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Introduction: The use of hydrophilic polymers as a substitute for the

Fc-domain in immuno- or non-immuno-based binding proteins is accelerat-

ing. Chemical PEGylation has led the way and is still the most advanced and

clinically-approved approach. Hydrophilic polymers act by maintaining a flex-

ible conformation and hydrogen bonding to a network of water molecules to

acquire a larger hydrodynamic volume and apparent mass than their actual

molecular mass suggest. The benefits are increased blood half-life and

bioavailability, stability and reduced immunogenicity. In the case of PEG,

there is also evidence of enhanced targeting and reduced side effects, but

drawbacks include the fact that PEG is non-biodegradable.

Areas covered: This report reviews the state of the art for antibody PEGylation

in terms of approaches and effects. Additionally, non-biological (such as

N-(2-hydroxypropyl)methacrylamide) and potentially superior biological

alternatives (such as polysialylation) are described, ending with recombinant

approaches (such as hydrophilic peptides and glyco-engineering), which

promise to circumvent the need for chemical modification altogether.

Expert opinion: The emergence of many small, antibody fragment-like mimics

will drive the need for such technologies, and PEGylation is still the choice

polymer due to its established use and track record. However, there will be

a place for many alternative technologies if they can match the pharmacoki-

netics of PEG-conjugates and bring addition beneficial features such as

easier production.

Keywords: antibody, fragment, hydrodynamic, pharmacokinetics, polyethylene glycol,

polysialic acid
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1. Introduction

For many years, the ‘next generation’ of antibody technology has been proposed to
be recombinant antibody fragments (including their fusions and conjugates) [1]. We
are now seeing the reality of this with some of these newer antibody formats reach-
ing advanced clinical trials or marketing approval. Not far behind are alternative
binding scaffolds: non-antibody-like binding proteins which have a number of
advantages over immunoglobulins [2]. Whole mAbs of which there are now around
30 approved (http://csdd.tufts.edu; http://fda.org) have brought clinical and com-
mercial success [3,4]. However, for reasons such as lack of potency, functional resis-
tance, side effects, poor tissue penetration and sub-optimal pharmacokinetics, they
have been less effective, especially for solid tumours [4]. The last three reasons are
related to the presence of an Fc region/domain. Fc interaction with the neonatal
Fc receptor (FcRn) on cells of the reticulo-endothelial system accounts for the
immunoglobulin long half-life (3 -- 4 weeks in humans) but also its crossreaction
to non-target tissues and slow tissue penetration [4]. This has led to the development
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of non-Fc bearing antibody (or antibody-like) derivatives.
Such small proteins of biotechnological interest are rapidly
eliminated from plasma circulation by renal filtration. The
kidney glomeruli act as a molecular sieve, preventing proteins
larger than around 60 -- 70 kDa (around 40 Å) to pass
through to be degraded and excreted [5]. A direct modulation
approach is to increase their apparent molecular size to above
the glomerular filtration cutoff limit. To achieve this, multi-
merisation of recombinant antibody fragments increases the
molecular mass (MM) leading to overall size enhancement,
which also offers extra options such as increased valency
(functional affinity or avidity) and specificity [6]. However,
multimerisation opens up issues such as complex formation
or receptor crosslinking leading to agonist functions. A more
preferable and common way is to attach biocompatible
hydrophilic polymers to increase the hydrodynamic radius
under physiological conditions. Generally, these materials
are flexible chains with low MM (10 -- 40 kDa) and high
water attraction capacity. Such ‘hydrated’ polymers then
appear to have a much greater apparent MM and hydrody-
namic volume (due to a greater Stokes radius), and their
attachment to the small molecules leads to an overall hydro-
dynamic size enlargement. Water soluble polymers such as
polydextrans, polystyrene-co-maleic acid, polylactides, poly
(lactide-co-glycolides), polysialic acid (PSA), poly(L-glutamic
acid), N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-
mer and PEG have been studied previously as effective drug
carriers/modulators [7-9]. Many of these have been utilised in
biotherapeutics with additional benefits including masking
immunogenicity (humoural and cellular), protease protection,

solubility improvement, controlled release, reduced absorp-
tion, reduced injection volume and conjugational linking
(Figure 1) [7,8]. From a commercial viewpoint, such modifica-
tions can also extend patent life and help compete against bio-
generics/biosimilars, thus increasing revenue. They can even
lead to improved generics (known as ‘biobetters’). Covalent
attachment of PEG, PEGylation is one of the best validated
and practically acceptable chemical conjugation methods to
date. Although many more non-antibody examples exist
(e.g., PEGylated IFN-2b, PEGylated erythropoietin and
PEGylated insulin), the first approved protein PEGylated
product was in the 1970s [10]. Antibody fragments are a signif-
icant group (the first example approved in 2008 [10]) with a
great deal of research that can be compared. Polymer modifi-
cation of antibody fragments tend to have a greater pharmaco-
kinetic effect than pharmacodynamic effect as antibodies tend
to be relatively more stable in serum than other proteins.
Although the above-mentioned chemical approaches make
up the majority of the technologies, recombinant approaches
are also making progress. Chemical manipulation and conju-
gation of proteins can suffer from a number of limitations
including protein inactivation, loss of stability, heterologous
products, loss of affinity or specificity, low yields and costly
downstream processing to remove non-reacted materials.
This has led to the development of competing ‘recombinant
PEG/PEG-like’ technologies where hydrophilic polymers
are genetically encoded in some way, leading to engineered
cell lines expressing the target protein already bearing the
pharmaco-modulatory biopolymer. Such ‘biopolymers’ are
naturally-occurring and thus are biodegradable overcoming
potential toxicity, immunogenicity and side effect issues [11-13].
This includes recombinantly-encoded PSA, homo- and
hetero-amino-acid polymers.

This review summarises the state of the art in hydrophilic
polymer technology for antibody fragment pharmacokinetic
modulation, evaluating both chemical and recombinant
approaches and looks ahead to how these will be used with
the many antibody/antibody-like proteins on the horizon.

2. Chemical conjugation

2.1 Conjugation residues
Chemical conjugation occurs through reaction with various
chemical groups within the primary antibody sequence. Typical
reactive groups are amines, thiols, imidazole rings, carboxylic
acids and hydroxyls. Amine groups on lysine or N-terminal res-
idues are often used as ‘random’ conjugation points as they have
a high surface propensity. Reactive groups may be sterically hin-
dered, as they are often embedded within the core tertiary struc-
ture of the antibody and, therefore, unavailable for conjugation.
Moreover, amino acids essential for the antibody’s function
represent undesirable sites for conjugations. Although non-site-
specific, random conjugation has shown some success [14,15];
the more prevalent and preferred approach is to engineer
proteins that eliminate residues where conjugation is undesired

Article highlights.

. The driver for half-life/pharmacokinetic modulation is
the requirement for non-Fc-bearing immuno-proteins
with retained bioavailability and the proliferation of
alternative scaffold-binding proteins.

