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Importance of the field: Improving the pharmacodynamics of protein drugs
has the potential to improve the care and the quality of life of patients
suffering from a variety of diseases.

Areas covered in this review: Four approaches to improve protein drugs are
described: PEGylation, amino acid substitution, fusion to carrier proteins and
encapsulation. A new platform technology based on the binding of proteins/
peptides to the outer surface of PEGylated liposomes (PEGLip) is then presented.
Binding of proteins to PEGLip is non-covalent, highly specific and dependent on
an amino acid consensus sequence within the proteins. Association of proteins
with PEGLip results in substantial enhancement of the pharmacodynamic
properties of proteins following administration. This has been demonstrated
in preclinical studies and clinical trials with coagulation factors Vil and Vlla. It
has also been demonstrated in preclinical studies with granulocyte colony-
stimulating factor. A mechanism is presented that explains the improvements in
hemostatic efficacy of PEGLip-formulated coagulation factors VIII and Vlla.
What the reader will gain: The reader will gain an understanding of the
advantages and disadvantages of each of the approaches discussed.

Take home message: PEGLip formulation is an important new approach to
improve the pharmacodynamics of protein drugs. This approach may be applied
to further therapeutic proteins in the future.
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1. Introduction

Protein drugs are larger and much more structurally complex than small molecule
drugs. For these drugs to function properly, they must be translated without error,
must be appropriately modified post-translationally, and must fold and assemble
properly. Following administration to the patient, protein drugs must bind with
high affinity to their targets and induce the desired biological effects. Along the way,
they may need to interact with multiple factors and function as part of multisubunit
complexes and carefully balanced regulatory networks. Proteins must be stable
enough to have lasting therapeutic effects but should not induce an immune
response that may neutralize the treatment, complicate future treatments and
endanger the health of the patient [1].
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Article highlights.

» Various approaches have been used in attempts to
improve the pharmacodynamics of protein drugs. These
include direct PEGylation, modification of amino acid
sequence, fusion to carrier proteins and encapsulation
in liposomes.

PEGLip technology is based on the non-covalent binding
of proteins to the outer surface of PEGylated liposomes.
Binding of proteins to PEGLip is dependent on the
presence of a conserved amino acid sequence in the
protein and on PEG molecules on the liposome surface.
Preclinical and clinical studies with FVIIl and FVlla showed
that formulation of proteins with PEGLip resulted in
improved pharmacodynamics and enhanced

hemostatic efficacy.

Preclinical studies with G-CSF showed that formulation
with PEGLip improved mobilization of hematopoietic stem
cells from the bone marrow to the peripheral blood.
Several lines of evidence support the binding of liposomes
to blood cells and the targeted delivery of formulated
proteins to sites of action.

PEGLip technology is an effective means of improving the
pharmacodynamics of therapeutic proteins.

Formulation of proteins with PEGLIp is particularly
attractive for large and sensitive proteins that may both
lose activity and become increasingly immunogenic as a
result of covalent modification.

This box summarises key points contained in the article.

Owing to the complexity of protein drugs and the
competing demands placed on them, various approaches
have been taken to improve these therapeutic agents. Some
of these approaches have been directed at delivering the
protein more conveniently (e.g., orally, transdermally, or by
means of inhalation) while maintaining effectiveness [2-4].
Other work has focused on improving pharmacokinetics
and pharmacodynamics following administration [1.5].
Approaches to improve effectiveness inside the body have
focused primarily on overcoming one or more of the factors
that limit the effectiveness of existing treatments. These
limitations include poor stability or solubility, inefficient
delivery to sites of action, toxicity, proteolytic degradation,
cellular and renal clearance, and immunogenicity and
neutralization by host antibodies [1].

In this review, four approaches to improve the effectiveness
of protein drugs are discussed: PEGylation, modification of
the amino acid sequence, fusion to carrier proteins and
encapsulation in liposomes. PEGLip technology is then
described, a new approach based on the non-covalent binding
of proteins to the outer surface of PEGylated liposomes.

1.1 Polyethylene glycol conjugation
Covalent attachment of one or more chains of polyethylene
glycol (PEG) to protein and peptide drugs has been shown to

have substantial effects on protein pharmacokinetics. In most

cases, PEG chains are attached by means of chemical linkers to
reactive groups on amino acid side chains. These PEG chains
may be of various lengths and shapes, may be connected to the
protein through a variety of linkers, and may be attached at
one or many sites [6,7]. In addition, attempts have been made
to create forms of PEG conjugates with a degradable linker
that releases the active protein inside the body (7.8].

PEGylation has been shown to improve physical and
thermal stability and protect against enzymatic degradation,
conferring prolonged circulating half-life [9,10]. Binding of
water molecules to the ethylene oxide moieties enhances
solubility, increases the protein’s hydrodynamic volume and
reduces renal clearance [6,11]. The PEG molecules may also
mask immunogenic epitopes, thus interfering with antigen
processing and presentation [12,13]. The first two Food and
Drug Administration (FDA)-approved PEGylated drugs were
PEGylated adenosine deaminase (Adagen®, Enzon Pharma-
ceuticals, Bridgewater, NJ, USA) for the treatment of severe
combined immunodeficiency, approved in 1990 [14,15], and
PEGylated L-asparaginase (Oncaspar®, Enzon Pharmaceuticals)
for the treatment of pediatric acute lymphoblastic leukemia,
approved in 1994 [16,17]. Since then, several more PEGylated
protein drugs have been approved. These include PEG-
interferon-0ty, (PegIntron®, Schering-Plough, North Wales,
PA, USA), PEG-interferon-0ty, (Pegasys~, Roche, Basel,
Switzerland), a PEGylated form of growth hormone receptor
antagonist (Somavert®, Pfizer, New York, NY, USA), PEG-
filgrastim (Neulasta®, Amgen, Thousand Oaks, CA, USA),
methoxy PEG-epoetin-B (Mircera®, Roche) and a PEGylated
recombinant humanized antibody Fab’ fragment that blocks
human tumor necrosis factor-ot (TNF-0)) (Cimzia®, UCB,
Brussels, Belgium) [6,8].

