likely that the epitope to which the antibody is raised
involves the linker which conjugates the PEG moiety to the protein.
Nevertheless, these anti-PEG antibodies may be useful to determine levels of
PEGylated proteins, if the conjugate remains intact after disposition.

SDS electrophoresis has also been utilised for analysis of PEG and PEG-
proteins, but due to steric hindrance by the PEG conjugates, their migration is
hindered through the gel, giving a higher than anticipated MW for the conju-
gate, when compared to protein MW markers. Traditional Coomassie stain for
proteins cannot be applied to visualise PEG. However alternative methodolo-
gy based on the formation of a barium iodide complex with the polyethylene
glycol molecule has been demonstrated by Bailon et al. [32] and could offer
alternative measurement possibilities to determine disposition.

NMR polymer analysis can be used to determine molecular weight, poly-
mer chain branching and molecular end-groupings. NMR has also been
utilised to characterise PEGylated proteins [33] and could prove to be a useful
tool in providing a ‘simple’ assay to measure the disposition of PEG and
potential products of metabolism. Furthermore it will be possible to integrate
all PEG moieties offering direct quantitation.

Evidence of PEG specific toxicology for PEGylated biologicals

There are a range of PEGylated biological products that are available as med-
icines. The major products are detailed in Table 4. All of these agents are used
clinically via the subcutaneous or intravenous route and therefore provide an
opportunity to look for examples of PEG related toxicities [11, 34—36].
Macugen, a PEGylated oligonucleotide, has not been included as this mol-
ecule is directly injected in the eye and data indicate that while absorption into
the systemic circulation is essentially complete the molecule only slowly dif-
fuses out of the vitreous humour. This product has no toxicity in the eye and
due to limitations of dose size and injection volume no maximum tolerated
dose could be reached in animal toxicology studies. Macugen® can be used to
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Table 4. Toxicity associated with currently marketed PEGylated biological products (information
extracted from the relevant EPARs)

Toxicology findings in animals

Toxicology findings in humans

Pegasys® [34]
(Pegylated
interferon o2a)

PegIntr0n® [11]
(Pegylated
interferon a2b)

Neulasta® [35]
(Pegfilgrastim)

Somavert® [36]
(Pegvisomant)

Single dose toxicity. Mild transient
increases in liver transaminases,
anaemia, leucopenia and foci of sub
acute inflammation in the liver
parenchyma (SC) at approximately
2,000 times the clinical dose. By the
IV route no treatment related toxicities
were reported besides bruising at the
injection site and elevated AST.
Following repeat dose generally
Pegasys® was well tolerated with no
mortality and only rare serious side
effects. The characteristic pattern of
interferon alpha toxicity was observed.
The lack of specific studies to assess
the toxicity of the PEG moiety was
acceptable taking into account the
toxicity studies did not reveal any
toxic signs that could be due to this
moiety and there is clinical experience
with other PEGylated products.

Single dose toxicity studies in mice,
rats and monkeys indicate a low order
of toxicity in animals.

Repeat dose toxicity studies were
performed in the cynomolgus monkey

(SC) every day for 1 month. The findings
observed with PegIntron® were similar
in nature to those produced by intron A®.

In single dose studies in rat (IV
100-1,000 pg/kg) the compound was
well tolerated and caused the expected
pharmacological effects. In repeat dose
toxicology studies in rats and cynomolgus
monkeys pegfilgrastim produced a range
of changes that reflected an exagger

ated pharmacological response, or
reaction to the primary response.

No non PEGylated comparator available.
However, acute studies in mice (IV and
SC - 10 mg/kg) did not induce any
functional or toxic effects.

Pre-clinical testing revealed no special
hazard for human based on repeat dose
toxicity studies in rat and monkey.

The safety profile of Pegasys®
plus ribavirin® was generally
similar to that of interferon o2a
plus ribavirin®.

The side effect ;®)r0ﬁle observed
with Peg Intron™ was quantitati-
vely similar to that of Intron A®.
The most common adverse
events were those typically
associated with interferon use.

The most frequently/occurring
adverse events were associated
with the administration of
chemotherapy and the incidence
was similar in the filgrastim and
combined pegfilgrastim group.
The nature of these adverse
events was also similar in the
pegfligrastim and filgrastim
groups.

The overall incidence of treatment
emergent signs and symptoms was
similar in the treat ment and place-
bo groups. There were 23 adverse
events that occurred 25% more
commonly in the treatment group.
The most likely explanation for
this difference is the longer dura-
tion of observation in the pegviso-
mant group (up to 34.6 versus

3 months).

(Continued on next page)
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Table 4. (Continued)

Toxicology findings in animals Toxicology findings in humans

Conclusions Toxicity of currently available PEGylated products is driven by the toxicity
of the protein portion, super pharmacological effects and not by the PEG.
These data demonstrate that to date PEG incorporated into a PEGylated
biological has been well tolerated and has not been associated with any
adverse events.

demonstrate the excellent local, ocular, safety of PEG attached to PEGylated
products [37].

The toxicity associated with PEGylated products administered by routes
that will achieve systemic exposure (intravenous, subcutaneous and intra peri-
toneal) in animals and humans are summarised in Table 4. In summary gener-
ally all biological products marketed to date have no evidence of toxicity asso-
ciated with the administered PEG. However, it is also apparent that the bio-
logical products PEGylated to date have marked toxicity themselves and as
such this could limit the evidence of PEG toxicity, but, given the low toxicity
of PEG discussed above the possibility of masked PEG toxicity is considered
unlikely. These data also demonstrate that the PEGylated products used clini-
cally to date have relatively low doses and this has limited the systemic expo-
sure to PEG and so PEG toxicity is unlikely to occur. This area is discussed in
more detail in section ‘PEG exposures for biological products, excipient and
associated with toxicity’.

While reports of PEG related toxicity are rare for marketed PEGylated bio-
logicals there are a number of reports in the literature of organ specific vac-
uolation occurring in animals for several molecules. Tumour necrosis factor
(TNF) binding protein PEGylated with 20K PEG has been shown to cause
vacuolation in the kidneys on single intravenous doses of 20—40 mg/kg and
at lower doses on chronic dosing (10 mg/kg) in the rat [38]. Further experi-
ments demonstrated that these vacuoles are not seen when similar doses of
TNF binding protein or PEG itself is administered, indicating that this phe-
nomenon is specific to the PEG protein conjugate. The size of the vacuoles
formed is also related to the dose. At low cumulative doses (i.e., on single
dose) small vacuoles are formed that do not distort the epithelial cells or dis-
tort the nucleus. High doses lead to the formation of large single or coalesc-
ing vacuoles which distort the tubular profile and compress the nuclei.
However, necrosis was not observed. Reversibility experiments demonstrated
that the small vacuoles are reversible over a two month period. However,
those that had progressed to multilocular stage were not reversible. Similar
vacuoles have been seen with the administration of PEG alone [10]. However,
higher doses of PEG are required to demonstrate this effect. It has also been
noted that even in the presence of the most striking morphological alterations
of kidney tubular cells following administration of PEGylated TNF binding
protein there is no evidence of tubular functional abnormalities, lysozomal
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damage or changes in biomarkers of renal damage including BUN, creatinine
and NAG.

Histopathology examination of these vacuoles demonstrated that at the end
of the dosing period they were immuno-positive for TNF binding protein.
However, at the end of the recovery period (2 months) the vacuoles were no
longer immuno-positive for TNF binding protein and it is assumed that the
vacuoles contained PEG only. Similar experiments conducted with TNF bind-
ing protein conjugated to a 50 kD PEG indicated minimal or absence of vac-
uolation in rat kidneys. This is believed to be due to a reduction in the glomeru-
lar filtration of large PEG conjugates and therefore the reduction in PEG taken
up by the kidney tubular cells. The same author [38] also reports similar vac-
uoles are formed with IGF-bpl.

Vacuoles have also been observed frequently in monkeys administered
PEGylated haemoglobin. Vacuoles have been reported in the liver, renal
tubules and macrophages in the bone marrow, spleen and lymph nodes [39].
The primary clearance mechanism for haemoglobin is by sequestration in cells
of the reticulo-endothelial system [40] and it is these cells that show evidence
of vacuolation, indicating the link between clearance mechanism/organ and
the distribution of the vacuoles [41, 42]. In studies with PEGylated haemoglo-
bin [42] vacuolation was most severe in splenic macrophages after 7 days of
dosing, but had resolved 30 days after dosing. Renal tubular vacuoles were less
severe, but persisted 30 days after dosing with reduced severity. However, by
90 days post dose the vacuoles were also absent. For PEGylated haemoglobin
at the doses tested the vacuolation findings were dose dependent, transient and
without toxic effect. It has also been reported that PEGylated super oxide dis-
mutase caused vacuolation of splenic macrophages in rats in a dose dependent
manner (dose up to 1,000 Units/kg) [43].

These data demonstrate that the toxicity of marketed PEGylated biologicals
is mediated by the pharmacology of the protein portion and not by that of the
PEG. For some PEGylated biologicals there is evidence of vacuole formation
that is specific to the PEGylated biologicals. The formation of these vacuoles
is linked to the clearance mechanism of the PEGylated protein and can be seen
in the major organs of clearance for the specific biological. Information indi-
cates that while these vacuoles can be large they do not appear to be associat-
ed with marked adverse events or dysfunction. Small vacuoles have been
shown to resolve within two months. However, large vacuoles have been
shown to persist for at least two months. It is possible that these vacuoles
would resolve over time by a similar mechanism to the small vesicles.
However, there are no data available in the literature to support this statement.
It is also clear that PEG can be concentrated in particular organs or cell types
that are responsible for the clearance of the biological portion of the molecule.
Even when this is reported to occur there is no evidence of functional or
adverse events associated with this finding. This indicates the safety of PEG
and the sequestered nature of the PEGylated material.
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Metabolism of PEGylated biological; how and where will PEG be
released?

While there are no data in the literature demonstrating the route by which PEG
is released from PEGylated biologicals, there is clear evidence that PEGylated
proteins are degraded in animals and human, probably by proteases [36] and
this metabolism should lead to the release of PEG. Experiments with Pegasys®
demonstrate that following the administration of Pegasys® there was no free
PEG or interferon circulating in rats [34]. Extensive metabolism studies have
also been Modi et al. [44] on Pegasys® in the rat. Experiments were carried out
using '“C lysyl labelled PEG (40 kDa) interferonoi2a. Following administra-
tion of the radiolabel samples of injection sites, blood, liver, kidney and spleen
were collected at 0.5, 24 and 336 h post dose and assayed with a range of tech-
nologies including immuno-staining, SDS PAGE, western blots and immuno-
precipitation. These data demonstrated that the liver was the primary organ
responsible for the metabolism of the Pegasys® in the rat. Pegasys® was
metabolised in the rat to fragments of the interferon molecule attached to the
PEG. These metabolites of Pegasys® were subsequently excreted in the urine.
Based on these observations it is believed that the mechanism by which PEG
is released from the protein is likely to be by degradation of the protein por-
tion of the molecule by proteases and similar enzymes until the PEG itself is
cleaved from the amino acid backbone of the molecule possibly by hydrolysis
of the linker moiety.

Work carried out with TNF binding protein supports the hypothesis that
PEGylated biologicals are cleared in this manner [38]. Experiments have
demonstrated the presence of vacuoles formed from lyzosomes.
Immunohistochemical analysis of these vesicles demonstrated that immediate-
ly after dosing TNF binding protein is present in these vacuoles. However after
the 2 month reversibility period these vacuoles are no longer positive for TNF
binding protein and are thought to contain just the PEG. These vacuoles are
formed in the kidney and are believed to be a product of the target clearance
of the PEGylated conjugate. Pegylated (20 kD) TNF binding protein is filtered
at the glomerulus and then reabsorbed in the kidney tubules. Following re-
adsorption the molecule is targeted to the lysozome for degradation. In this
compartment the TNF binding protein is degraded by proteases leaving the
PEG. As PEG of a molecular weight of 20 kD is highly resistant to metabo-
lism the PEG persists in these vesicles. It is likely that over time the PEG in
these vesicles will be released back to the systemic circulation either by diffu-
sion, the redistribution of the vesicle to the cell surface or by apotosis of the
cell. Evidence for the persistence of these vacuoles indicates that this redistri-
bution process is very slow with small vacuoles resolving in 2 months.
However large vacuoles persist for more than 2 months in the rat [38]. It is not
clear whether this indicates that these vacuoles are permanent or whether 2
months is insufficient time for the PEG to redistribute out of the cell. Higher
molecular weight PEGylated TNF binding protein conjugates (50 kD PEG)
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demonstrated less vacuole formation. This was believed to be due to the
reduced role of the kidney in the clearance of the PEGylated biological or per-
haps a reduced rate of presentation. This indicates the link between the clear-
ance mechanism and the formation of these vesicles.

These vacuoles have also been reported in other tissues including liver and
spleen and in other cell types such as macrophages [39]. Again there is evi-
dence that the appearance of these vacuoles in these tissues is driven by the
role of these tissues, cells or organs in the clearance of the PEGylated biolog-
ical. It is therefore highly likely that the mechanism underlying the formation
and disappearance of these vacuoles in these tissues is essentially the same as
that detailed in kidney above.

The clearance mediated disposition of PEG from PEGylated biologicals
may alter the site/s of PEG disposition in the body, especially if the clearance
mechanism targets PEGylated biologicals to organs other than the kidney.
While this may initially appear to be a concern, it is likely clearance organs of
the majority of PEGylated biologicals will be conserved across species.
Generally two mechanisms are responsible for the clearance of biologicals.
These are non specific processes that act on the molecule and are highly spe-
cies conserved. There are also clearance mechanisms that are related to bind-
ing to the target pharmacological receptor. While this can show marked spe-
cies differences it is also a key component of the selection of toxicology spe-
cies to ensure that interaction and distribution of the target receptor are the
same in animals and humans. Given the above it is likely that the clearance
mechanism of a PEGylated biological in toxicology species and in human will
be highly conserved.

PEG exposures for biological products, excipient and associated with
toxicity

In order to put in to context the exposure of PEG from PEGgylated biological
Webster et al. [1] reviewed the relative exposures of a range of PEG containing
products. In carrying out this analysis it has been assumed that the toxicity and
targeting of PEG released from a biological and that seen for free PEG will be
similar. While there is evidence of changes in PEG distribution related to clear-
ance mechanism (PEG containing vacuoles) these changes appear to have little
toxicological consequence and have not been considered in this analysis. It is
also likely that in the long-term PEG targeted to different organs will either
leave the body largely unchanged via the kidneys (predominantly) or liver in a
similar manner to PEG itself. The products used in this analysis include:

1. PEGylated biologicals, Somavert®, Neulasta®, Pegasys® and PEG-Intron®.
2. A range of intravenous medicines which contain PEG as excipients;
Busuflex®, Vepesid®, Dipyrimidamole® and Ativan®.

3. Products that contain PEG as an impurity Venoglobin-s® and Aralast®.
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4. Finally exposures of PEG that are associated with toxicity from the two
most relevant literature example for the medicines nitrofurantoin and
lorazopam (Ativan®).

These data are presented graphically in Figure 4 and clearly demonstrate the
large safety margins that exist between the exposures seen for current
PEGylated biologicals and those associated with toxicity. These data also
demonstrate that at no point do the potential exposures of PEG from
PEGylated products ever become greater than that achieved for an array of
products that have PEG impurities or as excipients, again demonstrating the
safety of PEGylated biological products.

Overall, for PEGylated products the PEG exposures lie below the estimat-
ed safe doses of PEG as presented by the World Health Organisation [9] and
are no higher than the exposure multiples for PEG use as an excipient or as an
impurity. Finally, the exposure of PEG from PEGylated biologicals is approx-
imately 600-fold lower than the PEG exposures associated with toxicity in
human. These data indicate that given the low exposures of PEG that arise
from the administration of PEGylated biologicals and the excellent safety seen
for PEG in vivo, it is unlikely that adverse events will occur in human specif-
ically as a result of PEG from these products.
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Figure 4. Comparisons of the exposures of PEG for various PEGylated and PEG containing products;
comparison of those associated with toxicity

Conclusions

PEG is frequently used to improve pharmacokinetic properties of biological
(proteins, peptides, aptimers, etc.). Concern has been expressed about the tox-
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icological effect and/or fate of the PEG. This paper reviews the available tox-
icity, metabolism and clearance data of PEG and PEGylated products in order
to place such concerns in to appropriate context.

Review of the available data demonstrates that PEG itself only shows toxi-
city at high, parenteral, doses and the usual target organ is the kidney as this is
the route of excretion for unchanged PEG. Therefore, if PEG is removed from
a biological it is likely to be predominately excreted unchanged and in this
case renal toxicity is the most likely result, if toxicity occurs. Assuming the
simple peptide degradation, PEG excretion relationship described above can
be shown then data indicate that a therapeutic window of approximately 600-
fold exists between the maximum PEG burden from a current biological agent
and the doses of PEG associated with human toxicity. This window is large
and will not readily be eroded. However, there are examples where pathologi-
cal changes, PEG containing vacuoles, have been demonstrated to be due to
the PEGylated biological (not PEG alone or the biological alone). To date
these vesicles have not resulted in functional deficit of the affected organ. It is
likely that the target organ for vesicle formation will depend on the pharma-
cological action of the compound, due to target mediated receptor uptake or
due to specific uptake mechanisms. Initially the vacuoles contain the
PEGylated biological but in time, following degradation of the biological com-
ponent contains PEG alone. There is evidence that these PEG vesicles can
resolve in time indicating that PEG may be removed from the cell over a pro-
longed period. This PEG is then likely to again be excreted largely in the kid-
neys in which case the earlier arguments about PEG toxicology and elimina-
tion apply. Large vesicles have not been shown to resolve, whether this is due
to these vesicles being a permanent change to the cell or inadequate time
allowed for resolution to occur is not clear. To be better able to define disposi-
tion of PEGylated biologicals, new bioanalytical techniques are required, this
would enable extrapolation from animal to man for risk assessment purposes.
To date, it has been found that immunochemical and mass spectrometric tech-
niques cannot be used for such in vivo analyses.

In conclusion the doses used clinically for current PEGylated biologicals
and for many future PEGylated biologicals will remain low and will result in
exposures to PEG significantly lower than that required to elicit PEG toxicity.
In all cases the routine regulatory toxicology studies would identify relevant
pathology should it occur.
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Abstract

Specific antibodies against poly(ethylene glycol) (anti-PEG) were induced in animals following expo-
sure to PEG-conjugated proteins and particles, resulting in rapid clearance of PEG-conjugated agents.
In humans, induction of anti-PEG was observed following exposure to a PEG-conjugated drug, and
pre-existing anti-PEG was identified in over 25% the healthy population. In clinical studies, the pres-
ence of anti-PEG was strongly associated with rapid clearance of PEG-asparaginase and PEG-uricase.
PEGylation of therapeutic agents will continue to be of significant value in medicine to reduce
immunogenicity, antigenicity and toxicity as well as markedly reducing renal clearance, while main-
taining drug efficacy. It is important to recognize that PEG itself may possess antigenic and immuno-
genic properties. Further comprehensive studies are warranted to fully elucidate the effect of anti-PEG
on PEG-conjugated agents and if confirmed in a prospective trial, patients should be screened and
monitored for anti-PEG, and strategies developed to overcome the potential negative effect of anti-
PEG on drug clearance to improve the effectiveness of therapy.

Introduction

Many therapeutic agents are highly immunogenic, antigenic, toxic or rapidly
cleared by the host posing significant hurdles for the effective and safe treat-
ment of a disease. One very successful method to overcome these hurdles is
the covalent attachment of a synthetic nonionic polymer, poly(ethylene gly-
col), to the drug. Poly(ethylene glycol) (PEG) is one of the most widely used
biocompatible polymers with a long history of use in the food, cosmetic and
pharmaceutical industries [1-4].

Thirty years ago, Abuchowski and colleagues [5, 6] were the first to
describe the application of covalent attachment of PEG to exogenous proteins,
the process that is now commonly referred to as ‘PEGylation’. They demon-
strated a significant increase in the circulatory time and that immunogenicity
and antigenicity was almost abolished for PEGylated proteins versus the
unmodified protein [5, 6].

The covalent attachment of PEG to a wide range of therapeutic agents is
now commonly employed including PEG-asparaginase (PEG-ASNase,
[Pegaspargase, Oncaspar®]) for leukemia and lymphoma [7—9], PEG-interfer-
on alpha 2a (PEGASYS®) and 2b (PEGINTRON™) for chronic hepatitis C



148 J.K. Armstrong

virus [10-12], PEG-filgrastim (Neulasta®) for neutropenia [13—15] and PEG-
adenosine deaminase (Adagen®) for severe combined immunodeficiency syn-
drome [16, 17]. In addition, numerous other PEGylated agents are in clinical
use or development [18-34].

PEG has long been considered as an inert biocompatible polymer, however
antibodies against PEG (anti-PEG), either pre-existing or induced in humans
and induced in rabbits, were first described by Richter and Akerblom 25 years
ago, suggesting that PEG is both antigenic and immunogenic [35, 36]. Studies
in animal models demonstrated that induced anti-PEG was associated with
rapid clearance of PEG-conjugated particles and drugs [37-53], and, in
humans, both pre-existing and induced anti-PEG was associated with the rapid
clearance of PEG-conjugated drugs [54—-56].

While PEGylation is clearly of great value to medicine, and has signifi-
cantly improved treatments for many diseases by achieving sustained and
effective activity of drugs that would otherwise be rapidly cleared from a
patient or give unacceptable toxicity, the emergence of anti-PEG and its poten-
tial impact on the effectiveness of treatment with PEGylated therapeutics
requires careful attention. With the growing body of studies regarding pre-
existence and induction of anti-PEG, the purpose of this chapter is to summa-
rize the published studies, to discuss the implication of anti-PEG on
PEGylated therapeutic agents and the possible approaches to ensure effective
therapy for patients identified as positive for anti-PEG.

PEG-conjugated drugs — current market

In 1990, PEG-adenosine deaminase (Adagen®) was the first FDA approved
drug for treatment of severe combined immune deficiency (SCID) [17].
Subsequently many PEG-conjugated drugs are in widespread use and clinical
development [7-34].

From available company annual reports [57-61], in 2007, sales of seven
FDA-approved PEG-conjugated drugs were $5.8 billion. This class of drugs is
dominated by PEG-filgrastim (Neulasta) for the treatment of febrile neutrope-
nia ($3 billion [57]) and PEG-interferon (PEGINTRON™ and PEGASYS®)
for the treatment of Hepatitis-C ($2.5 billion [58, 59]), followed by a PEG-
liposome formulation of doxorubicin (CAELYX®) for the treatment of
breast/ovarian cancer and AIDS-related Kaposi’s sarcoma ($257 million [58]),
PEG-asparaginase (Oncapsar®) for the treatment of acute lymphoblastic
leukemia ($38.7 million [60]), PEG-adenosine deaminase (Adagen®) for the
treatment of SCID ($24.5 million [60]) and PEG-anti-VEGF aptamer (pegap-
tanib, Macugen®) for the treatment of age-related macular degeneration ($18
million [61]). Over the past 3 years, sales of PEG-conjugated drugs have
increased between 10—15% per annum, and when combined with the recent
approval of PEG-erythropoietin (Mircera®, FDA approval in November 2007),
the development of other potential blockbuster drugs, e.g., PEG-insulin [25],
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and the broader application of existing PEG-conjugated drugs (e.g., FDA
approval in July 2006 for PEG-asparaginase as a front-line treatment for acute
lymphoblastic leukemia), the market for PEG-conjugated drugs will likely
markedly increase in the near future.

Animal models of anti-PEG induction

Induction of anti-PEG has been achieved with PEG-conjugated proteins [36,
37, 41, 42, 62-64], PEG-liposomes [44—53] and PEG-conjugated red blood
cells (PEG-RBCs) [39, 40] in mice, rats and rabbits. A variety of techniques
have been employed to detect anti-PEG and determine antibody specificity
including passive hemagglutination, gel diffusion, ELISA, serology and flow
cytometry.

Richter and Akerblom performed a comprehensive series of studies to char-
acterize anti-PEG induced in rabbits. Ovalbumin, superoxide dismutase and
ragweed pollen extracts, conjugated with mPEG of molecular mass
3,000 g/mol and 10,000 g/mol with 5-127 PEG chains per molecule were
administered intramuscularly to rabbits with complete Freund’s adjuvant [36].
Anti-PEG was induced in 18 of 34 rabbits dependent on the base protein and
degree of modification. For example, modification of ovalbumin with 6 PEG
chains of 10,000 g/mol produced both anti-PEG and anti-ovalbumin, whereas
modification of ovalbumin with 20 PEG chains predominantly conferred non-
immunogenic properties [36]. Two techniques were used to detect the presence
of anti-PEG: (i) passive hemagglutination, where mPEG-coated red blood cells
(mPEG-RBCs) were incubated with serial dilutions of sera. After 2 h, settling
patterns were observed and recorded as the reciprocal of the highest serum dilu-
tion, giving complete hemagglutination, defined as anti-PEG positive for titers
of 32 and above; and (ii) single, double and reversed single radial gel immun-
odiffusion. In the latter technique, PEG 40,000 g/mol was incorporated in the
gel for antibody specificity studies [36]. To confirm specificity of anti-PEG,
inhibition of passive hemagglutination of mPEG-RBCs was investigated by
pre-incubation of rabbit sera with PEG of 4,000, 15,000 and 5.9 million g/mol
over a range of concentrations, and readings of settling patterns were recorded
at 2 and 24 h. Inhibition of passive hemagglutination was observed with all
PEGs investigated irrespective of molecular weight [36]. Cross-reactivity was
also observed as Pluronic® F68 (a PEG-containing block copolymer) gave pre-
cipitate lines with anti-PEG positive rabbit sera in the gel double diffusion
assay which completely fused with those produced by PEG 6,000 g/mol [36].
Epitope studies were performed using double gel diffusion by observation of
precipitate formation between rabbit sera and PEG of 300 g/mol to 6 million
g/mol. No precipitate formation was observed with PEG 300 or 2,000 g/mol,
but precipitate formation was observed with PEGs of >4,000 g/mol with the
strongest bands observed for PEG 40,000 g/mol [36]. Additional epitope stud-
ies were performed using reversed single radial gel immunodiffusion, follow-
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ing the formation of precipitate lines with rabbit sera and PEG 40,000 g/mol, a
solution of PEG of 300 or 2,000 g/mol was poured on the gel and left for 24 h,
which resulted in complete dissolution of the bands. From these combined
results, the authors concluded that following repeated challenges with
methoxy-PEG conjugated proteins, anti-PEG induced in rabbits had an epitope
equivalent to 67 repeat oxyethylene groups and bound to the PEG backbone
[36]. The authors also sensitized guinea pigs with rabbit anti-PEG positive sera,
followed by an intravenous challenge of 0.5 mg of PEG 40,000 g/mol after
24 h, resulting in typical signs of anaphylactic shock and death within 5 min of
the challenge. Non-sensitized animals showed no adverse effects when inject-
ed with the same dose [36]. The effects of free, unconjugated PEG were also
investigated and PEG of 10,000 and 100,000 g/mol were nonimmunogenic in
rabbits, while PEG of 5.9 million g/mol was weakly immunogenic in mice [36].

A monoclonal anti-PEG IgM was induced in mice injected with PEG-con-
jugated B-glucuronidase-RH1 (where RH1 is a monoclonal antibody against
AS-30D rat hepatoma cells) intravenously on days 1 and 54, and by intraperi-
toneal injection on days 7, 14 and 21 [41]. Following the final injection, spleen
cells were excised, fused with myeloma cells, screened and then cloned.
Monoclonal antibodies that were generated from the hybridoma cells, 1E8
(IgG1) and AGP3 (IgM), were further tested for specificity in ELISA assays,
and showed that 1E8 was specific for B-glucuronidase, and AGP3 was specif-
ic for PEG [41]. Following a similar method as described before [41], a mon-
oclonal anti-PEG IgG1 (E11) was induced in mice [42]. To determine the
specificity of E11 and AGP3, immunoblots showed that AGP3 and E11 detect-
ed dansyl chloride-PEG-B-glucuronidase (PEG of molecular mass
3,400 g/mol), amine-PEG-amine of 1,500 g/mol and mPEG of 2,000 g/mol,
but did not detect B-glucuronidase [42]. Specificity was also determined by
ELISA assays with wells coated with methoxy-PEG-amine of 750 and
5,000 g/mol, amine-PEG-amine of 1,500 and 3,400 g/mol. Both E11 and
AGP3 bound to all PEG coated wells except mPEG-amine 750 g/mol, sug-
gesting that the binding epitope for both antibodies was 16 oxyethylene units
[42]. Additional sandwich ELISA studies with E11 and AGP3 demonstrated
the ability to quantitatively detect dansyl chloride-PEG-B-glucuronidase (PEG
of molecular mass 3,400 g/mol), mPEG 20,000 g/mol, PEG 2,000 g/mol con-
jugated-quantum dots and PEG 2,000 g/mol-liposomes, confirming that both
anti-PEG IgG and IgM bind to the PEG backbone [42].

Martinez and colleagues showed induction of anti-PEG in rabbits following
repeated injection of a partially PEGylated recombinant uricase, (two chains
of mPEG 10,000 g/mol per protein subunit, sufficient to yield solubility, but
insufficient to suppress immunogenicity) [37, 64]. Employing an ELISA assay
with bound mPEG conjugated to a structurally unrelated protein, the authors
identified anti-PEG IgG in rabbit sera specific for the methoxy-group. The
specificity of the induced anti-mPEG was confirmed in competition studies by
pre-incubation of rabbit sera with methoxy-PEGs of various molecular
weights. The data showed equivalent inhibition of binding with different
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mPEG on a molar basis and a minimal effect with dihydroxy-PEGs, confirm-
ing methoxy-PEG specificity [37].

Studies from our laboratories with PEG-RBCs in autologous transfusion
studies in rabbits also demonstrated induction of anti-PEG [39, 40]. Blood was
drawn from rabbits (n = 17), RBCs washed and then PEG coated using a suc-
cinimidyl propionate derivative of linear mPEG 20,000 g/mol over a range of
concentrations from 2.5-20 mg/mL or cross-linked PEG coatings prepared by
incubation of RBCs with an eight-multi-armed PEG-amine of 10,000 g/mol
followed by addition of a succinimidyl propionate derivative of an eight-multi-
armed PEG of 40,000 g/mol, with conditions carefully controlled to prevent
gelation [40]. PEG-coated and uncoated (Control) RBCs were labeled with
fluorescent lipophilic carbocyanine dyes (Vybrant Dil or DiD, (Invitrogen,
Carlsbad, California, USA)), such that each rabbit received discretely labeled
PEG-coated and uncoated RBCs to track RBC survival. Rabbits received up to
seven consecutive infusions of PEG-coated RBCs, 60 days apart, alternating
the Dil or DiD labeling for PEG-coated or control RBCs between each exper-
iment. Plasma samples were taken at days 14-21 following infusion and
screened for anti-PEG by serology with mPEG-coated rabbit RBCs and by
flow cytometric analysis of 10 pm Tentagel®-OH beads, which are composed
primarily of hydroxy-terminated PEG, incubated with sera, washed and
stained for bound Igs by incubation with fluorescein isothiocyanate (FITC)-
conjugated anti-rabbit IgG and R-phycoerthyrin (RPE)-conjugated anti-rabbit
IgM. Samples with a mean fluorescence intensity of >100 for IgG and/or >50
for IgM were identified as positive for anti-PEG [40]. By the end of the study,
12 (71%) rabbits had developed anti-PEG. This was detected after the first
infusion in six (35%) rabbits, after two infusions in four (24%) and after three
or more infusions in two (12%). Two animals showed sustained (>1 year) anti-
PEG (3+ and 2+ by direct agglutination); the remaining 10 showed a variable
response that increased (up to 4+) following a challenge with PEG-RBCs. Five
rabbits showed no evidence of anti-PEG induction, four of which received
three infusions, and one seven infusions. The strongest anti-PEG responses
were observed after multi-arm branched PEG-RBCs were infused. Rabbits
with a 4+ response cleared PEG-RBCs of any type within two days; those with
a weaker anti-PEG response (2+ or less) rapidly cleared all PEG-RBCs except
the 2.5 mg/mL mPEG-coated cells [39, 40]. Figure 1 shows an example of the
effect of anti-PEG on the survival of mPEG-coated autologous RBCs normal-
ized by survival of uncoated (Control) autologous RBCs. Rabbit A, with a sus-
tained anti-PEG (3+ by serology), shows rapid clearance of PEG-RBCs with-
in three days. Rabbits B and C are naive rabbits, rabbit B showed development
of anti-PEG at day 7, resulting in rapid clearance of PEG-RBCs while rabbit
C showed no evidence of anti-PEG or accelerated clearance of PEG-RBCs
compared to uncoated RBCs.