. The approaches can be random/site-specific chemical
modification or protein engineered recombinant
technologies, all of which have their merits and
limitations. However, site-specific conjugations or
recombinant fusions are preferred due to reduced
polydispersity and better product definition.

. Hydrophilic polymers act primarily by increasing the
hydrodynamic volume of the target protein and
excluding renal clearance, but other features, such as
charge, also contribute to the mechanism of action.

. PEGylation is the accepted and leading method due to
its track record and accessibility but the other chemical
approaches need more clinical validation to support
their expansion.

. From the next-generation approaches, polysialylation
and hydrophilic peptide extensions could emerge as
commercially viable technology.

This box summarises key points contained in the article.
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and re-engineer specific sites where conjugation is desired, par-
ticularly thiol-containing cysteines [16-18]. Unlike the ubiquitous
nature of lysine residues, surface-available cysteines are not fre-
quently expressed on the surface of proteins, and modification/
manipulation of thiol groups are becoming increasingly fav-
oured for conjugation purposes. As a remnant of whole immu-
noglobulin hinge structure, a free thiol is often found in
antibody Fab¢ fragments at the C terminus of the heavy chain,
or indeed the light chain, or it can be easily be introduced in
other recombinant fragments [19]. Three major benefits can be
achieved through such engineering for chemical conjugations:
i) conjugations to undesirable sites that are detrimental to pro-
tein activity are avoided, ii) more homogeneous conjugates
with specific conjugate isoforms are established making more
desirable pharmaceuticals and iii) the number of conjugation-
reactive sites can be engineered for potential pharmacokinetic
manipulation. In comparison, random amine coupling is a
more feasible and direct approach for chemical conjugation. In

a direct comparison of the two approaches, lysine-directed
PSA conjugation reduced the antigen recognising function of
an anti-carcinoembryonic antigen (CEA) scFv by a factor of
20, which was resolved by site-specific coupling modifica-
tion [18,20]. However, as shown in previous studies, amine-
directed PSA conjugation was successfully used to modify the
pharmacokinetic of an antitumour Fab¢ [18,21], whereas con-
versely, conjugation of PEG chains was found to be more
detrimental on antibody activity after amine coupling for an
anti-TAG-72 scFv [15]. This practically demonstrates the fact
that antibody bioactivity is dependent on different residues
within or near the complementarity-determining region
(CDR) which is difficult to predict in the absence of structural
information. If known, sensitive conjugation sites can be elimi-
nated by mutagenesis. Such an approach has been successfully
utilised to mutate a non-essential lysine residue in the VH

CDR3 of the C6.5 scFv into a non-conjugatable alanine residue
(K100A mutation) to prevent unwanted chemical conjugation

‘Shielding’

‘EPR effect’

‘Hydrodynamic
volume’

Leaky
vasculature

Antibody fragment
+ hydrophilic polymer

Antibody fragment
(e.g., single-chain Fv)  

Immunogenic site

Neutralising antibody
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Protease enzyme
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Figure 1. Schematic illustration of how hydrophilic polymers impart the many benefits described. Using a single-chain Fv as

an example, protein sequences may be exposed which are immunogenic or proteolytically-sensitive. On chemical

modification with a polymer (1), the increased hydrodynamic volume acts to shield the protein from neutralising antibodies

or proteases (2), reduce renal clearance by glomerular filtration (3) and preferentially exude into inflamed tissues due to the

presence of more leaky vasculature and poor lymphatic drainage (EPR effect, 4).
EPR: Enhanced permeability and retention.
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in the anti-HER2 scFv antigen-binding site leading to a fully-
function radio-immunoconjugate [22]. Lysine-60 in the heavy-
chain CDR2 was mutated to arginine in the anti-CD20
s/44 mAb to allow bioconjugation without loss of activity [23].
Despite a wide range of ‘chemistries’ being available within a
protein’s primary sequence, including post-translational modifi-
cations such as glycosylation, amine and thiol groups are by far
the most preferred, particularly for antibodies.

2.2 PEGylation
To date, the physicochemical properties of PEG have been the
most extensively studied, making it the most advanced carrier
system technology to date (Figure 2).
Water-attracting features, basic chemistry as well as other fac-

tors including conjugation number, length and structural com-
plexity have been studied in terms of pharmacokinetic impact.
PEG has a long history as a non-toxic, inert, hydrophilic,
uncharged and non-biodegradable polymer. PEG has been
approved by the FDA and Europe’s EMEA for therapeutic
uses in many conjugates [24]. Each ethylene glycol unit (Figure 2)
of PEG can support up to three water molecules [25] indicating
PEG can carry water up to its own molecule mass, resulting in
an increased hydrodynamic volume (5 -- 10�) greater than the
actual mass predicts [26,27]. Furthermore, the pharmacokinetic
behaviour of the PEG chains can be dictated by their lengths
and conformations (i.e., linear or branched structure) [27-30].
Generally, the clearance rate of the protein therapeutics is
decreased when the PEG polymer-conjugate size increases; how-
ever, their permeability into potential target sites also slows [30-32].
Therefore, several variable factors have to be considered for
modulation in order to find the most appropriate window for
a desired pharmacokinetic effect.
There are a number of non-antibody therapeutic agents

benefiting from PEGylation including Adagen� (PEGade-
mase bovine), the treatment of immunocompromised indi-
viduals awaiting bone-marrow transplantation; Oncaspar�
(PEGasparaginase) for the treatment of lymphoblastic leukae-
mia; PEGasys� (PEGinterferon a-2a; ribavirin) for the treat-
ment of chronic Hepatitis C infections and Macugen�
(PEGaptanib sodium) for the treatment of macular degenera-
tion [10]. Cimzia� (certolizumab pegol) is the only approved
PEGylated antibody but a number of others are in clinical
trials (Table 1).

2.2.1 Random conjugation
Random PEG conjugation has been applied to several F(ab¢)2
and Fab¢ fragments. Generally speaking, the MM of F(ab¢)2 is
above the glomerular filtration threshold (~ 100 kDa), while
the rapid clearance of Fab fragments (~ 50 kDa) is much
more significant. A number of such fragments against human
CEA, a cell-surface tumour marker, were used for PEGylation
investigations. Kitamura et al. attached 4.9 (average conjuga-
tion ratio) short PEG chains (5 kDa) to a F(ab¢)2 from murine
mAb A7. This retained antigen-binding activity to that of the
parent F(ab¢)2 and demonstrated reduced blood clearance of

