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ABSTRACT: Cyclization and polymer conjugation are two
commonly used approaches for enhancing the pharmacological
properties of protein drugs. However, cyclization of parental
proteins often only affords a modest improvement in biochemical
or cell-based in vitro assays. Moreover, very few studies have
included a systematic pharmacological evaluation of cyclized
protein-based therapeutics in live animals. On the other hand,
polymer-conjugated proteins have longer circulation half-lives but
usually show poor tumor penetration and suboptimal pharmaco-
dynamics due to increased steric hindrance. We herein report
the generation of a head-to-tail interferon−poly(α-amino acid)
macrocycle conjugate circ-P(EG3Glu)20-IFN by combining the aforementioned two approaches. We then compared the
antitumor pharmacological activity of this macrocycle conjugate against its linear counterparts, N-P(EG3Glu)20-IFN, C-IFN-
P(EG3Glu)20, and C-IFN-PEG. Our results found circ-P(EG3Glu)20-IFN to show considerably greater stability, binding affinity,
and in vitro antiproliferative activity toward OVCAR3 cells than the three linear conjugates. More importantly, circ-P(EG3Glu)20-
IFN exhibited longer circulation half-life, remarkably higher tumor retention, and deeper tumor penetration in vivo. As a result,
administration of the macrocyclic conjugate could effectively inhibit tumor progression and extend survival in mice bearing
established xenograft human OVCAR3 or SKOV3 tumors without causing severe paraneoplastic syndromes. Taken together, our
study provided until now the most relevant experimental evidence in strong support of the in vivo benefit of macrocyclization of
protein−polymer conjugates and for its application in next-generation therapeutics.

■ INTRODUCTION

The past two decades have witnessed a rapidly expanding
global market for protein-based drugs such as antibodies, cyto-
kines, growth hormones, and genome-editing enzymes against
pathologies including infectious diseases, cancers, diabetes, immu-
nodeficiency, and autoimmune diseases.1 However, the pharma-
cological activities of protein drugs are often hampered by their
intrinsic susceptibility to proteases, poor in vivo pharmacoki-
netics, and strong immunogenicity. To tackle this problem,
recently, cyclization of protein has emerged as an appealing
approach to create drugs with enhanced protease resistance, ther-
mostability, and binding affinity as a result of their constrained
chain conformations.2 It has also been suggested that macro-
cyclization of peptides can greatly enhance the permeability due

to the smaller size and improved diffusion.3 However, this strat-
egy has mostly afforded only modest improvement to the par-
ental proteins in biochemical or cell-based in vitro assays, and
very few studies have systematically evaluated the pharmaco-
logical properties of circular protein-based drugs in live animals.
Another clinically effective approach relies on the covalent modi-
fication of protein with either a synthetic polymer or a genetically
fused polypeptide.4 However, the larger hydrodynamic volume
and greater steric hindrance created by the attached polymers
would often compromise the pharmacodynamics of the protein
drugs.5 Moreover, similar to many nanoparticle-based medicines,6
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macromolecular drugs are known to have poorer vascular
permeability and cannot penetrate into deep solid tumor
tissues because of their impeded diffusion across the interstitial
space.7

We reason that the creation of a head-to-tail protein−
polymer macrocycle conjugate, which requires the combination
of cyclization and polymer conjugation, could lead to novel
protein therapeutics with desired properties conferred by both
approaches. Particularly, the constrained conformation of the
resultant macrocycle conjugate could further enhance its sta-
bility and facilitate its deep penetration across various biological
barriers. However, macrocyclization of protein−polymer conju-
gates remains synthetically challenging with relatively few reports
to date. A pioneer work by Ploegh and colleagues showed that
cyclized interferon (IFN) overhanging a PEG chain exhibited
greater thermostability and circulation half-life over wild-type
IFN (wt-IFN).8 However, the study did not include a compar-
ison between the circular and linear protein−PEG conjugates.
In another excellent study, Gao et al. reported the construction
of a cyclized GFP attaching a poly(oligo(ethylene glycol)
methyl ether methacrylate) (POEGMA), which displayed
greater stability and longer tumor retention compared to its
linear counterpart.9 Nevertheless, the conclusion was some-
what weakened by the choice of intratumoral injection with a
reporter protein instead of systemic injection with a real thera-
peutic protein. Moreover, the in vivo pharmacodynamics of
the conjugates was evaluated in neither study mentioned above.
Technically speaking, it is also worth pointing out the two
conjugates are tadpole-like topology rather than a head-to-tail
macrocycle.
Poly(α-amino acid)s (PαAAs) have been widely considered

as promising alternatives to PEG for protein modification
because of their excellent biodegradability and modulability.10

Herein, we report the synthesis and comparative in vitro and
in vivo assessment of circ-P(EG3Glu)20-IFN, a head-to-tail macro-
cyclic IFN-PαAA conjugate, and three structurally similar linear
conjugates, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, and
C-IFN-PEG. Our results find circ-P(EG3Glu)20-IFN to show
broad and significant improvement in protease resistance,
thermostability, circulation half-life, tumor retention and pene-
tration, as well as antitumor efficacy over its linear counterparts.
Furthermore, the mice treated with the macrocyclic conjugate
are shown to incur significantly prolonged survival rate and less
paraneoplastic syndrome. Taken together, our study provides
until now the most relevant experimental evidence that strongly
supports the various advantages of macrocyclization of in vivo
and argues for its application in next-generation protein-based
therapeutics.