After a single exposure to PEG-stabilized liposomes, rapid clearance of
subsequent doses of PEG-liposomes was observed [44—53]. This was attrib-
uted to the induction of anti-PEG IgG and IgM [45, 46, 48—53]. However, it is
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Figure 1. Effect of anti-PEG on the survival of mPEG-coated autologous RBCs normalized by uncoat-

ed (Control) RBCs at Days 0 (), 1(F2), 2([_ 1), 3 ({Il), 7 (M), 15 (B) and 28 ([]). Rabbit A
showed sustained anti-PEG (3+ by serology) with rapid clearance of PEG-RBCs within three days.
Rabbits B and C are naive rabbits, with rabbit B showing development of anti-PEG at day 7, result-
ing in rapid clearance of mPEG-RBCs and rabbit C with no evidence of anti-PEG shows no acceler-
ated clearance of mPEG-RBCs compared to uncoated RBCs.

important to note that liposomes containing immunostimulatory agents are
well known to act as potent adjuvants which can promote antibody responses
against weakly immunogenic antigens [65-68]. Using mPEG 2,000 g/mol
conjugated distearoylphosphatidylethanolamine (PEG2k-DSPE) [44, 46,
49-53], distearoylglycerol (PEG2k-DSG) [45], or dipalmitoylphospho-
ethanolamine (PEG2k-DPPE) [48] as steric stabilizing materials for oligonu-
cleotide-loaded liposomes, the authors noted an increasingly rapid clearance
of PEG-liposomes upon repeated exposure in mice [44—46, 50-52], rats [49,
51-53] and rabbits [48] was attributed to generation of anti-PEG. An anaphy-
lactic response was also observed in mice following a second exposure to
PEG-liposomes with pronounced morbidity and mortality [44, 45] similar to
that observed by Richter and Akerblom following intravenous administration
of free PEG to guinea pigs presensitized with anti-PEG rabbit sera [36].
Assays employed to detect induced antibodies included ELISA using immobi-
lized lipid and PEG-lipid [45, 51], immobilized liposomes [44] as antigens, or
by measuring adsorption of IgG by fresh PEG-liposomes incubated with sera
[48]. Specificity of the induced antibodies towards PEG was confirmed by the
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absence antibody binding to unconjugated lipids [45, 51], inhibition of anti-
PEG binding by pre-incubation of sera with free PEG [48] at extremely high
concentrations (200 mg/mL of PEG 2,000 g/mol [48]) or lack of induced anti-
bodies with non-PEG conjugated liposomes [44].

Interestingly, empty PEG-liposomes elicited no anti-PEG response in some
studies [44, 45, 47] but induced anti-PEG in others [51]. As splenectomized
rats did not show induction of anti-PEG [51, 69]; an anti-PEG IgM response
was observed in the absence of T cells with immunodeficient athymic BALB/c
mice [51, 53]; and as loaded liposomes are known to act as adjuvants, the
induction of anti-PEG by PEG-conjugated liposomes was suggested as a T cell
independent mechanism, and most likely that PEG-liposomes became trapped
in the spleen by reactive B cells that triggered an IgM response [45, 51].

In summary, both anti-PEG and anti-mPEG IgG and IgM have been induced
in naive animals following exposure to PEG-conjugated agents, and animals
with anti-PEG rapidly clear PEGylated agents. It is important to note that anti-
PEG was readily and efficiently induced with PEG-conjugated particles (PEG-
liposomes, PEG-RBCs) without the use of any co-administered adjuvant.
Conversely, induction of anti-PEG with PEG-conjugated proteins required
multiple exposures, usually combined with the use of Freund’s adjuvant. This
difficulty in anti-PEG induction was cited in one study [42]. Although the sub-
sequent effect of induced anti-PEG is the same for PEG-particles and PEG-
proteins, the mechanism of anti-PEG induction may likely be a T cell inde-
pendent mechanism for PEG-particles following splenic sequestration, and a T
cell dependent mechanism for PEG-proteins.

With the exception of one ELISA assay for the detection of anti-PEG [45],
all other described ELISAs use Tween® 20 (0.05 or 0.1%) as a nonionic sur-
factant in the multiple washing steps following incubation with sera or incu-
bation with secondary reagents [41, 42, 46, 48—53, 62, 63]. As Tween® 20
(polyoxyethylene-sorbitan monolaurate) contains three hydroxyl-terminated
PEG chains and one PEG-laurate chain emanating from a sorbitan central
group with an average of 5—6 oxyethylene groups per PEG chain, its use in the
ELISA assays described may interfere with binding of anti-PEG to immobi-
lized antigens.

Human studies — pre-existing anti-PEG

Only two studies to date investigated the occurrence of anti-PEG in the healthy
blood donor population [35, 70]. In 1984, Richter and Akerblom examined
sera for the presence of anti-PEG from 453 healthy blood donors with approx-
imately equal numbers from Japan, Germany and Italy and also from 92 aller-
gic patients [35]. They employed a passive hemaggultination assay, where
mPEG 6,000 g/mol-coated RBCs were incubated with serial dilutions of donor
sera. After 2 h, settling patterns were observed and recorded as the reciprocal
of the highest serum dilution giving complete hemagglutination and defined as
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anti-PEG positive for titers of 32 and above [35]. An occurrence of anti-PEG
of 0.2% was determined in the healthy blood donor population and 3.3% in
allergic patients. This was predominantly an anti-PEG IgM as near-complete
abolition of agglutination was observed following treatment of sera with mer-
captoethanol. No additional studies on the specificity or epitope identification
were performed with anti-PEG positive sera from human subjects [35].

Some 20 years later, from studies in our own laboratories [38, 70] we deter-
mined an occurrence two orders of magnitude greater than previously shown,
with anti-PEG detected in >25% of 350 healthy blood donors, predominantly
of the IgG isotype [38, 39, 70], although anti-PEG IgM and both anti-PEG IgG
and IgM were observed. Our findings of a 25% occurrence of anti-PEG is
probably an underestimate as antibodies induced from environmental exposure
to an antigen, such as anti-PEG, vary in response between donors and is like-
ly to increase and decrease dependent on the last environmental challenge. As
testing of a single serum sample reflects a snap-shot in time, it is possible that
some anti-PEG positive samples were below the limits of detection for the
assays we employed. In our studies, anti-PEG was determined using two tech-
niques, serology with mPEG-RBCs and by flow cytometry with 10 uym diam-
eter spherical PEG beads (Tentagel®-OH beads, RAPP Polymere GmbH,
Tiibingen, Germany). Donor plasma samples were incubated with mPEG-
RBCs and uncoated (Control) RBCs. Agglutination of PEG-coated or uncoat-
ed (control) RBCs by each plasma sample was determined following centrifu-
gation of the samples at 500 X g for 1 min, and agglutination scored according
to the 0—4+ scale [71]. By serology, 94 plasma samples (26.9%) agglutinated
PEG-RBCs, 20 (5.7%) of which showed strong agglutination (3+ or 4+), with
no agglutination observed with uncoated (Control) RBCs (Tab. 1). Plasmas
were also incubated with 10 pm diameter spherical Tentagel®-OH beads,
washed and stained for bound Igs by incubation with FITC-anti-human IgG
and RPE-anti-human IgM, and examined by flow cytometry. Samples with a
mean fluorescence intensity of >100 for IgG and/or >50 for IgM were identi-
fied as positive for anti-PEG. Similarly, flow cytometric analysis of Tentagel®-

Table 1. Serological testing for anti-PEG of normal donor sera with PEG-coated RBCs scored accord-
ing to the 0—4+ agglutination scale [71]

Agglutination score Number Percentage

0 256 73.1

1+ 31 8.9

2+w 26 74

2+ 17 4.9

3+ 12 34

4+ 8 2.3
Negative 256 73.1
Positive 94 26.9

Total 350 100
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Table 2. Flow cytometric analysis of TentaGel®~OH beads incubated in normal donor sera and stained
for bound IgG and IgM. Mean fluorescence data were employed to identify the presence or absence
of anti-PEG in test sera

Bound Igs Number Percentage
1gG only 67 19.1
IgM only 18 5.1
1gG + IgM 12 34

Negative 253 72.3

Positive 97 27.7

Total 350 100

OH particles showed 97 samples (27.7%) positive for IgG and/or IgM, of
which 67 samples (19.1%) showed IgG binding only, 18 (5.1%) showed IgM
only, and 12 (3.4%) showed both IgG and IgM uptake (Tab. 2). Further analy-
sis of 11 anti-PEG IgG positive sera for IgG subtypes by flow cytometric
analysis of TentaGel®-OH particles incubated in sera and stained for bound
I1gG-1, IgG-2, IgG-3 and IgG-4 with FITC-labeled antibodies, showed all anti-
PEG sera to be positive for IgG-2, with one serum sample positive for IgG-1,
IgG-2 and IgG-3, and no sera positive for IgG-4 [38, 70]. These findings are
similar to anti-PEG induction following treatment with PEG-uricase where
anti-PEG IgG-2 and both IgG-2 and IgG-3 were identified [55]. To confirm
specificity, we further examined the ability of various polymers [PEGs, dex-
tran, polyvinylalcohol (PvOH), poly(propylene glycol) (PPG)] and small
ethers [di- to penta-(ethylene glycol); di- to tetra-(ethylene glycol) dimethyl
ether] to inhibit agglutination of PEG-coated RBCs when pre-incubated with
anti-PEG positive plasma [72]. Complete inhibition of agglutination of PEG-
RBCs (from 4+ to 0) was observed in the presence of all PEGs (MW
300-20,000 g/mol), PPG (2,000 g/mol), tri- and tetra-(ethylene
glycol)dimethyl ether and penta(ethylene glycol). Di(ethylene glycol)diethyl
ether and tetra(ethylene glycol) reduced PEG-RBC agglutination (4+ to 2+).
Dextran, PvOH, di- and tri-(ethylene glycol) had no effect [38, 72].
Comparison of the smallest inhibitors indicated that the minimum epitope
required for binding of the PEG-antibody is a backbone of 4-5 repeat oxyeth-
ylene units (Tab. 3). This is in close agreement with Richter and Akerblom for
the anti-PEG induced in rabbits following injection of mPEG-conjugated pro-
teins, showing an epitope of 6—7 repeat oxyethylene groups [36].

The remarkable increase in anti-PEG positive sera found in our studies [38,
39, 70] compared to the previous study in 1984 [35] may be explained by
greater sensitivity of the techniques we employed. The passive hemagglutina-
tion method described by Richter and Akerblom may only detect high-titer
and/or high-affinity antibodies, and may be unable to detect weakly aggluti-
nating IgGs as no amplification technique could be employed with this method
(e.g., indirect antiglobulin test). Alternatively, the difference may reflect
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Table 3. Agglutination of PEG-RBCs by three healthy blood donor plasma samples positive for anti-
PEG (4+ reactive by serology with PEG-RBCs) in presence of 1% w/v PEG, PEG oligomers and
analogs, poly(propylene glycol) (PPG), and irrelevant polymers (dextran 40 and polyvinyl alcohol
(PvOH))

Polymer/compound Agglutination Ether/oligomer/polymer
added (all at 1% w/v) score Backbone structure
Anti-PEG
positive donor
A B C | <«—— Binding epitope ——>!

Ethlyene glycol 3+ 4+ 4+  HO-C!C-OH !
Diethylene glycol 3+ 4+ 4+ HO-C|C-0-CC-OH
Triethylene glycol 2+ 4+ 3+  HO-C! C-O-CC-O-CC-OH |
Diethylene glycol 0+ 2+ 2+ H; | C-0-CC-0-CC-O-CH;

dimethyl ether ! !
Tetracthylene glycol I+ 2+ I+ HO-C!C-O-CC-O-CC-O-CC-OH !
Diethylene glycol 0+ I+ I+ H;C % C-O-CC-O-CC-O-CCH; %

diethyl ether | |
Pentacthylene glycol I+ I+ 0+  HO-C| C-O-CC-0-CC-O-CC-O-CC-OH |
Triethylene glycol 0 0 0 H; | C-0-CC-O-CC-0-CC-O-CH; |

dimethyl ether | |
Tetraethylene glycol 0 0 0 H; | C-O-CC-0-CC-O-CC-O-CC-O-C | H;

dimethyl ether i i
PEG 300 g/mol 0 0 0 HO-C | C-0-CC-0-CC-0-CC-0-CC-O-C | C-OH
mPEG 5,000 g/mol 0 0 0 H3C—O—C§ C-0—~(CC-0),,;-CC-0-CC-0-CC- §OH
PEG 20,000 g/mol 0 0 0 HO-C | C~(0-CC),5-0-CC-0-CC-0-CC- | OH
PPG 2,000 g/mol 0 0 0 HO-C | C—(0-CC);—~0-CC-O-CC-O-CC— |OH
Dextran 40,000 g/mol 3+ 4+ 4+ i i
PvOH 25,000 g/mol 3+ 4+ 4+ | |
PBS (control) 4+ 4+ 4+ ! !

increasing exposure to PEG and PEG-containing compounds due to their
widespread use in agrochemicals (pesticides, herbicides and fertilizers),
processed food products, cosmetics and pharmaceuticals.

Human studies — anti-PEG and PEG-conjugated drugs

Richter and Akerblom investigated anti-PEG induced in patients following
treatment with PEG-modified allergens (PEG-ragweed extract and PEG-bee
venom) for hyposensitization therapy [35]. The presence of anti-PEG was
detected using the passive agglutination assay described earlier. At baseline,
3.3% of allergic patients (total n = 92) were positive for anti-PEG. After one
year of treatment with PEG-modified allergens (n = 58), the percentage of
patients testing positive for anti-PEG jumped to 50%, and after two years of
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treatment (n =28) the percentage of patients testing positive for anti-PEG
dropped to 28.5%. The authors determined that the anti-PEG induced was an
IgM isotype and as the response was moderate and not enhanced with subse-
quent exposure to PEG-modified allergens, they concluded that “such an anti-
body response will most probably not interfere with the clinical usefulness of
PEG-modified allergens in hyposenitization therapy” [35]. This conclusion
has been widely cited by other authors either directly or indirectly to apply to
all PEG-conjugated drugs.

Recently, Ganson et al. [54] reported the induction of anti-PEG, detectable
between 3—7 days after injection, in five of 13 (38.5%) patients treated for
chronic refractory gout with mPEG-uricase, with no anti-uricase Igs detected
in any of the 13 patients. Rapid clearance of mPEG-uricase was observed in
the anti-PEG positive patients, identified as a low titer anti-PEG IgM
detectable between 3—7 days, and anti-PEG IgG detectable between 7—14 days
after the initial exposure to mPEG-uricase, characteristic of a T cell mediated
immune response. An ELISA test was used to detect anti-PEG, with positives
identified as those with Ig binding to immobilized mPEG-uricase and the
absence of Ig binding to immobilized uricase. Confirmation of anti-PEG speci-
ficity was achieved by pre-incubation of sera with various agents showing
complete inhibition of the ELISA with mPEG 10,000 g/mol, dihydroxy-PEG
of 10,000 g/mol and PEG 10,000 g/mol conjugated with glycine; strong inhi-
bition of the ELISA with a PEGylated purine nucleoside; and no effect on the
ELISA with unmodified recombinant uricase [54]. Additionally, the effect of
pre-incubation sera with mPEGs was investigated over a range of molecular
weights and concentrations. Methoxy-PEGs inhibited the ELISA in the order
10,000 = 5,000 > 2,000 > 350 g/mol, which combined with the specificity
experiments, indicate that the anti-PEG induced following treatment with
mPEG-conjugated uricase binds to the backbone of the PEG irrespective of the
end group moiety [54]. In a subsequent Phase I trial of a single intravenous
dose of PEG-uricase [55], anti-PEG was induced in nine of 24 (37.5%)
patients detected at 14 and 35 days after administration of the drug, showing
an almost identical induction rate as described before [54]. No patients showed
antibodies to either PEG or uricase prior to drug exposure [55]. The induced
anti-PEG was predominantly IgG-2, and both IgG-2 and IgG-3 was observed
in some patients, detected by employing the same ELISA assay as previously
described [54] by binding of Igs to immobilized antigens, PEG-uricase and
mPEG 10,000 g/mol. The authors did not observe any allergic responses to
PEG-uricase in this study [55] as previously reported [54], however, as only a
single infusion of PEG-uricase was studied no allergic reactions to PEG were
anticipated [55].

In our own laboratory, we analyzed stored sera samples from 28 pediatric
patients with acute lymphoblastic leukemia, treated with PEG-asparaginase
(PEG-ASNase, Oncaspar) [56]. The samples were selected to include 15 sub-
jects with undetectable ASNase activity after receiving PEG-ASNase. Sera
were tested for the presence of anti-PEG by serology with mPEG-RBCs and
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by flow cytometry by detection of Igs bound to 10 um diameter PEG-beads (as
described earlier). All testing for anti-PEG was performed in a blinded man-
ner, and the data was combined with ASNase activity results once all testing
for anti-PEG was completed. Of the 15 sera from PEG-ASNase treated
patients with undetectable ASNase activity, anti-PEG was detected in nine
(60%) by serology and in 12 (80%) by flow cytometry [56]. Anti-PEG was
also detected in one PEG-ASNase treated patient with lower ASNase activity
(123 U/L). Twelve patients in the PEG-ASNase group had no documented
prior exposure to PEG-ASNase, seven (58%) had undetectable ASNase activ-
ity of which four (33%) were positive for anti-PEG. All sera that were positive
by serology were also positive for both IgG and IgM anti-PEG, and the obser-
vations were indicative of a pre-existing anti-PEG not induced by treatment.
The presence of anti-PEG was shown to be a good predictor of low ASNase
activity, and equally important, the absence of anti-PEG as a good predictor of
high ASNase activity (positive/negative predictive value of anti-PEG for
ASNase activity of 92%/80% and 100%/68% for flow cytometric and sero-
logical determinations respectively) with an overall accuracy of 86% for flow
cytometric detection of anti-PEG and 79% and serological detection of anti-
PEG (at the 95% confidence interval) [56].

Toxicity, safety and disposition of PEG

Although PEGs are widely considered as non-immunogenic and non-anti-
genic, the finding of a pre-existing anti-PEG in the healthy blood donor pool
of 0.2% in 1984 [35] and over 100-fold higher some 20 years later from our
own studies showing an occurrence of anti-PEG IgG and IgM of >25% would
suggest the contrary [38, 39, 70]. In order to investigate the reasons for exis-
tence of antibodies against PEG in the healthy population who have not been
exposed to PEG-conjugated drugs, it is of value to consider the environmental
exposure to PEGs and PEG-containing compounds in everyday use, and the
disposition of PEG-compounds in both animal models and human studies.
For over 60 years, the industrial use of PEG homopolymers, PEG- and poly-
oxyethylene-adducts, block and random copolymers as well as ethoxylated
compounds is widespread in agrochemicals (pesticides, fungicides and fertil-
izers), in processed foodstuffs, household chemicals (e.g., laundry detergents),
cosmetics and pharmaceuticals. The widespread application of oxyethylene-
based polymers stems from their low toxicity, low irritability, inert properties,
stability, versatility and solubility in wide range of solvents and also lack of
color and flavor. Low molecular mass PEGs act as non-aqueous solvents and
high molecular mass PEGs act as viscosity enhancing agents. PEG containing
copolymers are used as viscosity stabilizers, emulsifying/demulsifying agents,
foaming/defoaming agents, wetting agents, solubilizing agents, humectants,
skin conditioning agents, cleaning and gelling agents, while ethoxylation of
oils and hydrophobic compounds yields emulsifiability and solubility in an
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aqueous environment. Common examples of PEG-containing nonionic surfac-
tants are PEG-conjugated alkyl chains and fatty acids, commonly known by
the industrial trade names, Tween®, Triton®, Brij®, Myrj® and Span®.
Common block copolymers containing PEG and poly(propylene glycol) are
poloxamers (Pluronic® block copolymers), meroxapols (Pluronic-R® block
copolymers) and poloxamines (Tetronic® block copolymers). The low acute
and chronic toxicity, skin and eye irritability of PEGs [1-4, 73, 74] and PEG-
containing compounds [4, 73, 75, 76] confirm their safe use in cosmetic prod-
ucts for external use, as additives for food products and excipients in pharma-
ceutical applications.

From disposition studies, the primary route of excretion is by renal filtration
[77-80] for low molecular mass PEGs up to 6,000 g/mol, with a short circu-
latory half-life of 18 min [79]. With increasing molecular mass of PEG, the cir-
culatory half life increases (e.g., 23 h for PEG of 170,000 g/mol), with
increased phagocytosis and accumulation in the Kupffer cells above a PEG of
molecular mass 50,000 g/mol [79]. It is also interesting to note the disposition
of PEG-containing block copolymers (poloxamers), particularly poloxamer
188 (Pluronic® F68) that has been widely used in pharmaceutical preparations
and in the clinical setting [8§1-83]. For Pluronic® F38 and Pluronic® F68, fol-
lowing intravenous injection, the primary route of excretion was via renal fil-
tration (40-94% after 24 h) with a small amount in the bile and feces (2—6%)
[83—85]. In human studies, Pluronic® F68 was well tolerated following intra-
venous administration at infusion levels of 100—150 g/day and was excreted,
unchanged, primarily via the kidney [84, 86].

It is perhaps not surprising that antibodies against PEG are detected in
healthy humans with no prior exposure to PEG-conjugated drugs [35, 38, 39,
70] considering the likely environmental exposure to PEG and PEG-containing
compounds. PEG has long been considered non-antigenic and non-immuno-
genic as generation of anti-PEG in animal models has proved difficult, and in
the studies cited in this chapter, induction of anti-PEG in animal models by
PEG-conjugated proteins involved both multiple exposures to the PEGylated
protein and, in most studies, the use of Freund’s adjuvant (see earlier). The lack
of generation of anti-PEG with unconjugated PEGs in animal models is likely
caused by the rapid clearance of low molecular mass PEGs primarily via renal
excretion [79]. However, conjugation of PEG to proteins and particles likely
augments the generation of anti-PEG when compared to free, unconjugated
PEGs, since PEGylated material is present in the circulation for longer periods
of time and the route of excretion may be altered when compared to the uncon-
jugated PEG [34, 87, 88]. There are few studies in the literature showing the
fate and metabolism of PEG-conjugated drugs [89], which warrants further
study with regards to induction of anti-PEG. In the case for simple mixtures of
a PEG homopolymer or copolymer and a drug, where the polymer component
may be defined as an excipient (e.g., the use of Pluronic® gels as drug delivery
vehicles [90]), it is reasonable to assume that the disposition and metabolic fate
of the mixture may be comparable to the individual components. However, in
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the case of PEG-conjugated agents, a similar rationale may not be appropriate
[89], as one of the main reasons for PEG-conjugation is to reduce renal clear-
ance and hence increase the circulatory time of the drug, (e.g., PEG-filgrastim
[87]) suggesting that renal clearance is not the primary route of excretion as
observed with unconjugated PEGs. Indeed, as early as 1924, Landsteiner
showed that chemical modification of proteins induced anaphylaxis in dogs,
but not the component unmodified compounds [91]. With our current knowl-
edge, the observations by Landsteiner [91] reflect both altered bioavailability
and presentation of a compound to the host’s immune system following chem-
ical modification, demonstrating that toxicological and metabolic studies on a
component PEG and a candidate drug may not apply to a PEGylated drug as
the presentation to the host and clearance of the PEGylated drug will likely dif-
fer from free PEG and unmodified drug [89].

Commercial sources of anti-PEG

Presently, there are four commercial sources of monoclonal anti-PEG with no
cross-reactivity with other polymers or proteins, but with different reported
specificity and sensitivity:

Epitomics Inc. (Burlingame, California, USA) and Novus Biologicals Inc.
(Littleton, Colorado, USA) supply a rabbit monoclonal anti-PEG IgG (antibody
clone PEG-B-47) with a specificity of the terminal methoxy group of mPEG
and 16 oxyethylene repeat units (personal communication, Lee S, Epitomics
Inc.), and report a capability to detect PEG concentrations as low as 8 ng/mL.

Silver Lake Research Corp. (Monrovia, California, USA) supplies two
mouse monoclonal anti-PEG IgGs (both IgGlk from antibody clones CH-
2074 and CH-2076). The reagent specification summary states that the anti-
PEG should not be used in the presence of Tween® 20. Using an ELISA assay,
in competition experiments studying binding of mPEG-conjugated BSA to
anti-PEG, co-incubation with Tween® 20 and linear dihydroxy PEGs of 1,500
to 20,000 g/mol interfered with the detection and quantification of mPEG-
BSA (Personal communication, Geisberg M, Silver Research Corp.). These
findings suggest that both mouse monoclonal anti-PEG IgGs have an epitope
of <6 oxyethylene repeat units and specificity for the PEG backbone irrespec-
tive of the end group.

Institute of Biomedical Sciences, Academica Sinica (Taipei, Taiwan) sup-
plies a mouse monoclonal anti-PEG IgG (E11 [42]) and a mouse monoclonal
anti-PEG IgM (AGP3 [41, 42, 92]). Both antibodies have a specificity for 16
oxyethylene repeat units and bind to the PEG backbone irrespective of the end
group or linker moiety [42]. In a sandwich ELISA using AGP3 for capture and
AGP3-biotin for detection, PEG-conjugates were detected at concentrations as
low as 15 ng/mL [92], and enhanced sensitivity was reported with capture/
detection pairing of E11/AGP3 respectively with a reported capability to
detect PEG conjugates as low as 1.2 ng/mL [42].
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Uses of anti-PEG

The first in vitro application of anti-PEG, described by Richter and Akerblom
[36], for quantification of PEG and PEG-conjugates used a gel diffusion tech-
nique [36] with the ability to detect PEG-conjugates down to 1 pg/mL, and
showed a linear correlation for PEG of molecular weight 40,000 g/mol over
the range 2.5-40 pg/mL. With current methods of signal amplification (e.g.,
HRP, alkaline phosphatase, streptavidin for ELISA assays), detection of PEG
and PEG conjugates using anti-PEG are possible down to single nanogram
concentrations per mL (or femtomolar concentrations) [92]. For the commer-
cially available anti-PEGs described above, the recommended in vitro uses are
for ELISA, Western blots and immunohistochemistry for the detection and
quantification of PEG and PEG-conjugated drugs.

In addition to the in vitro use of anti-PEG to quantifiably assay PEG-conju-
gates, potential clinical applications for administering anti-PEG have also been
described [43, 63]. For antibody-directed enzyme prodrug therapy in the treat-
ment of cancer, using a nude mouse model bearing xenografts of human colon
adenocarcinoma, rapid serum clearance of a PEG-conjugated glucuronide pro-
drug occurred following administration of anti-PEG IgM [43]. A dramatic
increase in the tumor/blood ratio from 3.9 to 29.6 occurred without decreasing
the concentration of the prodrug in the target tumor, and delayed tumor growth
when compared to the conjugate alone or conventional chemotherapy (B-glu-
curonidase or p-hydroxyaniline mustard) [43].

Intravenous administration of anti-PEG has been proposed as a method to
enhance the clearance of a PEG-conjugated drug, and also as a method to
potentially extend the circulatory time of a PEG-conjugated drug [63].
Additionally, the authors described the use of a labeled anti-PEG to detect
PEG-conjugated drugs in vivo, by whole body imaging with scintigraphy or
computed tomography [63].

Clinical significance and strategies to overcome anti-PEG

In the absence of a comprehensive prospective clinical trial to determine the
effects of pre-existing or induced anti-PEG, currently it is not possible to con-
firm that the presence of anti-PEG in a patient would lead to an ineffective
therapy with a PEG-conjugated drug. PEG-conjugated drugs have been suc-
cessfully administered to many thousands of patients with no reports of any
serious adverse reactions, and PEG-conjugated drugs have greatly improved
the overall treatment success rates for several diseases. However, few treat-
ments yield complete recovery in all patients, and, as most PEG-conjugated
drugs have only recently been introduced, there are few long-term follow-up
studies in the literature. In the treatment of SCID with PEG-adenosine deami-
nase, a decline in treatment effectiveness over time was observed in some
patients [93], for the treatment of acute lymphoblastic leukemia with PEG-
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asparaginase the five year disease-free survival rates are 75—-80% for children
[94, 95] and 30-40% for adults [94], and eradication of Hepatitis C virus with
PEG-interferons was achieved in approximately 50% of patients [96]. There
are many reasons for unsuccessful treatments, ranging from poor patient com-
pliance to severity of disease at the time of treatment to responsiveness of
genotype variants to treatment (e.g., Hepatitis C). As most treatments require
combination therapies with non-PEGylated drugs, the cause of treatment fail-
ure is exceedingly complex. In the absence of any testing for anti-PEG, it is
not possible to confirm or refute whether the induction or pre-existence of anti-
PEG plays a role in the 20—60% of patients for whom treatment with a PEG-
conjugated drug was unsuccessful.

Accordingly, a cautious approach must be taken when considering alterna-
tive treatments to a PEG-conjugated drug, introduction of PEG-conjugated
agents with decreased immunogenicity, or the application of methods to
remove or reduce anti-PEG prior to or during treatment with a PEG-conjugat-
ed drug. However, considering the body of evidence from animal studies show-
ing that anti-PEG rapidly clears PEG-conjugated drugs and particles [40—53],
and the clinical studies correlating the presence of anti-PEG with clearance of
a PEG-conjugated drug [54-56], it is of value to consider strategies that may
be of value to remove or reduce anti-PEG to ensure an effective treatment.

In the simplest approach, if a pre-existing or induced anti-PEG is detected
in a patient receiving a PEG-conjugated drug, then the clearance rate of the
PEG-conjugated drug should be monitored. As required, adjustment of the
dose may compensate for the increased clearance (by augmentation or more
frequent dosing), or replacement with an alternative non-PEGylated drug may
be considered to ensure an effective therapy.

Investigation of polymers with reduced immunogenicity and antigenicity as
candidates for drug conjugation compared to mPEG is an alternative approach
[37, 62, 64]. Using a mouse model, Caliceti and colleagues [62] investigated
the immunogenicity and antigenicity of methoxy-PEG 5,000 g/mol, branched
methoxy-PEG 10,000 g/mol, polyvinylpyrrolidone 6,000 g/mol and
poly(N-acyloylmorpholine) 6,000 g/mol conjugated to uricase. For each poly-
mer derivative investigated, approximately 40—47 polymer chains were cova-
lently attached to each uricase (10—12 chains per protein subunit). Antibodies
were induced against all polymers, but a weak response was observed (anti-
PEG IgG and IgM) for both mPEG 5,000 and branched PEG 10,000 g/mol,
with the branched PEG being the least immunogenic and antigenic [62]. A
branched, hydroxyl-terminated PEG was investigated as a polymer with
reduced immunogenicity and antigenicity compared to methoxy-terminated
PEGs [63, 64]. Anti-mPEG was induced in rabbits following repeated injec-
tions of partially PEGylated—recombinant uricase (two strands of mPEG
10,000 g/mol per protein subunit, sufficient to solubilize the protein, but insuf-
ficient to suppress immunogenicity [64]). The induction of anti-PEG was con-
firmed by ELISA using 96-well plates coated with mPEG 10,000 g/mol con-
jugated to a structurally different protein, and end-group specificity of the



The occurrence, induction, specificity and potential effect of antibodies against PEG 163

induced anti-PEG was shown from competitive binding studies by pre-incuba-
tion of sera with mPEGs of various molecular mass, with equivalent anti-PEG
binding inhibition shown on a molar basis [63]. In the same assay, hydroxyl-
terminated PEGs and a t-butoxy terminated PEG showed a 100-fold lower
binding affinity for the anti-mPEG, again confirming the methoxy-specificity
of the induced anti-PEG [63, 64]. Additionally, rabbits injected with a hydrox-
yl-terminated branched PEG-uricase in a comparable manner to the mPEG-
uricase showed only a 5% production of anti-PEG when compared to mPEG-
uricase [63]. Further studies are required to confirm whether a hydroxyl-ter-
minated PEG for covalent attachment to a therapeutic agent results in reduced
clearance in the presence of a pre-existing anti-PEG or an induced anti-PEG
with specificity for the PEG backbone [38, 54, 56, 72].

Infusion of a PEG-containing compound to block or suppress anti-PEG,
prior to administration of a PEG-conjugated drug may be beneficial to ensure
effective treatment,. Ideally, such a conjugate should be comprised of a core
molecule with short PEG oligomers attached comparable in size to the anti-
PEG minimum epitiope (i.e., 4—5 oxyethylene units) to avoid immune com-
plex formation [56].

Finally, for acute treatment with a PEG-conjugated drug, techniques
employed for antibody removal to suppress organ rejection [97] may be adapt-
ed to suppress or remove anti-PEG prior to treatment with a PEG-conjugated
drug. Plasmapheresis or plasma exchange techniques may not be desirable
methods to consider, as removal of physiological proteins and nutrients or the
potential risk of infection may pose a high risk to the patient and outweigh the
benefit of removal of anti-PEG. Preoperative removal of specific antibodies by
immunoadsorption has shown value for organ transplantation. Plasma is sepa-
rated from whole blood and then passed through a column containing an
immobilized antigen before reinfusion [97]. Antibody titers must be reduced
to a desirable level prior to organ transplantation, and may require several
immunoadsorption session for patients with high antibody titers. Adaptation of
this technique for removal of anti-PEG may be achieved by employing a col-
umn comprised of immobilized PEG (packed with the commercially available
TentaGel®-OH particles for example) to specifically remove anti-PEG from
plasma, although any additional procedure adds risk and also the cost of such
a pre-treatment may be a consideration.