the PEG-F(ab¢)2 in mice (remaining for up to 24 h)
with ~ 1.6-fold increase in t1/2a (a-phase half-life: tissue dis-
tribution) and 1.3-fold increase in t1/2b (b-phase half-life: sys-
temic elimination) [33,34]. Another murine anti-CEA F(ab¢)2
and its Fab¢ fragment from A5B7 mAb were PEGylated
with two 5 kDa PEG chains. Dramatically improved circula-
tion levels were observed by the two mAb fragments over
6 days after antibody administration. At 3 h, the PEGylated
F(ab¢)2 had a 24.7% injected dose/g tumour compared to
11.4 for the unmodified antibody fragment. The increase
was even more dramatic for the Fab; 20.6 versus 4.5%. How-
ever, as expected, the tumour:blood ratios were lower than for
the Fab. However, only 12 and 20% reduction in immunore-
activity was found respectively in comparison with the un-
PEGylated F(ab¢)2 and Fab¢ [35]. Delgado et al. [36] PEGylated
a chimeric recombinant Fab¢ (F9) against CEA using 5 kDa
PEGs. They demonstrated increasing apparent molecular
size by size exclusion chromatography (SEC) by increasing
the active PEG molarity ratio during conjugation. The corre-
sponding hydrodynamic radii of the PEGylated Fab¢ species
were estimated in the range 29 -- 40 Å rather than 22 Å of
the Fab¢ alone [36]. The subsequent biodistribution study fur-
ther verified the improved retention of the PEG-Fab¢ in
tumour with ~ 5.7-fold increase in the tumour exposure/
bioavailability (determined as the AUC in an uptake vs time
plot) over a 6-day post-injection period. However, an almost
50% loss of antigen binding was also concluded with the
PEGylated Fab¢ [36]. Chapman et al. randomly conjugated a
humanised Fab¢ with 1, 3 and 6 PEG chains (5 kDa). The
conjugates in vivo circulation half-lifes were found to increase
correspondingly with the attached PEG molecule numbers,
while the loss of antigen-binding affinity was also found to
increase with up to 83% loss in the Fab¢ conjugated with
6 PEG chains [37].

High MM branched PEG moieties have been investigated
for bioconjugation. Compared to linear PEG, branched
PEG chains have been generated with promising improve-
ments: It is claimed that a branched PEG can act as if it
were much larger than a corresponding linear PEG of the
same MM [26,38]. Koumenis et al. conjugated 20 kDa linear
PEGs and 40 kDa branched PEGs (20 kDa of each branch)
to a neutralising F(ab¢)2 against IL-8. Dramatic differences
of the conjugate MMs were determined via different measure-
ments. Using SEC, the apparent MM increase of F(ab¢)2 was
about 7-fold by adding one 20 kDa linear PEG and ~ 11-fold
by adding one 40 kDa branched PEG in comparison with the
parent F(ab¢)2, whilst light-scattering detection gave the same
values for the theoretical MMs of the conjugates [39]. Follow-
ing this, they also reported that the PEGylated F(ab¢)2
had ~ 16-fold blood exposure (AUC) increase by adding
one 40 kDa branched PEG and an ~ 18-fold increase by hav-
ing two branched PEG, as well as ~ 5.3- and 5.6-fold longer
circulation half-lifes than the parent F(ab¢)2 in rabbits. Addi-
tionally, a slower clearance rate was also observed by coupling
with one 40 kDa branched PEG compared with same MM

Modulating antibody pharmacokinetics using hydrophilic polymers
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linear one. In terms of antibody targeting, the affinity was
retained for up to two PEG molecule conjugates (both linear
and branched), but considerable affinity loss was seen beyond
this coupling ratio [39].

The effect of PEGylation for prolonging the circulation
lives was also investigated on smaller antibody fragments
such as scFv. Lee et al. PEGylated a mucin-binding scFv
through random amine and carboxyl site coupling [15]. A
series of coupling reactions with PEG derivatives with a
range of MWs (2-20 kDa) were created. The circulation
half-life progressively increased as the PEG size and conju-
gation ratio increased, such that a half-life around

13 -- 14 h was reached with both 12 and 20 kDa amine-
coupled PEGs under similar conjugation ratios, whilst the
unmodified scFv only showed a 0.7 h half-life.
However, ~ 23 and 40% binding affinity reduction was
reported to the two long PEG-conjugates whereas the short
PEG-conjugates retained binding activity [15].

2.2.2 Site-specific modification
As seen above, random conjugation of PEG moieties to small
antibody fragments elevate the protein in vivo blood residence
time particularly through increasing the hydrodynamic radius
of PEG--protein complex; however, the general theme is that
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antibody affinity is lost particularly with longer PEG molecule
or increased conjugation ratios [14]. More precise technologies
were needed for delivering better quality PEGylated antibody
fragments with retained binding affinity and longer half-lifes.
The engineering of site-specific thiol groups on antibody frag-
ments for PEG coupling was predominately used in order to
avoid the interference to antigen-binding site from random
chemical conjugation. By positioning such thiols distal to
the CDRs, normally straight-forward for antibody fragments,
binding function can be retained. There is clearly a kinetic
effect due to the presence of a large hydrodynamic polymer.
Plückthun’s group [40], Mabry et al. [41] and Deonarain’s
group (unpublished) demonstrated a slower antigen-binding
association rate for PEGylated and polysialylated scFvs,
respectively, when analysed by surface plasmon resonance
using a BIACore biosensor. This can be as much as 10-fold.
However, the charged, dense matrix may exaggerate this phe-
nomenon, which has not been seen routinely under physio-
logical conditions of binding. However, there are clearly
some viscosity or diffusion effects associated with the large
hydrodynamic volume. With more site-directed coupling,
PEGylation has now been effectively developed to a much
more mature technology for affinity-binding proteins.
To prevent the masking effect of large PEG moieties to

antigen-binding site from antibody fragment, Chapman et al.
site-specifically linked PEGchains to remaining free cysteine res-
idue in the hinge region (which is furthest away from the
antigen-binding site) of a humanised Fab¢ fragment against the
b-subunit of PDGF receptor [37]. Blocking this receptor was
shown to have anti-proliferative and chemotherapy-enhancing
effects (by reducing tumour interstitial pressure), thus having
application in oncology [42]. They found the conjugates half-
lives were significantly increased in rats with blood exposure
values raised almost 7-fold for a single 25 kDa PEG and
13.5-fold for a single branched 40 kDa PEG compared to the
unconjugated Fab¢. Moreover, > 21-fold bioavailability increase

was achieved when two 25 kDa PEG chains were conjugated
site-specifically [14,37]. Non-human primate studies further dem-
onstrated the 40 kDa PEG--Fab¢ conjugate had blood exposure
value approaching that (78%) of the parent IgG (which is almost
double the size and benefits from FcRn binding/retention) and a
slower elimination phase (t1/2b). It was also suggested that
the PEGylated Fab¢ benefited from protection of the anti-
idiotypic response [37]. This conjugate (formerly CDP860,
UCB) was eventually dropped from clinical development due
to lack of efficacy, most probably due to the target selection
rather than poor pharmacokinetics. In contrast to the random
conjugation, all site-specifically modified Fabs showed consis-
tent binding retention by BIAcore analysis [37]. This contrasts
with more recent and detailed kinetic studies of PEGylated pro-
tein binding which suggest on-rate limitations (see below). From
the clinical trials using the 40 kDa PEG-conjugated Fab¢, an
average of 5 days plasma half-life was reported [42]. Similarly,
Trakas and Tzartos conjugated a 20 kDa linear PEG to the
free hinge thiol group of a rat Fab¢ targeting the main immuno-
genic region in autoimmune disease treatment. Compared to the
3 -- 6 h circulation time of the normal Fab¢, the PEGylated Fab
showed up to 4 days longevity in rats, and significant immuno-
suppressive activity compared with the original Fab¢ [43]. More-
over, anti-IL8 Fab¢ fragments were thiol site-specific modified
with PEGs having MMs of 5 -- 100 kDa (linear) or 40 kDa
(branched), and dramatic increases of apparentMMs versus the-
oretical MMs of each conjugate were analysed according to the
results from HPLC SEC. Improved pharmacokinetic parame-
ters were showed alongside the increase of PEGMM after injec-
tion into rabbits, and the branched PEGs (40 kDa) were found
to generate doubled blood exposure and circulation half-
life levels compared to the linear PEGs with the sameMM. Rel-
ative to the native Fab¢, the clearance rates of the PEGylated
molecules were decreased by 44- to 175-fold [44]. In addition,
the therapeutic efficacies of all PEG-conjugates were found to
be retained in vitro and in vivo. The authors also suggested the

