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A potent, long-lasting form of interferon a-2a mono-pegylated with a 40 kilodalton branched poly-
(ethylene glycol) was designed, synthesized, and characterized. Mono-pegylated interferon o-2a was
comprised of four major positional isomers involving Lys®!, Lys?!, Lys'3! and Lys'3 of interferon.
The in vitro anti-viral activity of pegylated interferon a-2a was found to be only 7% of the original
activity. In contrast, the in vivo antitumor activity was severalfold enhanced compared to interferon
o-2a. Pegylated interferon a-2a showed no immunogenicity in mice. After subcutaneous injection of
pegylated interferon a-2a, a 70-fold increase in serum half-life and a 50-fold increase in mean plasma
residence time concomitant with sustained serum concentrations were observed relative to interferon
o-2a. These preclinical results suggest a significantly enhanced human pharmacological profile for
pegylated interferon a-2a. Results of Phase I1/111 hepatitis C clinical trials in humans confirmed the
superior efficacy of pegylated interferon a-2a compared to unmodified interferon a-2a.

INTRODUCTION

Interferon a is comprised of a family of closely related,
species-restricted proteins that exhibit anti-viral, anti-
tumor, and immunomodulatory activities (1). The recom-
binantly produced human interferon a-2a and interferon
o-2b (1) have undergone extensive clinical investigations
and have become useful drugs for both viral and onco-
logical indications (2—6).

The reported terminal half-life of interferon o ranges
from 4 to 8 h, with peak serum concentrations occurring
at 3—8 h following intravenous (i.v.) or subcutaneous (s.c.)
administration (7). Little or no interferon a is detected
24 h following i.v. or s.c. administration (7, 8), neces-
sitating frequent dosing of interferon o to achieve sus-
tained efficacy. The frequency of interferon a treatment
is dependent upon the disease being treated. For ex-
ample, certain oncological indications require daily dos-
ing, while viral indications may require only three times
weekly dosing. Interferon o treatment for these diseases
at the above-mentioned intervals may range from periods
of several months to a year or longer. Furthermore,
frequent treatment with interferon o produces several
dose-dependent side effects (9).

In recent years, poly(ethylene glycol) (PEG) conjugated
biomolecules have been shown to exhibit superior clini-
cally useful properties than their corresponding unmodi-
fied parent molecules (10—12). These include better
physical and thermal stability, greater protection against
proteolytic degradation, higher solubility, longer in vivo
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circulating half-lives, and lower clearance, thus enhanc-
ing efficacy. Additional qualities of pegylated proteins are
reduced immunogenicity and antigenicity, as well as
reduced toxicity.

Hepatitis C virus (HCV) infection is a blood-borne
disease of the liver. In the United States alone, an
estimated four million Americans are infected with HCV
and up to 180000 new infections occur each year.
Currently, the only available treatment for HCV is with
interferon, injected three times per week. However, the
patient population experiencing sustained response of
undetectable levels of HCV is only 10—15%.

In the early 1990s, an attempt was made to develop a
pegylated form of interferon a-2a for hepatitis C. The
desired target profile was once a week dosing with
comparable efficacy to interferon o-2a given three times
weekly. Interferon o-2a was pegylated with a linear 5K
PEG via urea linkage (13). In 1994, development of first
generation PEG-interferon a-2a with once a week dosing
was discontinued during Phase Il clinical trial because
efficacy equivalent to interferon a-2a given three times
weekly was not achieved.

Since then, many new insights have been gained on
the pegylation of protein therapeutics. Among them are
(1) in vitro activity (cell-based) of a number of cytokines,
whose pharmacological effects involve receptor interac-
tions, is shown to be inversely proportional to the
attached PEG mass and is not predictive of in vivo
biological activity (12, 14, unpublished data); (2) one large
PEG at a single site is preferable to several small PEGs
attached at multiple sites (12); (3) linear PEG is distrib-
uted throughout the body with larger distribution volume
(15); (4) branched PEG is distributed with a smaller
distribution volume and early on delivered to the liver
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and spleen (15); (5) branched PEG protein conjugates
exhibit increased pH and thermal stability, as well as
greater stability toward proteolytic digestion (16); (6)
smaller linear PEGs may deposit in the kidney vacuoles
7).