■ RESULTS AND DISCUSSION
Synthesis of Topological Conjugates. The four conju-

gates were synthesized by following a previously reported pro-
tocol (Figure 1).11 To enable site-specific conjugation, two IFN
mutants were produced, one carrying N-cysteine and C-LPETGH6
tags (Cys-IFN-LPETG) and another with the C-LPETGH6
appendage only (IFN-LPETG). A 20-mer of poly(γ-(2-(2-(2-
methoxyethoxy)ethoxy)ethyl-L-glutamate)12 (P(EG3Glu)20,
molecular weight ∼6000 Da) was selected as a model PαAA
candidate for IFN modification. The PαAA was tethered to an
aminoglycine on one end and a phenyl thioester on the other to
generate G3-P(EG3Glu)20-SPh (Figure S1).13 Native chemical
ligation (NCL)14 of Cys-IFN-LPETG with G3-P(EG3Glu)20-
SPh afforded the N-terminal conjugate N-P(EG3Glu)20-IFN

(Figure 1A). The macrocyclic conjugate circ-P(EG3Glu)20-IFN
was produced by cyclization of N-P(EG3Glu)20-IFN via sortase
A mediated ligation (SML)11,15 (Figure 1A). The C-terminal
conjugate C-IFN-P(EG3Glu)20 (Figure 1B) was synthesized by
SML between IFN-LPETG and G3-P(EG3Glu)20 (Figure S2,
P(EG3Glu)20 functionalized with a short aminoglycine tag). For
further comparison, a C-terminal PEG conjugate C-IFN-PEG
(Figure 1C) was also produced by the same SML method using
IFN-LPETG and G3-PEG (MW ∼5300 Da, Figure S3) as the
conjugation partners.

In Vitro Characterization. All four IFN conjugates showed
upper shifted bands on SDS-PAGE gels, thereby indicating

successful conjugation (Figures 2A and S4). Notably, circ-
P(EG3Glu)20-IFN appeared to have slightly higher mobility as

Figure 1. Synthesis of the four IFN-polymer conjugates: the N-terminal
conjugate N-P(EG3Glu)20-IFN and the macrocyclic conjugate circ-
P(EG3Glu)20-IFN (A), the C-terminal conjugate C-IFN-P(EG3Glu)20
(B), and the C-terminal PEG conjugate and C-IFN-PEG (C).

Figure 2. In vitro characterization and comparison of wt-IFN,
N-P(OEG3-Glu)20-IFN, C-IFN-P(OEG3-Glu)20, C-IFN-PEG, and
circ-P(OEG3-Glu)20-IFN: (A) SDS-PAGE gel. (B) Protease resistance
assay against trypsin degradation. (C) Change of melting temperature
(ΔTm) using thermofluor assay. (D) Flow cytometry analysis of the in
vitro binding against OVCAR3 cancer cells. Data are expressed as
means ± SD in B and C.
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evidenced by its lower position than the other two IFN-PαAA
conjugates in the SDS-PAGE gel, which could be attributed
to the constrained conformation after the macrocyclization.2d

Dynamic light scattering examination of the IFN variants revealed
that, when at the single-molecule state, the macrocycle circ-
P(EG3Glu)20-IFN was slightly and consistently smaller than
its three linear analogues (Figure S5). Trypsin digestion
indicated that while wt-IFN was rapidly degraded at 37 °C,
all conjugates were considerably more stable under the same
condition, with circ-P(EG3Glu)20-IFN being the most pro-
tease-resistant (Figures 2B and S6). Thermofluor assay found
circ-P(EG3Glu)20-IFN to also be the most thermostable
of all, whose melting temperature (Tm) was ∼11 °C above
that of wt-IFN (Figures 2C and S7).
To examine the binding affinity of different IFN drugs, we

incubated Cy5-labeled wt-IFN or IFN conjugates (Figure S8)
with OVCAR-3 and SKOV3 cells, two human ovarian cancer
cell lines expressing IFN receptors, at room temperature for
1 h. Flow cytometry analysis showed that circ-P(EG3Glu)20-IFN
had a greater binding affinity for both types of cells than
N-P(EG3Glu)20-IFN and C-IFN-P(EG3Glu)20 (Figures 2D
and S9). To test the in vitro antitumor activity,16 we performed
cell viability assay by incubating OVCAR-3 cells with varying
concentrations of each IFN conjugate over 72 h. The IC50

values of N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, C-IFN-PEG,
and circ-P(EG3Glu)20-IFN were determined to be 72, 40, 50, and
21 ng/mL, respectively (Figure S10). Overall, circ-P(EG3Glu)20-
IFN exhibited the most pronounced therapeutic potential among
all four IFN conjugates.
Pharmacokinetics and Biodistribution. To evaluate the