Table 1. PEGylated antibodies and alternative frameworks in the clinic.

Name Molecular species Indication/Phase Company Ref.

Certolizumab pegol (Cimzia�) Humanised Fab against TNF-a Rheumatoid arthritis/Approved
2008/9
Psoriasis/Ph III
Ankylosing spondylitis/Ph III

UCB/Nektar [59-61]

CDP-791 abciximab pegol Chimeric Fab against VEGFR2 NSCLC/Ph II/discontinued? UCB/Nektar [53]

CDP-860 Fab against PDGF Cancer/discontinued? UCB/Nektar [42]

PRS-050 Anticalin against VEGF Solid tumours/Ph I Pieris AG Unpub.

CT322 Adnectin against VEGFR2 Solid tumours/Ph I Adnexus/BMS [56]

DX1000 Kunitz domain against plasmin Breast cancer Dyax [58]

Nanobody Single domain antibody from
Llama against foot and mouth
disease virus

Foot and mouth disease Ablynx [57]

CDP-7657 Humanised Fab against CD40L Systemic lupus erythematosus UCB/Nektar [52]

PDGF: Platelet-derived growth factor.
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possibility of customising the Fab¢ pharmacokinetic properties
via PEGylation [44]. This latter point if oftenmentioned as being
a strength of the PEGylation technology or other polymers with
low polydispersity. However, there has yet to be a published
study where an optimal therapeutic effect has been observed
on tailoring the half-life of biopharmaceutical protein.

The interference andmasking effect to the antigen-binding site
becomes more severe as the antibody fragments become smaller.
To overcome this detrimental problem, site-specific PEGylation
was investigated in a number of single chain Fvs. Tsutsumi et al.
PEGylated a scFv-immunotoxin fusion protein (LMB-2) via a
cysteine residue specifically introduced on the linker connecting
both components of the fusion protein [45]. Both 5 and 20 kDa
linear PEGs were such conjugated and five and eightfold incre-
ments in plasma half-life (LMB-2 has a rapidb half-life of around
13 min) as well as substantially increased bioavailability (3.5- and
4.6-fold increased AUC) and mean residence time were detected
correspondingly. An almost unchanged cell-binding profile was
observed by the two PEGylated proteins in comparison with
the unmodified fusion protein, and the overall therapeutic win-
dowwas increased by > 20-fold in a preclinical antitumour study.
Nonspecific toxicity was seen to decrease despite the increased res-
idence time of the toxin [45]. A systematic study by Yang et al. used
5, 20 and 40 kDa maleimide--PEG-conjugates to investigate the
bioactivity and blood clearance rates of an anti-TNF-a scFv site
specifically conjugated at one or both of two available, engineered
thiol sites. Although BIAcore-binding data suggested some loss of
bioactivity (see below), cytotoxicity assays showed similar neutral-
isation IC50 values for all conjugate variants. Pharmacokinetically,
the half-life of conjugates increased as their PEGylation content
increased, demonstrating up to 100-fold prolonged circulating
half-lifes [32]. An anthrax exotoxin neutralising scFv was also
site-specifically (via an incorporated C-terminal cysteine) PEGy-
lated by a 20 or 40 kDa PEG. Their pharmacokinetic analysis
in guinea-pigs showed that the 40 kDa PEG-conjugated scFv
increased the serum half-life of the construct beyond that of
full-length immunoglobulin in a guinea-pig anthrax model [41]

(b half-lifes of 108 vs 96 h). In addition, similar overall equilib-
rium dissociation constants (Kd) were measured for all constructs
as well as in vitro toxin challenge potency, and a significant
increase in survival and an improved overall mean time to death
in the guinea-pig model challenged with a relatively high dose
of anthrax spores was also reported [41]. This was especially
impressive considering there was no active mechanism for the
clearance of the toxin--antibody complex, other than general
uptake in the reticulo-endothelial system and degradation. Inter-
estingly, the authors investigated the binding of the scFv by BIA-
Core and noticed that the affinities were 10- (20 k PEG) or
100-fold (40 k PEG) reduced, all due to slower on-rates. This
was seen when the antigen was immobilised. However, when
the PEGylated scFv was on the chip surface, the affinities were
generally retained. This supports the idea that the increased
hydrodynamic radius slows down diffusion (see below). Also,
PEGylated via chemical coupling to an engineered cysteine
residue on the C terminus of an anti-HER2 scFv,

Kubetzko et al. showed the enlargement of hydrodynamic radius
of the 20 kDa PEG-conjugated scFv, which was a ~ 4-6-fold
increase compared to the SEC measured apparent MM with
the calculatedMM. Animal studies in a nude mouse model bear-
ing human carcinoma SKOV3 xenograft showed improved
tumour uptake levels with the PEGylated scFv (1.8 -- 9.5% ID/
g) and the scFv dimer (2.1 -- 11.6% ID/g) by 24 h compared to
the corresponding scFv, due to significantly increased blood cir-
culation time, but three to eightfold reduction in specificity
ratios [46]. The authors also constructed bivalent and tetravalent
mini-antibodies, which showed increased in vitro avidity for cellu-
lar binding, while the PEGylated scFv resulted in a fivefold
decreased affinity. However, the multivalent formats only had a
moderate improving effect in tumour localisation in comparison
with the PEGylated scFv. As seen before, PEGylation has a more
dramatic effect than multimerisation. These studies were more
complex to evaluate due to the effect of valency on tumour bind-
ing and uptake, but there were also observations of decreased asso-
ciation rates. Finally, the authors suggested the prospect of
combined use of multimerisation and PEGylation for improving
both pharmacokinetic properties of therapeutic antibodies [46]. A
cysteine-coupling site has also been specifically engineered into
the linker connecting the VH and VL domains of an scFv target-
ing the CEACAM6 antigen found in pancreatic ductal adenocar-
cinoma. The scFv such conjugated with 20 kDa PEG showed
prolonged plasma half-life, and improved therapeutic efficacy
from tumour-bearing mouse models [47].