Although direct PEGylation has several desirable effects and
has found widespread application and acceptance, it also has
disadvantages. Therapeutic proteins frequently function as
part of protein complexes or through interaction with recep-
tors that reside on cell surfaces. PEG chains are generally quite
flexible, but steric hindrance by PEG moieties may nonethe-
less interfere with binding of cofactors and interaction with
receptors [6,8]. PEGylation may therefore lead to unexpected
changes in function and specificity [11]. Moreover, whereas
PEGylation of many proteins results in reduced immunoge-
nicity, in rare cases PEGylation leads to increased antibody
formation. This was demonstrated in preclinical studies with
butyrylcholinesterase [18] and interferon-B;, 191, in clinical
trials with megakaryocyte growth and development factor [20],
and by development of threshold levels of anti-FVIIa anti-
bodies in a Phase I clinical study testing the pharmacokinetics
and safety of PEG-FVIIa [21].

PEGylation must also be integrated into the production
process. Depending on the characteristics of the protein, the
linking chemistry and the type of PEG used, this may necessitate
the addition of multiple steps. Furthermore, the PEGylation
reaction must be carefully controlled (time, temperature, pH,
protein concentration, protein:PEG ratio) so as to avoid
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excessive or poorly placed modifications, to avoid crosslinking of
proteins, and to avoid product polydispersity [22].

1.2 Amino acid substitution

In cases wherea protein is produced recombinantly and thereisan
understanding of the relationship between structure and function,
the amino acid sequence may be modified so as to improve the
protein pharmacokinetics and pharmacodynamics. Insulin has
been modified atspecificaminoacidsinboth the Aand B chains to
produce analogues that are either short acting or long acting,
Short-acting analogues such as insulin lispro (Humalog®, Eli
Lilly, Indianapolis, IN, USA), insulin aspart (NovoLog® and
NovoRapid®, Novo Nordisk, Bagsvaerd, Denmark) and insulin
glulisine (Apidra®, sanofi-aventis, Paris, France) are characterized
by changes to protein charge or hydrophobicity that suppress
dimerization and hexamerization and maintain the protein in a
rapidly absorbed monomeric form [23,24]. Long-acting insulin
analogues such as insulin glargine (Lantus®, Sanofi-Aventis) are
designed to provide consistent basal levels of insulin. Insulin
glargine molecules have an increased tendency to self-associate
and precipitate in aqueous solutions at neutral pH and are
absorbed slowly from subcutaneous injection sites [23,24].

Erythropoietin (EPO) has also been modified so as to
change its glycosylation pattern. Aranesp® (Amgen) is an
analogue of human EPO that differs from native human
EPO at five amino acid positions. These modifications create
two new carbohydrate addition sites and lead to the attach-
ment of two extra N-linked oligosaccharides, an increase in
protein size and a tripling of half-life relative to EPO-ot [25,26].

Protein modification may also lead to an increase in specific
activity. The NN1731 analogue of FVIIa (Novo Nordisk,
Denmark) contains three amino acid substitutions and pos-
sesses increased intrinsic procoagulant activity independent of
tissue factor, its natural counterpart. Improved efficacy com-
pared with wild-type FVIIa was demonstrated both 77 vizro
and 7z vivo [27-29]. Another analogue of FVIIa (named Bay?)
with a modified glycosylation pattern showed superior iz vitro
clotting activity, greater circulation time and improved
efficacy in preclinical experiments [30.31].

Although mutagenesis may increase protein activity, increas-
ing activity to levels higher than those of the native protein or
changing regulatory sequences may not be desirable. The FVIIa
analogue NN 1731 shortened clotting time in hemophilic blood
so much that clotting occurred even faster than in normal
blood [28]. Use of this analogue must therefore be limited to
patients who do not respond well to conventional FVIIa and
these patients must be monitored carefully for thrombosis.

Changes in the amino acid sequence of a protein may also
induce an immune response. This may occur as a result of the
modification rendering the protein enough unlike host pro-
teins to induce a classical immune response [13]. Alternatively,
an immune response may be elicited by sequence changes that
lead to changes in post-translational modifications such as
glycosylation. This may create or expose previously hidden
epitopes and lead to increased immunogenicity [13].

Yatuv, Robinson, Dayan & Baru

1.3 Fusion to a carrier protein

Protein pharmacodynamics may also be modified by fusion of
one protein to another. Proteins may be dimerized (e.g.,
EPO) 32] or fused to a carrier such as albumin or the Fc
fragment of human immunoglobulin. All three of these
approaches result in an increase in molecular mass and a
reduction in renal clearance by glomerular filtration. Enbrel®
(Amgen and Wyeth, Madison, NJ, USA) is an FDA-approved
fusion protein that consists of the ectodomain of the TNF-a.
receptor fused to the Fc portion of immunoglobulin G1. This
fusion protein blocks TNF-oi and is being used for the
treatment of autoimmune diseases [33]. Zalbin™ (Human
Genome Sciences, Rockville, MD, USA) is a fusion of
interferon-0ly, to human serum albumin. It is now being
assessed in Phase III clinical trials for the treatment of
hepatitis C and could become an alternative to PEGylated
interferon [(34,35]. Conjugation of albumin to the short-lived
glucagon-like peptide 1 (GLP-1) improved its pharmacokinetics
while preserving its antihyperglycemic activity [36).

The fusion of one protein to another causes a large struc-
tural change, but the effect of this change on activity and
pharmacokinetics depends on where and how the proteins are
joined, which residues are hidden as a result of the fusion, and
how the fusion changes the structure of the residues that
remain exposed [13]. Like genetically modified proteins, fusion
proteins may be immunogenic [37]. A new form of interferon-
0, fused to albumin showed increased immunogenicity in
mice [38]. Furthermore, proper interaction between a fusion
protein and one binding partner does not ensure proper
interaction with other partners. Albumin-fused coagulation
factor IX showed normal processing and y-carboxylation but
its interactions with activating proteases as well as with its
cofactor FVIIIa were slow, resulting in a two- to threefold
reduction in specific activity [39].