Another major development was the elucidation of a
model, which predicts efficacy based upon combined
pharmacokinetic and pharmacodynamic analyses (8, 18).
Of great importance, the model predicts a correlation
between efficacy and the trough levels of interferon-
induced surrogate marker protein, 2',5'-oligoadenylate
synthetase (2',5'-OAS) in peripheral blood mononuclear
cells (PBMNSs), but not with peak levels or area under
the curve of 2',5' OAS. Pharmacokinetic data obtained
from animal studies can also be used to develop simula-
tions that will indicate what might occur in patients who
receive various doses and regimens of PEG-interferon
o-2a.

The ability to predict the efficacy of PEG-interferon
o-2a, coupled with the latest advancements in pegylation
technology convinced us to pursue the development of a
second generation PEG-interferon o-2a with hepatitis C
virus (HCV) as the first target indication.

A 40K branched PEG was selected because of the
possibility that it would facilitate the delivery of PEG-
interferon a-2a to the liver and its ability to circulate for
a long period of time in the blood. Thus, interferon a-2a
conjugated with a branched 40K PEG (PEG,-1FN) would
have a better chance of eradicating hepatic and extra-
hepatic HCV infection.

EXPERIMENTAL PROCEDURES

Materials. Interferon a-2a (IFN) and 5K PEG-IFN
were obtained from the Biopharmaceuticals Department
of Hoffmann-La Roche Inc. A branched 40K succinimidyl
derivative of PEG (PEG,-NHS) was purchased from
Shearwater Polymers Inc. (Huntsville, AL). Fractogel
EMD CM 650(M) was supplied by EM Separations
(Gibbstown, NJ). Precast SDS—PAGE gels and electro-
phoresis units were purchased from Novex (San Diego,
CA). Titrisol, concentrated iodine solution, was from EM
Science (Gibbstown, NJ). Anti-PEG AGP3 monoclonal
antibody was acquired from Academia Sinica (Taipei,
Taiwan). Super Signal ULTRA Western blotting kit was
provided by Pierce (Rockford, IL). The LAL endotoxin kit
was obtained from Associates of Cape Cod (Woods Hole,
MA). All other reagents used were of highest quality
available. The cannulated rats and BDF-1 mice were
supplied by Charles River Laboratories (Wilmington,
MA).

Preparation of PEG,-1FN. Pegylation reaction mix-
ture was comprised of interferon o-2a and 40K PEG,-
NHS reagent at 1:3 molar ratio in 50 mM sodium borate
buffer, pH 9.0. The final protein concentration was ~5
mg/mL. Reaction mixture was stirred for 2 h at 4 °C.
Reaction was stopped by adjusting the pH of the mixture
to 4.5 with glacial acetic acid.

Reaction mixture was diluted 10-fold with water and
applied onto a column packed with Fractogel EMD CM
650(M) resin, previously equilibrated with 20 mM sodium
acetate, pH 4.5, at a linear velocity of 1.3 cm/min. Protein
loading onto the column was 2 mg/mL gel. Column was
washed with the equilibration buffer to remove excess

1 Abbreviations: IFN, interferon; PEG, poly(ethylene glycol);
HCV, hepatitis C virus; PEG,-NHS, branched succinimidyl ester
derivative of PEG; PEG,-IFN, 40K PEG conjugated interferon
a-2a; PEGASYS, registered name of 40K branched PEG-
conjugated IFN-a-2a.
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PEG reagent, reaction byproducts and PEG,-IFN oligo-
mers. The desired mono-pegylated PEG,-IFN was then
eluted with 200 mM sodium chloride in the equilibration
buffer. Unmodified interferon a-2a still adsorbed onto the
column was removed by washing with 750 mM sodium
chloride in the equilibration buffer. Mono-pegylated
PEG,-IFN eluate was further concentrated to approxi-
mately 1 mg/mL and diafiltered into the final storage
buffer, 20 mM sodium acetate, pH 5.0, containing 150
mM sodium chloride. Concentrated PEG,-1FN was sterile
filtered with a 0.2 um filter and stored at 4 °C.