The current trend of PEGylation for advanced produced has
focused on using: i) branched PEG chains over linear ones, as
the common observation is that branched-chain conjugates may
offer a greater circulatory half-life than the linear chain counter-
parts [26,48] and ii) site-specific conjugation methods preserving
better antigen-binding efficacy. To this end, the first marketing-
approved anti-TNF-a PEGylated Fab antibody certolizumab
pegol (Cimzia) is a branched-PEG-conjugate (using the technol-
ogy from Nektar Therapeutics, see below). Recently, it was
shown that there was no significant difference between the viscos-
ity radii of branched and linear PEG--proteins having the same
total MM of PEG adducts, suggesting that any differences
observed in circulatory half-lifes cannot be explained by differen-
ces in hydrodynamic volume or glomerular filtration [27]. Since
the earliest demonstration in 1977 [49], therapeutic protein
PEGylation has expanded into a major biotechnology indus-
try [50,51]. Antibodies are now emerging from this pipeline, but
not as many as one would expect. For example, CDP-7657, an
anti-CD40L PEGylated Fab is in Phase I clinical trials for
SLE [52] but CDP-791 [53] (Imclone/UCB), an anti-VEGFR2
PEGylated di-Fab for solid tumours, recently completed a
Phase II clinical trial NSCLC in combination with carboplatin
and paclitaxel chemotherapy. Although the PEGylation had the
right affect on the pharmacokinetics at a dose of 20 mg/kg, there
was a 17.7% tumour response rate without any corresponding
increase in progression-free survival [54]. No further news has
come forth and the fact that CDP-791 is missing from the
UCB pipeline suggests that this has been dropped.
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With a number of approved PEGylated biotherapeutics
already existing in the market today, PEGylation is recognised
as the most mature and practised pharmacokinetic modulation
technique so far, and is normally the first choice for increasing
the blood half-life for novel or alternative framework-
binding proteins (Table 1) and peptides such as nanobodies or
DARPins (for reviews, see [2,55]). An anticalin-based alternative
framework-binding protein against VEGF, chemically PEGy-
lated with a 40 kDa polymer (Angiocal-PRS-050), was shown
to be more effective than bevacizumab in an A673 rhabdomyo-
sarcoma xenograft model when administered every other day.
Early clinical data from the Phase I trial initiated in June
2010 showed good tolerability (Hohlbaum, Pieris AG, Next
Generation Protein Therapeutics conference, 2010). A 40 kDa
PEGylated adnectin (fibronectin domain-based binding protein
being developed by Adnexus/Bristol Myers Squibb), CT322,
showed good tolerability in a Phase I clinical trial. This protein
has a high affinity (11 nM) and is specific for VEGFR-2.
Some clinical pharmacodynamic evidence was seen with a small
number of patients (4/24) showing decreased tumour volume
and 24 patients showing stable disease [56]. A small, 15 kDa
nanobody against foot and mouth disease virus was PEGylated
using Nektar’s 40 kDa polymer [57]. Although virus neutralisa-
tion was increased 1000-fold, no enhanced protection was seen
in guinea-pig models of infection suggesting the need for addi-
tional effector functions [57]. Dyax’s kunitz domains are also
promising agents but require pharmacokinetic modulation to
reduce their blood clearance. Four 5 kDa PEG chains were
attached via lysine residue amine coupling to a potent inhibitor
of plasmin (DX1000, Ki 99 pM). The potency was generally
retained (Ki 232 pM), but the half-life was increased from
0.45 to 12.5 h (mice) and 1 to 59 h (rabbits). In the MDA-
MB-231 metastatic breast cancer xenograft model, there was a
43% decrease in primary tumour growth and correspondingly
reduced metastases at a dose of 10 mg/kg [58].

2.2.2.1 Certolizumab pegol (Cimzia)
Certolizumab pegol, formerly CDP-870, is still the only
approved PEGylated antibody fragment and has had a tough
route to market. Its half-life in preclinical trials is almost as
slow as a whole immunoglobulin, thanks to its single
40 kDa PEG chain on the C-terminal thiol of the heavy chain
of the anti-TNF-a Fab fragment. It is starting to take a foot-
hold in various inflammatory disease markets, with Phase III
results for psoriatic arthritis and axial spondyloarthritis
expected at the end of 2011. There is a lot of published mate-
rial on this product (see [10,11] and references within, [59]), but
recent data suggest that certolizumab pegol can bind to
membrane-bound TNF-a as well as soluble cytokine. This
could lead to a more potent anti-inflammatory effect due to
‘reverse signalling’ [60]. Additionally, the PEG component
could have advantages over whole antibody competitors by
allowing preferential targeting to inflamed joints due to the
EPR effect (Figure 2) [61] and not form complexes of TNF-a
as has been observed with bivalent antibodies. Additionally,

unpublished work has suggested that certolizumab pegol is a
more tolerable drug, with lower injection site pain due to
reduced mast cell degranulation. All these observations point
to the yet to be appreciated benefits of replacing an antibody
Fc with an inert polymer.

2.2.3 Next generation chemical PEGylation

technologies
Based on the commonly used cysteine-directed site-specific
coupling approach, Shaunak et al. initiated selective conjugation
via two the sulphur atoms in the disulfide bond of an anti-
CD4 Fab using a thiol-specific PEG monosulfone. By this
method, a 20 kDa PEG was coupled and the PEGylated Fab
showed improved size, retained function but > 10-fold reduced
antigen-binding capacity [62]. No pharmacokinetic data have yet
been described. This technology is being developed as
‘TheraPEG’, by Polytherics Ltd [63]. Other innovative ways of
PEGylating proteins to emerge from Polytherics include
‘HiPEG’ which involves PEGylating His-tag peptides specifi-
cally. C-terminal His-tags are attractive targets for site-specific
PEGylation due to their common use in recombinant
protein expression. Unpublished work showed that the HiPEG
approach was able to increase the half-life of an anti-TNF
domain antibody 200-fold, using two 20 kDa PEG chains [64].
Polytherics also have a proprietary thiol-specific PEGylation
technology called CyPEG which is claimed to be 37% more
stable than standard maleimide conjugation methods [65].

Alternatively, Humphreys et al. demonstrated a Fab--PEG
product conjugated under strongly reducing conditions
without retaining the Fab’s inter-chain disulfide. This method
enabled efficient (90% coupling efficiency), multi-PEGyla-
tion of long PEG chains to an anti-cytokine Fab, and showed
unchanged affinity in vitro and efficacy in vivo. Comparable
pharmacokinetic factors were also determined for such PEGy-
lated Fabs, and the bioavailability and overall blood residence
time were improved alongside the length and number of
coupled PEG chains [66].