Conclusions

Antibodies against PEG have been induced in animal models following expo-
sure to PEG-conjugated proteins, liposomes and red blood cells, resulting in
rapid clearance of PEG-conjugated agents. In humans, induction of anti-PEG
was observed following exposure to a PEG-conjugated drug, and pre-existing
anti-PEG was identified in over 25% the healthy blood donor population, both
anti-PEG IgG and/or IgM. In clinical studies, the presence of anti-PEG was
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strongly associated with rapid clearance of PEG-asparaginase and PEG-uric-
ase, potentially rendering their treatment ineffective. The IgG subtype of
induced and pre-existing anti-PEG was identified as predominantly IgG-2,
although IgG-1 and IgG-3 was also observed. The epitope of anti-PEG varies
from binding to the backbone of 4—5 repeat oxyethylene units irrespective of
the end-group moiety to 16 oxyethylene units with methoxy-group specificity.
Anti-PEG was shown to be useful for in vitro detection and quantitation of
PEG and PEG-conjugated materials sensitive down to single nanogram quan-
tities, and also may be useful, in vivo, for antibody-directed enzyme prodrug
therapy in the treatment of cancer.

PEGylation of therapeutic agents is, and will continue to be, of significant
value in medicine to reduce immunogenicity, antigenicity and toxicity as well
as markedly reducing renal clearance of drugs while maintaining drug effica-
cy. It is important to recognize that PEG itself may possess antigenic and
immunogenic properties. Based on the observations closely relating anti-PEG
with the onset of rapid clearance of PEG-conjugated agents in a sub-set of
patients, further comprehensive studies are warranted to fully elucidate the
effect of induced and pre-existing anti-PEG on PEG-conjugated agents. If con-
firmed in a prospective trial, patients should be screened for pre-existing anti-
PEG, routinely monitored for the development of anti-PEG throughout the
course of treatment with any PEG-containing agent, and strategies developed
to ensure effective treatment. To overcome the potential effect of anti-PEG on
drug clearance, in the simplest approach, it may be necessary to augment or
increase the frequency of dosing or by substitution with an effective non-
PEGylated therapeutic agent. More complex strategies to overcome anti-PEG
may encompass the development of less immunogenic PEGylating reagents,
pre-infusion of a PEG-containing agent to block or suppress anti-PEG or
removal of anti-PEG by immunoadsorption prior to administration of a PEG-
conjugated agent.
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Abstract

rmetHuG-CSF is the recombinant version of natural granulocyte colony-stimulating factor, the domi-
nant stimulator in the production of neutrophilic leukocytes (neutrophils). Neutrophils represent the
first line of defense against invading pathogens and when neutrophil numbers are suppressed by can-
cer chemotherapy, patients become liable to life-threatening infections.

The clearance of rmetHuG-CSF is effected by a combination of neutrophil mediated degradation and
renal filtration. Site-directed addition of a single, linear PEG molecule yielded a form of G-CSF (peg-
filgrastim) that was shown to be resistant to renal elimination yet remained sensitive to neutrophil-
mediated destruction. This semi-synthetic cytokine drug can persist in the plasma for extended peri-
ods in neutropenic conditions, yet is cleared rapidly when neutrophils recover. This lends a degree of
automation to the therapeutic control of neutrophil numbers which has been exploited in clinical prac-
tice since its approval for human use in 2002.

Introduction

Natural Granulocyte Colony-Stimulating Factor (G-CSF) is a circulating gly-
coprotein that regulates neutrophil production and activity. Neutrophils nor-
mally comprise around 30% of leukocytes and are major effectors of innate
immunity. Neutrophils remain in the blood only a matter of hours so they need
to be replaced by rapid proliferation of their precursors in the bone marrow
(Tab. 1). This high turnover rate makes neutrophil production susceptible to
cancer chemotherapy and neutropenia (lack of neutrophils) following
chemotherapy leaves many patients prone to infection and hospitalization. The
use of G-CSF to stave off such complications has become widespread practice
over the last 20 years. This was made possible by the cloning and characteri-
zation of recombinant human G-CSF (rHuG-CSF) in the early 1980s [1-3]
culminating in the expression of r-metHuG-CSF in E. coli, trials in humans
and eventually approval of Filgrastim® for administration to US patients in
1991 [4-7]. Alternative forms of G-CSF also exist, among them a form
expressed in Chinese hamster ovary (CHO) cells (lenograstim; Granocyte®),
which is glycosylated and lacks the N-terminal methionine required in the E.
coli-derived version [8] another form with a deliberately mutated amino acid
sequence [9] and several follow-on versions (Tevagrastim®, Ratiograstim®,
ratiopharm Filgrastim® and Biograstim®).
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Table 1. Production rate of human blood cells

Blood cell type Concentration Total cells Lifespan Production rate
of cells in blood in blood of cells
(5L blood volume)
Neutrophils 3% 10*/uL 15 x 10° 8h 4.5 x 10"/day
Erythrocytes 5% 10%/uL 25 x 10" 120 days 21 x 10'%day

Blood cell numbers are stable in normal individuals. The lifespan of each of the cell types is quite dif-
ferent, but to maintain stable circulating numbers cell production must precisely balance cell loss.
This process is under the control of hormone-like cytokines, in the case of neutrophils, granulocyte
colony-stimulating factor, and in the case of erythrocytes, erythropoietin. Production rates can be
increased dramatically or reduced to almost zero in response to physiological demand.

Initially, administration of G-CSF was for the treatment of cancer
chemotherapy-induced neutropenia (CIN) and the prevention of associated
infections, but over the years the indications have been broadened to include
use in severe congenital neutropenia, AIDS, aplastic anemia and myelodys-
plastic syndromes. In addition, the serendipitous finding that G-CSF can
‘mobilize’ large numbers of transplantable ‘stem cells’ to the blood has been
exploited in both cancer patients and normal donors [10, 11]. In this setting
G-CSF can cause peripheral blood progenitor cells (PBPC) to move to the
blood, where they may be harvested to allow remedial treatment of damaged
or diseased bone marrow. To date over 4 million patients have received G-CSF
for various indications, with the only major reported side effect being bone
pain — perhaps part of the bone marrow’s normal response to G-CSF.

rHuG-CSF has to be injected into the body because it is degraded in the
stomach and is too large to pass unaided through the skin. Continuous infusion
is the most effective way to administer G-CSF, followed by twice daily injec-
tion, and daily administration; from there effectiveness is yet further reduced
as injections are more widely spaced. The requirement for frequent G-CSF
injections stems from its rapid clearance from the body mainly via the kidney
but also due to neutrophil-mediated processes. Clinical experience has shown
that G-CSF can be administered to patients intravenously (IV) [5, 6], subcuta-
neously (SC) [12] or intramuscularly [13] and in all cases the neutrophil
response is similar. After IV injection G-CSF levels increase within a matter
of minutes [5, 6] though SC administration also shows very rapid absorption
[7]. Clearance of G-CSF from the body is very fast as illustrated by a serum
half-life of between 1-2 h in several tested species [14—16]. Normal humans
clear G-CSF with a half-life of less than 2 h [17], but neutropenic patients take
almost 5 h to clear half the drug concentration — prima facie evidence that
G-CSF half-life is related inversely to absolute neutrophil count (ANC). This
suggests that neutrophils themselves may play a role in the clearance of G-CSF
— not an unprecedented suggestion since the elimination of hematopoietic
cytokines by the products of those cytokines’ action has been proposed for sev-
eral important regulators [18—-25]. In this model (Fig. 1) at least one cytokine
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Figure 1. Autoregulation of lineage specific cytokine levels by terminally differentiated cells of the
affected cellular lineage. * some cytokines are inducible (e.g., G-CSF), others are produced constitu-
tively (e.g., thrombopoietin, the main stimulator of platelet production), the model is unaffected.

involved in the control of blood cell development would be a lineage specific
regulator, i.e., one that shows high fidelity for that single cellular lineage, for
example thrombopoietin for platelets or G-CSF for neutrophils. The terminal
cell type of that lineage would then control the circulating levels of the regu-
lator possibly by receptor-mediated internalization and degradation. In the spe-
cific case of G-CSF the reciprocal relationship between G-CSF levels and neu-
trophil counts has been reported numerous times [26—29], and the ability of
neutrophils to destroy G-CSF in vitro [30] has also been documented.
Neutrophil-mediated clearance of G-CSF is not the only contributor to its
rapid removal, indeed an alternative route — renal excretion, may account for
the majority of clearance in some situations [31, 32]. Renal loss is of sufficient
magnitude that in order to maintain effective serum levels even in conditions
of absolute neutropenia, daily injections are required.

To summarize the effect of these two modes of clearance consider the fate
of the first of a series of filgrastim injections. If this injection were made to a
normal individual, with normal ANC, then as injected dose and serum con-
centration increased, the drug would be absorbed by the neutrophil population
(and lost from both measurements of serum G-CSF and prevented from influ-
encing neutropoiesis). When that compartment was saturated, the excess
would then be circulating in the serum where it could stimulate neutrophil pro-
duction, but would be eliminated from the serum via the kidney with a half-
life of about 5 h. Should the initial injection have been made into a neutropenic
individual then none of the drug would be lost to the neutrophil pool and all
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would be subject to renal elimination with a 5 h half-life, stimulating neu-
trophil production in the meantime. In considering the fate of subsequent
injections account must be taken of the accumulating response to G-CSF, i.e.,
ascending ANC. As neutrophil numbers increase over time the persistence of
each injection would be progressively shorter as more drug was absorbed and
destroyed by the ANC pool; indeed, this was what was actually observed in
early clinical studies [25]. Thus the predominant clearance pathway for G-CSF
will depend on the saturable (and therefore non-linear) ANC-related route and
the linear renal pathway which will in turn depend on the response to the drug
(ANC increases as G-CSF has its effects). So unmodified G-CSF displays a
degree of ‘self regulation’ — it induces the means of its own destruction — but
this process is of relatively minor importance because most of the drug is lost
through the relentless renal process.

These considerations suggested a strategy that might be employed to design
a successor to filgrastim — it was reasoned that the contribution of the two
routes of clearance could be manipulated independently to engineer a deriva-
tive of G-CSF that resisted renal clearance yet retained sensitivity to neu-
trophil-mediated destruction. In considering the properties of a next generation
therapeutic as many of the desirable properties listed below should be built in
to the molecule:

1) The safety record of the parent drug must not change, i.e., no non-G-CSFR
mediated effects and no increase in antigenicity would be tolerated

2) The formulation properties of the drug (stability, solubility, etc.) should be
at least maintained

3) The persistence of the drug in the body must be increased to cover, if pos-
sible, a complete cycle of chemotherapy from a single injection

4) The ‘exposure profile’ should be optimized, i.e., more drug should be pro-
vided at the time it is most needed, less when less is needed.

To deliver as many of these properties as possible filgrastim was retained at
the core of the molecule as data to date would suggest that this protein has a
single cellular receptor, and that in turn that receptor has but a single ligand —
retaining this core would reduce the potential for introduction of new off-tar-
get activities. The stability of filgrastim is good as formulated, but G-CSF is
inherently unstable at physiological pH, temperature and salt concentration —
this was considered a relatively easy profile upon which improvements could
be made. An increase in size presented a simple and proven method to evade
renal clearance, but absent detailed knowledge of the optimum exposure pro-
file for G-CSF was not known whether this change would in itself be sufficient
to satisfy the longevity requirements. In considering what was known about
the optimum exposure profile, inferences could be drawn from the literature;
it is established 1) that continuous infusion offers superior efficacy [25, 33,
34], 2) that increased serum levels provoke a greater response [4] and 3) that
early provision of G-CSF is important to maximize benefit [26].
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Strategies for the improvement of rmetHuG-CSF

Two broad strategies were considered to improve G-CSF; sustained release
and sustained duration. The physicochemical properties of G-CSF do not lend
themselves well to the fabrication of a depot formulation. Neither is it an easy
protein to deliver through skin or via the gastrointestinal tract. These delivery
approaches are feasible to a degree but are less readily controlled than modifi-
cation of the residence time of G-CSF in the circulation.

A sustained duration form of G-CSF that could sustain its effects for four
weeks would need to be administered at relatively high doses (Filgrastim is
administered at 5 pg/kg/day, so a 70 kg patient would require 9.8 mg for 28
days treatment assuming the introduction of zero inefficiency). Such a large
amount of drug would unavoidably offer front-loading when administered as a
single injection. Also, if this injection were administered shortly after
chemotherapy then the resulting high serum concentration would coincide with
the time at which the marrow required maximum impetus to launch recovery.

Protein therapeutics have been modified in various ways to extend their per-
sistence in the body. Recently notable has been the success of glycoengineer-
ing an analog of erythropoietin to prolong its half-life [35]. In this exercise
understanding the role carbohydrate played in controlling the elimination of
erythropoietin was extended to engineer a hyperglycosylated variant with three
times the residence time in the body [36, 37]. Though natural G-CSF is a gly-
coprotein (with a single O-linked carbohydrate on threonine 133) a compari-
son of two forms; one of which is produced in eukaroytic cells and glycosy-
lated while filgrastim is made in prokaryotic cells and has no attached sugars,
revealed their pharmacokinetics to be identical. This would suggest that the
carbohydrate component is entirely optional for activity and further suggests
that this may not be the most rewarding pathway to an extended duration deriv-
ative. Having thus eliminated glycoengineering from our considerations what
other strategies are likely to work? A serum albumin conjugate of G-CSF has
been discussed [38] and poly[ethylene glycol] (PEG) derivatives have been
known for some years [16, 39—41].

As discussed above, a detailed consideration of the dual routes of elimination
of G-CSF suggested that separation of these processes might lead to a new and
particularly useful form. G-CSF is normally administered to patients who are
neutropenic following cancer chemotherapy. In neutropenia only the kidney
effects G-CSF clearance. The development of a form of G-CSF that could resist
renal clearance, yet retain neutrophil-mediated clearance held the promise of
enhancing the self-regulation which was already a feature of the parent molecule.

PEGylation

Several drugs; enzymes [42, 43], interferons ([44, 45], see elsewhere this vol-
ume) and cytokines [46—49], have been developed by covalently attaching
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PEG because it confers benefits such as reduced immunogenicity, prolonged
residence time or improved formulation properties [42, 43, 50—52]. In gener-
al the advantages gained by the protein conjugation are the properties of PEG
itself, especially the unique ability of PEG to occupy a disproportionately large
volume in aqueous solution. As an increase in size was one of the main targets
of filgrastim derivitization, PEG was thought to be uniquely suitable for our
purposes.

Several different ways of attaching PEG to proteins have been reported [47,
53], and most are similar in that they rely on the nucleophilic attack of amino
groups (or other active protein components) on the terminal ethylene glycol
group of PEG. In most cases such a reaction can be shown to yield repro-
ducible forms with consistent location and number of attached PEGs [54].
Though the actual sites of attachment cannot be realistically determined in
advance and are in effect controlled by the chemistry, precisely this approach
has proven useful for two FDA approved PEG-enzyme conjugates [42, 43].
Considering a similar approach for a cytokine presents a different set of con-
straints. Cytokines tend to be large molecules with complex three-dimension-
al structure, and their receptors also tend to be similarly large and complex.
Employing a non-selective PEGylation strategy in such a circumstance is like-
ly to yield a suboptimal product. This is because of the contrasting effects of
increasing serum residence time on one hand, but on the other hand lowering
the affinity of the ligand/receptor interaction, probably by steric hindrance.
The interplay of these factors will determine the usefulness of any derivative
and selection of the final candidate tends to be a semi-empirical process. To
avoid the vagaries of non-directed PEGylation several site-directed approach-
es have been developed. These techniques have been used for, e.g., topo-
graphical mapping of attachment sites [51]. In these cases, PEGylation can be
targeted to, say, specific lysines in the amino acid sequence, but general sites
of attachment can also be targeted such as the N- or C-terminus.

Targeting specific amino acids, most commonly lysine, can be useful espe-
cially if a limited number of such lysines are in desirable locations within the
protein. If the sites at which such amino acids are found are not deemed desir-
able then lysines may be substituted for less reactive arginines or new lysines
may be inserted at the appropriate site. However, a large protein may have sev-
eral potential attachment sites that would require extensive re-engineering to
remove from the molecule. These numerous sites would tend to produce a
multi-PEGylated protein though some have been shown to retain substantial
biological activity. However, in the case of G-CSF, the four lysines found
throughout the molecule tend to be in regions that are not good target areas. A
second site-directed approach mediated via specific amino acids is targeting
the thiols of cysteine residues. Again cysteines can be introduced or removed
to lend a protein to this type of chemistry. However, the three dimensional con-
figuration of G-CSF is stabilized by several disulfide bonds between cysteines
and derivitization of any of them may upset the structure leading to potential
affects on activity and immunogenicity (Fig. 2).
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Figure 2. The activity of various PEG-G-CSFs assessed both in vivo and in vitro and related to the
amount of PEG added per molecule. Many of the candidates comprised defined blends of non-
PEGylated, mono-, di-, tri- and tetraPEGylated G-CSFs. The amount of PEG per molecule represents
the product of molecular weight of the PEG moiety and the average number of additions per mole-
cule. — — indicates the data obtained with the final pegfilgrastim selected for further development.
A — the proliferation of 32D clone 3 cells (a murine G-CSF dependent cell line) as measured by
reduction of Alomar blue. [ — weighted AUC was obtained from daily average ANC from mice (5
per timepoint) weighted by multiplying by the number of days after injection, then summed. This
weights selection in favor of longer acting forms.

Targeting the N-terminal residue of proteins is an attractive option, offering
the benefits of a single, defined site, a known relationship to the receptor bind-
ing domain of the cytokine and relative simplicity in the required chemistry.
Several methods have been developed to target the N-terminus for PEGylation
including chemical activation and enzyme ligation; however, few have been ex-
ploited to develop viable product entities. The method employed for the fabrica-
tion of pegfilgrastim was based on a reductive alkylation process to direct con-
jugation of PEG to the N-terminal methionine of filgrastim (r-metHuG-CSF).
This was achieved by taking advantage of the different pKa of the o-amino
group of the N-terminal methionine (pKa 7.6—8.0) in contrast to the €-amino
group (pKa 10-10.2 [55]) found on the lysines throughout the molecule.

Mono-N-terminal poly(ethylene glycol) conjugates of filgrastim

Numerous PEG-G-CSF conjugates were prepared for activity screening.
Linear mono-functional monomethoxy PEG aldehydes of various molecular
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weights (between 12 and 30 kD) were used to prepare derivatives. More com-
plex, branched PEG forms were also assessed. The method included stirring a
cold buffered (pH 5) solution of rmetHuG-CSF in the presence of a five fold
molar excess of mPEG aldehyde in 20 mM sodium cyanoborohydride. The
degree of PEGlyation was tracked with HPLC until after around 10 h 92% of
the protein was shown to be mono-PEG conjugate. The site of PEG attachment
was determined by endoproteinase mapping and confirmed to be single site of
PEG conjugation at the N-terminus of the protein [55, 56].

Preclinical and clinical development of Pegfilgrastim
Screening activity

The screening process for PEGylated derivatives was designed to select a can-
didate with prolonged action in vivo and retention of the maximum in vitro
activity. As mentioned above, the engineering of darbepoetin is in some ways
analogous to the development of pegfilgrastim and some lessons from that pro-
gram are salutory. The literature published on the development of darbepoetin
illustrated that the derivatives that were most potent in vivo were among the
least active in vitro. In the case of erythropoietin analogs the form with the
highest affinity for the receptor and the highest in vitro activity (a deglycosy-
lated form) paradoxically had no detectable activity in vivo; presumably
because it was cleared from the body in a matter of only minutes. At the other
extreme, highly modified forms (with high sialic acid content) had lower affin-
ity for the receptor, were also several fold less active in vitro yet were the most
spectacularly effective when injected in vivo. This led us to conclude that in
assessing the activity of derivitized cytokines, assays carried out in vitro where
affinity is a dominant determinant, may be misleading in candidate selection.
The aim in developing a pharmacokinetically advantaged derivative is not to
increase affinity (indeed the opposite would appear to be true) but to obtain the
optimum blend between longevity and the [likely?] reduction in affinity
detected by somewhat artificial in vitro assays. On a practical level this meant
that though assessment of the in vitro activity of various PEGylated G-CSFs
was performed, it was considered with little weight against the in vivo assess-
ments of activity.

A relationship was defined between the molecular weight of PEG added to
various PEG-G-CSF derivatives and the performance of the conjugates both in
vitro and in vivo. There existed weak relationships between average MW of
added PEG and activity in vivo (a positive relationship) and in vitro (an inverse
relationship) — see Figure 2. The final selection was made based upon several
parameters including retention of around 70% of the in vitro activity of the par-
ent molecule in combination with substantial improvement in weighted (in
favor of longer acting forms) AUC of ANC response. Other in vivo parameters
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were also considered as part of the selection process — mobilization of PBPC
and reversal of 5-fluorouracil induced myelosuppression in mice in addition to
factors such as consistency/robustness of the production process, availability
of raw materials and formulation properties.

Having made the selection based on data from mice that indicated a pro-
longed mode of action, several pieces of information were collected to assess
whether other design parameters had been met. In a study in groups of normal
or bilaterally nephrectomized rats, an intravenous dose of pegfilgrastim was
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Figure 3. Pegfilgrastim clearance from the plasma of treated rats is independent of renal function.
Plasma levels after a single intravenous injection of 100 pg/kg of pegfilgrastim (left) and filgrastim
(right) in normal (closed symbols) or bilaterally nephrectomized (open symbols) rats (n = 3 or 4, indi-
vidual data shown). Note on the left the presence or absence of kidneys makes little difference to the
clearance of pegfilgrastim, but the clearance of filgrastim (right) is significantly affected by the exis-
tence of a functional kidney. Adapted from Yang et al. [61].

cleared with identical kinetics in both groups (see Fig. 3). Filgrastim, in con-
trast, was eliminated much more rapidly in normal animals than in those lack-
ing kidney function. This suggested that the new form was resistant to renal
clearance as was hoped from the design process. The second feature of the
molecule that was considered essential in the design stage was that it should
remain sensitive to neutrophil-mediated destruction. Figure 4 illustrates that
both filgrastim and pegfilgrastim are removed from culture supernatent by
neutrophils isolated from the blood of normal volunteers. Pegfilgrastim is rel-
atively protected, but since both PEG- and non-PEG-G-CSF were removed
both could possibly be cleared from the body by this process.

The stage was therefore set to initiate more advanced testing. Toxicology
studies had revealed no new safety concerns — the only observations made
were associated with exaggerated pharmacology, as would be expected with a
more active derivative of G-CSF.
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Figure 4. The ability of normal human neutrophils to remove filgrastim and pegfilgrastim from cul-
ture supernatent. Adapted from Briddell et al. [30].

Clinical development

Daily dosing with filgrastim is required for clinical efficacy and experiments
in animals have illustrated that no matter how far the dose of filgrastim is esca-
lated, the requirement for frequent administration cannot be avoided [14, 57].

Among the early clinical experiments was a simple dose escalation study in
normal volunteers (see Fig. 5). Neutrophil counts increased in a dose depend-
ent manner. Other Phase I trials were uneventful and a Phase II trial in patients
with non small-cell lung cancer [58] confirmed that many of the initial design
objectives had been fulfilled for pegfilgrastim, including an extended duration
of action. This study employed an interesting cycle O/cycle 1 design in which
patients intended for treatment received pegfilgrastim prior to chemotherapy
(cycle zero) then again immediately after chemotherapy (cycle 1). This
allowed each patient to act as their own control and made possible analysis of
the effects of chemotherapy induced neutropenia on pegfilgrastim. In cycle
zero there was a dose dependent neutrophilia not dissimilar to the data report-
ed from the earlier Phase I trial. The chemotherapy, as expected, caused a sig-
nificant neutropenia in cycle 1 (Fig. 6A), but the critical analysis from this
paper, from a mechanism perspective, is the variation in pharmacokinetics
from cycle O to cycle 1 (Fig. 6B). Peak serum levels attained in response to
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Figure 5. Neutrophil response in normal volunteers injection subcutaneously with a single escalating
dose of pegfilgrastim (adapted from Molineux et al. [57]).

100 pg/kg either before or after chemotherapy were similar — at around
100 ng/mL compared with 10—20 ng/mL peak levels in the group receiving the
recommended dose of filgrastim. Obviously, the pegfilgrastim recipients
received 20 times more drug that accounts for the higher maximum concen-
tration attained, though the rate of loss, once underway, was broadly compara-
ble between pegfilgrastim and filgrastim. The main difference between cycle 0
and cycle 1 was the time at which that clearance began. For several days post
chemotherapy no pegfilgrastim is lost from the serum—serum concentration
remained constant for several days — a phenomenon that had not been seen in
the pre-chemotherapy cycle. However, starting around nine days after
chemotherapy pegfilgrastim was lost from the serum — and lost at a precipitous
rate. This turning point coincides with the recovery of neutrophils after
chemotherapy. This observation is compatible with the concept of self-regula-
tion where pegfilgrastim levels remain broadly stable accelerating neutrophil
recovery and when that neutrophil recovery begins the new neutrophils then
clear the drug.

Various Phase II trials uncovered no untoward activities of pegfilgrastim and
two randomized double blind Phase III trials were initiated with slightly dif-
ferent designs. Both were conducted in breast cancer patients receiving dox-
orubicin and docetaxel chemotherapy but in one trial later to be reported by
Green et al. [59] patients received pegfilgrastim at a fixed dose of 6 mg irre-
spective of body weight, the complementary trial reported by Holmes et al. [60]
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Figure 6. Phase II data with pegfilgrastim (SD/01) in lung cancer patients treated with escalating
doses in cycle 0 (pre-chemotherapy) or cycle 1 (post-chemotherapy). Panel A. Neutrophil counts after
chemotherapy in cycle 1. Panel B. Pharmacokinetics of pegfilgrastim (SD/01) in cycle O (pre-
chemotherapy, normal ANC) and in cycle 1 (post-chemotherapy and neutropenic — see Panel A). Note
the prolonged exposure in cycle 1 versus cycle 0 and the precipitous clearance of SD/01 in parallel
with neutrophil recovery. Johnston et al. [58].

used conventional dosing by body weight at 100 pg/kg. The somewhat unusu-
al step of using a fixed dose of a biological was taken based upon analysis of
the various Phase II trials in terms of the total dose received by individual
patients (of body weights ranging from 46—125 kg) and the duration of their
severe neutropenia (see Tab. 2). It is apparent that irrespective of body weight,
the days of severe neutropenia (DSN) were similar, perhaps even shorter at the
higher body weights. Both Phase III trials focused on DSN as the primary end-
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Table 2. The duration of severe neutropenia in the 2 phase 3 trials of pegfilgrastim in which the drug
was dosed based upon patient body weight or administered as a single fixed dose.

Days of severe neutropenia

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Per weight dosing  pegfilgrastim 1.1 0-1 (in 98% of patients)
(100ug/kg)[59]

filgrastim 1.6 0-1 (in 96% of patients)
Fixed dose pegfilgrastim 1.8 1.1 1.1 1.0
(6mg)[60]

filgrastim 1.6 0.9 0.9 1.0

point and in both cases DSN was shown to be non-inferior to filgrastim (an
unusual endpoint useful in making a statistical comparison to an active con-
trol). In the trial where patients received a 6 mg fixed dose, the 77 patients who
received pegfilgrastim and the 75 who received filgrastim had 1.8 and 1.6 days
of severe neutropenia, and in the by-weight trial 1.1 and 1.6 respectively.

The first warning sign that a neutropenic cancer patient may be developing
an infection is becoming febrile (having an elevated temperature). Febrile neu-
tropenia is defined as a temperature of greater than 38.2 °C when accompanied
by neutropenia and often prompts the use of anti-infectives even though in
many cases an infection cannot be confirmed. Combined data from both the
by-weight and fixed dose trials showed that pegfilgrastim reduced significant-
ly the occurrence of febrile neutropenia even compared to filgrastim (11% ver-
sus 19% — no placebo control group was reported). It is unknown to date why
this may be the case. It is tempting to speculate that the front-loading, high
dose, or lack of daily fluctuations in drug or ANC levels in the pegfilgrastim
recipients may play a role, but dissecting out each of these components has not
proven feasible to date.

Bone pain, which is the major side-effect reported for filgrastim, remained
the only significant pegfilgrastim-related event that could be teased out of the
complex symptoms reported by cancer patients undergoing chemotherapy.

Conclusions

Pegfilgrastim is a rationally designed cytokine derivative engineered specifi-
cally to enhance its properties as a therapeutic. The design evolved from
understanding the limitations placed on the parent drug by its brief residence
time in the body. Of the two routes of filgrastim clearance that contribute to its
rapid loss, one — the neutrophil-mediated pathway, is related to the product of
the drug’s effects, the other is a relentless, linear process based on loss through
the kidney. Pegfilgrastim, for the first time, separated these effects and
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removed renal loss as a significant phenomenon. This left neutrophil-mediat-
ed destruction as the only significant route of drug elimination. Since stimula-
tion of neutrophil production is the reason why G-CSF is administered to
patients, this novel drug eliminates the requirement for dosing based on the
patient’s individual characteristics or response.

Though pegfilgrastim is the latest of a new generation of ‘designer
cytokines’ it is unlikely to be the last. The evolution of protein therapeutics
from natural materials purified from animal or human sources, through the
fabrication of recombinant equivalents to semi-synthetic hybrid molecules
(like pegfilgrastim) and eventually to fully synthetic drugs will continue to
optimize the utility of this class of drugs improving patient convenience, com-
pliance and response rates but hopefully retaining the exquisite specificity and
side effect profile of the parent hormones.
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Abstract

Recombinant human growth hormone (hGH) is a well characterized molecule with broad acceptance
as a treatment for growth hormone deficiencies (GHD). However, treatment with hGH requires daily
injections due to the drug’s short duration of action. Many groups have focused on PEGylation of hGH
as a means to extend its half-life and generate less frequent dosage forms. This chapter provides a
review of the preclinical and clinical results obtained from the many approaches directed towards mod-
ification of hGH with PEG. The chapter will describe a historical progression of PEGylation strategies
and results. The first half of the chapter will discuss initial studies that utilized multiple 5 kDa PEG
attachments for extension of hGH half-life and the subsequent development of a PEGylated hGH
receptor antagonist, pegvisomant, a successful therapy for acromegaly. The latter half of the chapter
will summarize more recent and current work focusing on site selective mono-PEGylation of hGH.

Introduction

Human growth hormone (hGH, human somatotropin) is secreted by the pitu-
itary gland in a pulsatile and episodic manner. It acts both directly and indi-
rectly on tissues to elicit a wide range of growth enhancing effects (Fig. 1).
Pharmacological responses to hGH are mediated through the GH receptor
(GHR). These include immediate responses such as the production of the
insulin-like growth factors I and II (IGF-1 and IGF-2), the stimulation of
triglyceride hydrolysis in adipose tissues, and the stimulation of hepatic glu-
cose output. Human growth hormone also mediates multiple intermediate
responses such as anabolism and growth promotion in the form of chondroge-
nesis, skeletal and soft tissue growth that are mediated by insulin-like growth
factor-1 (IGF-1). IGF-1 is produced primarily by the liver following hGH-
induced increases in IGF-1 mRNA transcription [1, 2]. The IGF-1 is dissemi-
nated in the plasma to the assorted sites of growth promotion in complex with
a binding protein (IGFBP-3) and the acid-labile subunit protein (ALS) and
hGH plays a critical role in the genesis and regulation of this insulin-like
growth factor-1 binding protein complex [3]. Recombinant hGH is prescribed
worldwide for both pediatric and adult Growth Hormone Deficiency (GHD),
as well as, Chronic Renal Insufficiency, and treatment of short stature in
patients with Turner’s Syndrome and children born small for gestational age
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Figure 1. Schematic of growth hormone action and regulation. hGH is secreted by the pituitary under
direct regulation by the hypothalamus and can stimulate growth directly through GH receptors in tis-
sues and muscle and indirectly through induction of IGF-1 production in the liver.

(SGA). Six major pharmaceutical companies currently market hGH with
annual worldwide sales exceeding 2.7 B (US$).

Due to the rapid clearance rate of hGH in the blood, replacement therapy
typically involves daily subcutaneous injections over the duration of treatment
which generally extends through puberty in pediatric GHD. Therefore, devel-
opment of an effective long duration form of hGH would be desirable as a
means to decrease the number and frequency of injections. Toward this end,
many approaches are being pursued in order to extend the duration of action of
hGH. These include specific slow subcutaneous release formulations [4—8] and
hGH fused to proteins such as albumin [9]. Alternatively, conjugation of poly-
ethylene glycol (PEG), described as PEGylation, affords a proven means to
enhance the duration of action, stability, solubility and/or safety of a given ther-
apeutic polypeptide [10—16], and many groups are studying the effects of
PEGylation on hGH pharmacology as an approach to reducing parenteral injec-
tion frequency.

hGH structure and receptor binding

Human growth hormone is a 22,000 Dalton (Da) protein comprised of a single
chain of 191 amino acids with a tertiary structure containing four anti-parallel
a-helices and two disulfide bonds. Human growth hormone interacts with
growth hormone receptor (GHR) expressed in target tissues with a stoichiom-
etry of one hGH molecule to two GHR suggesting dimerization of the recep-
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Figure 2. Interaction of hGH and GHRA with GH receptor. A) hGH binding to GHR dimer through
binding sites 1 and 2 induces conformational change for signal transduction and IGF-1 production. B)
Representation of GHRA (Pegvisomant), with site one directed amino acid mutations (@) and
PEGylation (). GHRA binds to GHR at binding site 1 with lower affinity presumably due to steric
hindrance by ;‘EG. Binding site two mutation, G120K (O) inhibits conformational change needed for
signal transduction and IGF-generation.

tor. hGH binds through two separate binding sites, respectively, to each
monomer in the GHR dimer, forming an active ligand-receptor trimer, that is
necessary for initial signal transduction and pathway activation (Fig. 2A).
Originally, a model was proposed whereby hGH bound sequentially via hGH
binding site one to a GHR monomer followed by subsequent binding to a sec-
ond GHR through hGH binding site two to effect receptor dimerization and
signal transduction [17]. Recent studies suggest a pre-formed GHR dimer is
present on cell surfaces and hGH binding induces a conformational change in
the receptor for activation [18, 19]. In either case, binding of both hGH bind-
ing sites are crucial for activity, and interference with either site is a concern
when developing long acting forms of the molecule.