in vivo pharmacokinetics (PK), we injected each IFN variant
intravenously into SD female rats at equal IFN dosage, col-
lected blood samples at various predetermined time points, and
subsequently measured the plasma IFN levels by enzyme-linked
immunosorbent assay (ELISA). As expected, wt-IFN was rapidly
cleared from the plasma and became almost undetectable within
24 h after the injection, whereas the four conjugates all achieved
substantially higher plasma IFN concentrations and longer half-lives
(N-P(EG3Glu)20-IFN: 6.3 h, C-IFN-P(EG3Glu)20: 3.5 h, C-IFN-
PEG: 4.1 h, and circ-P(EG3Glu)20-IFN: 8.3 h, compared to
wt-IFN: 0.5 h) (Figure 3). Other PK parameters such as the
area under the curve (AUC) were summarized in Table S1. It was

postulated that the longest circulation half-life of circ-P(EG3Glu)20-
IFN was primarily a result of its outstanding protease stability.
For the assessment of biodistribution and intratumoral

accumulation, we labeled each IFN variant site-specifically
with one molecule of fluorescent dye (e.g., Cy7 or Cy5)
(Figure S8). The dye-labeled proteins were intravenously
injected into BALB/c-nu female mice bearing subcutaneously
inoculated OVCAR-3 tumors. Fluorescence imaging of both
the live animals and the dissected organs suggested that wt-IFN
was quickly and primarily metabolized by liver and kidney, with
kidney being the brightest organ at 48 h (Figure 4B). No
apparent drug retention in the tumor areas was observed for
wt-IFN C-IFN-PEG, whereas both N-P(EG3Glu)20-IFN and
C-IFN-P(EG3Glu)20 showed modest accumulation in the tumor
sites before they became undetectable 12 h after injection
(Figure 4C). Strikingly, we observed high fluorescence intensity
in the tumor following the administration of circ-P(EG3Glu)20-IFN
(Figure 4C). Even at the end of our study (48 h after the
injection), the fluorescence of circ-P(EG3Glu)20-IFN was still
strong in the tumor site. The enhanced tumor retention of circ-
P(EG3Glu)20-IFN was further confirmed by ELISA, which showed
a 4- to 5-fold enrichment of the macrocyclic conjugate concen-
tration in tumor compared to its three linear counterparts
(Figure 4D). When the same study was repeated in BALB/C-nu
mice bearing SKOV3 tumors, the intratumoral level of circ-
P(EG3Glu)20-IFN was, once again, found to be the highest among
all IFN variants (Figure S12). We reasoned that the greater
enrichment of circ-P(EG3Glu)20-IFN in the tumor over the three
linear conjugates was due to a combination of multiple param-
eters including the enhanced stability (Figure 2B,C), the greater
binding affinity for the cancer cells (Figure 2D), and the longer
half-life (Figure 3). Notably, similar correlations between the
circular topology of synthetic polymers and enhanced tumor
retention were also reported by Frechet and Szoka.17

Deep Tumor Penetration. To investigate the tumor pene-
tration behavior of the IFN drugs, we extracted SKOV3 tumors
(∼150 mm3 in size) from mice and incubated them with
Cy5-labeled wt-IFN and various IFN conjugates in serum-free
OPTI-MEM medium ex vivo at 37 °C for 24 h. The tumors
were then sliced, stained with DAPI, and observed with
confocal microscopy (Figures 5A and S13). This experiment
would thus allow us to solely evaluate the penetration ability of
each protein variant without the influence from other param-
eters such as PK and stability.
As expected, wt-IFN showed the deepest penetration up to

1.5 mm, a result of its smallest size. Interestingly, the pene-
tration depth of circ-P(EG3Glu)20-IFN in the tumor reached
∼1.0 mm, whereas the fluorescence of both N-P(EG3Glu)20-
IFN and C-IFN-P(EG3Glu)20 was confined only at the periph-
ery of the tumor with traveled depths less than 0.2 mm.
To further examine this penetration effect in vivo, we injected
each Cy5-labeled IFN variant into SKOV3 tumor-bearing mice
via tail vein route. The tumors were then dissected at 24 h, and
their cross sections were imaged under a confocal microscope
(Figure 5B−D). Unlike the ex vivo experiment result, wt-IFN
displayed no detectable fluorescent in the tumor, apparently
due to its poor PK. Weak fluorescence was detected in the
tumors for both N-P(EG3Glu)20-IFN and C-IFN-P(EG3Glu)20.
However, neither conjugate showed uniform distribution as
evidenced by an absence of fluorescence in regions with dense
malignant tissues. In contrast, we observed intense red fluo-
rescence in tumors from mice administered with circ-P(EG3-
Glu)20-IFN, which was in line with previous tumor retention