1.4 Liposome encapsulation
Encapsulation of therapeutic agents inside microparticle
carriers such as liposomes, polymer microparticles [40] or
cell ghosts (empty cell membranes) (41,421 is another way to
improve their clinical properties. Liposomes have been used to
encapsulate several small molecule anticancer drugs 43). By
making use of an effect known as ‘enhanced permeability and
retention” (EPR), drugs encapsulated in liposomes are selec-
tively delivered to tumors by means of the leaky tumor
vasculature [44]. At the same time, contact of these toxic
agents with healthy tissues is minimized (45]. Doxorubicin
encapsulated in PEGylated liposomes (Doxil®, Biotech,
Horsham, PA, USA and Caelyx®, Schering-Plough) and
in non-PEGylated liposomes (Myocet®, Cephalon Europe,
Frazer, PA, USA) are approved by the FDA for the treatment
of breast cancer, ovarian cancer and Kaposi’s sarcoma [46,47].
Encapsulation of proteins in liposomes has also been shown
to be beneficial. Liposome encapsulation of hemoglobin (48]
and tssue plasminogen activator (tPA) [49] resulted in a
prolongation of circulation half-life. Encapsulation of
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interleukin-2 increased its half-life and efficacy (5051], and
encapsulation of TNF-o reduced its toxicity [521. However,
encapsulating proteins in liposomes is much more challenging
than the encapsulation of small molecules. Proteins, especially
enzymes, are sensitive to environmental perturbations and
the proteins must maintain their structure throughout the
encapsulation procedure to avoid loss of activity. Common
encapsulation procedures involving the use of organic solvents
or detergents often result in protein denaturation [53,54].
Entrapment of proteins by the dehydration—rehydration
method usually preserves protein activity. This method entails
freeze-drying a mixture of ‘empty’ small unilamellar vesicles
and free proteins. On rehydration, large multilamellar vesicles
that incorporate the protein are formed. The liposomes are
then downsized to the desired final diameter [55]. The entrap-
ment efficiency of the dehydration—rehydration method
ranges from 5 to 50% [4849,53,54,56], considerably less than
the >90% entrapment efficiency that can be achieved with
small molecule drugs [46]. Moreover, encapsulation of large
proteins has been shown to be less efficient than encapsulation
of small proteins [57). Efficient delivery can be achieved by
incorporation of the proteins into the liposome bilayer, but
this method is suitable only for transmembrane, anchored, or
hydrophobic proteins [58,59]. Another challenge in developing
liposome-encapsulated protein drugs is to control the release
of the encapsulated proteins from the liposome following
administration. This sometimes requires approaches such as
ultrasound, as demonstrated in the release of (PA (56]. Owing
to these difficulties and despite many attempts over the last
two decades, still no liposomally encapsulated protein has
been approved by the FDA and no such product is in
advanced clinical trials.

2. Formulation of proteins with PEGylated
liposomes (PEGLip technology)

PEGLip technology is based on the non-covalent, high-
affinity binding of proteins and peptides that contain a specific
amino acid sequence to the outer surface of PEGylated
liposomes (PEGLip). This association enhances the pharma-
codynamic properties of the formulated proteins. Unlike the
approaches presented so far, PEGLip technology does not
involve changes to amino acid sequence, does not involve
covalent attachment of stabilizing agents, and does not
involve encapsulation.

Formulation of a protein with PEGylated liposomes is
gentle and easy. In the case of lyophilized proteins, the protein
powder is simply reconstituted in liposome solution and
allowed to dissolve fully. In the case of proteins in solution,
the protein and PEGLip are mixed together and incubated at
room temperature for a few minutes. Even large and sensitive
proteins may be formulated without any change in the
production process or the purification procedure. Formula-
tion does not involve any covalent modification of the protein,
does not change the protein’s native structure, and therefore

does not induce antibody production. The protein is fully
active immediately after formulation [60-62] and it is free to
interact with its normal binding partners [60]. Administration
to patients remains, for the most part, unchanged, although
dosage and frequency of injections may need to be adjusted to
account for extended therapeutic activity.

The PEGLIip that are typically produced are composed of a
97:3 molar ratio of 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC) to 1,2-distearoyl-sn-glycero-3-phosphatidylethanol-
amine-/N-[methoxy(polyethyleneglycol)-2000] (DSPE-PEG
2000). The liposomes are prepared as follows. Lipids are
dissolved in zert-butanol and lyophilized. The resulting dry
lipid powder is resuspended to 110 mM lipid in 50 mM
sodium citrate, pH 6.7 to form liposomes. The liposomes are
then downsized by extrusion through sequentially smaller
polycarbonate filters until they reach a final diameter of
80 — 100 nm. The PEG molecules that extend outwards
from the liposomes mediate binding of specific proteins to the
liposome surface (Figure 1). The PEG molecules also limit
uptake of the liposomes by the reticuloendothelial system,
thereby extending half-life in the circulation (63-65).

Binding of liposomes to proteins may be measured in real
time using surface plasmon resonance (SPR). A protein is
bound to the surface of a chip and association is measured as a
liposome solution flows over the chip. SPR measurements
showed that PEGLip bind coagulation factor VIII
(FVIII) (60,611, recombinant activated factor VII (FVIIa) [62],
recombinant human granulocyte colony-stimulating factor
(G-CSF), granulocyte macrophage colony-stimulating factor
(GM-CSF) and glucagon-like peptide 1 (GLP-1) (66]. Affin-
ity constants for all of these interactions were in the low
nanomolar range (0.4 — 12 nM). PEGLip did not bind to
human serum albumin (HSA), human IgG, insulin,
interferon-alpha 2a, interferon-alpha 2b, human growth
hormone, or erythropoietin [66]. Analysis of protein sequences
revealed a consensus sequence of eight amino acids (S/T-X-L/
V-1/Q/S-S/T/Q-X-X-E) shared by the proteins that bind
PEGLip but absent from the proteins that do not bind PEGLip
(Figure 1). To assess the importance of this sequence, a peptide
derived from amino acids 1783 — 1796 of FVIII (one of the two
consensus sequences in FVIII) was synthesized and binding of
PEGLip was measured. PEGLip bound the peptide with a Kj of
2.3 nM. Non-PEGylated POPC liposomes did not bind the
peptide [66]. It was concluded that this consensus sequence is
sufficient to mediate the binding of the proteins/peptides
to PEGLip.