Multi-PEGylated hGH

Initial studies supporting the use of PEGylation to extend hGH action were
reported by Clark and co-workers [20]. As larger molecular weight PEG
reagents (>5 kDa) had not yet become readily available, the authors utilized
first generation PEG technology in which multiple PEG molecules were con-
jugated to available amine residues in a relatively nonselective fashion to
afford extended pharmacokinetics (PK). The primary structure of hGH con-
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tains ten available primary amines (nine lysine residues and the N-terminus)
[21]. The authors prepared a series of PEGylated conjugates with an increas-
ing number of PEG polymers attached by reaction with the N-hydroxysuccin-
imide (NHS) ester [22] of 5 kDa PEG (PEG 5000 NHS). Since this reagent
will react readily with all available amines, the reaction produced a heteroge-
neous mixture of PEG-hGH species. The PEGylation products were fraction-
ated and subsequently characterized as to the number and the locations of the
modified amines. Conjugates with 2—7 PEG moieties attached per hGH mole-
cule were identified. Preclinical studies were then carried out to determine the
effect of the various extents of PEGylation on receptor binding affinity, hGH
circulating half-life and in vivo potency. Although the most reactive amines did
not lie in close proximity to the two receptor binding sites, increasing numbers
of PEG bound to hGH did result in a respective decrease in affinity for the GH
receptor up to 1,500-fold. In vivo efficacy, however, increased with increasing
levels of PEG modification in conjunction with increased circulation half lives
suggesting that decreased affinity can be overcome by extension of plasma res-
idency time. Comparisons of the effective sizes of the PEG-GH conjugates, as
determined by size exclusion chromatography, with rat PK data showed that an
average of 4—5 PEG 5000 polymers was required to achieve an effective mole-
cular weight that exceeded the 70 kDa cut-off for rapid renal clearance.
Clearance significantly decreased as greater than 5 PEG moieties were
attached. Subsequent in vivo weight gain studies in hypophysectomized rats
determined that hGH modified with five PEG 5000 groups yielded the most
effective long-acting molecule. Moreover, the 5 X 5 kDa PEG-hGH conjugate
was as effective as daily hGH injections in its growth promoting activity when
administered on a once per week basis. Clearly, these studies demonstrated
that improving hormone clearance properties could offset reduced binding
affinity due to PEG interference and that a PEGylated hGH could be dosed less
frequently and, therefore, could be viable as an alternative to daily injections
of hGH. This approach was used successfully in developing pegvisomant, a
PEGylated growth hormone antagonist for treatment of human disease.

Pegvisomant
B2036 discovery

Kopchick and co-workers hypothesized that stabilization of the third helix in
bovine growth hormone (bGH) would enhance receptor binding affinity and
increase bGH potency. Interestingly, transgenic mice, expressing a (bGH) vari-
ant with three amino acids substitutions for increased amphiphilicity in helix
three, demonstrated lower circulating levels of IGF-1 and a dwarf phenotype
[23]. Continued studies determined that the glycine at position 120 in hGH
(binding site 2) was crucial for hGH activity and substitution of any amino
acid except alanine led to conversion of hGH to a potent GHR antagonist [24].
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The mutant molecule, hGH G120K, binds to the GH receptor dimer, is inter-
nalized, yet does not generate the receptor conformational change required for
signaling [19, 25]. In designing this molecule as a possible therapeutic GHR
antagonist molecule, eight other residues in hGH G120K were mutated in
order to increase the affinity at binding site 1 generating the GHR antagonist
molecule known as B2036 [26].

PEGylation of B2036

The GHR antagonist molecule, B2036, was determined to have a very short
half-life similar to that of hGH (15-20 min). Therefore, B2036 was PEGylated
to extend its duration of action. 4—6 5 kDa PEG molecules were attached to
free amino groups on B2036, and this molecule is known as pegvisomant
(Figs 2B and 3) [27, 28]. As with GH, the PEGylation greatly reduces affinity
for the GH receptor (20-fold reduction) [19, 28], however, as expected, the
half-life is prolonged to 72—75 h [29, 30]. Subsequent studies on rhesus mon-
keys dosed with pegvisomant by intravenous or subcutaneous injection
demonstrated dose-dependent reductions of IGF-1 and IGF binding protein-3
(IGFBP-3) with IGF-1 levels remaining suppressed for seven days after a sin-
gle 1 mg/kg subcutaneous dose [31, 32].

Figure 3. Ball and chain representation of primary structure of pegvisomant. The B2036 amino acid
sequence with disulfide bridges and potential PEGylation sites. Pegvisomant is a mixture of
4-6 x 5 kDa PEG molecules/B2036 distributed as depicted by the relative reactivity of each (com-
pared to that of the N-terminus indicated by %). Originally published in [50]. Reproduced with kind
permission of Taylor and Francis Group LLC.
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GH receptor antagonists as a therapy for acromegaly

Acromegaly is a chronic disorder in which a benign pituitary adenoma effects
hyper-secretion of growth hormone leading to elevated levels of insulin growth
factor-1 (IGF-I). Acromegalic patients have abnormally high basal (non-pul-
satile) hGH production, hGH pulsatile secretion and burst frequency. The dis-
order results in increased body weight and height as well as a wide range of
secondary symptoms such as headaches, cerebral nerve disfunction, visual
field defects, impotence, infertility, and amenhorrhea. Acromegalic patients
also have increased incidence of cardiovascular and respiratory diseases, and
increased risk of malignancies [33, 34]. Historically, treatments for the disor-
der included surgical removal of the adenoma [35] and radiation therapy [36]
as well as medical treatment with dopamine [37] and somatostatin agonists
[38]. In each case these treatments have limitations with successful treatment
in only 50-60% of patients.

The above treatments target decreased levels of hGH and IGF-1 through
inhibition of hGH secretion from the pituitary. It was speculated that a similar
effect might be achieved by specifically blocking hGH signaling at the recep-
tor level. Toward this end, pegvisomant was pursued as the first GHR antago-
nist for treatment of acromegaly generating an alternate approach for treating
previously non-responsive patients.

PEGyvisomant; a clinical success

Somavert® (pegvisomant for injection) is currently marketed for the treatment
of acromegaly (GH excess) in patients who have had an inadequate response
to surgery and/or radiation therapy and/or other medical therapies, or for
whom these therapies are not appropriate. A number of reviews and clinical
study compilations have been published in recent years on pegvisomant in the
treatment of acromegaly [32, 39, 40]. Early Phase I and II clinical studies with
weekly 1 mg/kg single subcutaneous dosing demonstrated that the half-life of
pegvisomant was approximately 72 h with peak plasma levels at 36 h and max-
imal suppression of IGF-1 around five days [41]. Plasma IGF-1 levels
decreased as much as 30%, however, IGF-1 levels failed to normalize in the
majority of these subjects. Further pharmacokinetic analysis suggested that
this weekly dosing schedule was not sustaining the pegvisomant plasma levels
needed for normalization of IGF-1 levels. Subsequent studies showed that
daily dosing with the same total amount of pegvisomant could raise trough lev-
els to that required for the normalization of IGF-1 levels [42].

The first Phase III clinical study reporting the efficacy of pegvisomant as a
therapy for acromegaly was published in 2000. In this study, 112 patients, who
had previously unsuccessfully undergone treatment by surgery, radiation,
dopamine, somatostatin agonists or combinations of each, demonstrated that
daily dosing (up to 20 mg for 12 weeks) normalized IGF-1 levels in 82% of the
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subjects [43]. A larger 160 patient study, all of whom had undergone previous
treatments, resulted in 97% normalization of IGF-1 levels following 12 month
40 mg/day dosing [44]. In all studies, decreased IGF-1 levels yielded corre-
sponding decreases in the signs and symptoms related to acromegaly such as
fatigue, soft tissue swelling, and excess perspiration. Multiple studies have
shown that pegvisomant improves insulin sensitivity and glucose tolerance as
well [44—47]. A recent longer term (24 month) observational study of pegviso-
mant safety and efficacy under field conditions in clinical practice concluded
that the drug showed a well tolerated safety profile similar to that of the clini-
cal trials [40, 43, 48] and effectively reduced IGF-1 levels in patients previ-
ously shown to be non-responsive to other therapies [49]. Although more stud-
ies are needed to determine long-term efficacy and safety (either as a mono or
combination therapy), currently pegvisomant appears to be well accepted as an
effective choice of therapy for patients resistant to somatostatin analogs [32,
40]. The success of pegvisomant, which is essentially a PEGylated GH variant
molecule, has given promise for PEGylated hGH as a treatment for GHD.

Mono-PEGylation of hGH

Development of pegvisomant was challenging due to the heterogeneous nature
of the PEGylation. Regulatory approval required a product with a repro-
ducible, uniform mixture of PEG isomers. PEGylation reaction kinetic models
and refined purification and analytical methodologies were needed in order to
generate a pegvisomant product with a well-defined PEG-profile with consis-
tent mixtures of four, five, or six molecules of PEG per molecule of protein
[50]. In recent years, regulatory guidelines for approval of PEGylated products
have become more stringent with a need for characterization of all isomers
(whenever possible), and therefore, groups are focusing on mono-PEGylation
of proteins [15, 51, 52]. This trend has been influenced by improvements in
PEGylation technologies, notably the development of low polydispersity PEG
reagents of increasing size and selectivity. Typically, PEG sizes of 12-20 kDa
or greater are chosen to maximize hydrodynamic volume and exceed renal
exclusion cut-off criteria (>70 kDa effective molecular weight). Generally, sin-
gle modification of therapeutic proteins can have pronounced advantages over
multiple attachments. In the case of PEG hGH, a single PEG attachment not
only would reduce heterogeneity and streamline process development, but also
might minimize PEG interference with receptor binding.

One approach toward selective mono-PEGylation of proteins is to attach a
PEG moiety to the N-terminus via reductive alkylation using the method of
Kinstler et al. [52]. PEG aldehydes will preferentially react with the amino ter-
minus of proteins under mildly acidic conditions due to the relative differences
in pKa values between the epsilon amino groups of lysine and the alpha amino
group at the N-terminus. In this manner, systematic studies of the effect of
mono N-terminal PEG additions have been carried out on hGH using larger
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PEG polymers (up to 40,000 Da), with the concomitant analysis of the prod-
ucts with respect to synthetic and analytical properties as well as biological
function [53, 54]. The intent was to determine whether a single larger molecu-
lar weight PEGylation at a specific site, could simplify production and char-
acterization methods, while yielding similar biological responses to the previ-
ously described multi-PEGylated 4-6 x 5,000 Da PEG-hGH [20]. PEG-hGH
conjugates were evaluated for their pharmacodynamic and pharmacokinetic
profile, as well as for other factors critical in the development of a protein ther-
apeutic, such as synthetic yields, homogeneity, and identification of conjuga-
tion sites. A series of mono-PEGylated hGH variants were synthesized utiliz-
ing assorted activated polyethylene glycol (PEG) reagents (Nektar
Therapeutics) of various lengths and geometries together with amine coupling
chemistry (NHS and aldehyde). Typically mono-PEGylation yields were
inversely proportional to PEG size and directly proportional to selectivity
(Tab. 1). Biochemical characterization of reaction products demonstrated that
aldehyde PEG-hGH reactions generally yielded products with less hetero-
geneity. The purified mono-PEG aldehyde-hGH reaction products possessed a
single N-terminal site of PEG attachment as determined by proteolytic map-
ping experiments. Proteolytic mapping and RP-HPLC demonstrated that the
purified mono-NHS (succinimidyl ester)-hGH reaction products were hetero-
geneous with multiple PEG binding isomers [54].

Compounds were tested in the hypophysectomized rat model of growth hor-
mone deficiency (GHD) to evaluate the effect of number, polymer size, and
conjugation site upon biological response. Once weekly dosing of linear 5, 20,
30 and branched 40 kDa PEG-hGH conjugates yielded increases in IGF-1 lev-
els (Fig. 4) with subsequent weight gains of 36%, 79%, 92 and 102% respec-
tively, when compared to hGH administered by daily injection [53] (Tab. 2).

Table 1. Comparison of product yields for synthesis and purification of a panel of monoPEGylated
hGH conjugates. Final product yields are reported as a % relative to the starting hGH protein con-
centration. Conjugates were 90-95% pure by SEC-HPLC and SDS-PAGE and shown to be mono-
PEGylated by Maldi-TOF MS. Purified mono-PEG aldehyde-hGH conjugates had a single N-termi-
nal site of attachment as determined by proteolytic mapping experiments Proteolytic mapping and
RP-HPLC suggested that the purified mono-NHS (succinimidyl ester)-hGH conjugates were hetero-
geneous with multiple PEG binding isomers

PEG hGH conjugate Yield %

NHS chemistry

4-6 x 5 kDa PEG Hgh 25%
1 x 20 kDa PEG hGH 28%
1 x 30 kDa PEG hGH 28%
Aldehyde Chemistry

(1 x20 kDa PEG ALD) hGH 50%
(1 x30 kDa PEG ALD) hGH 45%

(1 x40 kDa PEG ALD) hGH 30%
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Figure 4. Assessment of hGH stimulation of IGF-1 release. hGH or PEG-GH conjugates were admin-

istered to hypophysectomized rats (growth hormone deficiency model) on day O and IGF-1 levels

were monitored on a daily basis by immunoassay. A subcutaneous (SC) dose of 1.8 mpk PEG-hGH

was compared to an equivalent accumulative daily SC dose of GH (0.3 mpk per day). The IGF-1 lev-

els are plotted versus time (solid circles) and compared in each plot to the growth effects in a com-

panion study (lines no circles). Mono PEGylated GH conjugates can induce IGF-1 release to levels
similar to daily GH and 4-6 x 5,000 Da PEG- hGH.

Enhancement of growth was additionally confirmed by increases in tibia bone
length. Pharmacokinetic (PK) studies on the series showed an extension of
plasma half-life directly proportional to size (hydrodynamic volume) for the
N-terminally PEGylated hGH (Fig. 5) [53]. Interestingly, size (Tab. 3) and
PK/PD (Figs 4 and 5) did not correlate well when comparing the N-terminal

Table 2. Hypophysectomized Rat Growth Model. The efficacy of once weekly PEG-hGH was com-
pared to daily hGH in an 11 day growth study using female hypophysectomized (pituitary removed)
rats. Total body weight gain was assessed at day 11 following dosing at day 0 and day 6 with 1.8 mpk
GH equivalence and compared to a daily GH dose of 0.3 mpk (mg/kg) and reported as % relative to
daily hGH dosing. Lin denotes linear PEG, BR denotes branched PEG. ALD denotes aldehyde chem-
istry (Nektar Therapeutics). SPA denotes succinimidyl propionate chemistry (Nektar Therapeutics)

Conjugate tested at Weight gain

1.8 mpk on days 0 and 6 (% relative to daily hGH)
Daily hGH (0.3 mpk) 100% (n = 24)

hGH 39% (n=8)

5 kDa Lin PEG-ALD hGH 36% (n=28)

20 kDa Lin PEG-ALD hGH 73% (n=24)

20 kDa Br PEG-ALD hGH 87% (n=3)

30 kDa Lin PEG-ALD hGH 93% (n=24)

40 kDa Br PEG-ALD hGH 102% (n = 24)

4-6 x 5 kDa PEG-SPA hGH 132% (n = 16)
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Figure 5. Pharmacokinetics of N-terminally Mono-PEGylated hGH. hGH or PEG-GH conjugates
were administered as single subcutaneous bolus injections (1.8 mpk) to hypophysectomized female
Sprague Dawley rats and GH/PEG hGH levels in the blood were monitored by immunoassay.

mono-PEGylated conjugates to the multiply PEGylated 4-6 x5 kDa hGH
molecule. The latter had a molecular size similar to the 20 kDa PEG-Aldehyde
hGH, yet had the longest observed half-life. These data suggest clearance for
PEG hGH is not only a function of PEG size but also related to the number
and/or site(s) of attachment.

Table 3. PEG hGH conjugates were assessed for effective molecular size by size exclusion chro-
matography (SEC). Due to the large hydrodynamic volume contributed by PEG, each molecule elutes
at a much larger molecular weight as compared to a protein standard curve (2—3 times theoretical MW)

Size Exclusion Chromatography

MW (Theoretical) Size (SEC)
GH 22,000 21,000
4-6 x 5K PEG GH 47,000 128,000
20K Linear PEG GH 42,000 120,000
20K Branched PEG GH 42,000 114,000
40K Branched PEG GH 62,000 205,000

Clinical studies with N-terminal PEG-hGH

The aforementioned studies identified a hGH candidate with a 40 kDa branched
PEG N-terminally attached (PHA-794428) that had an approximately 20-fold
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decrease in binding affinity [55] yet induced weight gains similar to daily dos-
ing of hGH when dosed weekly in hypophysectomized rat growth models. This
molecule was chosen for clinical studies in both normal volunteers and adult
hGH deficiency (AGHD) patients [56]. 56 normal volunteers were given seven
escalating doses (range 3—500 pg/kg; eight subjects per group) and monitored
for GH and IGF-1 levels [57, 58]. Plasma concentrations of hGH increased
greatly with a maximum at 48 h and maintenance of supra-physiological con-
centrations up to 246 h. Correspondingly, IGF-1 levels also increased. PHA-
794428 was well tolerated up to 300 ug/kg which was defined as the maximum
tolerated dose. PEG hGH dosed at 60 pg/kg resulted in an increase in IGF-1
from a 160 ng/mL basal level to 400 ng/mL at 48 h and concentrations
remained elevated over basal levels for a period up to 240 h. These results sug-
gest once weekly administration may be feasible. Two doses (20 pg/kg and
60 pg/kg) were given to patients with AGHD (eight per group) [59]. hGH defi-
cient patients receiving 60 pg/kg doses demonstrated hGH serum concentration
curves similar to those seen in normal volunteers. IGF-1 levels increased by
220 ng/mL which peaked after 48 h and remained above baseline for 336 h.
Although both hGH and IGF-1 level increases were significantly smaller with
the 20 ug/kg dose, detectable levels remained for 96 h and 240 h, respectively.
PHA-794428 was well tolerated in these studies with two adverse effects in the
patient group (mild diarrhea and mild fatigue) both which resolved. No serious
adverse events were seen, with no injection site reactions, and no specific anti-
PHA-794428 or anti-hGH IgG’s observed. However, injection site lipoatrophy
was observed after single injections in late Phase II trials, and subsequently,
clinical studies on PHA-794428 were terminated [www.clinicaltrial.gov].

Insertion of specific PEG attachments sites into hGH

Modification of native hGH as described above is limited to ‘natural’ fixed
sites of attachment and maintenance or loss of activity is dependent on the
number and proximity of those sites to receptor binding sites on the protein. In
order to circumvent these losses in activity due to PEG interference and mini-
mize heterogeneity due to PEGylation of multiple residues on the protein, sev-
eral groups have studied the effects of engineering specific PEG attachment
sites into the hGH molecule.

Free sulfhydryl PEG attachment

In a study by Cox et al., an unpaired free cysteine residue was incorporated
into hGH via site-directed mutagenesis [60]. Over 40 mutants with cysteine
insertions at various sites were expressed in E. coli and screened for biologi-
cal activity. A molecular variant with cysteine substituted for threonine at
residue 3 (hGH T3C) was identified that could be correctly refolded with the
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free thiol intact and readily available for PEG coupling. Subsequent
PEGylation of hGH T3C using a specific sulfhydryl reactive 20 kDa PEG
(vinyl-sulfone PEG) yielded a homogeneous mono-PEGylated product with
only a slight (3—4-fold) attenuation in hGH in vitro biological activity. The
20 kDa PEG hGH TC3 demonstrated an extended half-life (eight-fold) over
nonPEGylated hGH in rat pharmacokinetic models and an increased duration
of action in growth studies carried out in hypophysectomized rats. Rat weight
gain and tibial bone growth resulting from administration of 20k Da PEG hGH
T3C every third day was comparable to the weight gain and tibial bone growth
observed with hGH administered daily.

Chemical/enzymatic modification of hGH for PEG attachment

Site-selective PEGylation of hGH has also been demonstrated through the
enzymatic insertion of reactive handles at the C-terminus via
Carboxypeptidase Y (CPY) transpeptidation [61]. Both ketone and azide moi-
eties were incorporated at the C-terminus for PEG coupling using oxime liga-
tion and copper(I) catalyzed [2 + 3] catalyzed cycloaddition reactions, respec-
tively. Comparisons of 30 kDa linear and two 40 kDa branched species
revealed that the size and geometry of the PEG coupled at the C-terminus can
influence the biological activity. In vitro potency assessment using an hGH
receptor transfected BAF cell assay showed reduced activities from 30—180-
fold with activity decreasing with increased PEG size and branching.

In another case of reactive handle generation, Dorwald describes regiose-
lective PEGylation of hGH via periodate oxidation of an engineered amino ter-
minal serine residue forming an aldehyde which is then reacted with amino
benzoyl PEG. An example of hGH PEGylated in this manner with a 40 kDa
branched PEG was shown to be active in an in vitro hGH receptor transfected
BAF cell assay with a 10-fold attenuation in potency relative to unmodified
hGH [62]. This group also describes regioselective PEGylation of hGH by uti-
lizing transglutaminase to selectively transaminate glutamine 141 with a nitro-
gen containing nucleophile such as 1,3-diamino-2-propanol, yielding a handle
that can be targeted for PEG conjugation. Examples of hGH conjugated in this
manner with linear and branched PEGs of various sizes are shown to retain
activity in a hGH receptor transfected BAF cell assay with slight attenuations
in potency (6—20-fold) relative to unmodified hGH [62, 63].

Genetic incorporation of a reactive moiety into hGH

A recent strategy for site specific PEGylation in hGH utilizes a novel technol-
ogy developed by Peter Schultz and co-workers in which unnatural amino
acids are genetically incorporated into proteins expressed by E. coli [64]. The
group is able to alter the cell’s translational workings by incorporating a new
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tRNA/tRNA synthetase pair specific to charge the desired non-native amino
acid onto a tRNA evolved to recognize an amber stop codon. In this manner,
unnatural amino acids with functional groups for site-selective modification
may be introduced [65]. Specifically, a keto amino acid, p-acetyl-phenylala-
nine, was incorporated into hGH as a chemical handle for the specific linkage
of PEG molecules. 20 different PEG hGH conjugates were made each with a
single 5, 20 or 30 kDa PEG attached at different locations. Of these variants,
several were identified that retained in vitro binding activity presumably due
to PEG coupling in locations distal to hGH-hGHR interactions. These conju-
gates were shown to have extended pharmacokinetics in rats. One molecule
(ARX201) generated the same weight gain for a single weekly dose as daily
hGH in the hypophysectomized rat model [66]. Phase I/II clinical trials were
initiated in 2007 on ARX201 to determine the safety, tolerability, PK/PD pro-
file following single escalation and repeated dosing (Ambrx press release,
2-12-2007). No results have been reported to date.

Reversible PEGylation

Reversible PEGylation has been investigated as a means to circumvent PEG
related inactivation through slow release of the active protein moiety in a pro-
drug manner. In one hGH study, 40 kDa PEG release and subsequent reactiva-
tion of free hGH was demonstrated in vitro with a half-life of 11 h in phos-
phate buffered saline (PBS) [67]. A second study described a novel PEG-hGH
linkage which released over a span of 3—5 days in PBS [68]. These reagents
offer the possibility of dosing a long acting hGH molecule which would ‘acti-
vate’ over period of time. However, future studies are needed to fully charac-
terize the in vivo pharmacokinetics and pharmacodynamics of hGH conjugates
with releasable PEGs.

Conclusions

Recombinant human growth hormone (hGH) is a well characterized molecule
with broad acceptance as a treatment for growth hormone deficiencies (GHD).
Patients, however, must endure daily injections due to drug’s short duration of
action. PEGylation, as one of many approaches to PK modulation of thera-
peutic proteins, has been a very important and successful means of increasing
half-life and decreasing dosing frequency. Therefore, PEGylation of hGH as a
means to develop a long lasting, more conveniently dosed therapy for GHD
was a natural progression.

PEGylation of growth hormone has spanned the evolution of PEG tech-
nologies from non-specific multi-PEG decoration to single specific attachment
to reversible couplings for delayed release. Studies have been carried out with
a wide range of PEG sizes both linear and branched in design. Early studies
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characterizing binding sites and bioactivity of hGH modified with multiple
smaller (5 kDa) PEGs provided a set of convincing preclinical data for extend-
ing the duration of action of hGH and additional work lead to the successful
development of a new therapy for acromegaly (Somavert®).

More recently, several groups have succeeded in the generation of mono-
PEGylated forms of hGH which demonstrate extended action in animal mod-
els. However, it has yet to be determined whether any of these molecules will
be successful clinically as once weekly or less frequently dosed therapies for
hGH deficiencies.
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Abstract

Conjugation of poly(ethylene glycol) to proteins is a well known technique used to prolong half-life
and reduce immunogenicity. In the case of interferon ¢, improving pharmacokinetics to reduce dos-
ing frequency was the driving force in the development of two long-acting derivatives: PEG-Intron®
by Schering-Plough and Pegasys® by Roche Pharmaceuticals. These conjugates, even though devel-
oped with a similar approach and for the same clinical use, present several differences that offer the
possibility for an interesting and unique comparison. The basic PEGylation chemistry and character-
ization of the conjugates will be described together with an analysis of the pharmacokinetic/pharma-
codynamic behaviors.

Introduction

The hepatitis C virus (HCV) is the leading cause of chronic liver diseases and
the major cause of cirrhosis and hepatocellular carcinoma [1]. It is also the
leading cause for liver transplants in both Europe and the United States [2]. It
is estimated that about 170 million people are chronically infected with HCV.
The virus is not directly cytopathic and liver lesions are mainly related to
immune-mediated mechanisms. HCV high genetic variability forms the basis
of its ability to escape the host immunoresponse, a characteristic that also com-
plicates the treatments directed to eradicate the virus. This variability is
dependent upon the RNA polymerase properties that, as for other RNA virus-
es, is highly error prone and lacks proofreading capabilities. There are eleven
major viral subtypes numbered 1-11. There are also several subtypes, la, 1b,
etc., and approximately 100 different strains of the virus [3]. Genotypes 1-3
are found worldwide. Types 1a and 1b account for ~60% of global infections.
Type la is common in North America and Northern Europe. Southern Europe,
Eastern Europe and Japan most frequently have type 1b present. Unfortunately
genotype 1 has a poor response to interferon alone. The sustained response
rates are 30% in genotype 1 and nearly 60% in genotype non-1. Genotype 2 is
found globally but less frequently than type 1. Type 3 is endemic to south-east
Asia but distribution varies.

Treatment of HCV with interferon has recently been reviewed [4-6].
Interferon alfa (INF-ot) as mono-therapy for HCV has been marketed under the
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trade names Intron® A (interferon alfa-2b, recombinant, Schering-Plough) and
Roferon® (interferon 0-2a, recombinant, Roche Pharmaceuticals).

Only about half of the patients treated with standard INF-o. 2b three times
a week for 6-12 months responded to the standard therapy. Even those who
initially responded had a 50-80% relapse rate [7]. The poor response by
patients with subtype 1 to interferon mono therapy led to the creation of con-
sensus interferon [8]. Consensus interferon was launched in 1997 and mar-
keted as Infergen (interferon alfacon-1, initially by Amgen, later by InterMune
and currently by Valeant) as a recombinant non-naturally occurring protein.
Consensus interferon (CIFN) was created by determining the most conserved
amino acids from several interferon-alfa subtypes to arrive at a ‘consensus’
sequence with four additional amino acid changes. Early clinical trials with
CIFN demonstrated equivalent efficacy to INF-o 2b [9]. Later trials demon-
strated CIFN could be used for patients previously treated with interferon
therapy who were relapsers and non-responders [10, 11]. The changes to the
protein sequence alone provided some improvements in therapeutic benefit
but IFN-o was shown to be better in reducing the viral load if given in com-
bination with ribavirin, a guanoside-like nucleoside analog with a broad spec-
trum of antiviral activity [12]. One study suggested that ribavarin acts more as
immunomodulator than as an antiviral because it has small or no effect on
serum HCV RNA levels [13], and when administered alone showed an
insignificant effect on liver histology [14, 15]. The combination therapy of rib-
avarin and interferon for 24 or 48 weeks gives overall sustained virological
response rates of 33% and 41%, respectively versus 6% and 16% with inter-
feron alone [16—18]. Even in combination with ribavirin the interferon has to
be administered three times a week like the interferon alone treatment.
Besides lacking broad activity against all types of HCV this frequent s.c.
administration schedule is the major problem of interferons. Due to the short
circulation time the three times weekly dosing created extended periods of
time in which the hepatitis C virus is not exposed to high concentrations of
drug. New information on HCV viral kinetics showed that HCV replicated
rapidly and that the antiviral effect of alfa interferon occurred within the first
day and it was dose-dependent. Furthermore, 48 h after the injection, the viral
load is increased again [19]. Therefore, the standard schedule of administra-
tion of 3 million units (MU) three times a week may not be the most appro-
priate approach.

PEGylation, the chemical link of poly(ethylene glycol), to o-interferons
was pursued to extend the half-life of these protein preventing their fast kid-
ney clearance. All three interferon drugs were PEGylated and studied.

General overviews of the chemistry of PEGylation, pharmacokinetic prop-
erties and biodistribution can be found in the introductory chapter of this book
and in other reviews [20, 21]. Although the effects of PEGylation on a given
protein vary, several conjugates are currently marketed and others are in vari-
ous phases of clinical trials. However, all of the positive effects of PEGylation
are not observed in every modified protein. This chapter is focused on the
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application of PEG to the various interferons in use or under potential devel-
opment for hepatitis C.

PEGylation of o interferons

Any PEGylation study of a protein for human use must take into account sev-
eral factors to reach a successful final outcome. In fact, the main aim of this
strategy is to prolong the in vivo half-life of the conjugated protein by slowing
its kidney clearance, preventing its eventual immunogenicity and reducing its
enzymatic degradation. Altogether, these improvements lead to improved
pharmacodynamic profiles (PD) and prolonged therapeutic effects in compar-
ison to non-modified protein. However, any coupling of a polymer to a protein,
and especially to those that act through receptors, will face a balance between
the increase of protein half-life and the reduction of native protein biological
activity. In fact, either a single PEG chain or a large number of short PEGs
(both cases yielding a high mass of coupled PEG) can ensure sufficient hydro-
dynamic volume increase to reduce the kidney clearance or shielding against
enzymatic degradation. On the other hand, this high amount of coupled poly-
mer might hamper the protein-receptor recognition thus affecting the activity.
Therefore, the coupling strategy needs to be tailored to the specific require-
ments of the investigated proteins. As reported later in this chapter for
Pegasys®, the reduction in native protein in vitro activity is well counterbal-
anced by the prolongation in half-life and steady drug concentrations in the
blood.

Several types of PEGylation reagents, also known as ‘activated PEGs’ or
‘PEGylating agents’, are commercially available, allowing investigation of dif-
ferent options for better conjugation results. The basics of PEGylation chem-
istry are discussed in the chapter by Bonora of this book.

The two marketed INF-a drugs are made with acylating reagents which dif-
fer both in PEG size and coupling chemistry. Acylating agents primarily target
lysine amino groups forming stable bonds, but depending upon the pH and
reactivity of the specific reagent, other amino acids can also be modified, such
as the amino group at the N-terminus or the imidazole ring of histidine.

PEG-Intron®

Early PEGylation of INF-o-2b was done by scientists at Enzon Inc. while the
development and commercialization as PEG-Intron® was done by Schering-
Plough Corporation. The product entered the market in the 2000.

Initial screening of conjugates was done with PEGs of 5,000 Da, but later
with the aim to reach a desired pharmacokinetic prolongation, allowing once
per week dosing, PEGs of 12,000 Da were used. The investigated PEGylating
agents were either mono-methoxypoly(ethylene glycol)-succinimidyl carbon-
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ate (mPEG-SC) or mono-methoxypoly(ethylene glycol)-2-pyridyl carbonate
reagents (mPEG-PC) [22].

Active carbonates and esters react with Ne of lysines or the N-terminal
amine on proteins forming stable urethane or amide linkages, respectively, as
shown below in Scheme 1 [23-28] but are also capable of reacting with histi-
dine and tyrosine residues [29].

Q
o] 0o
mPEG—X—OJ-l—O—N + H,N—Protein —>mPEG—X—OJ-|—NH—Protein
o]
Q
o] 0
mPEG—X—”—O—N + H,N—Protein —>mPEG—X—]-LNH—Protein
e}

Scheme 1. Coupling of active PEG carbonates or esters to protein’s amine. X is a linker between the
PEG and activated group

Typical conjugation reactions are carried out at basic pHs to achieve depro-
tonated, and therefore nucleophilic, € amino group of lysine. Zalipsky found
the optimal pH for succidimyl carbonate, SC-PEG [23] conjugation to be
around pH 9.3. This pH however, is not always suitable for many proteins,
from a stability point of view.