Figure 3. In vivo pharmacokinetics of wt-IFN (n = 3), C-IFN-PEG
(n = 3), N-P(EG3-Glu)20-IFN (n = 6), C-IFN-P(EG3-Glu)20 (n = 3),
and circ-P(EG3-Glu)20-IFN (n = 6). Data are expressed as means ±
SD; P value was determined by two-way ANOVA analysis: *p < 0.05,
**p < 0.01, ***p < 0.001.
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Figure 4. Biodistribution and tumor retention of wt-IFN and IFN conjugates in BALB/C-nu mice bearing OVCAR-3 tumors. (A) Fluorescent
images of live animals at different time points. The tumors were inoculated under the right armpit of the mice (indicated by the yellow arrows).
(B) Fluorescent images of the extracted organs at 48 h. (C) Time-dependent accumulation of IFN variants in tumor sites based on the Cy7 fluorescence
intensity. (D) ELISA quantification of IFN levels in tumors 48 h after the administration. Mice with ∼200 mm3 tumors were infused with various
Cy7-labeled wt-IFN or IFN conjugates via tail vein injection at a dose of 1.0 mg IFN/kg body weight. Data are expressed as means ± SD (n = 2);
P value was determined by two-way ANOVA analysis: *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 5. Confocal microscopy of frozen tumor sections to examine the ex vivo (A) and in vivo (B−D) tumor penetration. For the ex vivo study (A),
the SKOV3 tumors ∼150 mm3 were cultured with Cy5-labeled wt-IFN or IFN-PαAA conjugates (0.05 mg/mL based on IFN) in Opti-MEM at
37 °C for 24 h; the frozen tumors were sliced and stained with DAPI (blue). For the in vivo study (B−D), mice with tumors were infused with Cy5-
labeled wt-IFN or various IFN-PαAA conjugates via tail vein injection at a dose of 1.5 mg IFN/kg body weight; the mice were sacrificed and tumors
were dissected 24 h after the infusion. The dotted yellow lines indicate the regions of tumor tissues with densely packed malignant cells.
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study (Figure 4). Most remarkably, the fluorescence of the macro-
cyclic IFN conjugate was homogeneously distributed through-
out the entire tumor section, even including areas where the
cancer cells were densely packed (Figure 5D). Together, these
results strongly supported the notion that macrocyclization
would be a feasible strategy to achieve both long circulation and
deep tumor penetration, which was highly desirable for treating
solid tumors otherwise inaccessible to conventional macro-
molecule- or nanoparticle-based therapies.
Antitumor Efficacy. We next examined the antitumor effi-

cacy of the conjugates in mice bearing subcutaneous OVCAR-3
xenografts with an average tumor volume of 30 mm3. On day 0,
the mice were divided into six groups with 5−7 animals in each
and received intravenous administration of phosphate buffer
saline (PBS), wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20,
C-IFN-PEG, or circ-P(EG3Glu)20-IFN, respectively, all at a dose
of 1.0 mg IFN/kg body weight per infusion. After a total 3−4
injections, on day 21, the average tumor volume in the PBS
group rapidly increased to ∼1000 mm3. In contrast, the admin-
istration of the conjugates all significantly suppressed the tumor
growth (Figure 6A). Remarkably, circ-P(EG3Glu)20-IFN dis-
played the most pronounced antitumor activity of all, as evidenced
by its ability to reduce the average tumor volume to ∼5 mm3

(Figure 6A). At the end of the study (day 56), 4 out of 6 mice
that received the macrocyclic conjugate showed tumor regres-
sion to an almost impalpable state. In the survival study, no
mice in the PBS, wt-IFN and C-IFN-PEG groups remained
alive on day 28 due to oversized tumor, significant body weight
loss (>15%), and/or other cancer-related complications, whereas
those receiving N-P(EG3Glu)20-IFN, or C-IFN-P(EG3Glu)20
showed considerably extended survival until day 56 (Figures 6B
and S14). To our excitement, none of the mice administered with
circ-P(EG3Glu)20-IFN died within the first 56 days after the initial
injection (Figure 6B). Consistent with these findings, Ki-67
staining confirmed the effective inhibition of cancer cell prolifer-
ation in mice treated with the macrocyclic conjugate (Figure 6C).
Notably, compared with the healthy controls (Figure S15), mice
receiving PBS, wt-IFN or C-IFN-PEG all developed severe para-
neoplastic syndrome on day 28 due to the infiltration of inflam-
matory immune cells in the liver.18 In comparison, the symp-
toms were considerably milder in mice treated with N-P(EG3-
Glu)20-IFN or C-IFN-P(EG3Glu)20, and almost non-existent in
those administered with circ-P(EG3Glu)20-IFN (Figure 6D). To
demonstrate circ-P(EG3Glu)20-IFN could inhibit established
tumor with larger sizes, we modified the regimen by performing
the first drug infusion at varying tumor volumes from ∼100 to
300 mm3. After merely two injections, all mice (n = 7) showed a
significant decrease in tumor size on day 14 compared to that on
day 0 (>83% reduction, Figure 6E). One week after the third
injection, all tumor sizes shrank to 5−10 mm3 on day 21 (>90%
reduction, P value <0.01). Histopathology imaging indi-
cated that none of the IFN conjugates inflicted observable
damage to any major organs such as heart, lung, spleen, and
kidney (Figure S16). The antitumor efficacy of the conjugates
was further assessed in mice bearing xenograft SKOV3 human
ovarian cancer cells. Because SKOV3 carcinoma grew more
aggressively than OVCAR-3 tumor, the animals were intrave-
nously administered with different IFN drugs at the same dosage
as described above (1.0 mg/kg) but at a slightly increased
dosing frequency (every 5 days). Again, the treatment with circ-
P(EG3Glu)20-IFN led to the most pronounced tumor inhibition
(n = 10, Figure 6F). No significant loss of body weight was
observed in mice receiving any of the IFN conjugates, sug-

