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Conjugating therapeutic proteins and peptides to poly(ethylene glycol) (PEG) can improve their pharmacokinet-
ics and therapeutic potential. However, PEGylation suffers fromnon-specific conjugation, low yield and immuno-
genicity. Herein we report a new and general methodology to synthesize a protein-polymer conjugate with site-
specificity, high yield and activity, long circulation half-life and excellent therapeutic efficacy. A phospholipid
polymer, poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC),was grown solely from theC-terminus of in-
terferon-alpha to form a site-specific (C-terminal) and stoichiometric (1:1) PMPC conjugate of interferon-alpha
in high yield. Notably, the PMPC conjugate showed 194- and 158-fold increases in systemic exposure and tumor
uptake as comparedwith interferon-alpha, respectively. The in vitro antiproliferative bioactivity of the PMPC con-
jugate was 8.7-fold higher than that of PEGylated interferon-alpha (PEGASYS). In a murine cancer model, the
PMPC conjugate completely inhibited tumor growth and cured 75% mice, whereas at the same dose, no mice
treated with interferon-alpha or PEGASYS survived. We believe that this new approach to synthesize C-terminal
protein conjugates of PMPCmay be applicable to a large subset of protein and peptide drugs, thereby providing a
general platform for the development of next-generation protein therapeutics.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Therapeutic proteins and peptides have been widely used in clinical
practice, but they have conspicuous limitations such as rapid clearance
from the blood circulation, poor biocompatibility, high immunogenicity
and low stability [1–3]. Covalent attachment of non-ionic, hydrophilic
polyethylene glycol (PEG) to a protein, termed as PEGylation, is often
used as a means to address the above shortcomings by increasing the
size of the protein and providing a steric shield from the immune recog-
nition, proteolysis and aggregation [4]. For instance, human interferon-
alpha (IFN-α) has been widely used for the treatment of cancer and
viral disease, but it exhibits short half-life (t1/2 = 4–8 h) following sys-
tematic administration, resulting in frequent dosing and high systemic
toxicity [5]. The pharmacokinetics of IFN-α can be enhanced via conju-
gating with 40 kDa branched PEG (PEGASYS, t1/2 = 65 h) [6] or 20 kDa
linear PEG (PEGINTRON, t1/2 = 40 h) [7]. However, PEGylation is
confronted with three major problems: 1) non-specific reaction of
PEGwith reactive amino acid residues randomly distributed on the pro-
tein scaffold leads to a heterogeneous mixture of positional isomers
with reduced bioactivity, which further complicates the purification
and separation procedures [8,9]; 2) the yield is quite low (b10%) since
PEGylation involves the reaction between two large macromolecules
[10]; 3) PEG itself is immunogenic, which can accelerate the blood
).
clearance and alter the biodistribution after repeated injections of
PEGylated drugs [11–13]. These shortcomings hamper the widespread
application of PEGylation. Hence novel strategies that can circumvent
these problems are of great interest.

In the past decade, in situ growth of a polymer from a protein
(grafting from) has emerged as a potential alternative to direct conjuga-
tion of a polymer to a protein (grafting to) like PEGylation [14–21].
However, site-specific in situ growth (SIG) of a polymer from a protein
to yield site-specific and stoichiometric protein-polymer conjugates in
high yield with highly retained activity, significantly improved pharma-
cokinetics and therapeutic potential has remained a considerable
challenge. To this end, we have recently demonstrated a general strate-
gy for site-specific in situ growth (SIG) of a PEG-like polymer,
poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA),
from the N-/C-terminus of model proteins, such as myoglobin (Mb),
green fluorescence protein (GFP) and IFN-α to form site-specific (N-/
C-terminal) and stoichiometric (1:1) POEGMA conjugates in high
yield. The POEGMA conjugates showed retained activity and improved
pharmacokinetics and therapeutic potential as compared with the na-
tive proteins [22–24]. However, as POEGMA is a kind of branched PEG,
it can potentially induce an antibody response, which may neutralize
the efficacy of POEGMA conjugates for chronic administration. There-
fore, novel strategies that can circumvent this limitation are of interest.