Some ingenious approaches have been devised for site-specific
conjugations. One by Gao et al. [67,68] is where a PEG polymer
can be ‘grown’ onto theN terminus or C terminus of a small pro-
tein using in situ atom transfer radical polymerisation and could
also be applied to both termini of antibody fragments such as
scFvs or Dabs. Another is from Ambrx technologies where
they use their proprietary ReCODE technology to incorporate
unnatural amino acids into proteins. One such residue is para-
acetyl-phenylalanine, a derivative of phenylalanine which has
been modified to include a ketone functional group. This ketone
is chemically inert but reacts with a proprietary-derivatised PEG
polymer for specific PEGylation [69].

2.3 Chemical polysialylation
The same types of conjugation chemistry and considerations
described above are not unique to PEG: the same advantages
and disadvantages can be applied to any other hydrophilic
polymers with similar activating groups and target amino acids.

Modulating antibody pharmacokinetics using hydrophilic polymers
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Conjugation using biodegradable organic polymers such as
PSA (Figure 2) has been investigated using amine and thiol
chemistries with similar observations made. PSA is a naturally-
occurring biopolymer (h-2,8 or h-2,9 linked sialic acid/N-acetyl
neuraminic acid) found as colominic acid (in bacteria) or PSA
(in mammalian cells) [70]. Furthermore, PSAs have a high degree
of chemical versatility, which enables a wide variety of drugs and
other molecules to be covalently linked to PSA, with preserva-
tion of much of the drug’s activity [71]. Gregoriadis et al. first
proposed that PSA possessed biophysical properties similar to
that of PEG such that its hydrophilicity could be used to modu-
late the half-life of proteins [72]. Initially demonstrated in 1993
with fluoroscein and in 1996with catalase [72,73], colominic acids
(derived from Neisseria meningitidis and Escherichia coli K1
capsular polysaccharides) were covalently conjugated to achieve
extended serum half-lifes with preserved protein function.
Also suggested from the immunogenicity studies of chemically
polysialylated asparaginase, polysialylation reduced protein
antigenicity and as a result prolongs its circulation in the
blood even in the presence of anti-asparaginase antibodies [74].
Other polysialylated proteins including insulin [75], IFN-a2b,
b-galactosidase, aprotinin and EPO [71] have been investigated
in vitro and in vivo with increased solubility and stability,
reduced immunogenicity, preserved function and improved
pharmacokinetics.

Lipoxen technologies, through PolyXen�, is commercialis-
ing Gregoriadis’ polysialylation technology. It has two dis-
closed non-antibody drug candidates presently in Phase I
clinical development, three other disclosed proteins and three
non-disclosed proteins (possibly antibodies) and is poised to
compete with PEG in leading the stealth platform. The phar-
maceutical industry is starting to take an interest in this
technology [76].

Extending this application to antibody fragments, in the first
instance amine-based reductive amination using a PSA-aldehyde
conjugation to H17E2 Fab, an antibody against the oncofoetal
tumour antigen placental alkaline phosphatase was shown to
produce conjugates that retain activity. Colominic acids
(11 and 22 kDa, corresponding to ~ 35 and 71 units of sialic
acid) with several coupling ratios to the antibody were investi-
gated, and in average 1.8- to 3-fold increase of in vivo blood res-
idency (t½b increasing from around 10 to 17 -- 30 h) were
demonstrated in comparison with the parental Fab. This was
also reflected to an ~ 3-5-fold increase in tumour uptake and
blood bioavailability. Interestingly, the longest or highest PSA
substitution ratio was not the most effective [20]. However, the
same reductive amination procedure was applied to MFE-23, a
single-chain Fv directed against another oncofoetal antigen,
CEA. This resulted in immuno-conjugates of reduced blood
clearance and high bioavailability, but poor immunoreactivity.
The latter effect, not surprisingly, led to low tumour uptake.
This was resolved using the site-specific method with an addi-
tion of C-terminal thiol-containing peptide (Gly4Cys) group
to the scFv directing maleimide-activated PSA conjugation [22].
An > 300 kDa apparent size was obtained rather than the

theoretical scFv size (30 kDa) after conjugating with a single
11 kDa PSA. Approximately 3.6- and 9.8-fold increases of
t1/2b (around 4 to 15 h) and bioavailability, respectively, were
observed from the polysialylated than the unmodified scFv [22].

Like PEG, there are no known receptors for PSA and, addi-
tionally, anionic molecules are less likely to be cleared through
glomerular filtration due to the negative charge of the glomer-
ular basement membrane. PSA, a highly negatively charged
molecule must, therefore, be desialyated by neuraminidase-
like enzymes before being cleared via either kidney or through
the asialoglycoprotein receptors during hepatic elimination of
large molecules [5,77]. These additional desialylation routes
consequently contribute to a delayed clearance process of
PSA-conjugated molecules.

2.4 HESylation
In a similar concept to chemical polysialylation, another
organic polymer called hydroxyethyl starch (HES, Figure 2)
is a modified, branched amylopectin (e.g., derived from
waxy maize starch). It is composed of D-glucose units linked
by h-1,4-glycosidic bonds and h-1,6-bonds for the branched
points, and was chemically conjugated (or HESylated) to sev-
eral proteins (i.e., erythropoietin and G-CSF) with improved
bioactivity and pharmacokinetic properties [78,79]. Various
HES derivatives can be prepared with preferable properties
serving a flexible approach to modulate pharmacokinetics.
Although HESylation has not been applied to or described
for antibody fragments (publicly disclosed), its polysaccharide
composition and biocompatibility make it an attractive alter-
native material to existing technologies [79]. Fresenius Kabi [80]
is the world’s largest producer of HES and own patents sur-
rounding the biotechnology of HESylation. They are collabo-
rating with large pharmaceutical company Bayer-Shering to
develop HESylated products and smaller blood-products
company Octapharma. It is likely that one of the alternative
scaffolds has been HESylated (European Antibody Congress
2010, Geneva).

2.5 HPMA copolymerisation
HPMA copolymers (Figure 2) have been developed as drug
carriers based on their hydrophilicity and biocompatibility,
and it has been used extensively for drug delivery with antitu-
mour activities [7,8,81-82]. A number of cytotoxic drugs, targeting
peptides and proteins have already HPMA polymerised with
improved therapeutic effects in vitro and in vivo (see review
of [82]), based on the ‘enhanced permeability and retention
(EPR)’ effect of HPMA. Focusing on antibody and antibody
fragments, Seymour et al. reported conjugation of HPMA
to murine IgG B72.3 and its Fab¢ and F(ab¢)2 fragments against
CEA [83]. On average, five HPMA copolymer units (~ 20 kDa)
were linked per antibody molecule, and in comparison with the
native IgG, the antibody fragments showed substantial pharma-
cokinetic modifications after conjugation. Notably, the half-
life of the Fab¢ fragment circulation in the bloodstream has
been extended from 35 min to 6 h (10-fold improvement).
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Despite the pharmacokinetic benefits after conjugation as well as
low immune response to the conjugates, the random amine-
coupled HPMA conjugates showed no tumour-targeting activi-
ties, which was probably due to CDR-masking or disruption by
polymer chains. Lu et al. subsequently conjugated the copolymer
via amore site-specific approach by linking themaleimide group
from HPMA to the thiol group created after IgG pepsin diges-
tion. The resulted polymerised Fab¢ fragment retained antigen
targeting affinity in vitro [84] as observed in the polysialylation
case story [21]. Although the authors have not specifically
addressed the pharmacokinetic modification after HPMA con-
jugation, they managed to use HPMA as a scaffold to link mes-
ochlorin, a cytotoxic drug on one end of the polymer, showing
improved cell-killing activity of the polymerised Fab¢ antibody
fragment over the drug alone [84].