Protein Determination. Protein concentrations were
determined using an Azgo value of a 1 mg/mL solution of
PEG,-IFN as 1.05.

SDS—PAGE Analysis. Reaction mixture and the
purified PEG,-IFN was subjected to sodium dodecyl
(lauryl) sulfate/polyacrylamide (8—16%) gel electrophore-
sis according to the methods of Laemmli (19) and stained
for protein using Coomassie blue dye.

PEG moieties in the PEG,-1FN conjugates were specif-
ically stained using Titrisol iodine solution (EM Science,
Gibbstown, New Jersey) according to a modified proce-
dure of Kurfurst (20). The SDS—PAGE gel was rinsed
with distilled water and placed in 5% barium chloride
solution. After 10 min, the above gel was washed with
distilled water and placed in 0.1 N Titrisol iodine solution
for another 10 min. Titrisol was washed off with distilled
water. The PEG stained (orange brown bands) SDS—
PAGE gel containing PEG,-IFN samples was stored in
distilled water in a heat-sealed Kapak/Scotchpak bag.

Western Blotting with Anti-PEG AGP3 Mono-
clonal Antibody. PEG,-IFN was transferred from SDS—
PAGE gel to nitrocellulose membrane using standard
techniques. An anti-PEG monoclonal antibody, denoted
AGP3 (21), was used as the primary antibody. Develop-
ment was performed according to the manufacturer’s
(Pierce) instructions using SuperSignal ULTRA Western
blotting kit for the detection of mouse 1gG (Pierce).
Secondary antibody used was goat anti-mouse 1gG con-
jugated with horseradish peroxidase. An ultra sensitive
chemilluminescent compound provided as part of the
Western blotting kit (Pierce) was used as the enzyme
substrate.

Amino Acid Analysis. N-Terminal sequence and
amino acid composition analyses were performed with a
postcolumn ninhydrin amino acid analyzer (22).

Mass Spectrometry. Matrix-assisted laser desorption
time-of-flight mass spectrometry (MALDI TOF MS) was
used to determine the true molecular weight of PEG,-
IFN (13).

Determination of Pegylation Sites. Positional iso-
mers of PEG,-1FN were separated as described (13) using
cation exchange HPLC. Separated positional isomers of
PEG,-IFN were then analyzed by a combination of
analytical methods including, peptide mapping, sequenc-
ing and mass spectrometry, as described (13).

Determination of Endotoxin Levels. Endotoxin
level in PEG,-1FN preparation was determined using the
lumulus amebocyte lysate (LAL) method according to the
manufacturer’s (Associates of Cape Cod) instructions.

In vitro Anti-Viral Activity. The in vitro anti-viral
activities of interferon a-2a and PEG,-IFN were deter-
mined in a cell culture bioassay employing Mardin-Darby
bovine kidney cells challenged with vesicular stomatitis
virus as described (23).

In Vivo Antitumor Activity. Athymic nude mice
(Harlan) received a subcutaneous implant of 2 x 10°
human renal A498 cells or human renal ACHN cells or
human renal G402 cells under the rear flank. Three to
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six weeks were allowed for the tumors to get established.
The size criteria for acceptance into the study was 0.05—
0.50 cubic centimeters (Vol. = L x W?). Mice were treated
once weekly (Monday) with each of the dosages of 30, 60,
120, or 300 ug of PEG,-IFN. In the case of interferon a-2a
the mice were treated thrice weekly (Monday, Wednes-
day, and Friday) with 10, 20, 40, or 100 ug of interferon
a-2a. The duration of treatment was 4—5 weeks depend-
ing on tumor growth. Tumor volumes were measured
every Monday prior to treatments.