gesting that the drugs were all well tolerated at the designated
dose in this model (Figure S17).

■ CONCLUSIONS
In conclusion, our current study provided strong evidence that
the attachment of P(EG3Glu)20 to IFN improves the latter’s
in vivo pharmacological performance in a topology-dependent
manner. The macrocycle circ-P(EG3Glu)20-IFN showed aug-
mented protease resistance, thermostability, binding affinity, and
in vitro antitumor potency than its linear conjugates N-P(EG3-
Glu)20-IFN, C-IFN-P(EG3Glu)20, and C-IFN-PEG. Moreover,
circ-P(EG3Glu)20-IFN exhibited significantly enhanced in vivo
pharmacokinetic properties, including longer circulation half-
life, remarkably higher tumor retention, and increased ex vivo
and in vivo tumor penetration capacity. Because of these advan-
tages, the macrocyclic conjugate demonstrated outstanding in vivo
antitumor efficacy and safety profile. Taken together, our results
thus highlighted for the first time the necessity of integrating
both cyclization and polymer conjugation approaches for
optimal pharmacological properties, which could provide valu-
able guidance for the design of next-generation protein-based
therapeutics.

■ EXPERIMENTAL SECTION
Materials. All chemicals were purchased from commercial sources

and used as received unless otherwise specified. Phenyl trimethylsilyl
sulfide (PhS-TMS) was purchased from Sigma-Aldrich (St. Louis,
USA). Anhydrous N,N-dimethylformamide (DMF) was purchased
from Sigma-Aldrich and treated with methyl isocyanate-bounded
polystyrene beads (Sigma-Aldrich, St. Louis, USA) prior to polymer-
ization. Cy7-maleimide was synthesized by Okeanos Tech. Co. Ltd.
(Beijing, China). γ-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl L-glutamate
NCA (EG3GluNCA), glycine NCA (GlyNCA), wild-type and mutant
IFNs, and sortase A 5 M were produced according to established
protocols.11 For in vivo studies, endotoxin affinity beads were used to
remove endotoxin from all IFN variant. The final concentration of
endotoxin was measured by Toxin Sensor Chromogenic LAL Endo-
toxin Assay Kit (Genscript, Nanjing, China). The results showed that
the endotoxin level was less than 0.1 EU/mL, significantly below the
safety limit required of medical devices and parenteral drugs (0.5 EU/mL
according to FDA of U.S.A.).

Instrumentation. NMR spectra were recorded on a 400 MHz
Bruker ARX400 FT-NMR spectrometer. Ultraperformance liquid
chromatography−electrospray ionization mass spectrometry (UPLC-
ESIMS) analysis was performed on a tandem system equipped with an
ACQUITY H-Class UPLC (Waters Corp.) and a quadrupole rods SQ
Detector 2 mass spectrometer (Waters Corp.). Separation was per-
formed on a protein BEH C4 column (Waters 300, 1.7 2.150 mm)
with ultrapure water (with 0.1% formic acid) and acetonitrile as mobile
phase. SDS-PAGE gel and Western blot images were recorded on a
typhoon FLA 9500 laser scanner (GE Healthcare Corp.). FPLC
separation was performed on an ÄKTA FPLC system (GE Healthcare,
Inc.) using a Superdex 200 increase 10/300 GL column. Protein quan-
titation was conducted by NanoPhotometerP-class (Germany).
Thermofluor assay of the protein and conjugates was performed on
a Light Cycler 96 Real-time PCR (Roche, Switzerland). Biodistribu-
tion of IFN conjugates was imaged by an in vivo imaging system
(FX Pro, Kodak). Results of cytotoxicity studies were read by an
EnSpire Multimode Plate Reader (PerkinElmer, USA). Confocal
analysis was performed on a Nikon A1R confocal laser scanning micro-
scope system attached to an inverted ECLIPSE Ti (Nikon Corp.,
Japan). Flow cytometry analysis was performed on a BD LSR Fortessa
equipped with 405, 488, and 640 nm lasers (BD Bioscience. U.S.A.).