Analyses performed with liposomes with a variety of lipid
compositions revealed that the interaction between PEGLip
and proteins is mediated primarily by the PEG molecule and
the carbamate group adjacent to the PEG molecule within
DSPE-PEG 2000 (66]. When PEG molecules were not present
on the liposome surface (as in the case of POPC liposomes) no
binding occurred. Likewise, when proteins lacking the con-
sensus sequence were assayed, no binding was observed. This
indicates that binding is highly specific.
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Consensus sequence

S/T-X-L/V-I/Q/S-S/T/Q-X-X-E

PEGLip-formulated protein

PC

DSPE-PEG 2000 %

Protein

Figure 1. A schematic diagram showing a PEGLip-formulated protein. The protein is non-covalently bound to a polyethylene glycol
moiety on the outer surface of a PEGylated liposome. Binding is mediated by an amino acid consensus sequence within the protein.

2.1 PEGLip-formulated FVIiI

Hemophilia A is a rare but serious inherited bleeding disorder
caused by the lack or dysfunction of coagulation factor VIII
(FVIID). FVIII is a large protein (2332 amino acids) that
undergoes multiple processing steps before being released to
the plasma where it circulates in association with von Will-
ebrand factor (vWF). FVIII is then activated by thrombin,
interacts with phospholipids and factor IXa, and catalyzes the
activation of factor X in the clotting cascade. Severe
hemophilia A patients (< 1% of normal FVIII activity) expe-
rience spontaneous, recurrent and potentially life-threatening
bleeding episodes [67.68].

Prophylactic replacement therapy has been shown to provide
hemophilia A patients with better care than on-demand treat-
ment [69]. Prophylactic treatment reduces the frequency of
hemorrhages and slows the development of long-term arthro-
pathy. The half-life of human FVIII is ~ 10 — 12 h (70,71]. Three
weekly infusions of 20 — 40 IU FVIIl/kg are therefore required
to maintain FVIII above levels at which spontaneous bleeding
occurs. The need for frequent infusions may lead to problems
with compliance, injection complications and a reduced quality
of life. Central venous access devices are frequently required,
especially among children, and these devices are plagued by
recurrent infections and thrombosis [72].

A long-acting form of FVIII would provide extended
protection against bleeding, fewer gaps in protection caused
by drops in FVIII levels between injections, fewer injections,
fewer complications and a better quality of life.

Several attempts have been made at generating long-acting
forms of FVIII (73). These have included mutagenesis of the
FVIII molecule to increase its stability [74-76] and direct
PEGylation of the FVIII protein [77-79]. Modifying a large
and complex protein such as FVIII is a difficult undertaking,
though. The integrity of multiple active sites must be
maintained and protein conformation must be preserved.

Development of modified forms of FVIII is sdll in the
preclinical stage and the safety and efficacy of these
approaches have yet to be demonstrated in humans [73].

Formulation of FVIII with PEGLip produces a long-acting
form of FVIII while avoiding the pitfalls of mutagenesis and
direct PEGylation. FVIII molecules are not covalently mod-
ified by PEGLip formulation and they maintain full activity
after formulation [60,61]. Association of FVIII with PEGLIip
did not alter binding of several anti-FVIII antibodies to the
protein (60}, thus demonstrating that protein structure is
preserved following PEGLip binding. Formulation of FVIII
with PEGLIip did not affect the 7z vitro binding of FVIII to its
natural carrier vWF [60). This suggests that FVIII is free to
form complexes and interact with counterpart proteins after
PEGLip formulation. Thus, binding of PEGLip to FVIII does
not change the protein’s biological properties.

PEGLip formulation of both recombinant and plasma-
derived forms of FVIII resulted in extended hemostatic
efficacy in wvivo. Standard FVIII, PEGLip-FVIII, or saline
were administered to hemophilic mice 24 h before transection
of the left lateral tail vein. Mice that received PEGLip-FVIII
bled less and survived significantly longer (p < 0.05) than mice
that received standard FVIII or saline (Figure 2A) [60,61].

PEGLip-FVIII provided human subjects with extended
protection from bleeding (80]. A single-arm, subject-blinded
clinical trial was performed to assess the efficacy and safety of
two levels of FVIII (25 or 35 IU/kg) with a fixed dose of
(22 mg lipids’kg). Twenty-three
hemophilia A patients were treated in three study segments.
Standard FVIII was administered in the first study segment,
whereas PEGLip-FVIII was provided in the second and third
segments. Segments were separated by 4-day washout periods

liposomes severe

and each prophylactic infusion was administered while sub-
jects were in a non-bleeding state. As a measure of efficacy, the
time between each prophylactic infusion and the next

Expert Opin. Drug Deliv. (2010) 7(2) 191

RIGHTES

Wy



Enhancement of the efficacy of therapeutic proteins by formulation with PEGylated liposomes; a case of FVIII, FVIla and G-CSF