Pharmacokinetics. Female Sprague Dawly rats,
surgically implanted with jugular cannulas with an
average body mass of 240—260 g were housed individu-
ally, allowed free access to food and water and main-
tained in a 12 h light/dark cycle. Within 4—6 h after
arrival, jugular cannulas were flushed with PBS (phos-
phate buffered saline). The following day, after flushing
with 0.15—0.2 mL PBS, 2 x 10° units of interferon o-2a
and PEG,-IFN were injected, followed by injection of
0.15—-0.2 mL of PBS to ensure that all drug was washed
into the animal. Thus, each animal received a dosage of
8 x 108 interferon units/kg body weight.

Blood samples were drawn at 0.5, 1, 3, 5, 12, and 24 h
after injection of the drugs. At all time points, after
discarding the first 0.15—0.2 mL of blood, an aliquot of
0.5 mL of blood was withdrawn using a fresh syringe via
the jugular cannula. Samples were discharged into serum
separator tubes at room temperature and centrifuged at
14000g in a refrigerated Eppendorf centrifuge for 10 min.
The separated sera were then transferred into 1.5 mL
microfuge tubes and kept frozen at —80 °C until ready
for the determination of anti-viral activity. Serum samples
were diluted appropriately and the anti-viral activity was
determined as described previously (23).

Neutralizing Antibodies. Normal BDF-1 mice (10/
group) were injected intraperitonially once per day five
times a week with interferon a-2a, aggregates of inter-
feron a-2a, 5K PEG-IFN and PEG,-IFN, each having
300 000 units of anti-viral activity. Blood samples were
taken 19 days following the last injection and the serum
was evaluated for neutralizing antibodies as described
(24).

RESULTS

Description of Branched Pegylation Reagent.
PEG,-NHS (Figure 1) consists of two monomethoxy poly-
(ethylene glycol) chains each having an average molec-
ular weight of 20K, linked to a lysine molecule via
urethane bonds, one at the a-amino group and the other
at the e-amino group of lysine. The carboxyl group of
lysine in turn is derivatized to an N-hydroxysuccinimide
ester (16).

Synthesis of Pegylated Interferon a-2a. PEG,-IFN
was formed as a result of the reaction between an
N-hydroxysuccinimide ester derivative of a 40K branched
PEG molecule and the free amino group of interferon
o-2a forming an amide bond. The reaction mechanism
is illustrated in Figure 1.

Under the experimental conditions used, pegylation
reaction products were a mixture containing approxi-
mately 45—50% monomer, 5—10% oligomers (predomi-
nantly dimer), and 40—50% unmodified interferon a-2a,
as determined by densitometric measurements and by
mass spectrometry (data not shown). Purified PEG,-1IFN
was ~95—99% mono-pegylated, as determined by SDS—
PAGE analysis (both protein and PEG staining, Figure
2, respectively) and mass spectrometry, as well as by
Western blotting with a newly discovered high-affinity
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Figure 1. Reaction mechanism of the synthesis of PEG,-1FN.
The free amino groups of interferon a-2a react with the
N-hydroxysuccinimide ester derivative of a 40K branched poly-
(ethylene glycol) forming an amide bond between the two.

monoclonal antibody which recognizes PEG (21) (Figure
3). PEG,-IFN preparation contained <2.5 endotoxin
units/mg.

Characterization of PEG,-IFN. Upon the basis of
the 40K average molecular weight of the branched PEG
moiety and the 19.2K molecular weight of interferon
a-2a, it is estimated that the molecular weight of PEG,-
IFN is ~59.2K. However, the actual molecular weight of
PEG,-IFN is dependent upon the average molecular
weight (39—43K) of PEG,-NHS reagent used in the
pegylation reaction.