Cell Line and Animals. Human ovarian cell line SKOV3 was
cultured in 1640 medium (Corning, Manassas, USA) supplemented
with 10% FBS, 100 U mL−1 of penicillin, and 100 U mL−1 of strep-
tomycin. Human ovarian carcinoma OVCAR-3 was grown in 1640
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Figure 6. Antitumor efficacy of wt-IFN and IFN conjugates. (A) Tumor growth inhibition curve, (B) survival curve, (C) Ki67-stained tumor
sections, and (D) H&E-stained liver sections of OVCAR-3 tumor-bearing mice receiving PBS saline, wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-
P(EG3Glu)20, C-IFN-PEG, or circ-P(EG3Glu)20-IFN (n = 5−7); BALB/C-nu mice bearing s.c. OVCAR-3 tumor (∼30 mm3) were i.v. injected
with PBS saline or IFN-based therapies at 1.0 mg/kg for 3−4 times; therapies started on day 0 and stopped on day 21 (red dashed line in A);
black dotted line in (D) circles representative areas of damaged liver by the infiltration of inflammatory immune cells. (E) Tumor growth
inhibition curve in BALB/C-nu mice bearing ∼100−300 mm3 OVCAR-3 tumors; mice received PBS or circ-P(EG3Glu)20-IFN at
1.0 mg/kg once a week for 3 times; arrows indicate the drug infusion day. Inset: the change of the tumor size of individual mouse in the circ-
P(EG3Glu)20-IFN group. (F) Growth inhibition curve of BALB/C-nu mice bearing SKOV3 tumors (∼40 mm3) receiving PBS saline, wt-IFN,
N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, or circ-P(EG3Glu)20-IFN (n = 10) at 1.0 mg/kg once every 5 days for 5 times; treatment stopped
on day 20 (indicated by red dash line). Data are expressed as means ± SD; P value was determined by two-way ANOVA analysis: *p < 0.05,
**p < 0.01, ***p < 0.001.
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medium supplemented with 20% FBS, 100 U mL−1 of penicillin,
100 U mL−1 of streptomycin, and 0.01 mg/mL bovine insulin. Female
BALB/c nude mice and female Sprague−Dawley rats were purchased
from Vital River Laboratories (Beijing, China). All animal experiments
were performed in compliance with the Guideline for the Care and
Use of Laboratory Animals and with the approval from the Experi-
mental Animal Ethics Committee in Beijing.
Synthesis of G3-P(EG3Glu)20-SPh. In a glovebox, EG3-GluNCA

(120 mg, 0.38 mmol, 20 equiv) dissolved in anhydrous DMF (1.2 mL)
was mixed with phenyl trimethylsilyl sulfide (PhS-TMS, 3.4 mg,
0.019 mmol, 1.0 equiv). After stirring at room temperature for 4 h, the
reaction was poured into ethyl ether (50 mL) to yield a white precip-
itate. The white solid was collected by centrifugation and dried under
vacuum. The residue (∼84 mg) was then redissolved in DMF (2 mL),
to which GlyNCA (4.0 mg, 0.040 mmol) in DMF (100 μL) was slowly
added. After 3 h, the desired product G3-P(EG3-Glu)20-SPh was
recovered by precipitation in diethyl ether (40 mL), washed with
diethyl ether (40 mL × 2), and dried under vacuum. The final product
was obtained as a colorless gum-like solid (63 mg, yield 53%) and
characterized by 1H NMR. G3-P(EG3-Glu)20 was synthesized through
similar procedures except that hexamethyldisilazane (HMDS)10e,19 was
used as the initiator.
Synthesis of G3-mPEG. In a glovebox, GlyNCA (12 mg, 0.12 mmol,

3.0 equiv) in anhydrous DMF (200 μL) was slowly added to the
solution of mPEG-amine (MW = 5000 Da) in DMF (200 mg in 2.0 mL,
0.04 mmol, 1.0 equiv) and stirred for 4 h at room temperature. DMF
was removed under vacuum, and the residue was redissolved in ultrapure
water. The product was purified by passing the aqueous solution
through a PD-10 size exclusion column.The final product was recov-
ered as a white powder after lyophilization (yield ∼80%).
Synthesis of N-P(EG3Glu)20-IFN and circ-P(EG3Glu)20-IFN. Cys-

IFN-LPETG (5.0 mg, 1.0 equiv) was mixed with G3-P(EG3Glu)20-SPh
(3.0 equiv) in 1× PBS buffer (500 μL, pH 7.4) and incubated at room
temperature for 10−12 h. The product N-P(EG3Glu)20-IFN was
purified on a Superdex 200 increase size exclusion column by FPLC with
∼70% yield. To generate the macrocyclic conjugate circ-P(EG3Glu)20-
IFN, N-P(EG3Glu)20-IFN (0.5 mg, final conc. 50 μM) was mixed with
sortase A (0.1 equiv) in Tris-HCl buffer (50 mM, pH 7.5−8.0)
supplemented with NaCl (150 mM) and CaCl2 (10 mM). The reac-
tion was incubated at room temperature for 30 min. The crude prod-
uct was obtained by loading the reaction mixture to a NiNTA column
and collecting the flowthrough using a customized washing buffer
(20 mM Tris-HCl, 150 mM NaCl, 20 mM imidazole, pH 8.0). Final
circ-P(EG3Glu)20-IFN was obtained by purifying the crude product on
a Superdex 200 increase size exclusion column by FPLC.
Synthesis of C-IFN-P(EG3Glu)20 and C-IFN-P(EG3Glu)20. IFN-