"[08'99'19] e1EP pPaysiignd Ajsnolraid uo paseq aie @ pue g ‘v '1591-1 dlisepadsowoy e buisn paululeep
2lom @ pue g ul sanjeA-d “1s93 yuel-bo| e Buisn pauiwialap a1am ) pue y ul sanjea-d "|AFS F 9belaae a.e synsay painseaw sem pooiq [esaydiad sy} 0} moilew suoq sy} wodj (OSH) 5|92
Wi9)s D133910d0}eWAY JO UONeZ|IGOW PUR 3S0JIXaP %G 10 ‘(B3/6t 00E Yiog) 45D-D plepuels ‘45)-D-diTDId Yum shep € 1o} Aep e 9duo paidaful a1am adiw 2/g7vd "4SD-D-dITD3d 40 Adediyya
OAIA U *@ "PR10IS SEM [eAIAINS PUB UON3[UI-1S0d UIW G| 1D 319M 3SNOW YDBa JO SUIA [Ie} [eidle] Ya| pue ybu ay] "auljes Jo ‘(dsnow/br | yioq) ejja4 piepuesls ‘eljA4-dIHId yum paidalul
2JoMm 221w dljIydowsH “e|IA4-dITDId J0 Aoed1Y4 OAIA Uf =D "INTS F 9DrISAR S1E S)NSSY "PIPI0II SEM PI3|g SNO3UEBIUOAS 1XaU Sy} pue uoisnjul d13dejAydold syl usamisg awlil 9y} pue (3sop
yoes Jo uonenwlol-diiHid Jo piepuels) [IA4 B3/NI GE 10 GZ usnIb aiam siusiied v eljiydowsH "UOIBIISIUILIPE [||A4 PJepuels Jo [IA4-dITDId Buimojjo} shkep aaiy-buipss|q 4o JaquinN g
‘P3J0DS SEM [BAIAINS PUR 1N SEAM 3SNOW YIRS JO UIDA [IB] [BJ33E| 13| BYl ‘UOND3[UI J9)1je SINOY JNOJ-AUam] "3uljes 40 “(3snow/N| |0 Yioa) (A4 piepuels ‘[IAd pateinuiio)-ditHid Yyum
UISA [IB] 81 03Ul pa1aaful a1am 231w dljiydowsH “|IIAJ-dITD3d 40 ASediyfe oAl uj "W "|els [edtul]d e pue spuswiiadxa jedtulpald uil suisjoad parejnwioy-dioid o Aoedyy3 -z 24nbiy

9=u 9=u g=u uoljoasued) UiaA Jie} }sod sinoH
480-9-dind3d 4809 |o11u0D ge 0z Gl ol g 0
L 1 1 o ¢ O
L N s " O_..
T ; 02
v 8 100> dibrrm e ‘. e &
L = v 9L=u ' g
° 2 _ o or g
e = 00> Ld4 : L 05 &
o § e o 3
— = — .- <
soo0>d rcl Loo>d T..._. " 0L 3
~ ~ bl \ Lo 08
.< V—y l<J om
so0>d " .
‘a QUIES: -e-- gL=u il === 00} "D
BlIAd - v—
Bl A4-dNDId —e—
asop [IIAL uoljoasues} UladA [ie} }sod sinoH
bL=u ghk=u 0 o og 0z ok 0
B/ni ge By/nI g2 . - : : . 0
_ _ 0 900 = o; . ot
65 | 3D bomim o 0c
2L v 28 100> d 0z = o€ &
. ! s 23 200=d o 8
e ] =~
L0} % .M. 0s m
Lz 28 0z=u 09 3
50 oo 5
- Lyl @ )
0>d L 08
~— 100 91 e e 08
00> Ad-dDad = A - — )
SHNSaI [EOIUNID | |))A4 PIEPUBIS g INIAL -dI93d —— U

*Ajuo asn [euosiad o4
ZT//0/2T Uo “Alun adariedeH Ag wodafesylestellioul woly papeojumoq “Alpg bnig -uido wedx3g

Expert Opin. Drug Deliv. (2010) 7(2)

192

RIGHTS LI N Ky



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12

For personal use only.

spontaneous bleed was recorded. Prophylactic treatment with
PEGLIip-FVIII nearly doubled the length of time subjects were
protected from spontaneous bleeding (Figure 2B). A single
prophylactic injection of 25 IU/kg PEGLip-FVIII resulted in
a mean bleed-free interval of 10.9 days compared with
5.9 days with standard FVIIL. Similarly, injection of
35 IU/kg PEGLip-FVIII resulted in a mean bleed-free interval
of 13.3 days compared with 7.2 days with standard FVIIL
This difference was significant (p <0.05) for both dose levels
(Figure 2B) [80].

A subsequent randomized, subject-blinded, four-way cross-
over study involving 16 hemophilia A patients evaluated the
efficacy and safety of prophylactic infusions of various
PEGLip doses (4.2, 12.6, or 22.1 mg/kg) with a fixed FVIII
dose (35 IU/kg). Mean number of bleeding-free days after
each infusion increased from 7.8 days for 35 IU/ml of
standard FVIII to 8.7, 10.8 and 10.9 days for 35 IU/ml of
FVIII formulated in 4.2, 12.6 and 22.1 mg/kg of PEGLip,
respectively [81]. The study showed a dose response to PEGLip
that reached saturation at the highest dose level.

An additional study tested the safety of PEGLip-FVIII and
compared its pharmacokinetic profile with that of standard
FVIII (821. In this randomized double-blind study, 26 severe
hemophilia A patients received a single injection of standard
FVIII (35 IU/kg) followed by 12 observation days and a 2-day
washout period. Patients then received a single injection of
PEGLip-FVIII (35 [U/kg FVIIL, 13 or 22 mg/kg PEGLip)
followed once again by 12 days of observation. Pharmacoki-
netic analysis based on samples taken from patients during the
trial showed no significant difference between standard FVIII
and PEGLip-FVIII. This suggests that the increased protec-
tion from bleeding observed with PEGLip-FVIII did not
result from a simple prolongation of FVIII half-life in
the bloodstream.

Safety and tolerability of PEGLip-FVIII were assessed in
another clinical trial involving 18 severe hemophilia A
patients. This study was directed primarily at determining
the optimal infusion rate for PEGLip-FVIIL. The study
showed that PEGLip-FVIII may be administered at an
infusion rate similar to that of standard FVIII (s3].

