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ABSTRACT: The performance of many therapeutic proteins,
including human interferon-a2b (IFN), is often impeded by their
intrinsic instability to protease, poor pharmacokinetics, and strong
immunity. Although PEGylation has been an effective approach to
improve the pharmacokinetics of many proteins, a few noticeable
limitations have aroused vast research efforts in seeking alternatives to
PEG for bioconjugation. Herein, we report our investigation on the use
of polysarcosine (PSar), a nonionic and hydrophilic polypeptoid, for
IFN modification. The site-specific conjugate PSar-IEN, generated by
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native chemical ligation in high yield, is systematically compared with a

similarly produced PEG—interferon conjugate (PEG-IFN) to evaluate the in vitro and in vivo behaviors. PSar is found to show
comparable ability in stabilizing IFN from protease digestion in vitro and prolonging the circulation half-life in vivo. Interestingly,
PSar-IEN retains more activity in vitro and accumulates more in the tumor sites upon systemic administration than PEG-IEN.
Most importantly, PSar-IFN is significantly more potent in inhibiting tumor growth and elicits considerably less anti-IFN
antibodies in mouse than PEG-IFN. Together, our results demonstrate for the first time that PSar is an outstanding candidate for
therapeutic protein conjugation. Considering the low toxicity, biodegradability, and excellent stealth effect of PSar, this study
suggests that such polypeptoids hold enormous potential for many biomedical applications including protein delivery, colloidal

stabilization, and nanomedicine.

B INTRODUCTION

Protein—polymer conjugates are biohybrids in which the
bioactive proteins are covalently modified with synthetic
polymers. Presumably, the polymer conjugation can stabilize
the therapeutic proteins from protease digestion, improve their
pharmacokinetics in vivo, and sometimes enhance their
activity.l_3 Currently, all therapeutic protein—polymer con-
jugates on the market are based on poly(ethylene glycol)
(PEG), the so-called PEGylation. Albeit effective, there is a
growing awareness of a few intrinsic limitations of PEG
including its nonbiodegradable backbone, reported patient
hypersensitivity, and accelerated blood clearance (ABC effect).
This has stimulated vast research efforts in seeking alternatives
to PEG for protein conjugation including poly(2-oxazoline)s,”
polyglycerol,® zwitterionic polymers,” OEGylated poly(meth)-
acrylates,”” and poly(amino acid)s.'"’ Recently, polysarcosine
(PSar), a polypeptoid based on the endogenous but non-
proteinogenic amino acid sarcosine, has been considered an
emerging “stealth” polymer for many biomedical applica-
tions."'~'* In one sense, the nonionic and highly hydrophilic
PSar can afford a large hydrodynamic volume and thus impart
the desirable nonfouling character."” More interestingly, there
has been accumulated evidence suggesting that the biodegrad-
able PSar is more biocompatible and less immunogenic than
PEG. For instance, PSar has been used to coat the surface of

-4 ACS Publications  © 2018 American Chemical Society

inorganic particles such as quantum dots and gold nanorods,
which incurred less nonspecific interactions and systemic
toxicity, preserved higher colloidal stability, and gave longer
circulation time in vivo than the PEGylated ones.'™'® PSar-
conjugated Indocyanine Green (ICG), a small molecular
photosensitizer for photoacoustic tumor imaging, has shown
enhanced tumor accumulation and a higher signal/noise ratio
in vivo as compared with a PEG-modified ICG analogue."’
Copolymers containing PSar designed for peptide or protein
encapsulation have preserved more activity than PEG did.”**!
In light of these advances, we hypothesize that PSar is a
promising material for therapeutic protein conjugation.
Notably, although the conjugation of PSar to peptides has
been nicely done,”” the generation and systematic pharmaco-
logical evaluation of PSar-protein conjugate remains absent.