We herein report a new and general strategy, SIG of a phospholipid
polymer of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC),
from a therapeutically important protein, IFN-α, to form a site-specific
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(C-terminal) and stoichiometric (1:1) PMPC conjugate of IFN-α (IFN-
PMPC) (Fig. 1). The overall yield of the PMPC conjugate was as high as
63.4%, which was 70.4-fold higher than that (0.9%) of a similar IFN-
PMPC conjugate prepared by post-polymerization conjugation (grafting
to). The PMPC conjugate retained 53.6% in vitro antiproliferative bioac-
tivity of native IFN-α, which was 8.7-fold higher than that (6.2%) of
PEGASYS. The systemic exposure and tumor uptake of the PMPC conju-
gate were 194- and 158-fold higher than those of IFN-α, respectively,
which were comparable to those of PEGASYS. More intriguingly, in a
murine cancer model, the PMPC conjugate cured 75% mice, whereas at
the same dose, nomice survive for over 49 and 63 days post administra-
tion with IFN-α and PEGASYS, respectively. These results show that a
site-specific PMPC conjugate prepared by SIG can outperform PEGASYS
that is the current gold standard for IFN-α delivery, which augurs well
for its translation into the clinic. Herein, we call this strategy SIG of
PMPC conjugates as an alternative to PEGylation.

We chose PMPC as a pharmacokinetically useful polymer instead of
POEGMA for several reasons. First, PMPC is a biomimetic polymerwith a
phospholipid polar group, phosphorylcholine, in the side chain, which
has excellent biocompatibility [25,26]. Second, PMPC is a zwitterionic
polymer, which is resistant to non-specific protein adsorption from
blood [27,28]. Third, PMPC is a Food andDrug Administration (FDA)-ap-
proved polymer, which has been used in the fields of medical devices
and drug delivery [26,28]. These attributesmake PMPCmore interesting
than PEG and POEGMA as a pharmacokinetically useful polymer.

Recently, IFN-αwas conjugated to PMPC by non-specific post-poly-
merization conjugation to improve its pharmacokinetics [29], which,
unfortunately, resulted in an unacceptable reduction in antiproliferative
bioactivity (only 3.2% of bioactivity retention that is even lower than
that (7%) of PEGASYS [7]) due to the non-specific nature of the conjuga-
tion. In contrast, this paper, for the first time, presents SIG of a site-spe-
cific PMPC conjugate of IFN-α and a head-to-head comparison of the
site-specific PMPC conjugate with PEGASYS, which goes far beyond
the preliminary pharmacokinetic result previously reported for the
non-specific PMPC conjugate [29]. Such a direct comparison of a new
delivery systemwith the clinical gold standard formulation is highly de-
sired as it strongly questions the clinical utility of the new delivery sys-
tem in the preclinical pipeline.

2. Materials and methods

2.1. Materials

All chemical reagentswere purchased fromSigmaAldrich or J&K Sci-
entific. All molecular biology reagents were purchased from New
Fig. 1. Schematic illustration of site-specific in situ growth of PMPC from the C-terminus of IFN
(AEBM) is selectively attached to the C-terminus of IFN-α by sortase A catalyzed ligation to yie
producing an IFN-PMPC conjugate. The crystal structure of IFN-αwas generated fromPDB code
α.
England Biolabs. All cell culture reagents and media were purchased
fromGibco or Hyclone. All reagentswere used as received, unless other-
wise specified. Human Burkitt's B lymphoma cells (Daudi B) and human
ovarian carcinoma cells (OVCAR-3) were purchased from cell bank of
Chinese Academy of Medical Sciences. Female BALB/c nude mice were
purchased from Vital River Laboratories (Beijing, China) and accommo-
dated in animal research facility of Tsinghua University.
2.2. In situ ATRP of MPC from the C-terminus of IFN-α

IFN-α and IFN-Br were prepared according to our previous work
[24]. In situ ATRP of MPC from the C-terminus of IFN-α was carried
out in PBS buffer with an ice-water bath. A deoxygenated mixture
of 5 μmol CuCl, 15 μmol CuCl2, and 25 μmol 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA) dissolved in water was
transferred into 4 mL of 50 μM deoxygenated IFN-Br solution and
800 μmol 2-methacryloyloxyethyl phosphorylcholine (MPC) in
10 mM PBS, 10% glycerol, pH 7.4 via a cannula transfer. The polymer-
ization was allowed to react for 1.5 h under nitrogen atmosphere and
stopped by exposing to air. The IFN-PMPC conjugates were separated
from the reactionmixtures via desalting and AEX chromatography as
described above. In a control experiment, IFN-αwas used as an initi-
ator for ATRP under the same reaction condition as was used for IFN-
Br. The concentration of IFN-PMPC was quantified by BCA assay ac-
cording to the instructions of BCA kit (Beyotime Biotech), using bo-
vine serum albumin as the protein standard.
2.3. Post-polymerization conjugation for IFN-PMPC