INF-0.-2b conjugation was investigated at several pH values ranging from
acid to basic. In general conjugation at slightly acidic pH preferably leads to
histidine conjugation (Sch. 2), which yielded conjugates with better retention
of activity than conjugates made at higher pH [30].

The selected reaction conditions, sodium phosphate buffer pH 6.5, yielded
a conjugate mixture composed of 14 positional isomers, among which the con-
jugate at histidine-34 represented approximately the 47% [31], with an overall
retention of in vitro activity in the commercial product of 28%. Structural char-
acterization of the purified conjugate mixture by MALDI-MS indicated that it

o Q His,, H3, OHis34 HS,
mPEG—OJ-LO—N + N5|;\ Ne, —_— mPEG—O—“—NSI y7 NSZ
Y ~y \(
e} He He,

Scheme 2. Conjugation of PEG-SC to the ring nitrogen of imidazole group
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was composed of mono-PEGylated isomers, with traces of diPEGylated
adducts and native interferon. Circular dichroism spectra of the conjugate mix-
ture and of native protein were nearly superimposable in the near to far UV
suggesting that there was no significant secondary or tertiary structural impact
caused by the PEGylation [32]. Although His** de-PEGylation could be accel-
erated at basic pH or with hydroxylamine, the monoPEGylated interferon con-
jugate, as a whole, was stable at pH 6.8 for 30 days at room temperature (only
4% of the conjugate dissociated). Basic pH however, accelerated the conjugate
degradation yielding 22% dissociation in 24 h at pH 8.6 [30]. Due to the insta-
bility of the PEG-His* bond upon long-term storage in solution, PEG-Intron®
is marketed as a lyophilized powder that has to be reconstituted before use.
The excess of reconstituted solution should be discarded and not stored for
future use [33].

'H-PEG is very hydrophilic and the ethylene oxide monomer can coordinate
several water molecules, making the polymer looks bigger with respect to a
globular protein of the same molecular weight when analyzed by sizing meth-
ods such as SDS PAGE or size exclusion chromatography. Interferon alfa-2b
has a molecular weight of 19,271 Da. The coupling with a 12,000 Da PEG
yields a calculated molecular weight of ~31,000 Da but it gives the appearance
of a conjugate that is almost 5 times larger than its true weight.

'H-NMR investigation, aimed to identify and characterize the major posi-
tional isomer, suggested that PEGylation occurred at the 1 position in the imi-
dazole ring of His* [34]. Interferon-02b has two additional histidines, His’
and His”’ but carboxyalkylation at these two positions was not detected. All
positional isomers were isolated and characterized in terms of in vitro biolog-
ical activity. The conjugate at the His> is the most active, maintaining 37% of
the native INF in vitro activity [31].

The higher activity of this interferon preparation during the in vitro assays
was initially thought to be related to the ability to release free and fully active
interferon by slow hydrolysis of the His-PEG bond. Argument against this cor-
relation is the fact that the level of free interferon did not increase during the
course of the assay. Furthermore, if PEG release was playing an important role
in the PEG-Intron® activity the increasing of PEG size would not have attenu-
ated the activity as much. Therefore, it can be concluded that the higher activ-
ity of the conjugate at the His** might be due to location of this amino acid in
the protein sequence, which is not involved in the receptor recognition as
demonstrated by X-ray crystallography [35].

As stated above, PEG Intron® in vitro activity is 28% of the native IFN-0.2b.
When dosed on a per-unit basis relative to Intron® A as a standard, the dose
response curves are almost identical [32]. Thus although specific activity and
therefore potency were reduced, the potential biotherapeutic potency of the
antiviral response was unchanged by the PEGylation. PEG Intron® and Intron
A were shown to be mechanistically indistinguishable [36] and were not dif-
ferent in their immunotherapeutic profiles.
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Pegasys®

Preliminary PEGylation studies with INF-a-2a were conducted using mPEG
5,000 Da conjugated to e-amine of lysines via an urea linkage [37]. The sites
of PEGylation were determined by peptide mapping on each positional isomer
purified by cation exchange HPLC. Interestingly all eleven lysines were mod-
ified but no PEGylation was found at the N-terminus of the protein. The resid-
ual activity of these isomers was in the range of 6—40% of the antiviral spe-
cific activity of the native protein. Furthermore, the isoforms also retained a
good level of the antiproliferative activity, encouraging clinical development.
However, in Phase II clinical studies the INF-a-2a-PEG 5,000 Da conjugate
failed to demonstrate sufficient superiority with respect to the native protein
(Roferon-A). Modeling studies of the pharmacodynamics and clinical trial
data suggested that to overcome the still short pharmacokinetic profile of
INF-0.-2b-PEG 5,000 Da, a higher molecular weight PEG had to be used
[38—40]. Thorough studies were conducted comparing INFo-2a conjugates
obtained with PEG varying chain length (5,000-20,000 Da) and architecture
(linear versus branched). Interestingly, the conjugate with two linear PEG
10,000 Da chains possessed a similar pharmacokinetic profile to that obtained
using a single 20,000 Da branched chain. This resulted in favoring the
branched derivative because its single point attachment simplified the analyti-
cal analyses and investigations of the monoPEGylated isomers with respect to
the diPEGylated isomers. Furthermore, the ‘umbrella-like’ structure of
branched PEG better shield the protein surface from approaching antibodies
and proteolytic enzymes. A high molecular weight branched PEG of
40,000 Da was chosen for the development of a monoPEGylated INF-o.-2b
conjugate [39, 40].

The 40,000 Da branched succinimidyl PEG (PEG,-NHS) was conjugated
using a 3: 1 PEG/protein molar ratio in 50 mM sodium borate buffer pH 9
(Sch. 3) [39].

PEGylation under these conditions led to a mixture containing 45-50%
mono-substituted protein, 5—10% poly-substituted (essentially diPEGylated
IFN) and 40-50% unmodified interferon. The purified monoPEGylated con-
jugate fraction was thoroughly characterized by a combination of high per-
formance cation exchange chromatography, peptide mapping, amino acid

(e}

mPEG. OJ\ 50mM j\
Sodium borate
mPEG._
H pHO o /\/MO
—_—
mPEG— O\n/ IFN—NH, oL NH NIFN

Scheme 3. Conjugation of branched PEG 40,000 Da to INF through the coupling of lysines e-amino
group

I=
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sequencing and mass spectroscopy analysis. The 94% of the all isoforms was
represented by conjugation at Lys®!, Lys'?!, Lys'! or Lys'**, with minor sites
of PEGylation at Lys’® and Lys®® [39]. It is worth noting that the use of a larg-
er PEG reduced the number of isoforms from eleven to four going from the
5,000 Da to the 40,000 Da PEG. Unfortunately, the bigger PEG also created
greater steric hindrance for the INF recognition by its receptor, markedly
reducing the native residual activity to the low value of 7%, as tested in vitro.
On the other hand, the in vivo activity, measured as the ability to reduce the
size of various human tumors, was higher than that of free IFN [39]. The pos-
itive result could be related to the extended blood residence time of the conju-
gated form (20 h) with respect to the native INF (1 h) measured in rats [40].
Clinical studies demonstrating improved sustained virological responses rela-
tive to native protein supported entry into the market a long lasting interferon
conjugate, Pegasys® that was marketed in 2002 [40]. The stability of amide
linkages between PEG and lysines in solutions allowed the conjugate to be dis-
pensed in liquid form [41].

Comparisons of PEG-Intron® and Pegasys®

There are no multi-center head-to head clinical trials in which the efficacies of
therapy with PEG-IFN-o0-2a and PEG-IFN-0-2b are compared directly but
only several comparative studies with different designs. Therefore the follow-
ing discussion is firstly based on data obtained and reported in clinical trials or
studies that investigated the conjugates separately. Comments on data from
comparative studies have also been included. Note that differences, such as
drug dose, duration of therapy and protocols for combination with ribavarin,
might influence some parameters but the evaluation of the best IFN therapy is
beyond the scope of this chapter.

The main aim that fuelled the INF-o. PEGylation was to achieve a high
blood residence time of the drug at a stable concentration, thus ensuring a pro-
longed HCV exposure to the drug. This goal was reached by both products
since they achieved the once a week labeling in comparison to the native INF
that is administered thrice weekly (Tab. 1).

Absorption

Both PEGylated products are administered subcutaneously creating a ‘depot’
effect because the conjugates must diffuse from the injection site to reach the
blood flow, and this process is slowed by the PEG chain. The diffusion is sig-
nificantly different between the two preparations and it reflects the different
conjugates’ molecular weights. Pegasys® being bigger than PEG-Intron®, it’s
time to achievement of maximum serum concentration (¢,,,¢) is about 80 h [42]
with a mean absorption half-life (t;/, ,,) of 50 h [43] compared to a f,,, of
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Table 1. Comparison between Pegasys® and PEG-Intron®

G. Pasut

Characteristic PEGylated-INF-0-2b PEGylated-INF-o.-2a
(PEG-Intron®) (Pegasys®)
PEG PEG-SC, linear, 12,000 Da PEG-NHS, branched, 40,000 Da

Positional isomers
(relative abundance)

His™ (47.8%), Cys' (13.2%),
Lys'! (7.3%), Lys"" and

LySBI’ Lysm, Lysm or Lysm
(altogether 94%), traces of

Lys'® (6.9%) Lys®' (5.7%), conjugates at Lys' and Lys*®
Lys* (4.5%), Lys® (3.6%),

Lys', Lys'™, His’, Tyr'?,

Serm, Lysm, traces of

diPEGylated conjugates and

native INF-o-2b

Residual antiviral activity = 28% for the mixture, 37% for His* 7% for the mixture

Injectable solution, prefilled
syringe. 180 pg/1 ml or
180 pg/0.5 ml vial

How supplied Lyophilized powder. 74, 118.4,

177.6 and 222 ng/vials

Dose 1.5 pg/kg/week 180 ng/week

tnax () 15-44 80

ti72 abs () 4.6 50

Va (@) Similar to IFN (31-73) 6-14

ty2p (h) 27.2-39.3 61-110

Sustained virological 23% (alone), 54% (+ ribavarin) [56] 36-39% (alone) [57, 58], 56%
response (+ ribavarin) [59, 60]

15—44 h of the last with a t;, 5, of 4.6 h [44] and to a t,,,, of 7.3—12 h for stan-
dard INF o [42, 45] with t;, s of 2.3 h [44].

Distribution

The PEG size is also controlling the distribution of the conjugates. In fact, the
mean apparent volume of distribution for Pegasys® is reduced to the range of
~6—14 L compared to the 31-73 L of native INF [43, 46], whereas PEG-
Intron® has a volume of distribution comparable to that of native INF [44]. The
limited distribution of Pegasys®, to mainly blood and liver [47], is the reason
why it can be administered as a standard dose (180 pg/week) rather than on a
dose-per-weight basis, as is done for PEG-Intron® (1.5 pg/kg/week).

Elimination

The half-life of standard INF ranges from 4—16 h. Therefore the protein is rap-
idly cleared from the body, and its metabolism is mainly due to proteolytic
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degradation during the reabsorption process in the proximal tubules after the fil-
tration of the protein in the glomeruli. As consequence small amounts of native
IFN are found in the urine [45]. PEGylation significantly modified the half-life
of IFN a.. In particular, PEG-Intron®, in an escalation dose study, showed mean
half-life values ranging between 27.2 and 39.3 h [44]. As expected, the
40,000 Da PEG of Pegasys® further increased the elimination half-life to the
range of 61-110 h, in young and elderly patients, respectively [48]. It must be
highlighted that an accurate half-life determination for Pegasys® might be
affected by its prolonged absorption time [48]. In contrast with native IFN-q,
intact Pegasys® is primarily metabolized by the liver, as shown in animal stud-
ies, and then the degraded products, sequence fragments of IFN attached to the
whole branched PEG or to a PEG moiety, are cleared by the kidney [47].

Therapeutic effectiveness

A study directly comparing pharmacokinetics and viral dynamics of PEG-
Intron® (1 ug/kg weekly dose, 12 patients) and Pegasys® (180 pg/wk dose, 10
patients) reported that the former has a t,,,, of 24 h after which the IFN serum
levels decreased rapidly, being undetectable at 168 h in 11 out of 12 patients.
In contrast, Pegasys® showed a f,,,, ranging between 48—168 h and the IFN
was detectable in all 10 patients at 168 h [49]. These differences were claimed
by the authors as probably responsible for the significantly lower serum HCV
RNA levels at 12 weeks (a parameter used to monitor the effectiveness of anti-
HCV therapy) in patients treated with Pegasys® with respect to those treated
with PEG-Intron®. The undetectable drug level at 168 h (1 week) in almost all
patients taking PEG-Intron® (1.0 ug/kg/week) might suggest that this prepara-
tion is not ensuring a continuous drug exposure for HCV, a fact, supported by
another study reporting the concomitant HCV RNA increase with the decline
of PEG-Intron® blood concentration [50] (note however, that the approved
dosing for PEG-Intron® is 1.5 pg/kg/week). In conclusion, both studies are
suggesting that a single week administration of PEG-Intron® might not be suf-
ficient for continuous IFN exposure, which should be reachable by twice-
weekly dosing. On the other hand, it must be noted that there are other sever-
al studies evaluating the effectiveness of PEG-Intron® and Pegasys®, taking
into consideration different HCV genotypes and analyzing the HCV infection
by many markers [49, 51-55]. Interestingly, most of these studies reported that
there are no statistically significant differences in efficacy and safety between
Pegasys® and PEG-Intron®, even though the former leads to slightly better per-
centages of early viral response and sustained viral response. Since the main
limit of these studies resides often in the number of patients enrolled, a larger-
scale multi-center trial would be needed to elucidate these observations in
greater detail. However, the gold standard of care for HCV treatment now
includes co-administration with Ribavirin® and both drugs perform well when
administered as combination therapy.
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Conclusion

Both PEGylated products demonstrated the potential of PEGylation in creating
drugs with increased therapeutic value. This not only from the point of view of
effectiveness, being the treatment with Pegasys® or PEG-Intron® was more
successful than that with native interferon in eradicating the viral infection, but
also for the patient compliance. In fact, PEGylation allowed shifting the admin-
istration schedule from the thrice weekly injection of interferons to the once
weekly for the conjugates. This goal has been reached thanks to the reduced
clearance and increased half life of Pegasys® and PEG-Intron®, which at the
same time ensured a more sustained therapeutic serum level of the protein.

It is worth noting how two quite different approaches of PEGylation, name-
ly exploiting a PEG of 12,000 Da or 40,000 Da for PEG-Intron® and Pegasys®,
respectively, finally lead to similar pharmacodynamic outcomes starting from
significantly diverse pharmacokinetic profiles (summarized in Tab. 1). These
two examples of PEG research, together with the numerous related studies,
demonstrated how flexible and useful the PEGylation technique can be.
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Abstract

Gout is a form of arthritis caused by inflammatory crystals of monosodium urate, which deposit in
joints when the plasma concentration of uric acid chronically exceeds the limit of solubility, ~7 mg/dL
(0.42 mM). The human species is predisposed to hyperuricemia and gout by mutation of the urate oxi-
dase gene during evolution. Urate oxidases from various sources have been used as a model to inves-
tigate the effects of PEGylation in animals. More than 15 years ago we initiated a project to develop
a PEGylated recombinant mammalian urate oxidase as an Orphan Drug for treating patients with
refractory gout. Clinical testing of this PEG-uricase, now called pegloticase, began in 2001.
Pegloticase was found to have a half-life in plasma of about two weeks, and when infused at 2—4 week
intervals to rapidly correct hyperuricemia. PEGylation was effective in limiting immune recognition
of the recombinant uricase protein, but antibodies to PEG develop in some patients, resulting in the
rapid clearance of pegloticase and loss of efficacy. However, in many patients with refractory gout,
treatment with pegloticase maintains plasma urate at well below saturating concentrations, leading to
elimination of tissue urate deposits and control of disease.

Introduction

Urate oxidase (uricase) and adenosine deaminase (ADA) were among the first
enzymes used as models to examine the effects of PEGylation on pharmaco-
kinetics and immune reactivity [1, 2]. An interest in diseases of purine metab-
olism led to our early, and continuing, involvement in the clinical development
of PEGylated derivatives of both of these enzymes, beginning with a trial of
PEGylated bovine ADA to treat a child with a rare, fatal immunodeficiency
disease caused by inherited deficiency of ADA [3]. Based on findings in this
and subsequent patients, PEG-ADA (Adagen®, manufactured by Enzon
Pharmaceuticals), became the first PEGylated therapeutic, and first enzyme
replacement therapy, to receive approval from the US Food and Drug
Administration; Adagen remains an important treatment for ADA deficiency.
A 1981 study in volunteer cancer patients showed that infusing a PEGylated
fungal urate oxidase could lower serum uric acid concentration, suggesting its
potential use for controlling elevated urate levels associated with gout or with
renal failure during cancer chemotherapy [4]. Shortly after starting the PEG-
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ADA trial, we obtained permission for the compassionate use of a PEGylated
bacterial urate oxidase, provided by Enzon, to treat the latter condition in a
lymphoma patient who was unable to take other uric acid lowering medica-
tions [5, 6]. In spite of these early pilot clinical studies, full-scale clinical test-
ing of a PEG-uricase did not begin until 2002. This chapter will review the bio-
chemistry of uricase and its potential clinical applications, the extensive ani-
mal testing of PEGylated uricases during the 1980s and 1990s, and the pre-
clinical and clinical development of a PEGylated recombinant mammalian uri-
case for the treatment of refractory gout.

Uricase structure, function and evolution

The biochemistry and phylogeny of urate oxidase have been of interest for
more than a century. Early studies showed that isolated uricase transforms urate
into allantoin, and that most mammals have high uricase activity in the liver
and excrete allantoin in urine, whereas humans and some primates lack uricase
and excrete uric acid [7, 8]. Molecular studies later showed that uricase gene
mutations had been acquired during evolution of the latter species [9, 10].

Based on these observations, it was believed until recently that uricase is
solely responsible for the metabolism of urate to allantoin. Elegant research
during the last decade has revealed that uricase catalyzes only the initial step
in this pathway, in which urate reacts with O, and water to form 5-hydroxy-
isourate (HIU) with release of H,O, [11]. The HIU product is unstable and
undergoes non-enzymatic hydrolysis to 2-oxo-4-hydroxy-4-carboxy-urei-
doimidazoline (OHCU), which then decarboxylates spontaneously to form
racemic allantoin [12]. While these non enzymatic steps can occur in vivo,
recent investigation has identified two enzymes, HIU hydrolase and OHCU
decarboxylase, that catalyze the much more rapid sequential conversion of
HIU to OHCU and then to (S)-allantoin [13]. Both HIU hydrolase and OHCU
decarboxylase are expressed in species that possess active uricase, but not in
several species that lack uricase.

In mammals, urate oxidase is found at highest levels in peroxisomes of liver,
where it is associated with the central ‘crystalloid core’, along with xanthine
oxidoreductase, the enzyme responsible for urate synthesis [14]. Isolated
mammalian uricases are sparingly soluble in buffers under physiologic condi-
tions [15]. Like uricase, HIU hydrolase is localized to the peroxisome (the
intracellular localization of OHCU decarboxylase is uncertain) [13]. Purified
uricases from several plant, microbial, and animal sources are homotetramer-
ic with subunit molecular weight of about 30—35,000. Crystallographic analy-
sis of recombinant Aspergillus flavus urate oxidase shows a globular structure
traversed by a central tunnel (‘T-fold’), with four active sites located at the sub-
unit interfaces; that enzyme, and other purified urate oxidases, contain no
metal or other cofactors [16].
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Uricase therapy for management of hyperuricemia

The concentration of urate in plasma and extracellular fluid is significantly
higher in humans than in species that express uricase. In a portion of the
human population, plasma urate can exceed the limit of solubility (~7 mg/dL
or 0.42 mM). This condition, hyperuricemia, results over time in the deposi-
tion of crystalline monosodium urate (MSU) in tissues. Chronically hyper-
uricemic individuals are at risk for developing gout, a relatively common dis-
order in which MSU crystals can trigger a very painful, and potentially
destructive inflammatory arthritis [17, 18]. Patients with longstanding gout
may also develop uric acid kidney stones, as well as tophi — nodular deposits
of MSU crystals surrounded by inflammatory cells — within bone, joints, and
other soft tissues, which can in various ways result in local damage and loss of
function. In patients with leukemia and lymphoma, rapid turnover of malig-
nant cells can lead to a marked increase in renal uric acid excretion, particu-
larly during chemotherapy. This can result in bilateral obstruction of kidney
tubules, causing acute renal failure (tumor lysis syndrome) [19].

A primary goal of treatment for both gout and uric acid nephropathy is to
reduce the concentration of urate in plasma to below the limit of solubility; a
widely accepted target is a plasma urate of <6 mg/dL (0.36 mM). When hype-
ruricemia is mild, this may be achieved by weight reduction or change in diet,
but it often requires treatment with drugs that either promote renal urate excre-
tion (probenecid, sulfinpyrazone), or that block uric acid synthesis by inhibit-
ing xanithine oxidoreductase. Allopurinol, currently the only FDA-approved
xanthine oxidase inhibitor, is the most widely used uric acid lowering agent (it
may soon be joined by febuxostat, a non-purine xanthine oxidase inhibitor).
These ‘conventional’ drugs are usually well tolerated, and at adequate doses
are effective in controlling hyperuricemia in the majority of patients. However,
allopurinol may cause serious hypersensitivity, and for various reasons, it is
relatively ineffective in a subset of patients with gout. If hyperuricemia is not
well controlled and urate levels remain elevated, gout can progress to a chron-
ic stage that can be very difficult to manage [20].

There has long been interest in parenteral uricase as an alternative therapy
for controlling hyperuricemia. Purified uricase from the fungus Aspergillus
neoformans (Uricozyme) has been used for more than 40 years in Europe, pri-
marily for preventing acute uric acid nephropathy during chemotherapy for
hematologic malignancies. A recombinant preparation of this enzyme (ras-
buricase, Elitek) is now used, and has been approved for this indication in the
US [21]. Because of a relatively short circulating life (about 18 h), this unmod-
ified uricase is infused daily or every other day. Because of its potential
immunogenicity, it has only been approved for a single treatment course of
1-2 weeks duration in patients undergoing chemotherapy. Rasburicase has
been used to treat several patients with gout, but its safety and efficacy for this
indication is uncertain [22, 23]. PEGylation has been explored as a means of
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prolonging circulating life and reducing immunogenicity of purified uricase to
permit more extensive and chronic clinical use.

Investigation of PEG-uricase in animals

Chen et al were among the first to examine the effects of PEGylation on the
physicochemical and pharmacologic properties of uricase [24]. Uricases from
hog liver and Candida utilits were coupled with monomethoxyPEG (mPEG) of
average molecular weight 5,000 (5 kDa mPEG), using cyanuric chloride acti-
vation. Modification of about 60% of reactive amino groups significantly
increased enzyme solubility, but eliminated about 75% of catalytic activity and
had minor effects on pH and temperature optima, and on Km for uric acid.
PEGylation resulted in a large change in antigenicity, immunogenicity, and cir-
culating life: the 60%-modified enzymes did not react with antibodies raised in
mice against the native uricases, and did not elicit precipitating anti-uricase
antibodies in mice or rabbits. After repeated intravenous dosing of mice with
the 60%-PEGylated uricases, blood circulating life was well maintained, in
contrast with markedly enhanced clearance of both native and less extensively
(37-47%) PEGylated enzymes after a few injections. The same laboratory
reported [25] that both 35% and 70% PEGylated uricase reduced the IgE anti-
body response elicited by a subsequent exposure to the native uricase. The 35%
modified uricase was more ‘toleragenic’ than the 70% modified enzyme. A
tolerizing effect of PEGylated allergens had previously been reported [26, 27].

Tsuji et al. [28] found that modifying 45% of Candida uricase amino groups
with cyanuric chloride activated mPEGs of 5, 7.5, and 10 kDa eliminated
91-94% of catalytic activity, and as little as 4-9% modification with 10 kDa
mPEG eliminated >70% of activity. The antibody response in rabbits and
guinea pigs immunized with these preparations in the presence of Freund’s
adjuvant diminished with increasing degree of modification. IgG antibody
from the immunized animals reacted with the PEGylated, but not with the
native uricases. Thus, PEGylation appeared to mask epitopes present in native
uricase, but generated novel eptiopes not present in the native enzyme. The
ability of antisera induced by PEGylated uricase to bind PEGylated superox-
ide dismutase (PEG-SOD) suggested that the novel epitopes were partially due
to the structure of the coupling agent and the PEG-protein juncture, or to the
PEG itself [28].

Caliceti et al. [29, 30] modified Candida uricase with succinimidyl ester-
activated linear (5 kDa) or branched (10 kDa) PEGs (other polymers used have
not yet been employed clinically and will be not discussed). PEGylation was
performed in the presence of urate to protect the active site and limit the loss
of catalytic activity, which nevertheless ranged from 20—80% of the activity of
the native enzyme. For pharmacokinetic analysis, the enzymes were labeled
with [*H]-proprionate. PEGylation greatly extended circulating life and dimin-
ished uptake of labeled enzyme by tissues [29]. Uptake by the liver and spleen
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was greater with enzyme modified with branched than linear PEG, but both
conjugates were retained only transiently in tissues, apparently after phagocy-
tosis by resident reticuloendothelial cells, and were ultimately eliminated by
the kidney. In other studies, Caliceti et al. [30] found that antibodies raised
against native Candida uricase showed minimal binding of uricase conjugated
with either linear or branched PEG. Both PEG conjugates were less immuno-
genic than the native enzyme after repeated intraperitoneal administration to
mice in the presence of Freund’s adjuvant. Uricase conjugated with the
branched PEG was less immunogenic than enzyme conjugated with linear
PEG, and it induced lower levels of IgM and IgG antibodies to PEG. The effect
of anti-polymer antibody on pharmacokinetics of PEGylated Candida uricase
was not reported [30].

The laboratory species used in the studies described above possessed
endogenous uricase, and the PEGylated enzymes administered to them had
lost significant catalytic activity during modification. However, one study was
conducted in leghorn chickens, a species that lacks uricase and has uric acid
levels similar to humans [31]. Infusion of a large amount (10-20 U) of native
or 61% PEGylated Candida uricase rapidly lowered plasma uric acid to unde-
tectable levels, although levels returned to the half normal range within 48 h.
With repeated dosing, an antibody response to the native enzyme resulted in
rapid clearance and loss of its effect on plasma urate, whereas the PEGylated
enzyme remained effective after five infusions.

A PEGylated mammalian uricase (pegloticase) for treatment of
refractory gout: Pre-clinical development

More than five years after reporting our experience with a PEGylated bacteri-
al uricase [5, 6], neither this or any other PEGylated uricase had become avail-
able for further clinical investigation. By then, the safety and efficacy of PEG-
ADA were evident, and we were optimistic that a PEG-uricase might benefit
patients with severe gout whose other therapeutic options were limited. So in
1993 we applied for, and were awarded, a technology transfer (STTR) grant
from the US National Institute of Health to develop a PEGylated recombinant
mammalian uricase as an Orphan Drug for the treatment of patients with
refractory gout.

We initially compared the expression in E. coli of recombinant pig and
baboon uricase (based on gene exon sequences, both mammalian enzymes
were much more closely related than were microbial uricases to ancestral
human uricase). We proceeded with the significantly more active porcine uri-
case, but replaced an Arg codon in the porcine cDNA with a Lys codon found
at the same position in baboon uricase, a strategy for enhancing the ability of
PEGylation to mask epitopes and reduce immunogenicity [32]. After purifica-
tion, the Lys-mutated porcine uricase had the same specific activity as wild
type native porcine uricase; PEGylation significantly increased its solubility
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with minimal loss of activity. Optimized conditions for PEGylating the recom-
binant uricase were then developed at Mountainview Pharmaceuticals, which
had joined the project when the STTR grant was renewed in 1996 (reviewed
elsewhere [33]). For testing the efficacy and immunogenicity of the resulting
PEG-uricase, we used uricase knockout mice, which lacked endogenous uric-
ase protein and developed an often fatal uric acid nephropathy [34]. We found
that weekly intraperitoneal injections of PEG-uricase normalized urate levels
in plasma and urine, and prevented nephropathy, in these mice [35]. PEG-uri-
case was well tolerated, and induced neither anti-uricase antibodies nor rapid
enzyme clearance, whereas the unmodified recombinant uricase was both inef-
fective and highly immunogenic.

In 1998, Duke University and Mountainview Pharmaceuticals jointly
licensed this PEGylated recombinant mammalian (porcine) uricase to Savient
Pharmaceuticals for manufacture and clinical development. The material pro-
duced by Savient for toxicology studies and human clinical trials, which has
received the generic name ‘pegloticase’, contains ~9 strands of 10 kDa mPEG
per subunit (total mass ~500 kDa). The specific uricase activity of pegloticase
is ~18 U/mg protein when assayed at 37 °C in our laboratory by a validated
radiochemical-HPLC method [6].

Clinical investigation of pegloticase

In 2001, Puricase (pegloticase) received Orphan Drug status from the FDA
Office of Orphan Products Development for the treatment of patients with
refractory gout. This category includes hyperuricemic patients with sympto-
matic gout for whom currently available uric acid-lowering therapy is not tol-
erated or is contraindicated, or has been ineffective (‘treatment failure gout’ is
another term applied to this patient population). Chronic refractory gout is a
painful, disabling condition. Most of these patients have visible, often bulky
tophi that can interfere significantly with normal activities and function. Co-
morbidities associated with gout, such as hypertension, hyperlipidemia, car-
diovascular disease, diabetes, and renal insufficiency often further complicate
their medical management [20].

Pharmcokinetics, pharmacodynamics and immunoreactivity in Phase 1
testing

Savient Pharmaceuticals sponsored two open-label, single escalating dose
Phase I trials of pegloticase in hyperuricemic patients with refractory gout [36,
37]. The 37 participants had mean baseline pUA > 11 mg/dL, and more than
75% had tophi.

In the first trial [36] groups of four subjects received single subcutaneous
(SC) injections of 4, 8, or 12 mg pegloticase; one subject received 24 mg.
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Absorption of pegloticase was variable and generally slow. Maximum pUox
occurred at about day 7 post-injection, coinciding with an average decline in
pUA of almost 8 mg/dL from baseline; pUA normalized in 11/13 subjects
(mean, 2.8 mg/dL). At doses 28 mg, mean pUA remained <6 mg/dL at 21 days
post-injection. In eight subjects pUox was still measurable at 21 days post-
injection, but in five others pUox was undetectable beyond 10 days. Rapid
clearing of pUox coincided with appearance of IgM and then IgG antibodies
to pegloticase, which reacted with the PEG rather than the protein moiety.
Three subjects, all with anti-PEG antibody, had allergic skin reactions at 8—10
days after dosing, which resolved within a few days, in one case after treat-
ment with corticosteroids.

The second Phase I trial [37] examined single intravenous (IV) infusions of
0.5, 1, 2, 4, 8, or 12 mg of pegloticase. Maximum pUox was proportional to
dose, and AUC was linear up to a dose of 8 mg. The half-life of pUox was
6.4—13.8 days (much longer than that of rasburicase). After doses of 4—12 mg,
mean pUA fell to 1.0 = 0.5 mg/dL within 24—72 h, and the AUC for pUA was
equivalent to maintaining pUA at a constant level of 1.2—4.7 mg/dL for the
entire 21-day post-infusion observation period. The ratio of uric acid to crea-
tinine (UA/Cr) in urine declined in parallel with pUA. IgG antibodies to
pegloticase, mostly of the IgG2 subclass and specific for PEG, developed in
nine of 24 subjects, but there were no allergic reactions.

Together these Phase I trials demonstrated that bioavailability, efficacy, and
tolerability were superior with IV compared with SC pegloticase; and that sin-
gle infusions of 4—12 mg of pegloticase could rapidly normalize pUA and
greatly lower urinary uric acid for up to three weeks in markedly hyper-
uricemic gout patients who had failed prior uric acid lowering therapy.

Phase Il and Phase 111 testing of intravenous pegloticase

A Phase II open-label trial evaluated the ability of repeated IV infusions of
pegloticase to achieve and maintain a pUA of <6 mg/dL in 41 subjects with
treatment failure gout (mean serum UA, 10.3 mg/dL; mean duration of gout,
14 years; 71% with tophi) [38]. Subjects were randomized to receive every
two-week infusions of 4 mg or 8 mg pegloticase, or every four-week infusions
of 8 mg or 12 mg, over 12—14 weeks. Within 6 h of the first dose, pUA fell
to <6 mg/dL in all dose groups. A mean pUA of <6 mg/dL was maintained
during the entire study period (through 28 days after the last dose of pegloti-
case) in the 8 mg and 12 mg dose groups, with 8§ mg every two weeks being
most effective (mean pUA, 1.42 = 2.06 mg/dL). The mean plasma half-life of
pegloticase was 289 h (12.0 days) after the first infusion and 268 h (11.1
days) after the last infusion. Gout flares occurred in 88% of subjects (flares
are expected in patients with poorly controlled gout, and they are also a
known consequence of initiating urate-lowering therapy). Most adverse
events were mild or moderate in severity and were unrelated to treatment.
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There were no anaphylactic reactions, but infusion day events, including mus-
cle spasm, shortness of breath, and allergic reactions, accounted for 12/15
withdrawals from the study. Antibodies to pegloticase were detected in about
34 of subjects, and were associated with reduced enzyme circulating life in
some cases.