Figure 2 illustrates the SDS—PAGE profiles of the
pegylation reaction mixture, purified PEG,-IFN and
interferon o-2a as determined by protein specific and
PEG-specific staining. In addition to the various PEG,-
IFN conjugates (mono-, di-, tri-, etc.), reaction mixture
contains unmodified interferon a-2a and excess PEG
reagent (Figure 2). PEG,-1FN'’s electrophoretic mobility
is considerably slowed because of PEG’s large hydrody-
namic volume (3 mol of water form an adduct with each
ethylene oxide subunit of PEG) (25). In addition, branched
PEG could get trapped into the polyacrylamide gel
matrix, further slowing down the electrophoretic mobil-
ity. Thus, PEG,-1FN appears to have a higher molecular
weight (~96K, Figure 2A) than the calculated molecular
weight when compared to molecular weight marker
proteins. However, in Figure 2B, PEG,-IFN has a mo-
lecular weight corresponding to its expected molecular
weight of 59—60K when compared to standard PEG
molecular weight markers. This result is consistent with
that obtained by MALDI-TOF mass spectrometry (data
not shown).

Western blotting with AGP3 antibody directed against
PEG (21) demonstrated that the purified PEG,-IFN is
authentic, predominantly mono-pegylated and did not
contain fragments of PEG or significant amounts of
oligomeric forms of PEG,-1FN (Figure 3).

Both interferon a-2a and PEG,-IFN have identical
amino acid sequence and amino acid composition (data
not shown). The only difference in the composition of
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Figure 2. SDS—PAGE analysis. (A) Specifically stained for protein with Coomassie blue. Lanes: 1, molecular weight marker proteins;
2, pegylation reaction mixture; 3, purified PEG,-1FN; and 4, interferon a-2a. (B) Specifically stained for PEG with iodine. Lanes: 1,
molecular weight marker PEGs; 2—4, same as in Figure 2A. Note that lane 4 containing interferon a-2a in gel B is not stained by

iodine.

1 2 3 4

Figure 3. Western blotting of PEG2-IFN with AGP3 mono-
clonal antibody directed against PEG. Five second exposure of
the film. Lanes: 1, interferon a-2a (1 ug), as expected, no
recognition by AGP3 antibody; 2, PEG,-IFN (0.1ug); 3, PEG,-
IFN (0.5 ug); and 4, PEG,-IFN (1ug).

native and modified proteins is due to the formation of
an amide bond between the amino group of interferon
o-2a and the PEG molecule at the point of attachment
(Figure 1).

A combination of high performance cation exchange
chromatography, peptide mapping, amino acid sequenc-
ing and mass spectrometric analyses were performed to
identify the pegylation sites (data not shown). A single
unit of branched poly(ethylene glycol) was found to be
attached to either one of Lys3!, Lys?!, Lys'3!, or Lys!34,
Collectively, ~94% of the PEG attachment takes place
in these four sites. The remaining ~6% of the pegylation
takes place at Lys™ and Lys®3. The N-terminal cysteine,
which is involved in a disulfide bond (Cys'—Cys®), does
not appear to be a pegylation site.

In Vitro Anti-Viral Activity. The anti-viral activities
of interferon a-2a and PEG,-IFN are compared in a cell
culture bioassay utilizing Mardin-Darby bovine kidney
(MDBK) cells challenged with vesicular stomatitis virus.
This assay measures interferon’s inhibitory effect on
virus induced cell lysis (cytopathic effect). Procedure

Table 1. In Vitro Antiviral Activities of Interferon a-2a
and PEG,-1IFN&

anti-viral activity residual activity

protein (1U/mg) (%)
interferon a-2a 2 x 108 100
PEG,-IFN 1.4 x 107 7

a Antiviral activity determined in MDBK cells infected with
vesicular stomatitis virus.

involves the addition of serially diluted interferon samples
MDBK cells followed by a challenge with virus. The
endpoint of the assay is approximately a 50% protection
of MDBK cells. The quantity of interferon present is
determined relative to a reference preparation of inter-
feron. The unit of anti-viral activity is an arbitrarily
established value by the World Health Organization.
PEG,-IFN had an anti-viral specific activity of ap-
proximately 7% of that of interferon o-2a. Results are
listed in Table 1.