As a control, IFN-PMPC was synthesized via post-polymerization
conjugation, which includes two parts: the synthesis of PMPC and
grafting PMPC to the C-terminus of IFN-α. In the first part, AEBM, in-
stead of IFN-Br was used as an initiator for ATRP to synthesize PMPC
as described above, followed by ultrafiltration to remove small soluble
impurities. In the second part, in order to conjugate PMPC to the C-ter-
minus of IFN-α, 25 μM IFN-LPETGH6, 12.5 μM SrtA and 500 μM PMPC
was mixed and incubated in a reaction buffer containing 50 mM
Tris·HCl, 150mMNaCl, 10mMCaCl2, pH 7.4. After an overnight incuba-
tion at 25 °C, SrtA was removed by cation exchange chromatography
using an equilibration buffer of 20 mM Tris·HCl, pH 7.0 and an elution
buffer of 20 mM Tris·HCl, 1 M NaCl, pH 7.0. After that, unreacted IFN-
LPETGH6 and PMPC were removed by anion exchange chromatography
using an equilibration buffer of 20 mM Tris·HCl, pH 8.0 and an elution
buffer of 20 mM Tris·HCl, 1 M NaCl, pH 8.0.
-α. First, a triglycine-functionalized atom transfer radical polymerization (ATRP) initiator
ld a macroinitiator (IFN-Br). Second, PMPC is site-specifically grown from IFN-Br via ATRP,
1lTF [30]. Receptor binding domains colored in red are distant from the C-terminus of IFN-
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2.4. Physicochemical characterization

2.4.1. Gel permeation chromatography (GPC)
The IFN-PMPC conjugateswere analyzed on aWaters HPLC/GPC sys-

tem equipped with a UV detector (Waters 2489) operated at 280 nm
and a refractive index detector (Waters 2414). Samples were separated
by an Asahipak GS-520 HQ column (with a guard column) at the flow
rate of 0.5 mL/min at 25 °C. The mobile phase consisted of 50 mM
Tris·HCl, 150 mM NaCl, pH 7.4. A calibration curve was created by
using PEG standards with different molecular weights for estimating
the relative molecular weight of the IFN-PMPC conjugate. To character-
ize the molecular weight of PMPC, the IFN-PMPC conjugate (1 mg/mL)
was incubated with proteinase K (0.5 mg/mL) in digestion buffer
(50 mM Tris·HCl, 2 mM CaCl2, pH 7.4) at 45 °C for 12 h to remove IFN
before analysis. All the results were analyzed with Breeze 2 software.

2.4.2. Proton nuclear magnetic resonance (1H NMR) spectroscopy
The 1HNMR spectrawere analyzed on a JEOL ECX-400 spectrometer,

operating at 400 MHz, 25 °C with residual solvent as internal standard.
The sampleswere freeze-dried and then dissolved into deuteriumoxide
before analysis.

2.4.3. Circular dichroism (CD)
CD spectrawere carried out on a Pistarπ-180 (Applied Photophysics

Ltd) instrument with a far UV region between 190 nm and 260 nm.
Samples were diluted to a concentration of 0.15 mg/mL in H2O.

2.4.4. Inductively coupled plasma-optical emission spectrometry (ICP-OES)
The copper concentration of purified IFN-PMPC was recorded on

ICP-OES (Varian Vista-Pro, Australia) using methods APAT CNR IRSA
3020 Man 29 2003. Samples were diluted to a concentration of
0.2 mg/mL in 25% aqua regia before analysis.

2.4.5. Dynamic light scattering (DLS)
DLS analysis was performed on a Malvern Zetasizer Nano-zs90 with

a laserwavelength of 633nmand a scattering angle of 90° at 25 °C. Sam-
ples were filtered (filter with 0.22 μm pore size, Millipore Corp.) before
analysis. Data were analyzed using Zetasizer software 6.32.