Two identical randomized, double-blind, placebo-controlled Phase III trials
of pegloticase (GOUT1 and GOUT?2) were completed in the fall of 2007. A
total of 212 subjects with treatment failure gout received placebo (N = 43) or
8 mg of pegloticase, which was infused either every two weeks (N = 85) or
every four weeks (N = 84) for six months. Data are still being evaluated, but
abstracts reporting the following findings have been submitted: 1)
Approximately 40% of pegloticase-treated subjects (combining the two- and
four-week infusion groups), but none of the placebo subjects, achieved the pri-
mary trial goal, a reduction of pUA to <6 mg/dL in 80% of measurements
made during both months three and six [39]. 2) At baseline, 73% of subjects
had tophi. By six months, a significant reduction in tophus size had occurred
in 40% of subjects treated with pegloticase every two weeks, with 20% show-
ing complete resolution of at least one tophus by 13 weeks of treatment [40].
3) Compared with placebo, pegloticase treatment was associated with a sig-
nificant reduction in the number of tender joints, improvement in health-relat-
ed quality of life measurements, and decreased disability [39, 41]. 4) Anti-PEG
antibodies correlated strongly with the failure to meet the pUA reduction goal,
and with infusion reactions [42]. Gout flares and infusion reactions were the
most frequent reason for withdrawal from the study. About 24% of subjects
treated with pegloticase, versus 12% for placebo, experienced serious adverse
events.

In summary, clinical testing in patients with treatment failure gout has
shown that infusions of 8 mg of pegloticase at 2—4 week intervals can rapid-
ly correct hyperuricemia and maintain low levels of plasma and urinary uric
acid, conditions that favor resolution of tophi and uric acid kidney stones.
These benefits were achieved in some cases within 3—6 months, but longer
treatment may be required in the most severely affected patients. Although
PEGylation was effective in limiting immune recognition of the recombinant
uricase protein, the induction of antibodies to PEG has led to rapid clearance
of pegloticase and loss of efficacy in a proportion of treated patients.
Understanding the basis for this anti-polymer response will be important for
predicting susceptibility, and for developing strategies to suppress or prevent
their development.

An open-label extension allowing Phase III trial participants to receive an
additional 18 months of pegloticase therapy is currently in progress. This trial
may provide a better picture of the ability of pegloticase therapy to modify the
course of refractory/treatment failure gout, and of its long-term safety and tol-
erability. We are also conducting an open-label Phase II trial of pegloticase,
sponsored by a grant from the FDA Office of Orphan Product Development,
in which organ transplant recipients with refractory gout may participate (they
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were excluded from the other clinical trials). Results of this ongoing study may
indicate whether immunosuppressive therapy, taken by these patients to pre-
vent transplant rejection, can reduce the frequency of anti-PEG antibodies.
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Abstract

Tumour necrosis factor (TNF)a is a proinflammatory cytokine involved in systemic inflammation that
mediates chronic inflammatory diseases such as rheumatoid arthritis (RA), Crohn’s disease (CD) and
psoriasis. Recognition of TNFa as a primary mediator of inflammatory disease has driven the devel-
opment of monoclonal antibodies (mAbs) against TNFo. as potential novel therapies for these disor-
ders. Certolizumab pegol is a novel, polyethylene glycol (PEG)-conjugated, humanised, antigen-bind-
ing fragment (Fab') of an anti-TNFoa mAb that does not mediate apoptosis or neutrophil degranula-
tion. Preclinical studies have shown excellent bioavailability, with preferential distribution and reten-
tion in inflamed tissue, which could be due to the low diffusion rate of PEGylated molecules and/or
the lack of an Fc, which prevents FcRn-mediated transport. Pharmacokinetics are linear and pre-
dictable. Certolizumab pegol is a potentially valuable new treatment option for several inflammatory
diseases. It has shown promising efficacy and tolerability results in Phase II and III trials for RA, CD
and psoriasis.

History of anti-tumour necrosis factor agents in autoimmune
inflammatory disease states

Tumour necrosis factor o, its structure and function and biological roles

Tumour necrosis factor (TNF)a is a proinflammatory cytokine involved in sys-
temic inflammation that is known to be a mediator of chronic inflammatory
diseases such as Crohn’s disease (CD), rheumatoid arthritis (RA) and psoria-
sis [1]. The existence of lymphotoxin (LT), a cytotoxic factor produced by
lymphocytes, was first described at the University of California in 1968 [2].
TNF itself was subsequently isolated by researchers at the Memorial Sloan-
Kettering Cancer Center in New York from macrophages in 1975 [3].
Recognition of the sequential and functional homology of TNF and LT led
to the renaming of these two compounds as TNFo and TNFp, respectively.
TNFo was then recognised as having a key role in cachexia and as a principal
mediator of septic shock in patients with infection [4, 5]. This molecule was
ultimately found to be the prototype for the large family of TNF cytokines
whose members are involved in the control of cell differentiation, proliferation
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and apoptosis, most notably in the immune and haematopoietic systems.
Human TNFa« is a nonglycosyated protein consisting of 157 amino acids that
exists in both soluble and membrane-bound forms and is secreted by a variety
of cell types, including macrophages, monocytes, neutrophils and T cells [6].
TNFo binds to two receptors, the 55 kDa TNFR1 (CD120a or p55, widely
expressed on virtually all nucleated cell types) and the 75 kDa TNFR2
(CD120b or p75, expressed mainly by activated white blood cells and endothe-
lial cells) [7]. The extracellular domains of TNFR1 and TNFR2 bind to the
cleft between the subunits of the TNFo. molecule, which initiates signalling
[8]. The presence of two receptors allows for a wide diversity of signalling
functions. Activation of TNFR1 can have a number of outcomes, depending on
the availability of accessory proteins in differing cell types: the cytoplasmic
domain of TNFR1 includes a death domain motif that initiates apoptosis after
activation of caspases 3 and 8 (Fig. 1). Alternatively, TNF receptor—associat-
ed factor 2 (TRAF2) can recruit cellular inhibitors of apoptosis and activate
pathways leading to nuclear translocation of antiapoptotic transcription factors
such as nuclear factor-kB (NF-xB) and activator protein-1 (AP-1) (Fig. 1).
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Figure 1. Simplified signaling pathways of TNF . Dashed lines represent multiple steps. AP-1, acti-
vator protein-1; ASK1, apoptosis signal-regulating kinase 1; FADD, Fas-associated death domain;
IKK, I kB kinase; JNK, c-Jun N-terminal kinase; MEK, mitogen-activated protein kinase kinase;
MEKKI1, MEK kinase 1; MKK, mitogen-activated protein kinase kinase 7; NF, nuclear factor-xB; RIP,
receptor-interacting protein; TNFR, TNF receptor; TRADD, TNF receptor-associated death domain;
TRAF2, TNF receptor-associated factor 2. Bid is a pro-apoptotic member of the Bcl-2 family.
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These regulate the expression of genes blocking apoptosis, increasing cell
proliferation and increasing expression of proinflammatory proteins [9].
Indeed, the NF-xB pathway alone activates more than 200 proinflammatory
genes [10]. TNFR2 has specific signalling functions in T cells [11]. Although
this receptor lacks the death domain found on TNFRI, it can mediate apopto-
sis via another, currently unknown, pathway [12]. TNFR2 can also activate
NF-kB and AP-1.

TNF ¢ in the pathogenesis of CD, RA and psoriasis

Normally, expression of TNFo and other proinflammatory cytokines is held in
balance by anti-inflammatory factors, but this balance is shifted in inflammato-
ry disease. Uncontrolled or excessive activity of TNFa leads among other
effects to the chronic inflammation that characterises diseases such as CD, RA
and psoriasis [13]. Through the pathways summarised above, TNFo. upregu-
lates adhesion molecules in endothelial tissue, stimulates fibroblast prolifera-
tion and recruits leukocytes into synovial fluid [14]. TNFo. stimulates produc-
tion of other cytokines and chemokines, reactive oxygen species, nitric oxide
and prostaglandins, and increases rates of protease-mediated tissue remodelling
[15, 16]. It promotes angiogenesis and osteoclast differentiation and activates
bone-resorbing osteoclasts, which leads to joint erosion, particularly at margin-
al surfaces [17, 18]. TNFo also directly mediates pain, fever and cachexia.

CD

CD is mediated by T cells and is characterised by relapsing inflammation of
the gut with extraintestinal manifestations typically involving the skin, eyes
and joints. The causative factors remain unknown, although bacteria appear to
play a major role in the inflammatory process [19]. The significance of the dis-
ease in terms of healthcare resource consumption is underlined by a prevalence
of around 0.1% across the developed world [20] and the presence of compli-
cations such as perianal fistulae (which may require surgery) in as many as
43% of patients [21].

An imbalance in cytokine expression is central to the pathogenesis of CD.
Inflammation of the gut is marked by mucosal infiltration by neutrophils and
macrophages (Fig. 2), which in turn activates T cells [22]. T-helper (Th) type
1 cells subsequently stimulate the production of proinflammatory cytokines,
which amplify the immune response and promote tissue destruction [23].
Indeed, the immunopathogenesis of CD involves interactions between a num-
ber of cytokines which include not only TNFo but also a number of inter-
leukins (ILs) (Fig. 2), as shown by studies in lamina propria mononuclear cells
isolated from colonic biopsies from patients with untreated inflammatory
bowel disease [23]. These cells were noted to produce IL-1f and IL-6 as well
as TNFo.. In addition, lamina propria T cells have been reported to resist apop-
tosis in patients with inflammatory bowel disease [24, 25].
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Figure 2. Extracellular molecular mediators of CD. IL, interleukin; Th1, T-helper cell type 1; TGFp,
transforming growth factor B; TNFo, tumour necrosis factor o.

This resistance is one of the best described disturbances to the immune sys-
tem described in patients with this type of disorder; the beneficial effect of sul-
fasalazine in patients with CD appears to be at least partially attributable to the
drug’s proapoptotic effects in lamina propria T cells [26].

RA
As with CD, the precise aetiology of RA is unknown. However, it has become
clear that the key drivers of inflammation in this disorder include most notably
TNFa, in addition to IL-1 and IL-6 (Fig. 3) [14]. As in CD, Thl cells stimulate
the production of a variety of proinflammatory cytokines and destructive pro-
teinases. This is seen after the activation of Th1 cells by antigen-presenting cells
(APCs) and costimulatory pathways, and their infiltration of the synovium [14].
Cartilage explants treated with recombinant human TNFo. show signs of tis-
sue destruction, as demonstrated by enhanced resorption and inhibition of pro-
teoglycan synthesis in experiments carried out in the 1980s [27]. Further
experiments showed clinical and histologic changes indicative of RA in genet-
ically engineered mice constitutively expressing TNFa [28]. Confirmation of
these effects has come from results from three laboratories that show reduction
of disease activity by anti-TNF antibodies as indicated by a standard collagen-
induced arthritis model [29-31].

Psoriasis
Psoriasis, a chronic inflammatory disease of uncertain origin that affects
approximately 2% of the population [32], can cause debilitating arthropathy in
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Figure 3. Extracellular molecular mediators of RA. IL, interleukin; MMP, matrix metalloproteinase;
Thl, T-helper cell type 1; TNFa., tumour necrosis factor o.

as many as 30% of patients [33], and is characterised by the growth of scaly
erythematous plaques. Similarly to CD and RA, psoriasis and psoriatic arthri-
tis are mediated by T cells, which are found in abundance together with
increased vascularity in skin plaques and inflamed synovial tissue. The inflam-
matory cascade is believed to be triggered by activation of CD4+ T cells,
which generate in turn a number of proinflammatory cytokines that include
TNFo. These cytokines activate CD8+ T cells, the main effectors in this dis-
order [34]. The centrality of the role of TNFo has been demonstrated by high
concentrations of this factor in psoriatic skin lesions and the synovium of
affected joints, and by its apparent importance in the perpetuation of inflam-
mation in addition to the stimulation of angiogenesis and proliferation of ker-
atinocytes [35].

Definitive work showing the key role played by TNFa. in the pathogenesis
of psoriasis has been carried out using a model in which human pre-psoriatic
skin was grafted on to immunodeficient mice [36]. Approximately 6—8 weeks
after engraftment, clinical and histologic features of psoriasis appeared, with
increased expression of Ki-67 protein, major histocompatibility complex
(MHC) Class II antigen, TNFa, IL-12, keratin 16, intracellular adhesion mol-
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ecule ICAM)-1 and platelet/endothelial cell adhesion molecule (PECAM)-1,
which are all associated with inflammation. Neutralisation of TNFo signifi-
cantly reduced indices of papillomatosis and acanthosis, and was linked to
reduced numbers of T cells in grafts. This implies that the development of pso-
riasis and associated proliferation of T cells depends on the expression of
TNFa.

The development of anti-TNFa agents

The monoclonal antibodies: infliximab (Remicade®) and adalimumab
(Humira®)

Evolving understanding of the role of TNFa as the primary mediator of the
inflammatory diseases, together with advances in recombinant gene technolo-
gy, has driven the development of monoclonal antibodies (mAbs) against
TNFa as potential novel therapies for CD, RA and psoriasis. The first steps in
mAb therapy were taken in the mid-1980s with the development of a murine
mADb (muromonab-CD3) that recognised the CD3 antigen found on human
T cells, and this proved useful in the management of renal transplant rejection.
This compound was suitable for short-term use only, however, because of the
development of an immune response in most patients [37, 38], and further
research was needed to reduce the immunogenicity of these antibodies [39].
Further progress in this field resulted in the introduction of two mAbs against
TNFo for use in patients with immunologic inflammatory disease; these are the
chimeric mAb infliximab, and, more recently, the human mAb adalimumab.

Pharmacology

In the chimeric mAb infliximab (Tab. 1), the first anti-TNFo agent to be intro-
duced for the management of CD, RA and psoriasis, the human regions con-
sist of immunoglobulin Glx (IgGlx) constant regions, while the variable
regions are murine. As reviewed by Wong et al. [40], infliximab binds to both
soluble and membrane-bound TNFo with high affinity and specificity, but
does not bind to TNF. Its binding to transmembrane TNFo. can mediate apop-
tosis, and its specificity limits potential for unwanted effects on other biologi-
cal pathways. However, the presence of the murine variable region can lead to
the production of human anti-chimeric antibodies, which may limit the thera-
peutic applications of infliximab [41].

Administration is by intravenous infusion, typically at a dose of 3—5 mg/kg
every eight weeks, increasing dosing to 10 mg/kg or increasing the dosing
interval frequency to every 4—5 weeks, if efficacy weakens [42].

Adalimumab is a humanized IgG1 anti-TNFo mAb generated by antibody
guided selection using phage display technology. Similarly to infliximab, it
binds soluble and transmembrane TNFo with high affinity, but unlike inflix-
imab is not chimeric and has entirely human amino acid sequences.
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Table 1. Comparative characteristics and pharmacology of anti-TNFa agents [96, 42, 97]

Characteristics
and parameters

Agent

Infliximab

Adalumimab

Certolizumab pegol

Structure Chimeric mouse-human Recombinant human PEGylated human-
IgG1 mAb IgG1 mAb ized anti-Fab'

fragment of an anti-
TNFo mAb
No Fc region

Conjugate None None PEG2": 2 x 20 kDa
chains

Route of Intravenous Subcutaneous Subcutaneous

administration

Dose 3-5 mg/kg at weeks 40 mg every second week 400 mg every 2

0, 2 and 6, then 8-weekly.

Can be increased to

(or weekly if necessary)
(RA). An induction of up

weeks for first 4
weeks, then

10 mg/kg or frequency to 160 mg followed by every 4 weeks
increased 80 mg 2 weeks later is
required for CD. An
80-mg initial dose followed
by 40 mg 1 week later is
required for psoriasis
Half-life (days)  7.7-9.5 10-20 14
Major bio- CRP, inflammatory CRP, inflammatory cyto- CRP
markers cytokines, anti-CCP, RF, kines, anti-CCP, RF, MMPs
affected MMPs, bone and carti-

lage markers, regulatory
T cells

CCP, cyclic citrullinated peptide; CD, Crohn’s disease; CRP, C-reactive protein; Ig, immunoglobulin;
mAb, monoclonal antibodies; MMPs, matrix metalloproteinases; PEG, polyethylene glycol; RA,
rheumatoid arthritis; RF, rheumatoid factor; TNF, tumour necrosis factor.

“PEG?2 is linked to the Fab cysteine thiol group.

Nevertheless, immune responses to adalimumab in patients are observed, and
have been found to weaken the clinical response to treatment [43, 44]. The for-
mation of antibodies to infliximab and adalimumab can be attenuated by the
use of immunosuppressants such as methotrexate (MTX) or azathio-
prine/6-MP. In contrast to infliximab, adalimumab is given subcutaneously at
a dose of 40 mg every two weeks, although this can be escalated to 40 mg once
a week if necessary (Tab. 1).

Clinical development

The efficacy of infliximab in CD has been documented in randomised and con-
trolled clinical studies. An early trial in 108 patients with moderate to severe
disease showed an 81% response to a single dose of 5 mg/kg; this was com-
pared with a 17% response rate in patients receiving placebo. Clinical remis-
sion was achieved by half of all patients on active treatment [45]. In the later
ACCENT I study in 573 patients with a score of at least 220 on the Crohn’s
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Disease Activity Index (CDAI), 58% of patients responded to a single infusion
of infliximab within two weeks [46]. Patients who responded to an initial dose
of infliximab were found to be more likely to be in remission after 30 and 54
weeks, to discontinue corticosteroids and to maintain their response for longer
periods, if active therapy was maintained every eight weeks.

Infliximab has also been shown to be effective for the management of fis-
tulising disease, and for long-term therapy in patients with active CD not
responding to conventional treatments [47, 48]. Approval for infliximab main-
tenance therapy in patients with fistulising CD was based on the results of the
ACCENT II study in 306 patients [49]. The time to loss of response was sig-
nificantly longer for patients who received infliximab maintenance therapy
than for those who took placebo (>40 weeks versus 14 weeks; P < 0.001). At
week 54, 19% of patients in the placebo group and 36% of those taking inflix-
imab had complete absence of draining fistulae (P = 0.009).

Infliximab is approved for the treatment of active RA in patients failing dis-
ease-modifying therapy, and for severe progressive RA in previously untreat-
ed patients. In the ATTRACT trial in 428 patients taking MTX, patients given
infliximab showed significant improvements in all indices of response [50].
Median changes from baseline to week 102 in the total radiographic score
were 4.25 for MTX plus placebo and 0.50 for MTX plus infliximab. Quality
of life was improved for up to two years in the MTX plus infliximab group.
Benefit of early aggressive therapy for RA with infliximab was shown in the
ASPIRE trial in patients not previously treated with MTX [51]. In this trial in
1049 randomised patients, infliximab plus MTX virtually halted radiographic
progression of disease, with improvement noted in all American College of
Rheumatology (ACR) indices.

Infliximab was approved for the management of psoriasis on the basis of two
randomised and controlled trials. In the SPIRIT study in 249 patients with severe
plaque psoriasis, 88% of patients treated with infliximab 5 mg/kg and 72% of
those receiving 3 mg/kg achieved a 75% or greater improvement from baseline
at week 10 in Psoriasis Area and Severity Index (PASI) score, compared with
6% of patients receiving placebo [52]. These changes were accompanied by
improvements in health-related quality of life. In the subsequent EXPRESS
study in 378 patients with moderate to severe disease [53], 80% of patients treat-
ed with infliximab achieved an improvement from baseline of at least 75% in
PASI score, compared with 3% of placebo patients. High percentages of patients
who received infliximab maintained their PASI responses for one year.

Adalimumab has been shown to be effective in the induction and mainte-
nance of clinical efficacy in CD in the CLASSIC [54, 55], CHARM [56] and
GAIN [57] double-blind, placebo-controlled trials. In CLASSIC I [54], 299
patients with moderate to severe CD received at weeks 0 and 2 subcutaneous
injections of adalimumab 40 mg/20 mg, 80 mg/40 mg or 160/80 mg or place-
bo. Rates of remission at week 4 ranged from 18-36% in the adalimumab
groups, compared with 12% in the placebo group. Maintenance of clinical
remission for up to 56 weeks with adalimumab was shown in the subsequent
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CLASSIC II trial [55]. In the CHARM trial [56], open-label induction therapy
with adalimumab 80 mg was followed by 40 mg at week 2; randomisation strat-
ified by response took place at week 4. Percentages of randomised responders
in remission were significantly (P < 0.001) greater with adalimumab 40 mg
every other week or 40 mg weekly than with placebo at week 26 (40%, 47% and
17%, respectively) and at week 56 (36%, 41% and 12%, respectively). In the
four-week, placebo-controlled GAIN trial, 325 adult patients with moderate to
severe CD who had symptoms despite infliximab therapy or who could not take
infliximab because of intolerance were randomly assigned to receive induction
doses of adalimumab, 160 mg and 80 mg, at weeks O and 2, respectively, or
placebo at the same time points. 21% of patients in the adalimumab group ver-
sus 7% of those in the placebo group achieved remission at week 4 [57].

Adalimumab has been assessed in more than 2000 patients with RA [42, 58,
59]. In study DEO19, 63, 39 and 21% of patients receiving adalimumab 40 mg
every other week plus MTX achieved ACR20, 50 and 70 responses respec-
tively at week 24 [59]. All response rates were statistically significantly better
than those in patients receiving placebo plus MTX (P < 0.001). Recent data
from a 52-week study in 1,212 patients have shown efficacy of adalimumab in
moderate to severe psoriasis [60]. At week 16, an improvement of at least 75%
in PASI score was seen in 71% of patients receiving adalimumab 40 mg every
other week and in 7% of placebo recipients. Continuing treatment with adali-
mumab was associated with greater proportions of patients maintaining
response for up to a year than with placebo.

Infliximab and adalimumab are both licensed to treat adults with moderate
to severely active CD, whilst infliximab, the older of the two mAbs, is also
indicated for the treatment of paediatric CD patients and in adults with mod-
erately to severely active ulcerative colitis. Both agents are also approved to
treat moderately to severely active RA, psoriatic arthritis, ankylosing spondyli-
tis as well as severe plaque psoriasis. Adalimumab is further indicted in juve-
nile idiopathic arthritis.

Certolizumab pegol (CIMZIA®): a PEGylated antigen-binding fragment of a
TNF o« monoclonal antibody

Certolizumab pegol represents a further technological advance in the develop-
ment of therapeutic mAbs by combining the science of pharmaceutical
PEGylation with recombinant gene technology.

Certolizumab pegol is a polyethylene glycol (PEG)-conjugated, humanised,
antigen-binding fragment (Fab') of an anti-TNFo. mAb that is suitable for sub-
cutaneous administration (Tab. 1). This agent has been developed to bind to
and neutralise both soluble and membrane-bound forms of TNFo, and is
formed by grafting the short hypervariable complementarity-determining
regions derived from the murine mAb HTNF40 into the framework of a human
Ig Fab' fragment.



238 A.M. Nesbitt et al.

The pharmacokinetic properties of Fab' fragments in vivo usually result in a
short half-life, but attachment of a 40 kDa PEG moiety markedly increases the
half-life of the molecule to approximately 14 days, making it suitable for
every-other-week, or monthly, dosing. Engineering of the Fab' fragment with
a single free cysteine residue in the hinge region enables site-specific attach-
ment of PEG without affecting the ability of the Fab' fragment to bind and neu-
tralize TNFo [61]. Importantly, certolizumab pegol is devoid of the Fc region,
therefore, unlike infliximab and adalimumab, there is no complement fixation
and cell lysis is not observed (Fig. 4) [62]. In addition, there is no neonatal Fc
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Figure 4. a. Molecular structure of certolizumab pegol. The PEG moiety is shown in grey. b.
Comparative schematic representations of the three anti-TNFo. monoclonal antibodies.
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receptor(FcRn)-mediated transport, which could be the reason for preferential
distribution and retention in inflamed tissue [63].

The FcRn molecule is involved in protecting Ig from catabolism and trans-
porting it around the body as well as mediating transport across the placenta to
provide immunity for the foetus. Certolizumab pegol is also distinguished
within anti-TNFo mAbs by its valency: this compound is univalent, thus
reducing the potential for large immune complex formation [64] whereas
infliximab and adalumimab are divalent.

Affinities for TNFo and neutralisation properties of the anti-TNFo mAbs
are essentially similar [62], but PEGylation does confer distinct characteris-
tics. PEG is a branched polyether of variable chain length that is heavily
hydrated, which increases the haemodynamic radius of proteins. PEGylated
proteins tend not to diffuse well and are therefore retained with high bioavail-
ability in the bloodstream [65]. The detailed structure of certolizumab pegol
has been determined by x-ray crystallography [66], and the molecule found to
be highly flexible and asymmetrical (Fig. 4). The PEG moiety is attached to
Fab' at a specific point at the Fab' C-terminus, but it does not interact directly
with the surface of the Fab', which remains unaffected by any interaction,
rearrangement or modification by the PEG moiety.

Mechanism of action

The mechanism of action of certolizumab pegol has been investigated and con-
trasted with those of infliximab and adalimumab in a series of in vitro studies
examining affinity for and neutralisation of TNFo; induction of antibody-
dependent cell-mediated cytotoxicity (ADCC), complement-dependent cyto-
toxicity (CDC), apoptosis, degranulation of neutrophils and inhibition of
lipopolysaccharide (LPS)-induced cytokine production [62]. All agents tested
neutralised soluble TNFo. and bound to and neutralised membrane-bound
TNFo. Neutralisation of membrane-bound TNFa signalling was found to be
mediated via both p55 and p75 receptors [67]. Affinity of certolizumab pegol
for TNFo is high: measurement of the relative affinities of infliximab, adali-
mumab and certolizumab pegol was carried out using surface plasmon reso-
nance. The affinity of certolizumab pegol for soluble TNFo was higher than
that of either of the other two agents (Tab. 2) [62].

Resistance of cells such as T cells to apoptosis has been proposed to play an
important role in inflammatory bowel disease [68] for example, and TNFo is
a known survival factor in certain cell types. When compared with control
human IgG1, treatment with infliximab and adalimumab caused CDC and
ADCC of a TNFa. transfected cell line with high levels of TNFo on the cell
surface. As expected, certolizumab pegol did not mediate cell killing either
directly through fixation of complement or via recruitment of effector cells;
this is attributable to its lack of an Fc region. Additional experiments illustrat-
ed that certolizumab pegol did not mediate apoptosis of activated lymphocytes
and monocytes by signalling through membrane TNFo in vitro, whereas
infliximab and adalimumab both mediated this effect [62]. Therefore, direct
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Table 2. Affinities of infliximab, adalimumab, and certolizumab pegol for soluble TNFo. [62]

Parameter Agent

Infliximab Adalumimab Certolizumab pegol
Association rate 1.01 £ 0.06 x 10° 0.724 +0.30 x 10° 1.22 £ 0.09 x 10°
constant, k, M'sh
Dissociation rate 2.30+0.34 x 10™ 1.14+0.12 x 10* 1.09 +0.13 x 10
constant, ky (s
Equilibrium constant, 227.2 157.4 89.3

KD (kd/km PM)

Data are means + SD.

induction of apoptosis via binding of anti-TNFo agents to membrane-bound
TNFo may not necessarily be required for clinical efficacy in autoimmune
inflammatory disease. The reason why certolizumab pegol does not induce
apoptosis in cells bearing membrane-bound TNF« is not clear; one hypothesis
is that this agent binds to a different epitope to the other mAbs, which may lead
to a different signalling pattern inside the cell. Indeed, it has recently been
shown that all three clinically effective anti-TNFo agents are able to induce in
vitro apoptosis in co-cultivated CD4+/CD14+ cells cultivated from lamina pro-
pria mononuclear cells derived from gut specimens of patients with CD.
However, this is believed to be due to an indirect mechanism which is not relat-
ed to signalling through membrane-bound TNFa. [69].

Neutrophils are commonly found at sites of inflammation and are able to
produce TNFo. upon stimulation [70]. Incubation with certolizumab pegol in
vitro did not result in changes to the integrity of polymorphonuclear neu-
trophilic leukocytes (PMNs), whereas degranulation and loss of cell mem-
brane integrity were markedly increased after incubation with infliximab or
adalimumab. Thus, infliximab and adalimumab induce loss of cell viability
and release of intracellular granular material into the surrounding medium,
whereas certolizumab pegol does not [62].

Preincubation of human monocytes with certolizumab pegol at concentra-
tions of 1 pug/mL and above completely inhibited production of IL-1f in
response to stimulation with LPS. Although all three agents caused complete
inhibition of this cytokine at concentrations of 1 ug/mL, certolizumab pegol
appeared to be the most potent compound in this respect, showing a slower
titration of the attenuation of IL-1B expression at concentrations below
1 pg/mL [62]. LPS stimulation of cells of the immune system represents a
powerful signalling mechanism, which suggests that the inhibition mediated
by anti-TNFo agents may be an important anti-inflammatory process.

Stoichiometry and complex formation
The univalent nature of certolizumab pegol may be at least in part responsible
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for some of the differences in mechanistic behaviour of this molecule when
compared with infliximab and adalumimab. Binding of biological agents to
TNFo can result in the formation of immune complexes, which can have
unwanted destructive effects such as the PMN degranulation and superoxide
production. Dynamic light-scattering studies have shown that, at an anti-
TNFo:TNFo molar ratio of 1:1, adalimumab and infliximab form very large
complexes of diameter exceeding 30 nm. In contrast, certolizumab pegol does
not form these large complexes (Tab. 3). Isothermal titration calorimetry data
show also that certolizumab pegol binds to 2.9 monomers in a TNFo. trimer at
saturation compared with 2.63 and 2.44 monomers in a TNFo. trimer for inflix-
imab and adalimumab, respectively [64]. Taken together, the dynamic light
scattering and isothermal titration calorimetry data show that infliximab and
adalimumab are able to cross-link TNFo trimers by binding to monomers in
different trimers (Fig. 5). Certolizumab pegol cannot cross-link in this way due
to its univalent structure. The large complexes produced by infliximab and
adalimumab were noted to have proinflammatory effects on PMNSs in vitro
(see previous), which caused these cells to degranulate and produce superox-
ide ions [64].

Table 3. Approximate molecular weights (kDa) of anti-TNFo/TNFo immune complexes at differing
molar ratios [64]

Parameter Agent

Infliximab Adalumimab Certolizumab pegol
TNFo alone 48 33 34
Antibody alone 289 286 417
Antibody:TNFa ratio 1:1 2727 2304 613
Antibody:TNFa. ratio 4:1 559 277 581

PEGylation and tissue penetration
PEGylated molecules tend to diffuse slowly from blood because of the haemo-
dynamic properties of PEG [65]. This gives rise to the possibility that such
molecules might have distribution patterns that differ from intact IgG1 in terms
of their exposure times in inflamed and non-inflamed tissues. The disposition
of certolizumab pegol, infliximab and adalumimab has therefore been investi-
gated using a biofluorescence method in healthy and inflamed murine tissue in
two experiments [63]. All agents were conjugated with Alexa680, a low mole-
cular weight fluorescent dye, and administered intravenously to healthy
DBA/1 mice and to DBA/1 mice with collagen-induced arthritis. Levels of
agents in hind paws were then measured.

All three agents penetrated inflamed tissue more effectively than non-
inflamed tissue, but certolizumab pegol penetrated inflamed arthritic paws
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Figure 5. Formation of immune complexes via TNFo trimer cross-linking [64].

most effectively and was retained for longer than infliximab or adalimumab.
The longer retention time could be a result of the low diffusion rate of
PEGylated molecules and/or the lack of an Fc, which leads to a lack of recy-
cling by the FcRn. Therefore, it is possible that, due to PEGylation, cer-
tolizumab pegol will have a higher inflamed to normal tissue ratio than a mAb.
Indeed, macromolecules such as PEG have been suggested as possible vehi-
cles for delivery of drugs to rheumatoid joints because of this very property
[71].

As discussed earlier, certolizumab pegol has no Fc region. Adalimumab and
infliximab are whole IgG1 molecules and possess an Fc region, which poten-
tially allows passage across the placenta via specific neonatal FcRn receptors
[72]. In an experiment to test for the likelihood of placental transfer of
PEGylated Fab's [73], rats were injected during gestation with either a com-
plete chimeric anti-murine TNFo antibody (cTN3 IgG1) or a PEGylated Fab'
fragment (cTN3 PF). In foetal samples from five rats given cTN3 PF while
pregnant, PEGylated Fab' was found at very low concentrations in only two of
the samples and was entirely undetectable in the others. This suggests that the
PEGylated fragment does not undergo FcRn-mediated placental transfer, but
that there may be a low level of passive transfer as with all proteins. However,
biologically relevant levels of intact IgG1 were found in rats given whole
immunoglobulin, which indicates that this molecule had crossed the placenta.
Concentrations in milk of PEGylated Fab' were also much lower than those of
IgG1 eight days postpartum.

Thus, on the basis of these findings, certolizumab pegol, as an Fc-free mol-
ecule, would not be expected to cross the placenta via FcRn receptors. As the



Certolizumab pegol: a PEGylated anti-tumour necrosis factor alpha biological agent 243

number of pregnant women whom have been exposed to these drugs is low,
this area of study remains unresolved and requires further research.