In Vivo Antitumor Activity. The in vivo antitumor
activity of PEG,-IFN and interferon a-2a were evaluated
by studying their ability to reduce the size of various
human tumor cells implanted subcutaneously into mice.
PEG.-IFN showed a marked reduction in human renal
A498 tumor size (Figure 4, bottom panel) compared to
interferon a-2a (Figure 4, top panel) for all dosage levels
tested, at 7, 14, 21, and 28 days after the beginning of
treatment. After 4 weeks of treatment and 7 days after
treatment was discontinued, three mice in each group
were sacrificed. In the three mice treated with PEG,-1FN,
no residual tumor was observed. In the mice treated with
interferon a-2a, tumor weight was 1.28, 0.62, and 1.6 g,
respectively. In the three control mice, the A498 tumor
weights were 2.32, 2.37 and 1.94 g, respectively. Eighty
days following termination of PEG,-IFN treatment, all
seven remaining mice were free of tumor as determined
by palpation in the 4-week treatment group. Similarly,
PEG,-IFN effected a significant reduction in the size of
ACHN and G402 human renal tumors (data not shown).

Pharmacokinetic Parameters. Pharmacokinetic pa-
rameters of PEG,-IFN were determined after subcutane-
ous injection into female Sprague—Dawley rats. Figure
5 illustrates the mean serum activity versus time.
Summary and individual pharmacokinetic parameters
are found in Tables 2 and 3. Serum activity of interferon
o-2a peaked 1 h after the subcutaneous injection, whereas
the peak activity of PEG,-IFN occurred 24 h after the
injection. PEG,-IFN’s peak activity was 3-fold greater
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Figure 4. In vivo antitumor activity of interferon a-2a (top panel) and PEG-IFN (bottom panel) in athymic nude mice subcutaneously
implanted with human renal A498 cells. Insert shows the amount of interferon a-2a and PEG,-IFN used in the treatment of the
mice implanted with the tumor. x- and y-axes indicate the days and the corresponding tumor volumes, respectively.
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Figure 5. Mean serum activity versus time of interferon o-2a
and PEG,-IFN after subcutaneous injection in rats. PEG,-IFN
has a 51-h half-life compared to 0.7-h for interferon o-2a
concomitant with mean plasma residence time of 80 and 1.6 h,
respectively. Logarithmic regression analyses were used to
calculate the pharmacokinetic parameters.

than that of interferon a-2a. Area under the curve, up to
the last measurable time point of PEG,-1FN, was 6-fold
greater than that of interferon a-2a. After subcutaneous
injection of PEG,-IFN, a 70-fold increase in half-life and
a 50-fold increase in mean residence time (MRT) were

observed. Cax and AUC of the PEG,-1FN were 3.5- and
59-fold increased, respectively compared to those of
interferon a-2a. Consequently, PEG,-1FN has a signifi-
cantly increased plasma exposure.

Neutralizing Antibodies. As seen in Table 4, mice
injected with PEG,-IFN produced no detectable amount
of neutralizing antibodies in 9 of the 10 animals tested.
In contrast, mice injected with interferon a-2a produced
neutralizing antibodies and this response was greatly
pronounced in mice injected with interferon o-2a ag-
gregates. A much-reduced response was observed with
the first generation PEG-interferon «-2a in which the
PEG moiety was linear and had a molecular weight of
5K.