2.5. In vitro cytotoxicity

The protocols of in vitro anti-tumor activity assessment were
employed as described previously [24] with minor modifications.
Daudi B cells were cultured in RPMI-1640 medium supplemented
with 15% (vol/vol) fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (Hyclone) at 37 °C in a humidified, 5% CO2 atmosphere. 50 μL of
7500 cells were seeded per well in a 96-well plate (Corning). 50 μL of
freshmedium containing serial IFN-α equivalent concentration of sam-
ples (2, 4, 10, 20, 100, 200, 600, 2000 and 20,000 pg/mL) were added to
the corresponding wells. Wells filled with media and media-treated
cells only were considered as background and control, defined as 0%
and 100% cell viability, respectively. After incubating the plate for 4 d,
the cell proliferation inhibition was measured by MTT assay according
to the instructions of Cell Proliferation Assay kit (Promega). The data
fitting and IC50 calculation were analyzed by GraphPad Prism 5.0 soft-
ware and the results were presented as mean ± S.D.

2.6. In vivo study

The Laboratory Animal Facility at the Tsinghua University is
accredited by AAALAC (Association for Assessment and Accreditation
of Laboratory Animal Care International), and all animal protocols
used in this study are approved by the Institutional Animal Care and
Use Committee (IACUC).
2.6.1. Pharmacokinetics
The protocols of in vivo study (pharmacokinetics, biodistribution, in

vivo anti-tumor evaluation and in vivo toxicity examination) were
employed as previously described with minor modifications [24]. 9 fe-
male BALB/c nude mice (6-week old) were randomly distributed into
three groups (n = 3 per group) and injected intravenously with IFN-
α, PEGASYS, or IFN-PMPC at a dose of 1 mg IFN-α equivalent/kg body
weight via tail veil. At desired time points (1, 5, 15, 30 min, 1, 3, 6, 24,
48, 72 and 96 h), blood samples (10 μL) were drawn from mice via tail
vein into heparin anticoagulant tubes. After standing for 30 min at 4 °
C, samples were centrifuged at 4000 ×g for 20 min, and plasma were
isolated and stored at −80 °C. The concentration of IFN-α was deter-
mined by ELISA assay according to the directions of human IFN-α2
ELISA kit (PBL Interferon Source). Pharmacokinetic parameterswere an-
alyzed by DAS 3.0 software and fitted with a two-compartment model.

2.6.2. Biodistribution
The human ovarian carcinoma cell line OVCAR-3 was cultured in

RPMI-1640Medium containing 20% fetal bovine serum, 0.01mg/mL bo-
vine insulin and 1% penicillin/streptomycin. Female BALB/c nude mice
(6-week old) were s.c. implanted in the left flank with 5 × 106

OVCAR-3 cells suspended in 0.1 mL mixture of serum free media/
Matrigel (1:1) (BD Biosciences).When the tumor size reached 100–
150 mm3, mice were randomly assigned to three groups (n = 3 for
each group) and i.v. administered IFN-α, PEGASYS and IFN-PMPC at a
dosage of 1 mg IFN-α Equiv/kg body weight. At 2 h, 24 h and 96 h
post injection, mice were immediately sacrificed and major organs
(tumor, heart, kidney, liver, spleen, lung, pancreas, stomach, muscle
and intestine) were collected, washed, dried, weighed and homoge-
nized with an addition of 10 mM PBS extraction buffer (including
1 mM EDTA, 1 mM PMSF, 1% Triton X-100, 0.5% sodium deoxycholate
and 1% phosphatase inhibitor cocktail). The quantification of IFN-α in
tissue was the same as described above. The background of tissues
from untreated mice was subtracted correspondingly. The data were
displayed as percentage of total injected dose (%ID) per gram of tissue.

2.6.3. In vivo antitumor efficacy
The antitumor efficacy of IFN-PMPC conjugate was also evaluated in

female BALB/c nudemice bearing OVCAR-3 tumor. Treatment started at
three weeks post inoculation, at which time the tumors had been
established (~20 mm3). The mice were randomized into four test
groups (n = 6 or 8 per group) and injected weekly with saline, IFN-α,
PEGASYS or IFN-PMPC at a dose of 20 μg IFN equivalent/mouse until
all the mice of control groups (the group of saline, IFN-α and PEGASYS)
were sacrificed. Tumor volumes and body weights of the mice were
monitored twice aweek during the experimental period. The tumor vol-
ume was calculated using the formula: (width × width) × length) / 2.
Mice would be sacrificed if their tumor size grew up to 500 mm3 or
weight loss was N15% of its initial weight. Statistical analysis was per-
formed using GraphPad Prism software 5.0.