B RESULTS AND DISCUSSION

Synthesis and Characterization. To test the hypothesis,
we synthesized PSar-IFN, a N-terminal specific PSar-modified
human interferon-a2b (IFN). IFN was selected because it was a
therapeutic cytokine requiring PEGylation for longer circulating
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Scheme 1. Synthesis of PSar-IFN (A) and PEG-IFN (B)
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Figure 1. Characterization: (A) gel permeation chromatography of the polymer PhS-PSar, (B) size exclusion chromatography, (C) dynamic light
scattering, and (D) SDS-PAGE electrophoresis of the two conjugates PSar-IFN and PEG-IFN.

half-life.”> A N-terminal cysteine functionalized IFN mutant
(Cys-IFN) was produced for native chemical ligation (NCL)
following a previously reported method.”* To generate PSar for
Cys-IEN conjugation, we aimed to prepare a phenyl thioester-
capped PSar via trimethylsilyl phenyl sulfide (PhS-TMS)-
mediated ring-opening polymerization (ROP) of sarcosine N-
carboxyanhydrides (SarNCA).”> However, our initial attempts
failed because PhS-TMS was unable to directly initiate the ROP
of SarNCA, possibly due to the steric hindrance of the N-
methyl group. To circumvent the problem, as shown in Scheme
1, we charged a small amount (S equiv) of y-(2-(2-(2-
methoxyethoxy)ethoxy)ethoxy)esteryl L-glutamate N-Carbox-
yanhydride (EG;GIluNCA) to PhS-TMS (1 equiv) to extend a
very short P(EG;Glu) linker before the addition of SarNCA
(200 equiv). This allowed the smooth growth of PSar after
P(EG;Glu) in one-pot and afforded the phenyl thioester-
functionalized PSar (PhS-PSar). Gel permeation chromatog-
raphy (GPC) and 'H NMR characterization of PhS-PSar
collectively indicated that the polymer had a molecular weight
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~12 kDa with a polydispersity index (PDI) of 1.06 (Figures 1A
and S1). Next, the N-terminal specific protein conjugate PSar-
IFN was generated in high yield via the chemoselective NCL
under a mild condition. To include a positive control, a
PEGylated IFN (PEG-IFN) was produced via the same method
by coupling a thioester-functionalized PEG (‘H NMR and
MALDI available in Figure S2, PDI 1.04) and Cys-IFN
(Scheme 1). We selected the 10 kDa PEG for conjugation
because it has a comparable hydrodynamic radius with our PSar
of 12 kDa.”® Size exclusion chromatography (SEC) analysis of
the two conjugates gave the same elution time, suggesting the
two conjugates shared a similar hydrodynamic volume (Figure
1B). This notion was also well supported by the dynamic light
scattering (DLS) measurement, which gave a 12.6 + 0.7 and
12.8 + 0.4 nm diameter for PSar-IFN and PEG-IFN,
respectively (Figure 1C). SDS-PAGE gel analysis confirmed
the successful generation and high purity of the two conjugates
(Figure 1D). Interestingly, the apparent MW of both PEG-IFN
and PSar-IFN, indicated by the protein ladder in the SDS-
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Figure 2. In vitro assessment of the conjugates: (A) trypsin digestion assay; (B and C) relative viabilities of Daudi cells treated with wt IFN, PSar-
IFN, PEG-IFN (B), PSar, and PEG (C) for 48 h. Data are expressed as means + SD (D—F) Surface plasmon resonance analysis of the binding of wt

IFN (D), PSar-IEN (E), and PEG-IFN (F) to IFNAR2.

PAGE gel, did not agree well with their calculated sizes. Of
note, such discrepancies were also frequently observed in the
SDS-PAGE of other protein—polymer conjugates.”” Apart from
the MW, many other parameters including the chemical
structure, polarity, and conformation of the polymers may
alter their electrophoresis behaviors. Here, it was hypothesized
that the rigidity difference of PEG and PSar (Kuhn length was
1.5 nm for PSar while 1.1 nm for PEG)*® may affect the
migration of the corresponding conjugates in the PAGE gel.
In Vitro Activity. To investigate the protease resistance and
thermostability of the conjugates, we performed trypsin
digestion and thermofluor assays. Compared with the wild
type IFN (wt IFN) that was digested by trypsin rapidly within 2
h, both conjugates showed significantly enhanced stability
under the same condition, with ~50% conjugates remain intact
~8 h after the treatment (Figures 2A and S3). Thermofluor
assay revealed that the melting temperature (T,,) of the two
conjugates were comparable with wt IFN, suggesting both PEG
and PSar had very few influence to the thermostability of IFN
(Figure S4). To test the antiproliferation activity of the two
IEN conjugates, Daudi cells were incubated with the drugs at
varied concentrations for 48 h. The half inhibition concen-
tration (ICs,) of wt IFN, PSar-IFN, and PEG-IFN was found to
be 13, 80, and 136 pg/mL, respectively (Figure 2B). This result
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indicated that PSar-IFN was slightly more potent than PEG-
IEN. Notably, both PSar and PEG polymers were essentially
nontoxic to Daudi cells (Figure 2C), implying that the cell
killing ability of the conjugates was fully derived from the
protein IFN. We further tested the binding affinity of the
conjugates to the receptor of interferon-a2b (IFNAR2) by
surface plasmon resonance (SPR) analysis (Figure 2D—F). The
dissociation constant (Kp) was measured to be 1.07, 1.37, and
1.70 nM for wt IFN,””*° PSar-IFN, and PEG-IFN, respectively
(Table 1). Moreover, it was found that the k,, was 5.04 X 10°
and 2.04 x 10° M™' s~ for PSar-IFN and PEG-IFN,
respectively. This result indicated that whereas the binding
affinity of the two conjugates were comparable, PSar-IFN could
associate with the receptor molecule more rapidly than PEG-
IFN, which might explain the toxicity difference shown in
Figure 2B.