DISCUSSION

To take full advantage of the clinically useful proper-
ties of branched poly(ethylene glycol) and to meet the
minimum threshold PEG mass requirement, we chose a
40K branched poly(ethylene glycol) moiety for the pegy-
lation of interferon o-2a. PEG,-1FN was well-character-
ized using various analytical methods including immu-
noblotting with a newly discovered high-affinity AGP3
monoclonal antibody directed against PEG. The discovery
and availability of this antibody opens whole new av-
enues to follow the metabolic fates of PEG,-IFN and other
pegylated protein therapeutics.
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Table 2. Summary of Interferon Pharmacokinetic Parameters
interferon pharmacokinetic parameters
Tmax Crmax Thast Clast AUC st half-life AUCInf AUC_% MRT
rat no. (h) (units/mL) (h) (units/mL) (units h/mL) (h) (units h/mL) extrap (h)
1 1 10 726 6 113 22 202 0.7 22318 0.5 15
2 0.5 12 299 4 401 20 840 0.7 21 250 1.9 14
3 1 11786 6 28 22 833 0.5 22 854 0.1 14
4 1 5888 8 44 18 402 0.7 18 448 0.2 22
mean 0.9 10175 6 147 21 069 0.7 21217 0.7 1.6
SD 0.3 2932 1.6 174 1963 0.1 1963 0.8 0.4
Table 3. Summary of PEG,-IFN Alfa-2a Pharmacokinetic Parameters
PEG.-IFN alfa-2a pharmacokinetic parameters
Tmax Crax Thast Clast AUC|ast half-life AUCINf AUC_% MRT
rat no. (h) (units/mL) (h) (units/mL) (units h/mL) (h) (units h/mL) extrap (h)
1 24 42 220 48 21110 1530 853 45 2911 253 47 66
2 24 36 200 48 27215 1277 506 58 3566 959 64 94
3 24 27 190 48 19 225 912 794.5 48 2243 867 59 81
mean 24 35203 48 22517 1240 384 51 2907 360 57 80
sb 0 7564 0 4177 310 697 7 661 555 9 14

Table 4. Summary of Immunogenicity Data
antibody (INU/mL)2

protein median range
interferon a-2a 2400 217-8533
interferon a-2a aggregates 42 667 8000—768533
first generation 5 kDa PEG2-IFN a-2a 75 50—750
PEG,-interferon o-2a 0 0—-1133°

a Interferon neutralizing units/mL. INU/mL = (units of inter-
feron neutralized x serum dilution)/(final test volume). ® One of
10 animals in the group produced nuetralizing antibody.

PEG,-1IFN is comprised of mono-pegylated interferon
o-2a (1 PEG/mol of interferon «a-2a) but distributed
among four major pegylation sites. In addition to the
N-terminus, there are 11 lysines available for pegylation.
It should be noted that when a low molecular weight poly-
(ethylene glycol) (e.g., 5K) was used for pegylation of
interferon o-2a all 11 lysines were pegylated (13), thus
more heterogeneous than the PEG,-IFN in terms of
positional isomers. Not all pegylation sites are readily
accessible to the 40K branched PEG due to its larger size
and shape. The end-result is fewer sites are pegylated.
Thus PEG,-IFN is less heterogeneous than the linear low
molecular weight PEG-IFN.

It is postulated that the chemical attachment of PEG
moieties to the polypeptide backbone of interferon a-2a
produces some form of conformational perturbances,
which may adversely affect receptor/ligand interactions
and thus lower binding affinity (12). This is one reason
in vitro anti-viral activity is considerably decreased
compared to interferon a-2a. In addition, the relatively
short incubation time (hours) of the in vitro assay is
probably insufficient for the low affinity PEG,-IFN to
reach peak activity. On the other hand, in vivo bioassays
in mice for example, are much longer (days) and are
terminated after several days after the injection of the
drug. The extended exposure time afforded by the longer
half-life of the PEG,-IFN (Tables 2 and 3) compensates
for any slack in the binding interactions due to pegyla-
tion. The end-result is maximum biological effect. A
sustained release prodrug mechanism is ruled out be-
cause the amide bond between PEG and interferon a-2a
is stable.