2.6.4. In vivo toxicity
To evaluate the in vivo toxicity of IFN-PMPC, histomorphology, clin-

ical biochemistry and hematology of mice were assayed. After treat-
ment with saline, IFN-α, PEGASYS or IFN-PMPC once a week, mice
were sacrificed at day 21 after being treated for twice. Organs including
tumors, hearts, livers and kidneys were collected, fixed with 4% neutral
paraformaldehyde, embedded in paraffin, sliced up into 5 μm thick sec-
tions,mounted onto glass slides and stainedwith hematoxylin-eosin ac-
cording to standard procedures. The photographs of all sections were
imaged with a Nikon Eclipse 90i.

Blood was collected from retro-orbital sinus of the mice after being
treated for five times (at day 42). Clinical biochemistry analysis of
serum, including lactate dehydrogenase (LDH), creatine kinase isoen-
zymes (CK-MB), aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), creatinine (CRE) and blood urea nitrogen (BUN) was
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analyzed by Automatic Biochemical Analyzer (HITACHI). Hematological
parameters of complete blood, including numeration of white blood
cells (WBC), red blood cells (RBC), platelets (PLT) and the concentration
of hemoglobin (HGB), was recorded on a Hematology Analyzer
(SYSMEX).

2.7. Statistical analysis

Values were represented as mean ± standard deviation (S.D.). Sta-
tistical analysis were performed with GraphPad Prism software 5.0. Cu-
mulative survival were analyzed by Log-rank (Mantel-Cox) test. The
other data comparisons were carried out using Student's t-test. Differ-
ences were considered to be significant when the P value was b0.05.

3. Results and discussion

3.1. Synthesis and in vitro characterization of IFN-PMPC

The ATRP initiator (AEBM) was quantitatively, stoichiometrically
and specifically attached to the C-terminus of IFN-α, by sortase-mediat-
ed protein ligation, to yield themacroinitiator IFN-Br [24]. ATRP of MPC
from IFN-Br was performed in phosphate buffered saline (PBS) in an
ice-water bath. At the end of the ATRP reaction, the ATRP solution was
directly characterized by gel permeation chromatography (GPC) with
a UV detector operated at 280 nm (Fig. 2a). The GPC trace of IFN-Br
showed a relatively narrow peak at an elution time of 19.5 min, which
coincided with that of IFN-LPETGGH6, as expected. After the polymeri-
zation, the GPC peak for IFN-Br substantially decreased in intensity
while a new peak at a shorter elution time of 13.8 min appeared, indi-
cating the formation of an IFN-PMPC conjugate with a high MW. Inte-
gration of the peak areas of the IFN-Br and IFN-PMPC conjugates
showed that the conversion of IFN-Br into IFN-PMPCwas N90%, indicat-
ing the high initiation efficiency of ATRP ofMPC from IFN-Br. S.D.S-PAGE
also showed that the band for IFN-Br almost disappeared after the poly-
merization, accompanied by the emergence of a new band correspond-
ing to the synthesized IFN-PMPC conjugate with a highMW (Fig. S1). In
a control experiment in which IFN-α, instead of IFN-Br, was used as an
initiator for ATRP of MPC at the same conditions as described in the
ATRP of MPC from IFN-Br. As expected, ATRP of MPC did not occur
Fig. 2. Physicochemical characterization and in vitro bioactivity of IFN-PMPC. (a) GPC traces o
LPETGGH6, IFN-Br, IFN-α and IFN-PMPC. (c) DLS analysis of IFN-PMPC, where Rh is hydrody
mean ± S.D. (n = 3).
without the ATRP initiator attachment of IFN-α (Fig. S2). Taken togeth-
er, these results indicate the successful in situ growth of PMPC from the
C-terminus of IFN-α by ATRP with high initiation efficiency.