Table 1. Surface Plasmon Resonance Analysis of the Binding
of wt IFN, PSar-IFN, and PEG-IFN to IFNAR2

koy (M7!s71) ko (s7) Kp (M)
wt IFN 1.57 X 107 1.67 X 1072 1.07 X 107
PSar-IFN 5.04 x 10° 692 x 1073 1.37 X 1070
PEG-IFN 2.04 x 10° 347 x 1073 1.70 x 107
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Figure 3. In vivo pharmacological evolution of the conjugates: (A) plasma IFN concentration at varied time points; (B) biodistribution at 24 h
estimated by the fluorescence intensity of the extracted tissues; (C) fluorescent images of tumors at 24 h; (D) development of anti-IFN IgG at
different times after weekly administration of the conjugates. Data are expressed as means + SD: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Antitumor efficacy of the conjugates on OVCAR3 tumor-bearing mice. (A) Tumor growth inhibition curve. Data are expressed as means =+

SD, *#* p < 0.001. (B) Images of the extracted tumors on day 28.

Pharmacokinetics, Biodistribution, and Immunoge-
nicity. Next, we examined the performance of the conjugates in
live animals. To analyze the pharmacokinetics (PK), wt IFN
and the two conjugates were intravenously injected into
Sprague—Dawley (SD) rats and the plasma IFN levels at
different time points were measured by enzyme-linked
immunosorbent assay (ELISA). The measured elimination
half-life of wt IFN was almost equally extended from ~0.8 h to
~48 and 4.6 h for PSar-IFN and PEG-IFN, respectively
(Figure 3A). To explore the biodistribution of different
conjugates, all IFN variants were labeled with CyS (Figure
SS) and injected intravenously into BALB/c nude mice bearing
OVCARS3 tumors. The major organs and tumors were extracted
24 h after administration and analyzed with an in vivo imaging
equipment. It was found that kidney was the brightest organ for
all IFN variants, suggesting that renal clearance was the major
elimination route (Figure 3B). This was not surprising
considering the size of the conjugates shown in DLS (Figure
1C). Apart from the kidney, liver and tumor also displayed
considerably higher fluorescence intensities than other organs
including the heart, spleen, and lung. Compared with PEG-
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IFN, interestingly, PSar-IFN was shown to accumulate more in
the tumor (p value <0.05) and have less exposure in the liver (p
value <0.01) (Figure 3B and C). To evaluate the ability of the
polymers in shielding IFN from immune recognition, PSar-IFN
and PEG-IEN were intravenously administrated to immune
competent SD rats weekly (n = 4). ELISA analysis indicated
that, upon repetitive administration, PSar-IFN elicited signifi-
cantly less anti-IFN IgG in week 3 than those produced by
PEG-IEN (Figure 3D). Overall, the results suggested that PSar
was an excellent stealth polymer for protein modification.
Antitumor Efficacy. Finally, we evaluated the antitumor
efficacy of the conjugates on OVCAR3 tumor-bearing BALB/c
nude mice. On day 0, the mice with a mean tumor volume at 50
mm?® were randomly assigned to four groups (n = 5—7). PSar-
IEN, PEG-IFN, wt IFN, and PBS were infused at the same IFN
dosage every 5 days. On day 25, the mean volume of tumor in
the PBS group and the wt IFN group increased to over 1000
mm°. In contrast, both PSar-IFN and PEG-IEN treatments
showed conspicuously better tumor growth inhibition. Most
importantly, mice in the PSar-IFN group were found to have
appreciably smaller tumors than those in the PEG-IFN group
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(Figure 4). This result clearly supported the argument of
utilizing PSar as a conjugation partner for enhanced therapeutic
efficacy of protein. Notably, no significant loss in weight was
observed in the PSar-IFN group, suggesting the conjugate was
well-tolerated at the current dose (Figure S6). The excellent
biosafety profile of PSar-IFN was also illustrated by the
histological examination of the dissected organ sections, which
showed no major damage in the heart, liver, spleen, lung, and
kidney (Figure S7).