LPETG (1.0 mg/mL, 5.0 mL, 1.0 equiv) was incubated with G3-P(EG3-
Glu)20 (13.7 mg, 10.0 equiv) and sortase A 5 M (0.1 equiv) in Tris-HCl
buffer (50 mM, with 10 mM CaCl2, 150 mM NaCl, pH 7.5−8.0) at room
temperature for 30 min. The crude product was obtained by loading
the reaction mixture onto a NiNTA column and collecting the
flowthrough using a customized buffer (20 mM Tris-HCl, 150 mM
NaCl, 20 mM imidazole, pH 8.0). The final C-IFN-P(EG3Glu)20 was
obtained by purifying the crude product on a Superdex 200 increase
10/300 GL column by FPLC with ∼38% yield.
C-IFN-PEG was prepared in a similar protocol with high con-

version. The product was purified with a cationic exchange MonoS
column, separation yield ∼30%.
General Protocol for Labeling IFN Conjugates with FAM/Cy7/

Cy5-Maleimide. For site-specific labeling of IFN, thiol-maleimide
chemistry was used. Different dyes were selected and used in different
experiments (Cy5 for confocal and flow cytometry analysis, Cy7 for
live animal imaging; FAM for trypsin digestion assay). Briefly, the
N-cys IFN derivative (0.5 mg, 1.0 equiv) was mixed with FAM-
maleimide/Cy7/Cy5-maleimide (2.0−3.0 equiv), followed by incuba-
tion in Tris-HCl buffer (50 mM, pH 7.4) at room temperature for
40−60 min. The products were purified by repetitive ultrafiltration
to remove excessive FAM-maleimide, or by passing through a PD-10
size exclusion column to remove free Cy7/Cy5-maleimide.

Trypsin Digestion Assay. FAM-labeled N-P(EG3Glu)20-IFN, C-IFN-
P(EG3Glu)20, C-IFN-PEG, or circ-P(EG3Glu)20-IFN (final concen-
tration: 0.22 mg/mL of IFN) in Tris-HCl buffer (50 mM, pH 7.4) was
incubated with trypsin (0.01 mg/mL, 0.01 equiv) at 37 °C. At each
predetermined time point, an aliquot was sampled, and the reaction
was terminated by boiling at 95 °C for 10 min. The samples were then
analyzed on the same SDS-PAGE gel. Degradation of the conjugates
was evaluated by calculating the relative fluorescent intensity of each
band by using a typhoon FLA laser scanner. For the evaluation of wt-
IFN degradation, a similar procedure as above was used, with the excep-
tion that protein quantitation was based on Coomassie blue staining.

Thermofluor Assay. The thermostability of wt-IFN and the con-
jugates was assessed by measuring the fluorescence in yellow555 panel
(excitation = 533 nm, emission = 572 nm) through Thermofluor assay
on a Roche LightCycler96. Briefly, 5 μL of 200× Sypro orange protein
gel stain (Thermo) and 45 μL of protein (5−10 μM in 1× PBS buffer)
were mixed together and added to a 96-well plate in triplicate. The
samples were heated from 37 to 98 °C at a rate of 2.2 °C/min. Tm was
calculated by the built-in Roche software.

Flow Cytometry. 5.0 × 105 OVCAR-3 or SKOV3 cells were sus-
pended in 50 μL 1× PBS containing 1% BSA, to which was added
0.01 mg/mL Cy5-labeled IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20,
C-IFN-PEG, or circ-P(EG3Glu)20-IFN. After incubation at room tem-
perature for 1.0 h, the cells were resuspended in 1× PBS for flow
cytometry analysis.

OVCAR-3 Cell Proliferation Inhibition Assay. OVCAR-3 cells were
seeded at a density of 5000 per well in a 96-well plate prior to treat-
ment and incubated with IFN variants at gradient concentrations for
72 h (n = 3). The relative cell viability of each group was determined
by Cell Titer 96 Nonradioactive Cell Proliferation Assay (Promega,
US) by following the manufacturer’s protocol. Data were fitted using
the GraphPad Prism 5.0 software, and IC50 values were expressed as
mean ± SD.

Pharmacokinetics. Female Sprague−Dawley rats weighing ∼250 g
were used in the pharmacokinetic study. The rats were randomly
divided into four groups (n = 3 or 6). The animal subjects in each
group were injected through a cannulated jugular vein with one of the
following IFN drugs, wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20,
C-IFN-PEG, or circ-P(EG3Glu)20-IFN (0.2 mg/kg based on IFN).
At selected time points (1, 15, 30 min, 1, 3, 6, 9, 12, 24, 48, and 72 h),
blood samples (100 μL each time) were withdrawn from the cannulated
jugular vein and allowed to stand at 4 °C for 30 min, followed by
centrifugation at 4000g for 15 min. The separated plasma was collected
and stored at −80 °C before analysis. The concentration of IFN
was determined by using a human IFNα ELISA Kit (eBioscience).
Pharmacokinetic parameters were analyzed by DAS 3.0 software and
expressed as mean ± SD.