Subsequently, the polymerizationmixture was purified by anion ex-
change (AEX) chromatography to remove unreacted IFN-Br, followed
by GPC analysis (Fig. 2a). After the purification, the GPC peak for
unreacted IFN-Br disappeared, and only a peak corresponding to IFN-
PMPC was observed, indicating the successful purification of the conju-
gate. After digestion of the conjugate with proteinase K to remove IFN
(Fig. S3), the MW of the polymer was determined to be 57 kDa with a
molar-mass dispersity (ĐM) of 1.43 by GPC calibrated with PEG stan-
dards, which is similar to that of POEGMAof the IFN-POEGMA conjugate
reported in our previous work [24]. Proton nuclear magnetic resonance
(1H NMR) further confirmed the synthesis of PMPC from IFN-Br (Fig.
S4). The overall yield of the conjugate after the two-step reactions was
determined to be about 63.4%, which was over 70.4-fold higher than
that (0.9%) of an IFN-PMPC analogue with a similar MW synthesized
by post-polymerization conjugation (Fig. S5). These data indicate that
the SIG methodology is much more efficient than the conventional
post-polymerization conjugation technique in synthesis of a site-specif-
ic and stoichiometric IFN-PMPC conjugate.

Circular dichroism (CD) spectroscopy showed that the highly α-he-
lical structure of IFN-αwas well preserved during the C-terminal mod-
ification process (Fig. 2b), suggesting that the SIG of PMPC seldom
perturbed the secondary structure of IFN-α. The copper concentration
of the purified IFN-PMPC solutionwasmeasured by inductively coupled
plasma-optical emission spectrometry (ICP-OES) to be as low as
0.01 ppm, suggesting that the copper from the ATRP catalyst was suc-
cessfully removed from the conjugate. Dynamic light scattering (DLS)
showed that the hydrodynamic radius (Rh) of IFN-PMPC was 9.7 nm,
which was nearly 5-fold larger than that of IFN-LPETGGH6 (2.4 nm),
IFN-Br (2.3 nm) or IFN-α (2.3 nm) (Fig. 2c), suggesting a prolonged cir-
culation time of IFN-PMPC over IFN-α.

IFN-α is a highly pleiotropic cytokine with potent antiproliferative,
immunoregulatory and antiviral properties [31,32]. We herein evaluated
the in vitro antiproliferative activity of IFN-PMPC using a human Burkitt's
B cell lymphoma line (Daudi B) (Fig. 2d). IFN-LPETGGH6, IFN-Br and IFN-
α showed similar bioactivities with half maximal inhibitory concentra-
tions (IC50’s) of 10.78, 11.18 and 10.77 pg/mL, respectively, indicating
f the ATRP reaction solution and the purified IFN-PMPC conjugate. (b) CD spectra of IFN-
namic radius. (d) In vitro cytotoxicity of IFN-PMPC against Daudi B. Data are shown as
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that the tag fusion and ATRP initiator attachment to the C-terminus of
IFN-αdid not affect the biological activity. IFN-PMPC showed an excellent
bioactivity retention of 53.6% (IC50 = 20.02 pg/mL) that was 8.7-fold
greater than that (6.2%) of PEGASYS (IC50 = 175.00 pg/mL), indicating
that SIG of a PMPC conjugate at the C-terminus of IFN-α is much better
than non-specific PEGylation of IFN-α in in vitro bioactivity retention.

3.2. Pharmacokinetics and biodistribution

Encouraged by the promising in vitro properties of IFN-PMPC,we fur-
ther evaluated the in vivo properties of IFN-PMPC in mouse models. At
first, we assessed the pharmacokinetic behavior of IFN-PMPC following
an intravenous injection in a nude mouse model. The data were fitted
with a two-compartment pharmacokinetic model (Fig. 3a and Table
S1). Unmodified IFN-α was quickly cleared from blood and was almost
undetectable within 24 h. On the contrary, IFN-PMPC displayed a much
slower clearance, and the plasma level (5.8 × 105 pg/mL) was 2140-
fold higher than that of IFN-α (2.7 × 102 pg/mL) at 24 h post administra-
tion. The distribution (t1/2α) and terminal (t1/2β) half-liveswere 2.0 h and
51.6 h, respectively, whichwere 6.2-fold and 34.6-fold longer than those
of IFN-α (t1/2α = 0.33 h, t1/2β = 1.49 h), respectively. Notably, the level
of systemic exposure (AUC0-∞) was increased by over 194-fold from
0.49mg/mLh for IFN-α to 95.12mg/mLh for IFN-PMPC. These results in-
dicate that SIG of a PMPC conjugate can significantly improve the phar-
macokinetics of IFN-α. In addition, the pharmacokinetic parameters of
IFN-PMPC were comparable to those of PEGASYS, suggesting that a
site-specific PMPC conjugate synthesized by SIG is equal to a non-specific
PEG conjugate synthesized by conventional post-polymerization conju-
gation in improvement of the pharmacokinetics of IFN-α.