2.6 Dextran modification
Dextran--protein conjugates (Figure 2) were initially used as a
chemical method to reduce the immunogenicity of proteins,
and the oxidised dextran polymer form was used to permit the
covalent attachment at multiple sites through linking with free
amines on proteins [85,86]. Reduction of murine and rabbit
IgGs’ immunogenicity by covalent conjugation of oxidised short
dextran polymers was reported by Fagnani et al. [85]; however,
they also indirectly demonstrated an apparent MM increase of
dextran--IgG conjugates alongside the addition of dextran chain
length (500 -- 2000 Da) by SDS-PAGE and HPLC. Based on
this finding, they applied the same dextran modifications on an
anti-CEA Fab¢ fragment, which effectively demonstrated in vivo
pharmacokinetic alternations to the Fab¢ molecule, including
reduced renal uptake and excretion as well as the prolonged resi-
dence time of the Fab¢ in the vascular compartment. However,
this conjugationmethodwas found to reduce the immunoreactiv-
ity of the Fab¢molecule [87]. Following this successful pharmaco-
kinetic improvement, a Fab¢-enzyme (b-lactamase) conjugate was
dextran-modified accordingly. The authors again showed appar-
ent size increase (by SEC and SDS-PAGE) alongside the increase
due to the dextran chain (~ 6000Da). This time, enzyme activity
was unaffected and in vivo biodistribution profile of the dextran
modified Fab¢-enzyme conjugate was also shown [88]. Interest-
ingly, this study used variable pretreatment of the protein with
methyl acetimidate, which modifies lysine amine groups to pre-
vent conjugation. By varying the number of lysines from 39 to
1, dextran substitution ratios of 9:1 to 0.5:1 were seen which
led to a range of SEC apparent masses. No pharmacokinetic
data were give, but blood clearance was delayed by 2 -- 3 days.
At 48 h, a 19-fold higher blood and 2-fold higher tumour levels
were seen. Although dextranwas used to reduce protein immuno-
genicity, it has been shown that long dextran polymers can be
immunogenic in other studies [89], while other studies suggested
the immunogenic effect of dextran is markedly reduced for short
dextran chains (< 50 kDa) [90], and the oxidised dextran formwas
non-immunogenic due the lack of the ring structure of native dex-
tran [85]. Dextran conjugates were being developed by Hybritech,
USA before being acquired by Eli Lilly in 1986.

Other polymers such as biodegradable poly-glutamic
acid, polyhydroxyethyl-asparagine and polyhydroxyethyl-
glutamine and non-biodegradable polymers such as poly-
glycerol and poly-acrylamide are also alternatives which have
not been applied to antibody fragments.

3. Recombinant approaches

Unlike chemical modulation which benefits from decades of
research experience, genetically engineering therapeutic pro-
teins with refined pharmacokinetic characteristics is still in
its infancy. However, because of the versatility of recombinant
technology and the vast selection of useful fusion agents
(long-lived serum proteins, receptor retention and glycosyla-
tion domains), recombinant approaches for antibody frag-
ment pharmacokinetic modulation may open many new
areas that are more applicable, feasible, effective and econom-
ical. We focus on hydrophilic polymers but other approaches
such as albumin-binding [18,79], N-linked glycosylation and
FcRn-binding are formidable technologies [79].

3.1 Recombinant homo-amino-acid polymer
As described above, the use of inert, hydrophilic polymers
represents the major strategy for pharmacokinetic engineering.
Certain amino-acid polymers bear this property which can
be harnessed by attaching to proteins by genetic fusion.
Schlapschy et al. investigated a glycine-rich homo-amino-acid
polymer (HAP) that was predicted to have a large hydrodynamic
radius [91]. They used anti-HER2 Fab 4D5 as a model system
and fused 100 and 200 residues of a repetitive sequence
(Gly4Ser, which bears some resemblance to PEG) to its light
chain. This linker sequence had already been shown to be
extended and disordered and has been used in recombinant anti-
bodies for > 20 years [92]. Using SEC, they showed that the
200 residue ‘HAPylated’ anti-HER2 4D5 Fab acquired a hydro-
dynamic volume more than double that of the Fab alone, and a
moderate rise in terminal half-life (5.7 h from 2.1 h), but lower
than the enhancement made by other technologies. However,
this moderate effect could be beneficial to specialised applica-
tions, such as in vivo imaging [91]. This work was extended to
other sequences and a more extended and hydrophilic polymer
chain has been described. Poly-(Pro-Ala-Ser) fusions have been
developed as alternatives (PASylation) which acquire a more
hydrophilic characteristic and a greater enhanced hydrodynamic
radius. This was driven by modelling studies which showed
that proline residues helped to break up helical secondary
structures while alanine and serine residues imparted high flexi-
bility and hydrophilicity. A large number of proteins and anti-
body fragments (e.g., Fab fragments, IFN-b, human growth
hormone and exenatide) have been PASylated with significant
pharmacokinetic enhancement (Skerra, unpublished).

Recently, the genetic fusion of an unstructured hydrophilic
recombinant polypeptide (~ 864 amino acids), called XTEN�,
to a peptide or a protein provided an extraordinary plasma
half-life extension [93]. Modified exenatide (a synthetic form of
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exendin-4, a glucagon-like peptide hormone that regulates insu-
lin secretion) with a native half-life of 2.4 h showed a projected
half-life of 139 h. The authors suggested a tuneable manner of
XTEN for different pharmacokinetic requirements in prac-
tice [93]. Supported by data of other XTEN fusion proteins, it
would be intriguing to see this method used for improving
antibody fragment pharmacokinetics. Amunix are commercially
developing the XTEN technology and although no anti-
bodies have been disclosed on their pipeline website, three
immunologically-related indications are described which may
include antibody fragments to inflammatory cytokines [94].