In vivo pharmacology

In vivo pharmacological testing of certolizumab pegol was originally carried
out in animal models, with initial research focusing on the fate of the PEG moi-
ety after administration. Radiolabelled PEG is not suitable for quantification
because it is unstable [74]. Therefore, distribution and elimination studies have
been carried out using 'H nuclear magnetic resonance spectroscopy (NMR)
and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

In rat studies [75], nine animals were given one subcutaneous injection of
certolizumab pegol at a dose of 400 mg/kg, with daily urine and faeces sam-
ples being collected for 84 days; a further group of rats received 100 mg/kg
subcutaneously of either certolizumab pegol or cTN3 PF (¢cTN3 PF is a Fab'
conjugated with 40 kDa PEG, which acts as a homologous reagent binding to
and neutralising rat TNFo and was used to show any tissue targeting due to
TNFa binding). These rats were killed at prespecified intervals in groups of
four, and their major organs removed for NMR examination. In an additional
study, certolizumab pegol was injected into the tail veins of male Lewis rats at
doses of 10 or 100 mg/kg, and urine collected over 28 days for analysis by
SDS-PAGE [75]. The data showed overall that PEG derived from certolizum-
ab pegol is distributed to major organs (excluding the brain), it has a plasma
half-life of approximately three weeks, it is not influenced by target site bind-
ing and it is excreted largely unchanged by the kidneys with first-order kinet-
ics. Moreover, urinary data showed the rate of excretion essentially to match
the rate of administration, with no evidence of accumulation.

NMR analysis showed PEG to be detectable in urine for up to 84 days after
administration, with the peak concentration of 198 ug/mL being observed on
day 4. PEG concentrations then declined in a first-order manner to 14 pg/mL
during week 12. Mean daily excretion reached 1.9% on day 6 and declined to
0.21% during week 12. The mean cumulative dose excreted in urine was 65%
after 84 days. Extrapolation to infinity projected a total urinary excretion of
73%, with a half-life for elimination of the PEG component of 23.4 days,
much longer than the two-day plasma elimination half-life of certolizumab
pegol. Total faecal excretion in rats was 18%, with possible ingestion of a por-
tion of the PEG dose from the injection site and some urinary contamination
accounting for approximately 11% of faecal recovery. Published murine data
[76] suggest that approximately 1% of the dose of 40 kDa PEG might be
excreted via the biliary route, although this remains unconfirmed. Overall,
NMR analysis indicated the mean urinary and faecal excretion of PEG in rats
to be 83% of an administered dose after 84 days, with extrapolation to a final
total of >90% [75]. There was no evidence of accumulation in any major
organ, with the spleen having the highest level of exposure, and the highest
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proportion of the dose being found in the liver (the largest organ). Distribution
of certolizumab pegol was found to be similar to that for cTN3 PF, which
implies that TNFo binding is not a significant mediator of PEG distribution in
tissue [75]. SDS-PAGE analysis showed that the PEG excreted in urine was
40 kDa, suggesting that after the Fab' was cleaved from the PEG, the PEG was
cleared by the kidney with no further metabolism [75].

Clinical development

The safety profile and pharmacological properties of certolizumab pegol have
been assessed in primates and in healthy human volunteers. Several clinical tri-
als have also been conducted to examine the efficacy and tolerability of cer-
tolizumab pegol in patients with CD, RA and psoriasis.

Pharmacology in primates and humans

The disposition of certolizumab pegol has been characterised over a range of
doses in primates and in healthy human volunteers [77]. Human males aged
18-50 years were recruited in two studies: a double-blind, placebo-controlled,
ascending single-dose trial in 16 patients of certolizumab pegol
0.3-10.0 mg/kg given by intravenous infusion over 60 min, and a double-
blind, double-dummy, ascending single-dose study in 24 patients who received
a subcutaneous bolus of 20, 60 or 200 mg or an intravenous infusion of
1 mg/kg. In a study in non-human primates, 20 cynomolgus monkeys were
divided into five groups and given certolizumab pegol by intravenous infusion
over 60 min (50, 100 or 400 mg) or by subcutaneous bolus injection (3.0 or
31 mg/kg). Plasma concentrations of certolizumab pegol were determined
using an enzyme-linked immunosorbent assay (ELISA).

Certolizumab pegol showed linear pharmacokinetics over the dose ranges
studied in both species, with biexponential disposition after intravenous dos-
ing and monoexponential disposition after subcutaneous injection (Tab. 4).
Volumes of distribution were equivalent in terms of species-relevant plasma
volumes, and subcutaneous absorption was sustained, with low clearances and
extended plasma elimination half-lives (approximately two weeks).

Table 4. Pharmacokinetic parameters (modeled estimates with 95% ClIs) of certolizumab pegol in
humans and primates (cynomolgus monkeys) after intravenous or subcutaneous administration [77]

Parameter Humans Primates

Central volume of distribution, V| (mL/kg) 45 (44-47) 46 (44-48)
Total body clearance, CL (mL/h/kg) 0.17 (0.16-0.18) 0.29 (0.27-0.31)
Peripheral volume of distribution, V, (mL/kg) 29 (25-33) 31 (26-37)
Intercompartmental clearance, CLd (mL/h/kg) 0.69 (0.52-0.90) 1.1 (0.8-1.5)
Elimination half-life, t,, (h) 313 (284-345) 192 (174-212)
Bioavailability, F 1(0.9-1.1) 1.1 (1.0-1.3)

Absorption rate constant, Ka (h™") 0.018 (0.015-0.020) 0.11 (0.08-0.16)
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Pharmacokinetics were shown to be predictable, with extended or equivalent
exposure relative to anti-TNFo agents already available for clinical use.
Certolizumab pegol had bioavailability of approximately 80% (ranging from
76—-88%) following subcutaneous administration in humans [78].

Evaluation of 10,275 plasma concentration versus time records from 1,580
persons (80% with CD and 15% with RA, and 5% of whom were healthy indi-
viduals) showed the clearance of certolizumab pegol to be typically 0.428 L/d,
with volume of distribution 4.0 L in a 70 kg person [79]. The disposition of
certolizumab pegol was found to be unaffected by age, gender, creatinine
clearance, leukocyte count and concomitant use of drugs such as corticos-
teroids, aminosalicylic acid and its analogues and anti-infectives. Of other
covariates tested, only the presence of antibodies to certolizumab pegol had an
effect of more than 30% on peak plasma concentrations and areas under curves
of plasma concentration versus time, but such antibodies were found in only
8% of individuals tested [79]. A doubling in body weight was found to be the
second most influential covariate. Overall, however, none of the covariates
tested had a clinically relevant effect. Notably, other recent data show that the
PEG component of certolizumab pegol is not immunogenic and therefore does
not provoke the production of antibodies [80]. A small proportion of patients
have been noted to produce antibodies to the protein part of certolizumab
pegol, but these antibodies have been shown not to cross-react with other anti-
TNFo mAbs [81].

CD

The efficacy and safety of subcutaneously administered certolizumab pegol
was examined in two Phase II studies in patients with moderate to severely
active CD [82, 83]. In the first, 92 patients with moderate to severely active
disease were randomised to a single intravenous infusion of certolizumab
pegol 1.25 mg/kg, 5 mg/kg, 10 mg/kg or 20 mg/kg or placebo. Although the
primary endpoint of this study, a difference in the rate of clinical response or
remission at week 4 between either of the active treatment arms and placebo,
was not attained, a significantly different remission rate at week 2 was
observed for the 10 mg/kg dose compared with placebo [82]. Certolizumab
pegol was well tolerated by the patients in this study, with the majority of
adverse events being of mild to moderate intensity and with no infusion reac-
tions being reported.

In a larger, Phase II dose-ranging study, patients received subcutaneous
injections of certolizumab pegol 100 mg (n =74), 200 mg (n = 72), 400 mg
(n=72) or placebo (n = 73) at weeks 0, 4 and 8 with no induction dose, and
efficacy assessments were made every two weeks until week 12. The highest
subcutaneous dose of 400 mg was the most effective in inducing clinical
response and remission relative to all time points [83]. Although the primary
efficacy endpoint of clinical response at week 12 was not met, statistically sig-
nificant differences between certolizumab pegol 400 mg and placebo were
noted in favour of the active drug as early as week 2, and also at week 4, week
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8 and week 12. Certolizumab pegol 400 mg had a favourable safety profile,
with a similar percentage of patients reporting adverse events as in the place-
bo group over a 12-week period.

Data from these Phase II studies facilitated the design of the two Phase III
trials (PRECISE 1 and 2), which were the next stage in the development of cer-
tolizumab pegol for the treatment of patients with moderate to severely active
CD. Patients received an induction dose consisting of certolizumab pegol
400 mg at weeks 0, 2 and 4 followed by a four-weekly 400-mg maintenance
dose. To further investigate influence of CRP, patients in PRECIiSE 1 and 2
were stratified according to baseline CRP levels 210 mg/L or <10 mg/L. In the
PRECISE 1 trial, 662 patients were randomised to double-blind induction and
maintenance treatment with certolizumab pegol or placebo for 26 weeks [84].
In the 26-week PRECISE 2 trial, 668 patients received open-label induction
with certolizumab pegol and those (n =428; 64%) with a clinical response
(=100 points decrease in baseline CDAI score) at week 6 were stratified
according to CRP level and randomised into the double-blind, placebo-con-
trolled maintenance phase [85].

The efficacy endpoints in PRECISE 1, of clinical response at week 6 and
clinical response at both week 6 and week 26, were met both in the primary
population of patients with CRP levels >10 mg/L and in the overall patient
population [84]. Similarly, CRP levels also had no influence over the efficacy
outcomes in the PRECISE 2 study [85].

Patients who completed PRECiSE 1 and 2 were eligible for entry into the
long-term open-label extension study, PRECiSE 3, where the long-term effi-
cacy and safety outcomes of scheduled certolizumab pegol treatment can be
assessed. Patients withdrawing from PRECISE 1 or 2 due to exacerbation of
symptoms of CD were eligible for entry into the open-label study, PRECiSE
4, designed to evaluate the efficacy and safety of reinduction. Interim results
from these two studies have shown that remission rates after 18 months of con-
tinued treatment in PRECISE 3, and after 12 months of treatment following
reinduction in PRECISE 4, have remained stable. Furthermore, no new safety
signals were identified following re-exposure of placebo patients from
PRECGISE 2 to certolizumab pegol [86].

Certolizumab pegol has a good tolerability profile in patients with CD.
Safety data for 1,328 patients who took part in the PRECIiSE 1 and 2 studies
illustrated that the majority of adverse events were rated as mild to moderate
in intensity, with headache, nasopharyngitis, abdominal pain and cough being
the most common adverse events in the certolizumab pegol treatment groups
[87]. Local injection reactions were rare with certolizumab pegol (<3%) and
autoantibody seroconversion rates were low (anti-nuclear: 8.3% or less and
anti-double-stranded DNA: 1.4% or less) [87].

The clinical development programme of certolizumab pegol in CD contin-
ues with Phase IIIb studies which have been designed to examine aspects such
as the efficacy of certolizumab pegol in infliximab-refractory patients (WEL-
COME) and in other measures of efficacy such as mucosal healing (MUSIC).
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RA

Several Phase II and III trials have assessed the safety and efficacy of cer-
tolizumab pegol in patients with RA. In a Phase II double-blind, randomised
trial (n = 36), certolizumab pegol demonstrated significant efficacy in reduc-
ing inflammation and improving symptoms of RA [88]. In this trial, 75% of
patients who received an intravenous infusion of certolizumab pegol at 5 or
20 mg/kg achieved ACR 20 scores after eight weeks of treatment.

In a Phase III trial, the efficacy and safety of subcutaneous certolizumab
pegol monotherapy (400 mg every four weeks) was assessed in patients with
active RA who had previously failed therapy with at least one disease-modi-
fying antirheumatic drug (DMARD). At week 24, the ACR20 responder rate
was 45.5% in the certolizumab pegol group (n = 111) compared with 9.3% in
the placebo group (n = 109). The effect of certolizumab pegol treatment was
evident early after treatment, with 80.6% of ACR20 responders having
achieved this response by week 1 [89]. In addition, certolizumab pegol treat-
ment provided rapid and sustained improvements in physical function and pain
relief in these patients who had previously failed DMARD therapy [90].

The efficacy and safety of certolizumab pegol as add-on therapy to
methotrexate (MTX) were evaluated in two Phase III double-blind, placebo-
controlled, randomised trials (RAPID 1 and 2) [91, 92]. In these trials, adults
with active RA (n =982 and n =619 in RAPID 1 and 2, respectively) were
randomised 2:2:1 to receive subcutaneous certolizumab pegol, lyophilized
formulation (RAPID 1) or liquid formulation (RAPID 2), 200 mg or 400 mg
plus MTX, or placebo plus MTX, every two weeks for 52 weeks (RAPID 1)
or 24 weeks (RAPID 2). In the 200-mg active treatment groups, a loading
dose of 400 mg of certolizumab pegol at weeks 0, 2 and 4 was also imple-
mented. Enrolled patients were maintained on a stable dose of MTX for the
duration of the trial. Primary study endpoints were ACR20 response rate at
week 24 (RAPID 1 and 2) and change from baseline in modified Total Sharp
Score (mTSS) at week 52 (RAPID 1). Secondary endpoints included ACR50
and ACR70 response rates at weeks 24 and 52 in RAPID 1 and week 24 in
RAPID 2. Patient-reported outcomes included physical function, health-
related quality of life, pain, fatigue and RA-related work and household pro-
ductivity.

In the RAPID 1 trial, the ACR20, ACR50 and ACR70 response rate for
patients receiving certolizumab pegol plus MTX were significantly higher than
that for patients receiving placebo plus MTX [91]. Comparable results for
ACR20/50/70 response rates were observed in the RAPID 2 trial [92].
Certolizumab pegol had a fast onset of action, with statistically significant
ACR20 and ACRS50 improvements after the first dose [92].

In both trials, the radiographic progression of structural joint damage was
significantly inhibited by certolizumab pegol plus MTX. In RAPID 1, after 52
weeks of therapy and RAPID 2, after 24 weeks of therapy, the changes from
baseline in mTSS, erosion scores and joint space narrowing were significant-
ly lower in patients receiving certolizumab pegol plus MTX compared with
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patients receiving placebo plus MTX. In RAPID 1, the effects of certolizum-
ab pegol plus MTX on the retardation of structural joint damage were observed
as early as week 16 [93].

Results from RAPID 1 and 2 revealed that in addition to significantly
improving the signs and symptoms of RA, certolizumab pegol plus MTX sig-
nificantly improved all aspects of patients’ quality of life, including physical
function, SF-36 physical and mental component summary scores (a widely
used health questionnaire containing 36 questions to assess quality of life),
pain, fatigue and work and home productivity [94]. The rapid onset of action
was also reflected in these patient reported outcomes, with improvements in
physical function, pain and fatigue showing statistical significance as early as
Week 1 [94].

Certolizumab pegol was well tolerated by RA patients, both when adminis-
tered as monotherapy treatment and when administered as add-on therapy to
MTX [90-92]. The majority of adverse events were mild to moderate, and dis-
continuation due to adverse events was low in all groups (<6%). In all studies
there was a low incidence of injection-site pain or reactions. The incidence of
infections was also minimal, and was comparable to that seen with other anti-
TNFa agents [90-92].

These data further support a role for certolizumab pegol monotherapy, or
combination therapy with MTX, as an effective and well-tolerated treatment
option for patients with RA. Certolizumab pegol has an acceptable safety pro-
file, significantly reduces the signs and symptoms of RA and inhibits progres-
sion of structural damage. Onset of benefit of certolizumab pegol treatment is
rapid, and the combination of certolizumab pegol plus MTX causes sustained
and long-term reduction in the signs and symptoms of RA.

Psoriasis

Results from the first study to evaluate the efficacy and safety of certolizumab
pegol in patients with moderate to severe psoriasis illustrated that both the
200-mg and 400-mg liquid formulations of certolizumab pegol, given every
two weeks over a period of 12 weeks, significantly reduced the redness, thick-
ness and scaliness of lesions when compared with placebo treatment [95]. In
this Phase II, randomised, double-blind, placebo-controlled dose-ranging
study, 176 patients with moderate to severe chronic plaque psoriasis, who were
candidates for systemic therapy and/or phototherapy or photochemotherapy,
were randomised. 60 patients (34.1%) had previously used biologicals, includ-
ing 41 (23.3%) with prior anti-TNFa use [95].

By week 12, 74.6% and 82.8% of patients in the certolizumab pegol 200-
and 400-mg groups, respectively, achieved response rates on the PASI 75, com-
pared with 6.8% in the placebo group (P<0.001). Furthermore, 52.5% and
72.4% of patients in the certolizumab pegol 200- and 400-mg groups, respec-
tively, gave the rating ‘clear’ or ‘almost clear’ on the Psoriasis Global
Assesment (PGA) scale, compared with 1.7% in the placebo group (P < 0.001)
[95].
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Certolizumab pegol was well tolerated in patients with psoriasis, with a
safety profile consistent with what is expected from this class of therapy. The
most common adverse events were headache, pruritus and cough.
Administration of certolizumab pegol was well tolerated with <3% of the
study population reporting injection-site reactions and <1% of patients report-
ing injection-site pain [95].

The results from this study suggest that certolizumab pegol has the poten-
tial for further development as a valuable new treatment option for this diffi-
cult-to-treat disease.

Closing statement

The involvement of the cytokine TNFo in immune-mediated inflammatory
diseases was little known just two decades ago. In a short period, basic scien-
tific researchers utilising cutting-edge advancements in recombinant gene
technology developed mAbs-targeting TNFo, which, over the years, has been
proven to be effective in bringing relief to thousands of patients with RA, CD,
ulcerative colitis and psoriasis. Certolizumab pegol utilises the technique of
PEGylation to enhance the pharmacokinetic properties of the antigen-binding
fragment of an anti-TNFo. mAb without detrimental effect to the pharmaco-
dynamic properties. These advances have led to a compound that can be
administered via subcutaneous injection every-other-week or once monthly,
with a rapid onset of action, a low level of injection-site pain, preferential dis-
tribution in inflamed tissue, and, low levels of immunogenicity [84, 83].
Certolizumab pegol was approved for use in the United States in adults with
moderate to severe Crohn’s disease in April 2008. The continuation of the clin-
ical development of CIMZIA® (certolizumab pegol) may lead to a significant
advance in the treatment of CD, RA and psoriasis and improve the lives of
patients with these diseases.
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Abstract

Cancer chemotherapy dates back to the 1940s with the first use of nitrogen mustards and antifolate
drugs. The use of small molecule and biopharmaceutical drugs is today the acceptable approach to
cancer treatment in both ambulatory and in patient care. Drug delivery of these drugs has given rise to
safer and more efficacious options. Today, the use of polymers for sustained and targeted delivery has
allowed oncologists to deal with the earlier limitations of chemotherapy. In this chapter the focus is
on polymer conjugation of anticancer drugs, such as high molecular weight proteins and low molecu-
lar weight compounds. Examples will be presented to demonstrate an increase in the pharmacological
therapeutic index by targeting the drug molecules to the diseased sites with corresponding reduction
in drug related side effects. The focus will be on the attachment of polyethylene glycol (PEG) to
oncolytic drugs, a process referred to as PEGylation. This technology has been completely validated
in the area of protein modification, but is very much in its infancy in the modification of small mole-
cular weight drugs. However, increasing and encouraging efforts have recently been made and will be
presented. This chapter will also discuss recent achievements in PEGylation processes with a particu-
lar emphasis on the application of PEG to non-conventional therapies such as oxidation therapy, pho-
todynamic therapy and radiopharmaceutical therapy.

Introduction

The modern era of chemotherapy can be dated back to 1942, when Louis
Goodman and Alfred Gilman, both pharmacologists at the Yale School of
Medicine, found that the nitrogen mustard, a simple but highly reactive mole-
cule, regressed the growth of non-Hodgkin’s lymphoma in patients, forming a
covalent bond with DNA and inducing apoptosis [1]. A great number of
chemotherapeutic agents were developed in the following years, but unfortu-
nately most of them are limited by undesirable low pharmacological therapeu-
tic indices, owing to toxic side effects. It is also known that antitumor agents
might be more active on cancer tissues than on healthy normal cells, but no one
chemotherapeutic drug used in traditional cancer therapy is selective only on
cancer cells. They act on proliferating normal cells as well, resulting in known
side effects.

In the past decade, molecular and genetic approaches allowed for a better
knowledge of the tumor biology and in particular demonstrated that the mech-
anisms, regulating cellular activities such as proliferation and survival, are
largely altered in cancer cells [2]. The capacity to address and repair these
molecular defects in cancer cells paved the way to the era of ‘targeted thera-
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py’. The first drug belonging to this class has been imatinib mesylate
(gleevec®), approved by the US Food and Drug Administration (FDA) in 2001.
Imatinib mesylate is a moderately potent inhibitor of the kinase BCR-ABL, the
fusion protein product of a chromosomal translocation involved in the patho-
genesis of chronic myeloid leukemia (CML) [3, 4].

Unfortunately, the discovery of highly selective drugs, such as imatinib
mesylate, is rare. Therefore, the need to design drug delivery systems (DDS),
properly tailored to carry potent antitumor drugs has evolved, resulting in med-
ications with vastly improved therapeutic indices. The aim of these DDS is to
increase the amount of drug delivered to the tumor tissue, reducing undesirable
side effects and frequency of dosing.

PEGylated small organic molecules

In the mid-1970s Ringsdorf proposed for the first time the idea of covalently
attached chemotherapeutic agents to a water-soluble polymer in order to
increase the solubility and the stability of hydrophobic drugs and, possibly, to
enhance the tumor specificity by the addition of a targeting residue [5]. So far,
several chemistries have been investigated, some of which include polymers
with covalent links to amino acid residues of antibodies, hormones and pep-
tides; and polymers linked to small molecules in order to alter size and hydro-
phobic-hydrophilic balance (HLB). In particular, the size of the conjugate can
permit tumor tissue accumulation by exploiting the known enhanced perme-
ability and retention (EPR) effect [6]. This is a passive tumor-targeting mech-
anism, based on the observation that tumor vessels have increased endothelial
fenestrations and architectural anarchy, allowing the extravasation and pro-
tracted retention in the tumor tissue of macromolecules or particulates [7].
Among the several biomaterials that are used as drug carriers, human albu-
min (HA), polyglutamic acid (PGA), N-hydroxy methyl methacrylamide
copolymer (HPMA) and polyethylene glycol (PEG) have been widely tested.
Abraxane® is a nanoparticle formulation that is used to treat metastatic breast
cancer. It is co-solvent free complex of human protein albumin bound to the
paclitaxel [8]. The other polymers possess several functional groups along the
polymeric backbone, allowing an increase drug loading. For instance, OPAX-
I0™ a paclitaxel-PGA conjugate (formerly Xyotax®) presents an increased
drug payload whereas maintaining a higher water solubility and in vivo
biodegradability. The product has been tested in Phase III clinical trials for the
treatment of lung, ovarian, colorectal, breast and oesophageal cancer [9].
PEG is very successful in protein conjugation for its unique characteristics
of biocompatibility, high solubility and non-toxicity, but on the other hand in
the case of low molecular weight drugs it presents the one limitation of a low
drug loading when compared to PGA. This is because there are only one or
two hydroxyl groups per polymer chain available for drug attachment.
Although there are several PEGylated proteins and one PEGylated aptamer on
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the market, there are no PEGylated small molecular weight drugs commer-
cially available [10]. The first attempt at clinical PEG oncology was conduct-
ed by Enzon Pharmaceuticals, Inc. PEG-camphotecin or Pegamotecan was
prepared by the coupling of two molecules of camptothecin to a diol PEG hav-
ing a molecular weight of 40 kDa (Fig. 1). This prodrug approach was accom-
plished by using an amino acid spacer between the drug molecule and the PEG
reagent. Unfortunately the drug loading was only of 1.7 wt% and despite the
good results obtained in Phase I and II [11, 12], the company announced the
discontinuation of further clinical testing. New PEG morphologies have
emerged such as dendrimer PEG [13], multi-arm PEG and PEG dendrons and
early clinical study results have shown a lot of promise. Exploiting this tech-
nology, Nektar Therapeutics proposed a new compound called PEG-irinotecan
(NKTR-102), where the topoisomerase-I inhibitor, Irinotecan, is covalently
bound to four arms of PEG. In preclinical studies NKTR-102 showed a plas-
ma half-life in a mouse model, evaluated on the basis of the released active
metabolite SN-38, of 15 days when compared to 4 h with irinotecan only [14].
In Phase I clinical trials, safety, pharmacokinetics and anti-tumor activity of
the compound was evaluated in 57 patients with advanced solid tumors, such
as breast, ovarian, cervical, or non-small cell lung cancer that had failed prior
treatments with irinotecan or with standard treatment. Only 13 reported sig-
nificant anti-tumor activity while seven had a response in a reduction of tumor
size ranging from 40% to 58%. Six patients showed minor response only [15].
Multiple Phase II studies are underway with NKTR-102 for the treatment of
ovarian, breast, colorectal and cervical cancer. As a follow on, Enzon intro-
duced EZN-2208, a conjugate of SN-38 and a 40 kDa PEG with four arms (see
Fig. 2). This compound showed activity in a panel of human tumor xenografts
[16, 17]. A Phase I study to evaluate the safety and tolerability of intravenous
EZN-2208 in patients with advanced solid tumor or lymphoma is currently
ongoing [18]. The PEGylation of docetaxel, NKTR-105 is another product has
shown good preclinical activity in colon and lung cancer xenograft models
[19]. This product has just entered Phase I clinical studies.

CPT

PEG
CPT

Pegamotecan

Figure 1. Schematic representation of Pegamotecan
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4-arms PEG

EZN 2208

Figure 2. Schematic representation of EZN 2208

PEG small molecule conjugates for combination therapy

A general problem related with the classical protocols of chemotherapy is the
onset of drug resistances, mainly due to increase drug efflux from cells or
mutations in cell-death pathways. To overcome resistance to single agents,
combination therapy is essential for tumor eradication and cure. In fact, com-
binations of drugs have proved to be more effective than single agents against
both metastatic cancers and in patients at high risk of relapse after primary sur-
gical treatment [20].

The idea of combination therapy has been extended also to polymer-drug
conjugates basically by three ways: i) the delivery of two different drugs on the
same polymer, exploiting the multivalency of many carriers, ii) the co-admin-
istration of a polymer-drug conjugate and a classic low molecular weight drug,
or iii) the co-administration of two conjugates, each one bearing a different
drug.

The last approach was studied by Minko and co-workers testing free CPT
(camptothecin), CPT-PEG, CPT-PEG-BH3 (BCL2 homology 3) or CPT-PEG-
LHRH (luteinizing hormone-releasing hormone) conjugates and the mixture
of CPT-PEG-BH3 and CPT-PEG-LHRH conjugates in human ovarian carci-
noma cells [21]. It was demonstrated that conjugation of CPT to PEG
increased its pro-apoptotic activity and that a further enhancement was
achieved by using the peptide BH3 to yield CPT-PEG-BH3 or the peptide
LHRH in a CPT-PEG-LHRH conjugate. The mixture of these two last deriva-
tives increased the therapeutic response acting as a suppressor of cell anti-
apoptotic defence [22]. Other groups also explored the effectiveness of com-
bination therapy, using either HPMA or PGA as carriers. A phase III clinical
trial compared PGA-paclitaxel in association with standard chemotherapy
(carboplatin versus paclitaxel + carboplatin [23]). The same conjugate has also
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been tested in combination with radiotherapy in a Phase I trial for esophageal
and gastric cancer and four complete clinical responses (33%) were observed
in this study [24].

A conjugate obtained by coupling one epirubicin (EPI) and several nitric
oxide (NO) releasing moieties to a heterobifunctional PEG-dendron, was stud-
ied as a different concept of combination therapy (Fig. 3). The combination of
NO and EPI on the same carrier has presented several advantages: i) NO has
been shown to protect cardiomyocytes against doxorubicin-induced apoptosis
[25], thus preventing the drawback of a heavy cardiomyopathy, ii) NO enhances
the antitumor activity of free doxorubicin only in cancer cells [26] iii) the con-
temporaneous conjugation of EPI and NO to the same polymeric carrier ensures
that the two active molecules will undergo the same body distribution and cell
internalization. The first studies confirmed that the conjugate EPI-PEG-(NO)g
(Fig. 3) has a different cytotoxic profile compared to free EPI against tumor and
normal cells. In particular, this conjugate was able to induce a higher degree of
apoptosis in Caco-2 cells while reducing EPI toxicity in embryonic rat heart-
derived myoblast (H9¢2). In addition, its efficacy was confirmed in vivo show-
ing a 95% tumor reduction in human colon carcinoma (Caco-2) cells and
human ovarian cancer (SKOV-2) cells tumor-bearing mice [27].

The potentials of hetero-bifunctional PEGs were exploited also for the
preparation of PEG-gemcitabine conjugate bearing folic acid as a targeting
moiety. In mice the polymer conjugation was found to increase the plasma
half-life of the drug, by reducing its kidney clearance and by decreasing the
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Figure 3. Schematic representation of dendron PEG structure, EPI-PEG-(NO)g
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degradation through the cytidine-deaminase enzyme. The targeted conjugates
showed a higher antiproliferative activity and higher selectivity than the non-
targeted ones when studied against KB-3-1 cell line, which over-expresses the
folic acid receptor. The decreased cytotoxicity of these targeted conjugates in
cell lines that do not over-express the folic acid receptor (HT-29) can indicate
that they require a receptor-mediated endocytosis mechanism for cell penetra-
tion [28].

PEG-proteins as valuable anticancer drugs

To avoid repetitions with other chapters of this book, we will review here only
the amino acids degrading enzymes as PEGylated proteins used in chemo-
therapy.

The rational for the basis of this therapy is in the observation that some
tumors cells are not able to synthesize de novo some amino acids because they
have a deficient gene or poor protein metabolism. These cells are therefore
dependent on external supply of enzymatic therapy in order to allow for a
steady depletion of these essential amino acids, thereby resulting in starvation
of cancer cells [29]. Hence, in order to be therapeutically effective the deficient
enzymes need to be steadily infused into the body in order to last for several
days thereby resulting in amino acid depletion and eventual tumor cell death.
PEGylation has been therefore investigated as a suitable procedure that would
allow for serum steady-state concentrations of these enzymes [10]. A high
level of enzyme surface shielding could be reached by randomly PEGylating
the amines to reduce the risk of immunogenicity and rapid blood clearance.
Moreover, it was also thought that a high molecular weight PEG enzyme com-
plex may accumulate in tumor tissue by EPR effect.

Among the several enzymes of potential antitumour interest, PEG-asparag-
inase was the only one that was commercialized. Its PEGylation represented a
milestone in protein conjugation because it opened the way to additional PEG
protein products. Other enzymes, such as arginine deiminase, arginase and
methioninase have been PEGylated and well-characterized and have been test-
ed in a clinical setting.

PEG-asparaginase

The L-asparaginase (L-ASNase) that catalyses the conversion of asparagines
to aspartic acid was isolated for the first time from E. coli (Fig. 4).

It is a tetramer composed of four identical subunits with an active site on
each. For the last 25 years, L-ASNase has been an important component in the
treatment of acute lymphoblastic leukemia (ALL). Indeed, while normal cells
can produce asparagine, the leukemic ones are unable to produce enough
asparagine to survive. L-ASNase is given to ALL patients to ensure depletion
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Figure 4. Conversion of L-asparagine to L-aspartic acid mediated by ASNase

of asparagine circulating in the blood that ultimately results in leukemic cell
death. Elspar®, isolated from E. coli, and Erwinia L-asparaginase, isolated
from Erwinia chrysanthemi are presently available for clinical use by Merck
& Co. and by Ogden Bioservices Pharmaceutical respectively. The main limi-
tation in their use is clinical hypersensitivity, which develops in 3—78% of
patients through acute allergic reactions or silent hypersensitivities. L-asparag-
inase was randomly PEGylated at the e-amino residues using an acetylating
PEG 5 kDa to obtain a mixture of multi-PEG-asparaginase conjugates with
different degree of modification [30, 31]. The first clinical studies, started in
1984, showed soon the great potentials of the derivative: 1) decreased immuno-
genic response, ii) enhanced circulation in blood and iii) resistance to plasma
proteases [32]. The conjugate, brand name ONCASPAR®, developed by
Enzon Pharmaceuticals inc., was approved by the FDA in 1994. ONCASPAR®
is indicated as a component of a multiagent chemotherapeutic regimen for the
first-line treatment of children with acute lymphoblastic leukemia (ALL) and
for the treatment of patients with acute lymphoblastic leukemia and hypersen-
sitivity to native forms of L-asparaginase [33]. It is administered through intra-
muscular injection or intravenous infusion, one dose achieved similar levels of
asparagine depletion as nine doses of native L-asparaginase. The use of
ONCASPAR® for the treatment of ALL continues to be explored even to date
to evaluate the optimal dose and duration of treatment. It is contraindicated in
patients with a history of serious allergic reactions to ONCASPAR®, and in
patients with a history of serious thrombosis, pancreatitis, or serious hemor-
rhagic events with prior L-asparaginase therapy. It should be discontinued in
the case of anaphylaxis or serious allergic reactions, thrombosis, or pancreati-
tis. The most common adverse reactions with ONCASPAR (>2%), monitored
by several Phase IV clinical studies, are allergic reactions (including anaphy-
laxis), hyperglycemia, pancreatitis, central nervous system (CNS) thrombosis,
coagulopathy, hyperbilirubinemia, and elevated transaminases. In study II
(n =2770), the per-patient incidence for Grades 3 and 4 non-hematologic tox-
icities were: elevated transaminases (11%), coagulopathy (7%), hyper-
glycemia (5%), CNS thrombosis/hemorrhage (2%), pancreatitis (2%), clinical
allergic reaction (1%), and hyperbilirubinemia (1%). There were three deaths
due to pancreatitis [34].