We further examined the biodistribution of IFN-PMPC in a murine
model (bearing ovarian tumors with a size of 100–150 mm3). At 2 h,
24 h and 96 h post injection, major tissues (tumor, heart, kidney, liver,
spleen, lung, pancreas, stomach, muscle and intestine) were collected
for the quantification of IFN-α in the tissues. Both IFN-PMPC and
PEGASYS showed much greater accumulation in these major tissues
than IFN-α (Fig. 3b and Fig. S6), due to their substantially better phar-
macokinetics than IFN-α. Particularly, the level of IFN-PMPC
(1.45 × 105 pg/g tissue) in the tumors was 158-fold higher that of
IFN-α (9.16 × 102 pg/g tissue) at 24 h post administration, which was
comparable to that (1.53 × 105 pg/g tissue) of PEGASYS (Fig. 3b).
These results demonstrate that a site-specific PMPC conjugate prepared
by SIG is similar to a non-specific PEG conjugate prepared by conven-
tional PEGylation in improving the biodistribution of IFN-α.

3.3. In vivo antitumor activity and biological safety

Next, we evaluated the in vivo antitumor activity of IFN-PMPC in an
OVCAR-3 xenograft model (Fig. 4). When the tumor size reached
Fig. 3. Pharmacokinetics and tumor accumulation of IFN-PMPC. (a) Plasma concentrations of IFN
IFN-PMPC and PEGASYS versus IFN-α). (b) Tumor concentrations of IFN-α, PEGASYS and IFN-P
versus IFN-α at 2 h post administration, **P b 0.01 for PEGASYS versus IFN-α at 24 h post admin
shown as mean ± S.D.
~20 mm3, mice were intravenously administered with saline, IFN-α,
PEGASYS or IFN-PMPC once a week at a dosage of 20 μg IFN equiva-
lent/mouse via tail vein until all the mice of control groups (the groups
of saline, IFN-α and PEGASYS) were sacrificed. As expected, IFN-α at
this dose was almost ineffective in inhibiting tumor growth as com-
pared with saline (Fig. 4a). PEGASYS significantly inhibited tumor
growth. In contrast, IFN-PMPC not only completely inhibited tumor
growth but also eliminated the tumors. Notably, the tumors of six of
eight mice treated with IFN-PMPC completely disappeared at 24 days
post administration. At six weeks after the treatment, the average
tumor size for IFN-PMPC was 16.0 mm3, which was 33.7-, 29.3- and
14.1-fold smaller than those for saline (539.8 mm3), IFN-α
(468.2 mm3) and PEGASYS (224.9 mm3), respectively. These results in-
dicate that IFN-PMPC outperforms PEGASYS and IFN-α in reducing
tumor size, which correlated with a substantial increase in animal sur-
vival (Fig. 4b). The median survival time for mice treated with saline
was 35 days, and treatment with IFN-α slightly increased this survival
to 38 days. Treatment with PEGASYS further increased the survival to
63 days. In contrast, six of eight mice were tumor-free and alive for up
to 180 days without any tumor recurrence and mouse death after the
treatment with IFN-PMPC, and one of the rest mice held a small tumor
of 64.0 mm3 that did not grow up any more and the other was not
sacrificed until day 93. The outperformance of IFN-PMPC over PEGASYS
and IFN-α in anticancer efficacy was further confirmed by hematoxylin
and eosin (H&E) staining of tumor tissue (Fig. 4c). The tumors of mice
treated with saline consisted of typical, tightly packed tumor cells
with morphological integrity, whereas the tumors of mice treated
with IFN-α showed somewhat vacuolization and cell breakage, indicat-
ing the presence of tumor cell apoptosis. As expected, PEGASYS and IFN-
PMPC treatments causedmoderate and severe tumor cell apoptosis, re-
spectively. Taken together, these results demonstrate that IFN-PMPC
outperforms PEGASYS and IFN-α in cancer therapy, owing to the highly
retained antiproliferative activity and significantly enhanced pharma-
cokinetics and tumor accumulation.