B CONCLUSIONS

In summary, we synthesized PSar-IFN, an N-terminal specific
polysarcosine—interferon conjugate, and compared its activity
in parallel with a PEG-modified IFN. Our results indicated that
the similarly sized PSar-IFN and PEG-IFN possessed
comparable protease resistance to trypsin digestion. Moreover,
the two conjugates also exhibited a similarly improved
circulation half-life in plasma. Interestingly, PSar-IFN was
slightly more potent than PEG-IFN in inhibiting tumor cell
proliferation in vitro, and accumulated more in tumor sites after
systemic administration than PEG-IFN. Remarkably, PSar-IFN
incurred less anti-IFN IgG in plasma after multiple admin-
istrations. The superior in vivo antitumor efficacy of PSar-IFN
over PEG-IFN was confirmed by the tumor growth inhibition
study. Taken together, our results demonstrated for the first
time that PSar was an outstanding candidate for therapeutic
protein conjugation. Considering the low toxicity, biodegrad-
ability, and excellent stealth effect of PSar, the present work
suggested that such polypeptoids had enormous potential for
many biomedical applications including protein delivery,
colloidal stabilization, and nanomedicine.

B EXPERIMENTAL SECTION

Materials. Sarcosine was purchased from Aladdin (Shang-
hai, China). Phenyl trimethylsilyl sulfide (PhS-TMS) was
purchased from Sigma-Aldrich (St. Louis, USA). Methoxy PEG
Carboxyl (mPEG-COOH, MW 10 kDa) was purchased from
JenKem Technology Co., Ltd. (Beijing, China). Butanethiol
was purchased from Energy Chemical (Shanghai, China). Cy$S
was purchased from ApexBio (Houston, USA). CellTiter-Blue
was purchased from Promega (Madison, USA). IFNAR2 was
purchased from Sino Biological Inc. (Beijing, China). IFN alpha
human matched antibody pair was purchased from eBiosciense
(California, USA). Wild type and mutant IFNs, TEV protease
were produced according to protocols reported elsewhere.”" y-
(2-(2-(2-Methoxyethoxy )ethoxy )ethoxy )esteryl L-glutamate N-
Carboxyanhydride (EG;GIuNCA)** and Sarcosine N-Carbox-
yanhydride (SarNCA) were obtained in accordance with
established methods.*

Instrument. Gel permeation chromatography (GPC)
characterization was performed on tandem columns (500 A,
10* A, 10* A Phenogel columns, 5 um, 7.8 X 300 mm?
Phenomenex, Torrance, CA) at 50 °C using DMF with 0.1 M
LiBr as the mobile phase. The molecular weight (MW) of PSar
was calculated based on a dn/dc value reported previously.”
NMR spectra were analyzed on ARX400 (Bruker Co.,
Germany). Mass spectrum was recorded on a MALDI-TOF
(AB Sciex TOF 5800, CA). Protein purification was performed
on AKTA pure (GE, USA) using Mono S 5/50 GL column or
Superdex 75 10/300 GL column. Dynamic light scattering
(DLS) examinations were recorded on a Nanobrook Omni at
25 °C (Brookhaven Instrument Corp. USA). SDS-PAGE gel
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was imaged on typhoon FLA 9500 (GE, USA). Protein
concentration was determined by NanoPhotometer P330
(Implen, Germany). The viability assay and ELISA were
recorded on multimode plate reader (PerkinElmer, USA).
Thermofluor assay was performed on LightCycler 96 (Roche,
Switzerland). Surface plasmon resonance (SPR) analysis was
performed on Biacore T200 (GE, USA). Biodistributions of the
conjugates were imaged by FX Pro (Kodak, USA). The
histologic sections were imaged on Vectra (Caliper, USA).