Worth of noting is that, during the numerous studies carried out with this
conjugate, there were some reports claiming the presence of antibodies against
polyethylene glycol in the sera of patients accompanied by undetectable
asparaginase activity. Most probably the absence of the PEG-asparaginase
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activity depends on antibodies against the polymer that enhance the elimina-
tion rate of the conjugate. This occurrence needs further investigations to
explain why a polymer, known to be not-immunogenic, can elicit antibodies
preventing the therapeutic efficacy of the conjugate. An explanation can be that
the highly immunogenicity of the heterologous asparaginase may acts as an
adjuvant stimulating the immunogenic response against PEG. Some authors
claim that this phenomenon, discovered also in the case of PEG-uricase, is
now occurring more frequently than in the past [35, 36]. This is probably due
to the increased use of this polymer, for therapeutic or non-therapeutic appli-
cations, in cosmetics and foods (see also chapter by Armstrong in this book).

PEG-arginine deiminase

Arginine is synthesised de novo in healthy cells from citrulline by argini-
nosuccinate synthetase (ASS) and arginine lyase (ASL). It was found that
some cell lines, which often possess an incomplete enzymatic pool, lack the
ASS enzyme being therefore auxothophic for arginine [37]. Arginine deimi-
nase (ADI) degrades arginine into citrulline and ammonia (Fig. 5) leading to
tumor cell starvation and consequently to inhibition of tumor growth and
angiogenesis [38].

ADI, expressed in E. coli, has been demonstrated to be a potent enzyme in
killing human leukemia cells in vitro. It led to cell apoptosis and anti-angio-
genic effects in some human melanoma and human hepatocellular carcinoma
cell lines also. The ICs, is from <0.01 to 0.3 pg/mL for the former and
<0.01 pg/mL for the latter, respectively [39]. The main limits of its therapeu-
tic application have been found to reside in its short half-life that does not
allow the sufficient time of starvation of arginine in blood that is needed for
cell death and in the immunological response due to heterologous origin.

PEGs of different molecular weight, shape and linkers for the conjugation
were used [40]. It was observed a loss of activity of increasing the number of
linked PEG chains. Two derivatives, obtained using PEG of 5 and 20 kDa
linked to about 40% of the amine groups of the proteins, were chosen for the
in vivo experiments. The 20 kDa derivative showed a longer pharmacokinetics
than the 5 kDa one, independently to the route of administration and animal
gender [40]. After a single i.m. injection in mice a single dose of PEGqp,-ADI
achieved similar levels of arginine depletion as 14 doses of native enzyme with
an half-life of seven days against the 5 h of the native one.

ADI L
NH
HZNJJ\H/\/H)&OH + HO HN ”/\/\KU\OH-F 3

Figure 5. Conversion of L-arginine to citrulline mediated by ADI
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PEG,gp,-ADI was evaluated in humans in two different clinical trials in
patients with metastatic melanoma and hepatocellular carcinoma (HCC) [41,
42]. In the first trial 19 patients were treated with 160 TU/m? weekly adminis-
tration of the conjugate. Among these, two patients showed a complete
response, seven a partial one, seven remained stable and in three cases the dis-
ease was progressive. In all of these cases, the drug was well-tolerated without
significant side-effects. In the second trial the conjugate was administered to
patients with metastatic melanoma with three cycles of i.m. injections at dif-
ferent concentrations ranging from 40—640 IU/m”. The dose of 160 TU/m>
decreased the concentration of arginine from 130 ummol/L to 2 pmmol/L and
six out of 24 patients responded to the treatment with a prolonged survival [42].

PEG-arginase

Arginase activity determines the depletion of arginine by the hydrolysis of this
amino acid to ornithine and urea (Fig. 6). The enzyme has not been considered
for a long time as a potential therapeutic drug, because the enzymes, initially
extracted from bovine and murine source, were not effective in vivo. The rea-
son was the high K, and the high pH (9.6) for optimum activity [43].

Recently a human arginase has been obtained by recombinant techniques
possessing a lower K, (1.9 mM) and optimum pH activity at physiological
conditions. Furthermore, this enzyme is worthy of consideration because,
being normally expressed in humans, it presents less immunogenic problems
with respect to the previously studied enzymes. Anyway, it suffers from very
short half-life (few minutes) that reduces its efficacy.

Different types of PEGs and different extent of modification were used to
overcome the problem. All of the prepared conjugates maintained the enzy-
matic activity, except the one obtained with mPEG-cyanuric chloride for
which a drop in activity of about 70% was found. The derivative with mPEG-
SPA, with a degree of amine group modification of about the 40-50% and a
half-life of three days, showed to be the most promising candidate for thera-
peutic applications [44].

ICsy values of the PEGylated specie was almost the same of that of the
native protein evaluated in several HCC cell lines and encouraged for follow-
ing in vivo studies. It was found that the PEGylated arginase, in combination
therapy with 5-fluorouracil, inhibited in mice the tumor growth of OTC-defi-
cient Hep3B (ornithine transcarbamylase), being ASS positive. These results

NH o} O o}
/U\ Arginase J\
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Figure 6. Conversion of L-arginine to ornithine mediated by Arginase
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were in favor of PEG-arginase as a valuable anticancer drug especially towards
some ADI resistant tumor [45]. The Bio-Cancer Company that developed this
conjugate, coded PEG-BCT-100, announced the availability on the market in
China since the 2008.

PEG-methioninase

It has been observed that in many cancer cell lines and cancer xenografts in
animal models the methionine starvation leads to the inhibition of the growth
and to death of the cells. Methioninase (METase), a pirydoxal-5-phosphate
(PLP) depending enzyme, cleaves methionine into «o-ketobutirrate,
methanethiol and ammonia (Fig. 7).

METase was found in Pseudomonas putida, Aeromonas and Clostridium,
but not in yeast, plants or mammals. The enzyme was cloned for the first time
from Pseudomonas putida and produced in Escherichia Coli. For his speci-
ficity, this enzyme seems be a good candidate as anticancer drug and its effi-
cacy was successfully evaluated in several cancer cell lines. METase alone or
in combination with chemotherapeutic agents, such as cisplatin or 5-fluo-
rouracil, has shown efficacy and synergy in several tumors. The findings from
a pilot Phase I clinical trial showed that the plasma methionine levels were
undetectable over a period of about 24 h after METase administration in
patients with advanced cancer. Unfortunately, after repeated administrations in
monkeys, a severe anaphylactic shock and a death of one animal occurred,
indicating the very high immunogenic potential of the enzyme. A PEGylated
derivative has been prepared using PEGsp, yielding a conjugate that retained
70% of the enzymatic activity. Pharmacokinetic studies in mice showed the
enhanced half-life of the conjugates up to 20-fold and an increased methion-
ine depletion time up to 12-fold compared with unmodified enzyme, without
any immunogenic reactions. Furthermore, it was possible to still increase the
half-life of the conjugate with co-administration of the PLP co-factor. In fact
PLP dissociates in vivo with a subsequent loss of enzyme activity. A combined
administration of the enzyme with the co-factor allowed for the reduction and
the frequency of the protein administration. Antibodies against the conjugate
were observed in primate models after repeated administrations, but their lev-
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Figure 7. Degradation of L-methionine to o-ketobutirrate, methanethiol and ammonia mediated by
METase
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els were 100—1,000-fold lower than the native enzyme and interestingly they
did not neutralize the enzyme activity [46—48].

Alternative approaches in the treatment of cancer

For years, the use of polymer-drug conjugates has been restricted to estab-
lished and clinically used small organic molecules, such as doxorubicine,
paclitaxel and camptothecin. The discovery of new molecular targets for can-
cer therapy and an increased knowledge of the biology of the tumor tissue
prompted the synthesis of new conjugates using non-conventional drugs.

An interesting new approach is represented by the ‘oxidation therapy’ that
exploits H,O,-generating enzymes or inhibitor of heme oxigenase 1 (HO-1) to
kill cancer cells [49]. It is in fact known that high levels of oxidative stress
causes cytotoxicity by inhibiting cell proliferation, finally leading to apoptot-
ic/necrotic cell death.

To improve this strategy PEG was conjugated to xanthine oxidase (XO), a
metalloflavoprotein that catalyses the oxidation of xanthine/hypoxanthine to
generate superoxide anion (O,") [50]. The conjugation reduces the affinity
towards the blood vessels of the native enzyme, that is responsible of damage
and hypertension, and allows to exploit the EPR effect thanks the increased
hydrodynamic volume of the conjugate [51]. The in vivo studies demonstrated
that after administration of PEG-XO followed by infusion of the substrate
hypoxanthine, the tumor growth was remarkably suppressed up to at least 52
days and a complete regression of tumor was found in three out of seven
tumor-bearing mice, while no apparent side-effects were observed [52].

Another approach takes advantage of PEGylation of D-amino acid oxidase
(DAO), an enzyme that catalyses the stereoselective oxidative deamination of
D-amino-acids to the corresponding o-ketoacids with the formation of H,0O,
[53]. Since the substrate of the enzyme does not exist in physiological condi-
tions, it is possible to control the H,O, production by regulating the exogenous
infusion of D-amino acids. Furthermore, the PEG conjugation could create a
macromolecule that by EPR effect is selectively accumulated in tumor tissue.
It was demonstrated that, after conjugate administration and subsequent tumor
accumulation, the infusion of D-proline induced suppression of tumor growth
and significant increase of survival rate in tumor-bearing mice [54].

A different approach is based on zinc protoporphyrin (ZnPP) that is an
inhibitor of HO-1. For this compound the use is limited by the insolubility in
physiological solutions. ZnPP solubility was increased by PEGylation, yield-
ing macromolecular micelles of 200 nm in diameter. When administered intra-
venously the plasma residence time was 40 times higher than that of the native
ZnPP. Again, the possibility of an EPR effect may play some role. The deriva-
tive inhibited the growth of S-180 and colon 38 tumors in ddY and BALB/c
mice, without substantial side effects [55]. This conjugate can be potentially
used also for photodynamic therapy (PDT), one of the most promising and less
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invasive antitumor approaches. In the conventional phototherapy, a photosen-
sitizer, exposed to the laser beam at 630 nm, generates the highly reactive sin-
glet oxygen [56]. ZnPP efficiently generates highly reactive singlet oxygen
also under a tungsten-xenon light, an irradiation source usually employed for
endoscopic purposes. Under these conditions, it was found that the conjugate
induced marked tumor regression, both in mouse tumor xenograft model and
chemical induced rat cancer [57]. The lower cost and easy availability of tung-
sten-xenon light with respect to the laser apparatus for conventional PDT
makes an easier application of this therapeutic strategy. In general, PDT is
receiving increasing attention for the treatment of superficial cancers, such as
lung, gastric, bladder and cervical cancer or of other cavities reachable by
endoscopic means. The advantage over other therapeutic treatment is the speci-
ficity and localization, this reducing the occurrence of systematic toxicity [58].

Psoralens, a photosensitizer agent that under UV-A light specifically binds
to DNA, was also PEGylated (Fig. 8). With this product it is possible to reach
high specificity: the activity only in tissues irradiated by UV-A, a tumor accu-
mulation by EPR effect and a very precise mechanism of action [59].

In a recent work, a bi-functional PEG was used to link a magnetic resonance
imaging (MRI) contrast agent and a photosensitizer to reduce non-specific
uptake, particularly liver uptake and to improve tumor targeting in MRI-guid-
ed photodynamic therapy with a very low invasive treatment [60]. The conju-
gates revealed a prolonged blood residence time due to the reduced recogni-
tion by liver macrophages and a very high accumulation in tumor tissue after
18 hours. Worth noting is the use of the technique of three-dimensional high-
resolution dynamic contrast enhanced MRI that was effective for non-invasive
visualization of the real-time pharmacokinetics and biodistribution of the poly-
mer conjugates in mouse tumor models. This allowed for identifying the spe-
cific uptake of the conjugate in tumor tissue [61].

Polymer conjugation presents further advantages of radiotherapy, offering
the possibility of delivering low selectivity radiopharmaceuticals. PEG might
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Figure 8. Schematic representation of mPEG-psoralen. The drug is conjugated to PEG through an
aminoacidic spacer cleavable in lysosomes by cathepsin-B, a protease present and over-expressed in
tumors.
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convey also new properties to conjugates. An interesting case is the PEGylated
PN,S (N-(N-(3-diphenylphosphinopropionyl)glycyl)cysteine) a ligand for
9mTc Jabeling. The presence of PEG allowed to simplify the labeling proce-
dure thanks to the supramolecular assembly of the PN,S-PEG conjugates. The
micelles, spontaneously formed in aqueous solution, favored the reduction and
coordination of technetium [62]. The labeling did not modify the polymer
behavior in water; and at the same time PEG was able to contribute towards
improved pharmacokinetic properties and biodistribution. The method pres-
ents an useful strategy to further improve the potential of *™Tc in diagnosis.
It may also be applied to rhenium-186/188 for radiotherapy through the label-
ing of targeted biomolecules of conjugated PN,S set with a bi-functional PEG
[63]. PEG conjugation has been also investigated to improve the pharmacoki-
netic and biodistribution of monoclonal antibodies bearing radiopharmaceuti-
cals. An example is the PEGylated anti-CD45 monoclonal antibody coupled
with AHN-12, which can be labeled with the high-energy beta-particle-emit-
ting isotope *°Y. The complex was tested in vivo in CD45+ B cell Daudi lym-
phoma, grown as flank tumors in athymic nude mice, displaying a significant-
ly better antitumor effect than the non-PEGylated antibody. The study evalu-
ated PEGs of different sizes and as expected, that rats treated with 43 kDa
PEGylated AHN-12 had higher radiolabeled antibody blood levels and
improved pharmacokinetics, than those treated with the 5 kDa derivative or the
non-PEGylated AHN-12 moiety. The surviving mice revealed no signs of kid-
ney, liver, or gastrointestinal damage after histological examination. Notably,
in vitro studies also indicated that PEGylation did not have major effects on the
labeling efficiency and the binding of labeled antibody [64].

Conclusions

Human malignancies fall into very diverse groups of diseases, even within his-
tological classifications, and they must be treated in different manners. The
application of classical chemotherapy in the period from 1950 to 1980 did not
lead to the expected results due to the insurgence of common cancer resistance
mechanisms and to several toxic side effects in patients. So far a huge effort
was dedicated to find new approaches to overcome the limits of the classical
anticancer drugs and to improve the knowledge of the tumor tissue retention.
Nanotechnology approaches and polymer conjugation appears to be suitable
options in the delivery of anti-cancer drugs to patients seeking a better and
safer quality of life.

From the results reported in this and other chapters of the book, PEG can be
considered an effective polymer that has reached great potential in drug deliv-
ery. Its benefit in delivering proteins and small molecules have been realized
in the clinic. Lessons learnt from these products will give rise to PEG con-
structs that are beyond the simple linear, dendronic or multi-arm morpholo-
gies. A newer generation of PEG or PEG-like polymers are just around the cor-
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ner [65] and it will be interesting to see how these polymers will be available
to address some of the limitations of PEG and PEG conjugation.
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Abstract

Therapeutic products prepared by PEG conjugation currently undergo the same regulatory scrutiny as
small molecule drugs. A brief review of historical and current regulatory submission strategies is dis-
cussed in this chapter. In addition, some forward looking suggestions and considerations are made for
nanomedicines that employ PEG and other polymers.

Introduction

In the different chapters of this book, the authors reported on the chemistry and
biology of PEG-drug conjugates. In addition, case studies were presented to
show how a PEG drug can be tested in the clinic with favourable patient treat-
ment outcomes. The obvious question drug developers need to ask is “what
was the regulatory process used to gain approval for these PEG-drugs and what
is the best regulatory pathway that one can adopt for future polymer mediated
drug products?” This is a question that is often ignored in early research and
development.

The acceptance of polyethylene glycol (PEG) in the biotechnology and
pharmaceutical industry is well known with the approval of nine drugs and
three devices. This would suggest that the various international regulatory
agencies are well versed in the use of this technology in drug delivery. Each
product is reviewed for its merits and demerits on a case by case basis because
not every molecule is suited for PEGylation. So where are PEGs normally
used in nanomedicines? A review of literature will show that PEG is used in
attachment to proteins, peptides, aptamers and small molecules. In addition,
PEG also enables other technologies such as stealth liposomes, targeted lipo-
somes, microcapsules, nanocapsules, dendrimers, dendrons and multicompo-
nent aggregates. All these structures can be grouped under the category
‘nanomedicine’. The ‘2005 European Science Foundation Forward Look’
defined nanomedicine as: ‘systems working from the molecular level using
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engineering devices and nanostructures to achieve a medical benefit’. In this
context, nanoscale includes active components or objects ranging in size from
I nm to 100 nm [1]. In another analogy, Ruth Duncan introduced ‘Polymer
Therapeutics’ as nano-sized (5—100 nm) polymer-based pharmaceuticals,
which include rationally designed macromolecular drugs, polymer-drug and
polymer-protein conjugates, polymeric micelles containing covalently bound
drug, and polyplexes for DNA delivery [2]. Both reviews make recommenda-
tions regarding the clinical potential of these molecules, the need for new tools
to study them, their risk-benefit assessments in acute and long-term exposure,
and the need for further study in this field. While the nanotechnology field is
on its growth spur, the use of PEG in direct attachment to drugs may be at its
full potential at this time. On the other hand, the combination of PEG to poly-
saccharides, lipids and water insoluble materials is still under early develop-
ment, and because of the complex nature of these drug delivery constructs, the
regulatory process may require a different scrutiny.

Historical approval processes

PEGylated adenosine deaminase (Adagen®) and L-asparaginase (Oncaspar®)
developed by Enzon, Inc., Piscataway, NJ, in early 1990s were the first modi-
fied protein products. They are indicated for severe combined immunodefi-
ciency disease (SCID) and acute lymphoblastic leukaemia (ALL), respective-
ly. These two rare diseases allowed the agency to review these molecules as
‘orphan drugs’, a process that allows for an expedited review prior to approval.
Both compounds contained numerous strands of PEG 5000 covalently
attached to the enzyme [3, 4]. During the early regulatory process, PEG was
being viewed as an excipient that contributed to the pharmacokinetic proper-
ties of the molecule. It was comparable to a methylcellulose derivative that
provided a sustained release or controlled release delivery of a small molecule
drug in an oral tablet formulation. The distribution and fate of the metabolised
PEG enzymes was not a major concern at that time. But, now with improved
analytical tools and the methods to pin point the amino acid residues directly
involved with PEG conjugation, it is a requirement to measure not only the
number of PEG strands attached to each protein molecule, but also the critical
chemical and biological properties. This was the case when the technique was
applied to two PEGylated interferon products used in the treatment of hepati-
tis C. Both, PEGylated interferon alpha2b (PEG Intron®, Schering-Plough)
and PEGylated interferon alpha2a (PEGASYS®, Hoffman-LaRoche Ltd) were
more thoroughly characterised. The number of PEG strands attached to the
protein, the specific sites of conjugation, the description of the individual iso-
mers, their relative biological activity, the stability of the conjugates and their
immunogenicity were characterised and reported during the drug approval
process. Interferon alpha2b (Intron A, Schering-Plough) was conjugated to a
12,000 Da monomethoxypolyethylene glycol polymer [5]. It was approxi-
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mately 95% monopegylated and the primary, the secondary, and the tertiary
structures were unaltered. Though pegylation appeared to decrease the specif-
ic activity of the interferon alpha-2b protein, the potency of the conjugate was
comparable to the native protein at both the molecular and cellular level. In
addition, pegylation did not affect the epitope recognition of antibodies used
for Intron A quantitation. An extensive analysis of the pegylated positional iso-
mers revealed that approximately 50% of the PEG was attached to the
Histidine-34 residue and this isomer had the highest antiviral activity.

Interferon alpha2a (Roferon-A, Hoffman-LaRoche) is a potent drug used to
treat various types of cancer and viral diseases including Hepatitis B/C infec-
tions. To improve the pharmacological properties of the drug, a branched
40,000 Da monomethoxypolyethylene glycol polymer was covalently bound
to a lysine side chain of the protein [6]. The drug substance was described as
a mixture of mainly six monopegylated positional isomers modified at lysine
residues K31, K134, K131, K121, K164, and K70. Each isomer was identified
and characterised and it was shown that the PEG-K31 and PEG-K134 isomers
had higher antiviral activity than the other isomers listed above [7]. These
observations were included in the drug substance characterisation and non-
clinical biology sections of the regulatory submission document.

Current approval processes

With the merger of small molecule drugs and biological products under the
wing of the Center for Drug Evaluation and Research (CDER) at the US Food
and Drug Administration (FDA), sponsors are traditionally required to submit
an Investigational New Drug (IND) application in accordance with 21 Code of
Federal Regulations (CFR) Part 312. This must occur prior to conducting
human clinical studies. INDs are required to contain detailed information
about the investigational new drug and this includes sections such as:

1. Chemistry, manufacturing, and controls which will include details about the
active ingredient and its formulation, the methods of manufacturing, impu-
rity profiles, specifications, analytical methods, packaging and stability.

2. Pre-clinical pharmacological and toxicological results from studies of the
drug in animals. This will include biological activity, pharmacokinetics,
toxicology in rodents and non-rodents after single and repeated doses,
histopathology, genotoxicity and carcinotoxicity.

3. Clinical pharmacology which is the clinical trial protocol specifically
catered to the safety of the drug substance in humans. The study design typ-
ically includes considerations for using normal human subjects or patients
from a target disease population; the starting dose and justifications for dose
escalation; a pharmacokinetic evaluation section; and an adverse event sec-
tion that explains when the ‘maximum tolerated dose (MTD)’ has been
reached.



276 T.X. Viegas and FM. Veronese

During the IND review period, the FDA may identify additional informa-
tion necessary to assure the safety of subjects and assure that the study design
is adequate to permit an evaluation of the drug’s safety or effectiveness in
humans.

After the drug has been adequately studied in different phases of clinical tri-
als, the applicant is required to submit a new drug application (NDA) as part
of 21 CFR 314 or a biologics license application (BLA) as part of 21 CFR 601,
in order to obtain US approval to market the drug. NDAs and BLAs will typ-
ically contain the same sections listed above, but additional information about
product manufacturing and analytical validation is required, long-term stabili-
ty in the proposed container closure and package, long-term toxicology stud-
ies in animals which will include reproductive and developmental data, exten-
sive data generated from the safety and efficacy clinical evaluations in humans
which may include drug combination and drug interaction information.
Pharmacovigilance, pharmacoeconomics and environmental risk assessments
are also submitted at this time.

A recent paper by Roger Gaspar and Ruth Duncan lists the additional con-
siderations required when polymers are used [8]. Since polymers are not
monodisperse, the polydispersity index (PDI) is normally reported for the PEG
reagent used. It is known that as the molecular weight of the polymer is
increased, the PDI will also increase. A large variation of PDI is not desired,
as this will result in PEG-drug conjugates having a larger range in molecular
weight and in turn this may affect the pharmacokinetic profile of the PEG-
drug. In this scenario, reproducibility and validation become critical process
parameters in the Chemistry Manufacturing and Controls (CMC). In the case
of PEG-biological drug conjugates it is important to report additional infor-
mation in the drug impurity section. Limits are set for residual unconjugated
PEG, native protein; high molecular weight conjugates resulting from multi
PEGylated isomers; and cross-linked products resulting from free diol in some
PEG reagents. The potential of interaction of PEG-biological drugs with the
container closure system has to be evaluated. When small molecules are
attached to PEG or other polymers, the chemistry of attachment will differ
from PEG-protein drugs. PEGylation of small molecules typically results in
the loss of biological activity because the conjugate is too bulky to bind to tar-
get ligands and cell membranes receptors or to be internalised into the cells to
reach the site of action. So in these cases, the covalent attachment is reversible
thus allowing the small molecule to be released in the body over time. Besides
the drug and the polymer, the linker chemistry becomes critical. Formulations
of these kinds are classified as ‘Sustained and Controlled Release Parenterals’.
A joint workshop on ‘Assuring Quality and Performance of Sustained and
Controlled Release Parenterals’ was conducted in 2002 between the American
Association of Pharmaceutical Scientists, the Food and Drug Administration,
and the United States Pharmacopoeia. Experts from industry, the regulatory
agencies and academia debated on processes and analytical tools required to
correctly measure the performance of these parenteral formulations. In their
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report [9], they identified a number of in vitro and in vivo tests that were
required to evaluate the performance of these parenterals. A number of issues
need to be addressed for PEG-small molecule drugs, one of which is the sta-
bility of the hydrolysable bond between the linker and the drug. It is essential
that this bond be stable in the container during shelf life stability. It is also
essential that this bond not immediately hydrolyze in vivo after injection, in
order to avoid dose dumping. Low pH stable and lyophilized formulations
were discussed as part of the formulation options and in vitro dissolution tests
were recommended as part of the specifications.

The higher the molecular weight of the PEG selected, the better the phar-
macokinetics of the biological or small molecule. The in vivo half-life is
extended and the clearance rate of the drug is reduced. However, because PEG
is non biodegradable, there are questions about how it traverses from the cir-
culation into extravascular tissue and how it is eliminated from the body. There
are two pathways through which PEGs and PEG conjugated compounds can
be excreted. One pathway is through kidney glomeruli and this is for molecu-
lar weights that are less than 50 kDa. Another pathway is through the hepatic
bile duct system and this is for molecular weights that are greater than 50 kDa
[10]. Two published studies address the presence of renal vacuoles observed in
rats after chronic administration of PEG and PEG conjugates. In the first study
PEG-haemoglobin (Hb) was infused into the tail veins of rats at a dose of
about 1.5 g/kg [11]. Minimal to moderate vacuolation was apparent in the kid-
neys of the PEG-Hb treated animals seven days post infusion. No vacuoles
were observed when either bovine Hb or M-PEG 5 kDa was infused. In the
second study PEG 20 kDa TNF-bp was injected to rats every other day for 3
months at doses of 40, 20 or 10 mg/kg. Despite the presence of marked kidney
vacuolation, there were no changes in blood urea nitrogen (BUN), blood cre-
atinine, urinalysis parameters such as urinary N-acetyl-B-D-glucosaminidase
(NAG), urinary microglobulin, or sodium excretion. Equivalent doses of PEG
alone did not cause light microscopic evidence of vacuolation [12]. In both
these studies, the distension of lysosomes was attributed to the hygroscopic
nature of PEG. These studies demonstrated that PEG linked proteins have the
capacity to induce renal tubular vacuoles and the approval process will require
that PEG drugs be monitored for this pathological observation. More recently,
a markedly higher occurrence (22-25%) of anti-PEG antibodies has been
observed in a healthy blood donor population (350 donors tested), and they
were of the IgG and IgM types. The presence of anti-PEG antibodies was very
closely associated with rapid clearance of PEG asparaginase from the body
[13]. Although the advantages of PEG-conjugation are apparent, it may be
advisable to screen patients for pre-existing anti-PEG antibodies. With the
usage of low and medium sized PEGs in liquid medications, parenteral injec-
tions, dermal creams and shampoos, food and beverages, there is a high like-
lihood that a particular subset of the human population will test positive for
anti-PEG antibodies. Low molecular weight and nearly monodisperse PEGs
have also been recently reported to activate the classical and alternative path-
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ways of the complement system. Increased levels of C3, C4d, Bb, C3a-desArg
and SC5b-9 were detected in vitro, in serum during a time course study [14].
But in another study by the same authors, it was reported that polydisperse
PEG 400 Da and 1960 Da and their corresponding non-ionic liposomal com-
positions did not increase the levels of the complement proteins described
above [15]. In any case, studies may need to be conducted to address the obser-
vations noted above, and as part of the pharmacology and toxicology review
process.

Biogenerics

The regulatory approval process for follow-on protein products (biogenerics)
is scientifically more challenging than for small molecule generic drugs. For
the latter, the abbreviated new drug application (ANDA) format is extensively
used. The sponsor of such an application needs to demonstrate that the prod-
uct is chemically similar and is bioequivalent. The agencies rely on the safety
and efficacy of the innovator product in order to accept a pathway for approval
of the generic product. In the case of biogenerics, both the US and the
European regulatory agencies have experience in dealing with follow-on prod-
ucts. Protein products in the US are approved as drugs under the Food and
Drug Cosmetic (FDC) Act or licensed as biological products under the Public
Health Service (PHS) Act. In the case of follow-on proteins, an abbreviated
pathway is described in section 505(b)(2) of the FDC Act, which permits a
sponsor to rely on published literature or on the Agency’s finding of safety and
effectiveness for a referenced approved drug product to support approval of a
proposed product. In November 2004, the European Medicine Agencies
(EMEA)/Committee for Human Medicinal Products (CHMP) issued a set of
guidelines for Biosimilars which addressed general, quality-relevant and pre-
clinical/clinical requirements for specific products such as somatropin, epoet-
in, filgrastim, and insulin [16]. A Biosimilar is defined as “a product having
highly similar quality attributes before and after manufacturing process
changes and that no adverse impact on the safety or efficacy, including
immunogenicity, of the drug product occurs”. The first biosimilars approved
and marketed were Omnitrope® (recombinant somatropin) in the US, and
Omnitrope® and Binocrit® (epoetin alpha) in Europe [17]. The FDA and the
EMEA used the above case studies to recommend requirements for a biosim-
ilar submission:

1. Chemistry, Manufacturing and Controls: Physicochemical testing to prove
that the structure of the biogeneric is similar to the approved product.

a. Primary structure: A combination of the amino acid sequence and struc-
tural investigations will demonstrate that the biogeneric has the same
functional characteristics as the approved product, e.g., Edman sequenc-
ing and peptide mapping by mass spectroscopy.
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b. Mass analysis: Matrix Assisted Laser Desorption/Ionization Time-of-
Flight (MALDI-TOF) and Electrospray lonisation Mass Spectroscopy
(ESI-MS).

c. Spatial structure: Circular Dichroism (CD) and Nuclear Magnetic
Resonance (NMR) spectroscopy. In addition, post-translational modifi-
cation of the protein such as glycosylation, acetylation, or phosphoryla-
tion is required. Where applicable, the assembly of protein molecules
into aggregates needs to be demonstrated.

d. Polarity: Reverse Phase High Performance Liquid Chromatography
(HPLC)

e. Charge: Capillary Electrophoresis and Isoelectric Focusing

f. Size: Size Exclusion Chromatography (SEC) and Gel Electrophoresis
(GE)

2. Non-clinical pharmacology: In vitro cell proliferation activity and in vivo
bioassays are recommended in Europe as part of a standardised monograph.
An example of a bioassay for interferon is referenced in the European
Pharmacopoeia [18].

3. Immunogenicity is the ability of a therapeutic protein to stimulate an
immune response. It can range from development of detectable but not clin-
ically significant antibodies, to an immune response that will impact on
safety or effectiveness by the creation of neutralising antibodies. The abili-
ty to predict immunogenicity of a protein product, particularly the more
complex proteins, is extremely limited. Some clinical assessment is needed
where the product is to be administered chronically and the immunogenic
potential is measured. The possibility of generating a cross-reaction with
similar endogenous proteins is assessed.

4. Preclinical toxicology: Sub-chronic toxicity studies in rats or dogs.

5. Clinical Pharmacokinetics and Pharmacodynamics (PK/PD) in a Phase I
format to demonstrate bioequivalence.

6. Clinical efficacy and safety: Phase III studies in a patient population to
demonstrate that the biosimilar has similar efficacy as the approved product.

7. Supportive literature on the clinical experience and long-term safety of the
approved product.

Most of the PEGylated proteins and aptamers currently enjoy market exclu-
sivity. But once their patents expire, these biogeneric versions may need to be
developed using the same procedures described above. These products may
then be sub-classified as ‘follow-on polymer conjugated biologics’ or simply
as ‘PEG biosimilars’.

Conclusions

Even though the polymer or biological carrier is devoid of biological activity
it is no longer considered as a simple excipient. This fact implies that after a
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covalent coupling the conjugate must be considered as part of a new composi-
tion of matter, i.e., a new chemical entity. It is the protein that provides the bio-
logical activity for the conjugate and it is the polymer that redefines the phar-
macokinetics and distribution of the protein. Hence, by default, PEG becomes
part of the process that will undergo all the approval steps needed for new
drugs. In the CMC section, PEG could be considered as a synthetic intermedi-
ate for the final conjugate for which the chemistry, analytical measurements,
stability, toxicology and biological fate must be known. With the field of
PEGylation rapidly expanding to oligonucleotides, small molecule drugs and
newer nanomedicines, it is likely that longer and expensive approval process-
es will slow down the ability to bring safer and therapeutically more advanta-
geous products to market. The cost may be so high that only the big pharma-
ceutical companies could afford to develop them [19]. But the expectations are
high, as is demonstrated by the rapidly increasing number of studies in this
field and the growing number of researchers in new biotechnology dedicated
companies.

The guidelines and recommendations in the field of nanomedicines come
mainly from EMEA in Europe, FDA in USA and MHRA in UK [20, 21]. It is
accepted that no drug may be devoid of any risk, and it is responsibility of the
drug sponsor to guarantee an acceptable risk/benefit balance. The researchers
are therefore encouraged to refer to the guidelines presented by these agencies
in the initial stages of any product development venture. As mentioned before,
each product in nanomedicine will face different questions and will need new
answers. A consortium from the different agencies may be required to better
and uniformly regulate in this arena.
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