We finally evaluated the in vivo biological safety of IFN-PMPC by
monitoring body weight change of the mice during the treatment and
by histomorphology, clinical biochemistry and hematology assays. No
body weight loss was observed for the mice treated with IFN-α,
PEGASYS or IFN-PMPC (Fig. S7), suggesting that they were tolerable at
this dose. No significant histological differences in major tissues, such
as hearts, livers and kidneys, were observed between saline group and
IFN-α, PEGASYS or IFN-PMPC groups (Fig. S8), indicating that these
treatments did not induce noticeable damage to these major tissues.
The clinical biochemical parameters related to liver, heart and kidney
function markers of IFN-α, PEGASYS or IFN-PMPC treated mice were
comparable to those of saline treated mice (Fig. S9), indicating that
the treatment did not induced apparent liver, heart and kidney toxicity.
Besides, the vital hematological markers of themice treatedwith IFN-α,
-α, PEGASYS and IFN-PMPC as a function of time post administration (n= 3, P b 0.001 for
MPC at 2, 24 and 96 h post administration (n = 3, **P b 0.01 for IFN-PMPC and PEGASYS
istration, ****P b 0.0001 for IFN-PMPC versus IFN-α at 24 h post administration). Data are



Fig. 4. Antitumor efficacy of IFN-PMPC. (a) Inhibition of tumor growth. Mice were weekly treated with saline, IFN-α, PEGASYS, or IFN-PMPC. The arrows indicate the time of dosing. (b)
Cumulative survival ofmice. The vertical line indicates the end of treatment. Data are shown asmean±S.D. (n=6–8, **P b 0.01 for PEGASYS versus IFN-α, ***P b 0.001 for IFN-PMPC versus
PEGASYS). (c) H&E staining of tumor tissues of mice at 21 days post treatment.
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PEGASYS or IFN-PMPC appeared to be normal as compared with those
of saline treated mice (Fig. S10), indicating that these treatments did
not cause appreciable hematological toxicity. Overall, these results
show that IFN-PMPC treatment is safe in systemic toxicity, which, at
the same dose, is comparable to IFN-α and PEGASYS treatments.

4. Conclusions

In conclusion, we show SIG of PMPC at the C-terminus of IFN-α to
yield a site-specific (C-terminal) and stoichiometric (1:1) IFN-PMPC
conjugate and a head-to-head comparison of the PMPC conjugate with
IFN-α and PEGASYS in cancer therapy. Such a direct comparison study
leads to several findings that are interesting for the development of
next-generation protein therapeutics. The molecular weight (57 kDa)
of PMPC of the IFN-PMPC conjugate is 1.4-fold higher than that
(40 kDa) of branced PEGof PEGASYS.However, the IFN-PMPC conjugate
just possesses one polymer chain at the C-terminus of IFN that is far
away from the receptor binding sites [30,31], whereas PEGASYS has
more than one polymer chains at diverse positions that may be close
to or be the receptor binding sites of the protein [8,9]. The structural dis-
tinctions between IFN-PMPC and PEGASYS directly lead to two findings
that are responsive for the improved anticancer efficacy of IFN-PMPC
over PEGASYS: (1) the in vitro antiproliferative activity of IFN-PMPC is
8.7-fold higher than that of PEGASYS; and (2) the pharmacokinetics
and biodistribution properties of IFN-PMPC are comparable to those of
PEGASYS. Additionally, PMPC is a biomimetic and zwitterionic polymer
[25–28], whichmay bemore biocompatible than PEG that is somewhat
immunogenic [11–13]. The IFN-PMPC conjugate is also better than the
IFN-POEGMA conjugate with the similar polymer molecular weight of
ca. 60 kDa in in vitro bioactivity, and in vivo pharmacokinetics,
biodistribution and antitumor efficacy [24]. The polymer molecular
weight dependence of the protein funtion will be investigated in future
study. This combination of features makes PMPC conjugates prepared
by SIG interesting as a new and general platform for the delivery of
other therapeutically important peptides and proteins with short circu-
lating half-lives, such as interferon beta/gamma/lambda (IFN-β/γ/λ),
erythropoietin (EPO), interleukin-22 (IL-22), granulocyte colony-stim-
ulating factor (G-CSF), epidermal growth factor (EGF), insulin-like
growth factor (IGF) and glucagon-like peptide-1 (GLP-1). This technol-
ogymay accelerate the development of more and better long-lived pro-
tein/peptide drugs for the treatment of a variety of diseases.
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