Production of inhibitory antibodies was not detected in any
of the four studies described above, and no serious adverse
events were reported. However, a few subjects experienced
increased breathing frequency and flushing (82,83 These
symptoms resolved without medical intervention. This type
of hypersensitivity reaction is known as complement activa-
tion-related pseudoallergy (CARPA) and has been described
following administration of radiocontrast media, liposomal
drugs such as Doxil, and micellar solvents. Unlike IgE-
mediated reactions, CARPA reactions arise at first treatment
and become milder or disappear on repeated exposure (83,84].

The combined results of the Phase I and II clinical studies
described above indicate that PEGLip-FVIII is well tolerated
and provides extended protection from bleeding following
prophylactic administration. A large clinical trial involving
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250 hemophilia A patients in > 70 hemophilia centers around
the world is now being conducted to determine whether
a once-a-week prophylactic treatment with 35 IU/kg
PEGLip-FVIII is safe and can prevent bleeds in subjects with
severe hemophilia A, similarly to control treatment of 3 weekly
prophylactic injections of 25 IU/kg standard FVIII [s5].

2.2 PEGLip-formulated FVlla

Approximately 20 — 40% of hemophilia patients develop
inhibitory antibodies against FVIII or factor IX (FIX) [8s].
These patients must be treated with bypassing agents, proteins
that induce clotting while avoiding neutralization by anti-
bodies. Activated factor VII (FVIIa) has been shown to induce
hemostasis in the absence of factor FVIII or FIX [87] and has
been approved in many countries for the treatment of bleeding
episodes in patients with congenital hemophilia and inhibitors
to FVIII or FIX and patients with acquired hemophilia [8s].
The half-life of FVIIa in the circulation is ~ 2.3 h (89,90]. In
most patients, effective hemostasis is achieved only after 2 or
3 doses of 90 pg/kg given at 2 h intervals [91,92].

As in the case of FVIII, there is a clinical need for a more
potent and long-acting form of FVIIa that would provide
extended protection from bleeding while requiring fewer
injections. Patients would also benefit from fewer dips in
FVIla levels, fewer complications and better control of
bleeding episodes.

Several approaches have been used in continuing attempts
to develop improved forms of FVIIa. These include substi-
tution of one or more amino acids within the protein [27],
PEGylation (93] and fusion of FVIIa to albumin [(94). These
proteins showed promising results iz vitro and in animal
models, however the efficacy and safety of these approaches
has yet to be demonstrated in humans.

SPR analyses showed that PEGLip bind coagulation FVIIa
with high affinity and specificity. Separate experiments
showed that formulation of FVIIa with PEGLip did not affect
its in wvitro activity [62]. The authors therefore set out to
determine whether PEGLip formulation might improve the
pharmacodynamics of FVIla iz vive. Hemophilic mice were
injected with standard FVIIa, PEGLip-FVIla, or saline and
tail vein transection assays were performed. It was found that
mice injected with PEGLip-FVIIa survived significantly
longer (p <0.05) than mice injected with standard
FVIla (Figure 2C).

The safety and efficacy of PEGLip-FVIla were tested in
humans in an open label, exploratory, crossover, Phase 1/1I
clinical study in six adult subjects with severe hemophilia A
and inhibitory FVIII antibodies [95]. Each subject received 2
infusions: 1 infusion of 90 pg/kg standard FVIIaand 1 infusion
0f 90 pg/kg PEGLip-formulated FVIIa. The two infusions were
separated by a 10-day washout period. Injection volume was
kept constant whereas injection order was randomized.

Blood samples were collected from patients at various time
points both before and after each infusion of FVIIa or
PEGLip-FVIIa. Whole blood samples were then analyzed
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by rotational thrombelastography to determine the kinetics
of clot formation and the firmness of the clots. PEGLip-
formulated FVIIa produced significantly (p <0.05) shorter
clotting times and higher clot firmness than standard FVIIa
up to 5 h post-injection. Clotting time of standard FVIIa 1 h
post-injection was the same as clotting time of PEGLip-
FVIIa 3.2 h post-injection. Maximal clot firmness induced
by standard FVIIa 0.5 h post-injection was as high as that
induced by PEGLip-FVIla ~ 2.7 h post-injection. Thrombin
generation assays performed on samples collected in the
clinical trial showed that thrombin was produced faster
and more efficiently following infusion of PEGLip-FVIIa
than following infusion of standard FVIIa. No significant
differences were detected between the pharmacokinetics of
PEGLip-FVIla and standard FVIla, suggesting that the
increased efficacy of PEGLip-FVIla was probably not the
result of increased circulation time.

One of the subjects experienced transient hyperemia,
increase in blood pressure and anxiety during the infusion
of the first 1 ml of PEGLip-FVIIa. This non-IgE-mediated
reaction (CARPA) is associated with PEGLip [84] and is not
related to FVIIa. The reaction subsided within 1 h. In all other
subjects, PEGLip-FVIIa was well tolerated and there were no
serious adverse events, nor were there any significant changes
in vital signs, clinical chemistry or hematological parameters.
In addition, measurements of coagulation parameters
indicated that there was no increase in thrombotic risk.

Together, the results of the clinical trial indicate that
PEGLip-FVIla provides about two more ‘efficacy hours’
than standard FVIIa. In treatment of bleeding episodes in
hemophilia patients with inhibitors, one 90 pg/kg dose of
PEGLip-FVIIa may be roughly equivalent to two infusions of
standard FVIIa given at 2 h intervals.

2.3 PEGLip-formulated G-CSF

G-CSF is a cytokine that naturally regulates the survival,
proliferation and differentiation of hematopoietic cells in
the neutrophilic lineage and influences the function of mature
neutrophils [96]. Recombinant human G-CSF is used to treat
chronic neutropenia and to prevent post-chemotherapy febrile
neutropenia by increasing the production of neutrophils. It is
also used to induce mobilization of hematopoietic stem cells
(HSC) from the bone marrow to the peripheral blood.
Mobilized stem cells may then be collected and transplanted
into patients whose hematopoietic systems have been damaged
by cytotoxic therapy [97,98].