Fish (26) and Klaus et al. (27) define amino acid
domains Cys*®—Asp® and Phe'2—Trp' in interferon
a-2a as responsible for receptor binding interactions, as
well as constituting the receptor recognition site. These

two domains are located on the surface of interferon o-2a
and are in close spatial proximity. The four major
pegylation sites in PEG,-IFN also fall within these
domains. In the cell-based in vitro assay with the
relatively short incubation time combined with the sites
of pegylation plays a major role in how many chances
PEG,-IFN gets to interact with its receptor. However, in
vivo biological effect is not expected to be affected in a
similar fashion. Though there may be some interference
in receptor binding due to pegylation, the very large
circulating half-life combined with the flexibility of poly-
(ethylene glycol) provides enough opportunities for in-
terferon a-2a to come into contact with the receptor to
exert its biological effect.

Contrary to the reduced in vitro anti-viral activity of
PEG,-IFN, a significantly enhanced in vivo antitumor
activity was observed in various transplanted human
tumors. Reduced in vitro activity accompanied with
increased in vivo biological activity has been observed
with other pegylated protein therapeutics. Examples are
G-CSF (28), IL-2 (29), TNF-a (30), IL-6 (31), and CD4-
IgG fusion protein (32), among others. The enhanced
antitumor activity suggests that PEG,-IFN is potentially
a far superior antitumor agent than interferon o-2a.
Consequently, there are a number of clinical trials
ongoing or planned for the treatment of several forms of
cancer, such as renal carcinoma, malignant melanoma,
chronic myelogenous leukemia, among others.

PEG,-IFN provides extraordinary protection against
production of antibodies against interferon a-2a in mice
compared to the linear low molecular weight first genera-
tion PEG-interferon a-2a. Since interferons are species-
restricted, human interferons are generally immunogenic
in animals. Therefore, the lack of immunogenicity in mice
is a good indication that it will be less immunogenic in
humans.

A Phase 11 clinical trial was initiated in 1998 with
PEG,-IFN in noncirrhotic patients. The Phase Il clinical
trial results (33) demonstrated that hepatitis C patients
treated with PEG,-IFN once weekly showed undetectable
levels of the virus in 76% of the patients, 12 weeks after
treatment. Another 36% of patients had similar response,
24 weeks following completion of treatment. On the other
hand, only 17% of the patients who had undergone the
standard interferon a-2a treatment experienced unde-
tectable levels of hepatitis C virus after 12 weeks of
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treatment and only 3% maintained undetectable levels
of virus for 24 weeks following the completion of treat-
ment.

A Phasell/Ill clinical trial of PEG,-IFN in cirrhotic
hepatitis C patients had shown that 29% of the patients
experienced a sustained response of nondetectable levels
of hepatitis C virus, compared to only 6% of patients
treated with interferon a-2a. Sustained response is
measured for 24 weeks following 48 weeks of treatment
(34).

Finally, in a large Phase 111 clinical trial (35), PEG,-
IFN exhibited superior efficacy than standard interferon.
Highlights of the trial include (1) at the end of treatment
virological response was 69% for PEG,-1FN compared to
only 29% for interferon treated group, (2) sustained
virologic response was observed in 39% of patient popula-
tion, (3) in the toughest to treat patient population; those
with cirrhosis, 39% experienced sustained virological
response, (4) histology was significantly improved, (5)
tolerability was similar to standard interferon, and (6)
dosing regimen included convenient once weekly dosing
compared to thrice weekly dosing of standard interferon.

It is remarkable that although PEG,-1FN used in the
clinical trials had only 5—10% of the original in vitro anti-
viral activity of interferon a-2a, yet it was significantly
more effective in treating HCV infection in humans than
the standard interferon. Thus PEG,-1FN, with the reg-
istered name of PEGASYS is a well-tolerated and effec-
tive treatment for hepatitis C patients, including those
with difficult to treat liver cirrhosis.
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