3.2 Recombinantly modified glycosylation
Glycosylation has clearly been shown to influence Fc-
mediated effector functions of whole IgG molecule [95] but it
also has an effective contribution to the plasma half-life [79].
A few studies have investigated carbohydrate composition
effects on the pharmacokinetics of recombinant antibody mol-
ecules. One study genetically engineered two or three tandem
or overlapping N-glycosylation sites at the extended C-terminal
part of a scFv and used a yeast (Pichia pastoris) system to pro-
duce a mannose-rich glycosylated scFv. Slightly faster plasma
elimination was seen after intravenous injection into mice,
and the clearance was explained by the uptake of phagocytic
cells with high surface-expression of mannose receptors [96].
Twofold lower affinity compared to the parental scFv molecule
was also reported by the authors, which further demonstrates
that post-translational modification can affect antigen binding
of small antibody fragments seen previously with the chemical
conjugation approaches. The additional sugars themselves
were unable to extend the half-life of the scFv through hydro-
philicity, but they were used as site-specific anchoring points
to chemically link PEG-5000 chains, which results in a
10-fold increase in bioavailability. Similarly, mannosylated
scFv-enzyme fusion protein (anti-CEA MFE-23-linked to car-
boxypeptidase G2 for antibody directed enzyme produg ther-
apy) had a more rapid clearance in animal models and
humans compared to previously made bacterially-expressed
versions [97]. This was a desirable feature designed to remove
unbound systemic fusion protein prior to the administration
of the prodrug. Conversely, the introduction of new N-glycans
has been found to increase the hydrodynamic radius and thus
the blood-residence time of the recombinant proteins. A bispe-
cific single-chain diabody (scDb) molecule with additional
three to nine N-glycosylation sites recombinantly introduced
to the linker and C-terminal extension regions resulted in an
increased hydrodynamic radius of the scDb and a moderate
threefold increase in blood bioavailability over 24 h [98], in a
similar approach first shown for erythropoietin [99]. This was
due to a relatively modest increase in t½b (5.6 -- 9 h at best)
but also a bigger increase in t½a (10 -- 22 h), suggesting
multiple physiological effects.

Similar pharmacokinetic-enhancing results were also
observed with other N-linked hyperglycosylated proteins [79]

such as the synthetic form of EPO (darbepoetin a) [99] and

follicle stimulation hormone [100]. Terminal sialic acid resi-
dues appearing frequently in most protein glycosylation com-
positions can be considered to be a very important component
in increasing therapeutic protein serum half-life [101]. Addi-
tional sialic acid content results in a moderate increase of
blood residence period as demonstrated by research on
sialylation-modified erythropoietin [99], asparaginase [74] and
antibody fragments [20,21]. This effect is likely to be a combi-
nation hydrodynamic radii increase and delayed uptake by the
asialoglycoprotein receptor.

3.3 Recombinant polysialylation
A novel recombinant glycosylation method is being investigated
and has achieved significant increase in antibody fragment
plasma half-life improvement through an extreme glycosylation
feature, polysialylation (Deonarain et al., unpublished; [102]).
Already described above using direct chemical conjugation
approaches, PSA, a long chain carbohydrate, and a good organic
substitute for PEG, has been found in mammals on heavily pol-
ysialylated (to 200 sialic acid residueswith a unique h2-8 linkage)
neural cell adhesion molecule (NCAM) [103]. Advances in cellu-
lar glyco-engineering, a greater knowledge of the sialic acid
metabolic pathway and NCAM structure have led to the devel-
opment of PSA-carrier domains from NCAM that can be used
to attach PSA to antibodies or any other target protein
(Deonarain et al., submitted). Many of the features of chemical
polysialylation have been demonstrated without the need to
potentially damaging chemical conjugations.

4. Expert opinion

PEGylation is an established and successfulmethod for increasing
the half-life of antibody fragments. There is an abundance of pub-
lished research (PubMed lists > 700 papers when searched with
the phrase ‘antibody therapy PEG’) but to date, only one anti-
body fragment conjugate is approved and there are only a few
in the pipeline. The reasons are unclear but we suspect they are
corporate-related rather than technical. There seem to more
non-antibodymolecules in development as conjugates which sup-
port this view. Still, the benefits of PEGylation are clear and fur-
ther work with certolizumab pegol is uncovering subtleties which
make this and other similar approaches attractive. For example,
if inflamed joints of tumours have more leaky vasculature, the
EPR effect favours polymer conjugates over whole antibodies.
For intellectual property reasons as well as scientific reasons,
researchers have developed alternatives to PEG, some which can
be biologically degraded and some which can be recombinantly
encoded. Our ‘money’ is on the recombinant PEG-like
approaches. Biotechnology history has always shown that chemi-
cal conjugates get superseded by recombinant fusion proteins as
they have better production profiles and few side products. The
costs for a recombinant protein to be produced from an optimised
cell line are usually lower than for a multi-step conjugate process.
This could take the form of an inert peptide or poly-amino-acid
repeat or a protein with additional glycosylation. However,
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PEGylation is such a well-refined technique that the process is
very efficient and economically viable. Therefore, the alternative
techniques (summarised in Table 2) will need to exemplify and
promote additional benefits such as better performance, tailored
pharmacokinetics or immune-modifying functions. In addition,
not all proteins may be amenable to fusion protein construction,
due toN or C termini being buried and/ormodification resulting
in mis-folding. This would leave chemical or glyco-modification
as the only option. ‘Tailored pharmacokinetics’ is often men-
tioned as being a benefit, but there is yet to be described an
experiment where a range of molecules with varying half-lifes
were tested in a therapeutic model in vivo, showing that a
particular profile was optimal, and that exceeding this value was
in fact detrimental. This idea has been tested for other

antibody properties such as affinity, but not (as far as we can
find) pharmacokinetics. Bioavailability-enhancing technologies
are a fruitful area of research and development and very relevant
now with various patent expiries and biosimilars on the
horizon. With at least a dozen small protein antibody mimics
in development, there will be place for the best of the
competing technologies.
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Table 2. A comparison of the various hydrophilic polymer pharmacokinetic enhancing strategies.

Technology Type Features

PEGylation Chemical Industry-established method
Non-biodegradable, bio-compatible and ‘inert’ polymer
Concerns with toxic accumulation, immunogenicity, protein
inactivation, downstream processing, costs and yields and
homogeneity control

Polysialylation Chemical Emerging technology with some encouraging clinical results
Biodegradable, bio-compatible and potentially non-immunogenic
Concerns with protein inactivation, downstream processing, costs
and yields and homogeneity control

Recombinant Very early technology
Biodegradable, bio-compatible and potentially non-immunogenic
Easier production with less downstream processing
Concerns with yield and homogeneity control

HAPylation
PASylation

Recombinant Advanced preclinical technology with major commercial backing
Biodegradable, bio-compatible and potentially non-immunogenic
Easier production with less downstream processing
Concerns with low hydrophilicity (HAPylation) and long protein
polymers needed for pharmacokinetic effects

Hydroxy-ethyl starch Chemical Emerging technology with some with major commercial backing
Biodegradable, bio-compatible and potentially non-immunogenic
Concerns with protein inactivation, downstream processing, costs
and yields and homogeneity control

(2-Hydroxypropyl)-methacrylamide Chemical Early technology but broadly used in drug delivery
Bio-compatible but degradability unknown
Concerns with toxic accumulation, immunogenicity, protein inactivation,
downstream processing, costs and yields and homogeneity control

Dextran Chemical Early technology but broadly used in drug delivery
Bio-compatible, likely to be biodegradable and potentially
non-immunogenic
Concerns with protein inactivation, downstream processing, costs and
yields and homogeneity control

All the summarised approaches have the common features of hydrophilic water attraction and improved protein solubility and stability.

HAP: Homo-amino-acid polymer.
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