G-CSF is a short-lived protein, with a half-life of 3.5 h in
humans [(99). Multiple injections are therefore required to
achieve the desired therapeutic outcomes in both neutropenia
and stem cell mobilization indications [100]. Furthermore,
poor stem cell mobilization is observed in 10 — 20% of
healthy donors (101,102 and in 35 — 70% of cancer patients
who have undergone previous courses of chemother-
apy [103,104]. There is thus a clinical need for a more effective
form of G-CSF treatment.

A PEGylated form of recombinant human G-CSF (Neulasta,
Amgen) with a half-life of 40 — 80 h is approved by the FDA
for the treatment of neutropenia but not for the mobilization
of HSC [100). The authors found in SPR experiments that
PEGLip bind G-CSF with high affinity and specificity. It was
therefore tested whether G-CSF formulated with PEGLip
might be more effective than standard G-CSF in inducing
HSC mobilization.

An experiment was performed in which mice were given daily
intravenous injections of standard G-CSF, PEGLip-G-CSF, or
dextrose solution. Following 2 or 3 days of treatment, the mice
were bled, leukocytes from each mouse were counted, and the
number of HSC in the peripheral blood of each mouse was
determined by flow cytometry. It was found that PEGLip-G-
CSF induced mobilization of ~ 2.5 times as many HSC into
the peripheral blood as standard G-CSF (Figure 2D) [66].
PEGLip-G-CSF has yet to be tested in humans.

3. Mechanism of action

There may be more than a single mechanism by which
PEGLip formulation increases the efficacy of therapeutic
proteins. In preclinical models, formulation of FVIII, FVIIa
and G-CSF with PEGLip improved pharmacokinetic prop-
erties 77 vivo and increased circulation half-life [60,62,66]. How-
ever Phase I clinical experiments showed that there was no
difference between the pharmacokinetic behavior of standard
FVIII and PEGLip-formulated FVIII (82 and between stan-
dard FVIla and PEGLip-formulated FVIIa [95]. This suggests
that a mechanism other than extension of circulation half-life
may be responsible for the increased hemostatic efficacy
observed with PEGLip-formulated FVIII and FVIIa.

Liposomes of various compositions, both with and without
PEG, have been shown to interact with blood cells 7z vitro and
in vivo [105]. Platelets play a vital role in the coagulation
process. Association of PEGLip with platelets may therefore
help to explain how PEGLip formulation improves hemo-
static efficacy. To test this hypothesis, PEGLip were fluores-
cently labeled by integrating lissamine rhodamine B-labeled
phosphoethanolamine into the lipid bilayer of the liposomes.
These fluorescent PEGLip were then incubated with human
whole blood and their binding to platelets was measured by
flow cytometry. It was found that PEGLip associated with
platelets 77 vitro in a dose-related manner, with ~ 40% of the
platelets showing PEGLip binding at a liposome concentra-
tion similar to that tested in clinical trials (data not shown).
When fluorescent liposomes were injected into mice, associ-
ation of fluorescent liposomes with platelets was also observed.
Analysis of mouse platelet-rich plasma (PRP) by flow cytometry
showed that the association between PEGLip and platelets
was maintained up to 26 h post-injection (Figure 3A). Fluo-
rescently labeled PEGLIip thus interact with platelets both
in vitro and in vivo.

Having shown that PEGLip bind FVIII and FVIIa [60,62]
and also bind platelets, the authors hypothesized that
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Figure 3. Interaction of PEGLip with platelets. A. /n vivo binding of PEGLip to mouse platelets. Unlabeled PEGLip or fluorescently
labeled PEGLip were injected into hemophilic mice and the percentage of platelets labeled by the fluorescent liposomes was determined by
flow cytometry. Dot plots from a representative mouse in each group are shown with average percentages = SEM (n = 4) written above. B.
In vitro binding of standard or PEGLip-formulated proteins to human platelets. Factor VIIl (n = 4), FVlla (n = 4) and HSA (n = 4) were
fluorescently labeled, formulated in buffer or PEGLip, and incubated for 2 h at 37°C with washed human platelets. The percentage of
platelets associated with the fluorescent proteins was determined by flow cytometry (average + SEM). C. In vivo binding of standard or
PEGLip-formulated proteins to mouse platelets. Fluorescently labeled FVIIl (n = 11) and FVlla (n = 9) were formulated in buffer or PEGLip,
and injected to hemophilic mice. Blood was drawn 1 h after injection and the percentage of platelets associated with the fluorescent
proteins was determined by flow cytometry (average + SEM). p-Values in B were determined using a paired t-test. p-Values in C were
determined using a homoscedastic t-test.
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Figure 4. Effect of PEGLip formulation of FVIIl and FVIla on clot formation and lysis as measured by rotational thrombel-
stography using a ROTEG 5 instrument. A. Total clotting time in severe hemophilic whole blood spiked with standard FVIIl or PEGLip-
FVIII (both 0.01 [U/ml), n = 10. B. Total clotting time in severe hemophilic platelet-rich plasma (SH-PRP) containing anti-FVIII inhibitory
antibodies spiked with standard FVlla or PEGLip-FVila (0.3 or 0.6 pg/ml), n = 6. C. Fibrinolysis time in SH-PRP spiked with standard FVIIl or
PEGLip-FVIIl (both 0.025 IU/ml) and tissue plasminogen activator (tPA, 225 IU/ml), n = 4. D. Fibrinolysis time in SH-PRP containing anti-FVIII
inhibitory antibodies spiked with standard FVlla or PEGLip-FVlla (both 0.3 pug/ml) and tPA (225 IU/ml), n = 4. Results are average + SEM
p-Values were determined using a paired t-test. B and D are based on previously published data [62].

PEGLip may link protein drugs to platelets. This hypothesis
was tested in experiments in which proteins were fluores-
cently labeled, formulated with unlabeled PEGLip, and then
assayed for binding to washed human platelets in vitro by
flow cytometry. Both fluorescent FVIII and fluorescent
FVIla that had been formulated with PEGLip showed
significantly enhanced binding to human platelets
(Figure 3B). Fluorescently labeled HSA, which does not
bind to PEGLip, did not show increased binding to platelets
following formulation with PEGLip. This indicates that
association with platelets is dependent on proteins first
binding to PEGLip. When fluorescently labeled FVIII and
FVIla were formulated with PEGLip and injected into

hemophilic mice, significantly enhanced binding of the
fluorescent proteins to platelets was also observed (Figure 3C).