In Vivo Biodistribution Using OVCAR-3 Model. Six-week-old
female BALB/c nude mice were subcutaneously inoculated with
1.0 × 107 OVCAR-3 cells suspended in serum-free media mixed with
Matrigel (v/v = 1:1, 200 μL). When the tumors grew to ∼250 mm3

(∼6 weeks), the mice were randomly divided into three groups (n = 2)
and injected via the tail vein with one of the following: Cy7-labeled
wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, C-IFN-PEG, or
circ-P(EG3Glu)20-IFN at ∼1 nmol (20 μg IFN dosage)/mouse.
The mice were anaesthetized with isoflurane and imaged by and in vivo
imaging system at 5 min, 2, 4, 8, 12, 24, and 48 h. The tumors and the
main organs, such as heart, liver, spleen, lung, in vivo imaging system.
The tumors were weighed, homogenized, and suspended in extraction
buffer (10 mM PBS plus 1 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, 1 mM PMSF, phosphatase inhibitor cocktails 2 and 3
(1:100 diluted), and protease inhibitor cocktail (1:100 diluted)).
Intratumoral levels of IFN were measured by ELISA as described
above.

In Vivo Biodistribution Using SKOV3 Model. Six-week-old female
BALB/c nude mice were subcutaneously inoculated with 6.0 × 106

SKOV3 cells suspended in 1× PBS (100 μL). When the tumors grew
to ∼150 mm3 (3−4 weeks), the mice were randomly divided into three
groups (n = 2) and injected via the tail vein with one of the following,
Cy5-labeled wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20 or

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b13017
J. Am. Chem. Soc. 2018, 140, 1170−1178

1176

http://dx.doi.org/10.1021/jacs.7b13017


circ-P(EG3Glu)20-IFN, at ∼1.5 nmol (30 μg IFN dosage)/mouse. The
tumors and the main organs including heart, liver, spleen, lung, and
kidney were harvested at 24 h and imaged by an in vivo imaging system.
The frozen sections of the tumors were analyzed and imaged with con-
focal microscopy.
Ex Vivo Tumor Penetration Study of IFN and IFN-PαAA Con-

jugates. SKOV3 tumors ∼150 mm3 sizes were extracted out and ex vivo
cultured with Cy5-labeled IFN, N-P(EG3Glu)20-IFN, C-IFN-P-
(EG3Glu)20, or circ-P(EG3Glu)20-IFN at 0.05 mg/mL (based on IFN)
in Opti-MEM (2.0 mL) at 37 °C for 24 h. The tumors were then washed
with PBS (2.0 mL × 3). The frozen sections of the tumors were stained
with DAPI, and imaged with confocal microscopy.
In Vivo Antitumor Efficacy. Human OVCAR-3 cells were cultured

and implanted into female BALB/c nude mice as described above. The
tumors were allowed to grow to ∼30 mm3 (∼3−4 weeks), and the mice
were randomly divided into five groups (n = 5−7 per group, day 0).
The animals in each group were then intravenously administered at a
dose of 1.0 mg IFN/kg body weight with one of the following, PBS
saline, wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, C-IFN-PEG,
or circ-P(EG3Glu)20-IFN. C-IFN-P(EG3Glu)20 was injected once every
10 days due to body weight loss, whereas the other reagents were
administered weekly. In another study, OVCAR-3 tumors were
allowed to grow to ∼100−300 mm3 before treatments (PBS or circ-
P(EG3Glu)20-IFN) started at the same dose as described above (a weekly
dose of 1.0 mg IFN/kg for three times).
SKOV3 xenograft tumor model was established following a similar

procedure as described above. The tumors were allowed to grow up
∼40 mm3 (2 weeks), and the mice were randomly divided into five
groups (n = 10, day 0). The animals in each group were then intra-
venously administered at a dose of 1.0 mg/kg body weight with PBS
saline, wt-IFN, N-P(EG3Glu)20-IFN, C-IFN-P(EG3Glu)20, or circ-
P(EG3Glu)20-IFN once every 5 days.
Tumor volume was calculated by the following formula:

=V LW /22

The mice were euthanized if the tumor volume was larger than
1000 mm3 or the body weight loss was greater than 15%. Statistical
analyses were performed using GraphPad Prism software 5.0, and data
were expressed as mean ± SD.
Histopathology Evaluation. Histopathology damage was assessed

by hematoxylin and eosin (H&E) staining or Ki-67 immunohisto-
chemistry analysis. Briefly, on day 28, one mouse from each group was
sacrificed. The tumors and main organs such as liver, kidney, heart,
lung, and spleen were collected, embedded with paraffin, and cut into
5-μm-thick sections. The tissues were then stained with H&E or Ki-67
and imaged on a laser scanning quantitative imaging system (Vectra)
to assess the histopathology alterations.
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