Rotational thrombelastography showed that binding of
FVIla and FVIII via PEGLip to platelets resulted in faster
kinetics of clot formation and higher clot firmness. In one set
of experiments, clotting time was measured in human hemo-
philic whole blood spiked in vitro with standard FVIII or
PEGLip-FVIII (Figure 4A). In similar experiments, clotting
time was measured in hemophilic PRP spiked with standard
FVIla or PEGLip-FVIla (Figure 4B) [62]. In both cases, clotting
occurred significantly faster when coagulation was induced by
PEGLip-FVIII or PEGLip-FVIIa than when it was induced by
similar concentrations of standard FVIII or FVIIa. Such
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Figure 5. Mechanism of action of PEGLip-formulated FVIIl and FVlla. (1) Formulation of FVIIl or FVila with PEGLip leads to non-
covalent binding of the protein to the outer surface of the PEGylated liposomes. (2) The liposomes are injected into the bloodstream where
they associate with non-activated platelets. (3) Platelets are recruited to sites of injury where they adhere to the damaged vessel wall. They
carry FVIIl and FVlla with them. (4) Platelets are activated at the wound site and coagulation complexes form on the surface of the activated
platelets. As FVIIl and FVlla are already present on the platelets before activation, the coagulation cascade is more efficient. Clots form faster

and the clots are more stable.

enhancement was not detected in platelet-poor plasma, indi-
cating that platelets must be present for PEGLip to enhance
efficacy. Moreover, clotting time measured in PRP for
PEGLip-FVIIa at 0.3 pg/ml was very similar (p >0.05) to
the clotting time measured for standard FVIIa at 0.6 pg/ml
(Figure 4B). This suggests that PEGLip formulation almost
doubled the effective concentration. Clots not only formed
faster with PEGLip-FVIII and PEGLip-FVIIa, but they were
also more resistant to fibrinolysis. Clots induced by PEGLip-
FVIII or PEGLip-FVIIa in the presence of tissue plasminogen
activator had longer fibrinolysis times than clots induced by
standard FVIII and FVIIa (Figure 4C,D) (62]. PEGLip on their
own had no effect on clotting.

Platelets play a central role in hemostasis. Adhesion of
platelets to the damaged vascular wall is followed by platelet
activation, a process that exposes negatively charged phospho-
lipids on the platelet surface. Factor VIII, FIX, FX and several
cofactors have high affinity for this charged surface [106].
Assembly of coagulation factor complexes on the platelet
surface leads to generation of thrombin, cleavage of fibrinogen
to fibrin, polymerization of fibrin, and formation of a hemo-
static plug [107]. Interaction of FVIII with platelets via PEGLip
before activation may lead to more rapid assembly of com-
plexes containing FVIII, FIXa and FX. This may lead to faster
clotting when and where it is needed. Similarly, the effect of
PEGLip formulation on FVIIa may be related to platelet
binding. At pharmacological doses, FVIIa activity is depen-
dent on binding to activated platelets [108]. Here again,
PEGLip-dependent binding of FVIIa to platelets before acti-
vation may accelerate interaction with FX and formation of
the coagulation complex (Figure 5). This may lead to faster
generation of fibrin clots even when the overall concentration

of these coagulation factors in the circulation is low. In
independent studies, expression of low levels of FVIII in
platelets was shown to be effective at inducing hemostasis,
even though FVIII protein expression did not exceed 1% of
normal levels. This was probably because of local release of
FVIII from activated platelets at the wound site [109].

4. Conclusion

Various approaches have been used in attempts to improve the
pharmacodynamics of protein drugs. These include direct
PEGylation, modification of amino acid sequence, fusion
to carrier proteins and encapsulation in liposomes. Each of
these approaches has advantages and disadvantages and what
works for one protein may not necessarily work for others.
The design of an improved therapeutic protein must be based
on an understanding of the physical and chemical properties
of the protein and its mechanism of action inside the body.

PEGLIip technology is based on the non-covalent binding of
proteins to the outer surface of PEGylated liposomes. This
specific binding is dependent on the presence of a conserved
amino acid sequence within the protein and on PEG mole-
cules on the liposome surface. Preclinical and clinical studies
with FVIII and FVIIa and preclinical studies with G-CSF
showed that formulation of proteins with PEGLIip resulted in
improved pharmacodynamics. PEGLip were shown to be safe
and well tolerated by patients and they did not pose a risk of
induction of antibodies against the formulated protein. Several
lines of evidence support the binding of liposomes to blood
cells and the targeted delivery of formulated proteins to sites
of action. This mechanism helps explain the improved
efficacy of PEGLip-formulated proteins even in the absence
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of changes to pharmacokinetics. PEGLip formulation is a
platform technology that has the potential to improve the
pharmacodynamics of therapeutic proteins while avoiding the
complications that have plagued other approaches.

5. Expert opinion

In recent years, various technologies have emerged for
improvement of the pharmacokinetics and efficacy of protein
drugs. For several small proteins, mainly cytokines, these
efforts have led to the generation of more potent and
patient-friendly drugs. Attempts to apply these technologies
to large and complex proteins have produced limited results,
though. For example, FVIII variants with genetic modifica-
tions and PEGylated forms of FVIII have not yet reached
clinical trials.

In existing approaches to enhance protein pharmacody-
namics, the immunological effects of a formulation or mod-
ification remain largely unknown until the protein reaches
advanced clinical trials. This introduces a considerable ele-
ment of risk to the drug development process. One of the
primary advantages of PEGLip formulation is that pharma-
codynamics is improved while the structure of the therapeutic
protein remains unchanged and the risk of induction of
antibodies does not increase. Owing to the large size and
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