Cell Lines and Animals. Human cell line Daudi, obtained
from China Infrastructure of Cell Line Resource, was grown in
RPMI 1640 with |-glutamine (Cellgro, USA) with 20% FBS
(Gibco, USA), 100 IU penicillin, and 100 pg/mL streptomycin
(Cellgro, USA). Human ovarian carcinoma OVCAR3 was
cultured in RPMI 1640 with L-glutamine supplemented with
20% FBS (PAN, Germany), 100 IU penicillin, 100 pg/mL
streptomycin (Cellgro, USA), and 0.01 mg/mL insulin from
bovine (SIGMA, USA). Female SD rats and female BALB/c
nude mice were purchased from Vital River Laboratories
(Beijing, China). All the in vivo experiments were carried out
with the permission of the experimental animal ethics
committee.

Synthesis of PhS-PSar. In a glovebox, EG;GluNCA (6.9
mg, 0.022 mmol, 5.0 equiv) in anhydrous DMF (60 uL) was
added to PhS-TMS (8.7 uL X 0.5 M, 1.0 equiv) and stirred for
1 h at room temperature. SarNCA (100 mg, 0.87 mmol, 200.0
equiv) was added to the mixture and stirred for another 48 h at
room temperature. The polymer was precipitated in anhydrous
ether (100 mL), centrifuged at 4000 g for S min, and the
sediment was redissolved in ultrapure H,O and further purified
by a PD 10 desalting column (GE, USA). The collected
polymer solution was freeze-dried to yield a fluffy powder (52
mg, 85%).

Synthesis of the Thioester Capped PEG. mPEG-COOH
(200 mg, MW 10 kDa) was dissolved in CH,Cl, (2 mL), to
which was added DCC (74 mg) and butanethiol (80 yL). The
reaction was stirred overnight at room temperature. The
polymer was precipitated in anhydrous ether (100 mL),
centrifuged at 4000 g for 5 min, and the sediment was
redissolved in ultrapure H,O and further purified by a PD 10
desalting column (GE, USA). The collected polymer solution
was freeze-dried to yield a fluffy powder (165 mg, yield 82%).

General Protocol for the Synthesis of PSar-IFN and
PEG-IFN. Cys-IFN was produced by TEV protease digestion
and concentrated to ~5 mg/mL. Typically, Cys-IFN (4.5 mg/
mL X 1 mL, 1.0 equiv) in Tris-HCl buffer was added PhS-PSar
powder (6.8 mg, 3.0 equiv). The mixture was incubated at
room temperature for ~8 h, during which the smell of
phenylthiol could be noticed. Purification was performed by
passing the diluted mixture through a PD 10 desalting column
to remove all small molecular impurities, and followed by a
Mono $ column on FPLC (Buffer A: 50 mM CH;COONa, pH
4.5; Buffer B: 50 mM CH;COONa with 2 M NaCl, pH 4.5).
CyS labeling of the conjugate was performed by following the
same protocol reported elsewhere.”* Endotoxin was removed
by passing the conjugate solution through an endotoxin affinity
column before animal studies. PEG-IFN was synthesized and
purified by following the same protocol.

Trypsin Digestion Assay. wt IFN, PEG-IFN, and PSar-
IEN were diluted to 10 uM in Tris-HCI buffer, mixed with
isometric 0.1 uM trypsin, and then incubated at 37 °C. At
selected time points, each sample in triplicate was boiled at 98
°C for 10 min to terminate the digestion. All trypsin-digested
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samples at different time points were analyzed on one SDS-
PAGE gel together. Degradation of the conjugates at each time
point was determined by the relative coomassie blue staining
signal intensity and quantitatively analyzed through typhoon.

Thermofluor Assay. The thermostability of all samples
were performed on LightCycler 96 (Roche, Switzerland).
Briefly, 5 uM conjugates and 20 X Sypro orange protein stain
(both are final concentrations) in PBS were added into an
opaque white 96-well plate with temperature varied from 37 to
98 °C and detected the change of fluorescence intensities. T},
was analyzed by the LightCycler 96 SW 1.1.

Surface Plasmon Resonance (SPR) Analysis. Binding
affinities to receptor were performed on Biacore T200 using
CMS sensor at 25 °C. The IFNAR2 was diluted into 10 mM
NaOAc buffer pH 5.0 at a concentration of 50 ug/mL and
covalently attached to the surface of the sensor via NHS-amine
chemistry. Analyses of the interactions between the IFN
variants with IFNAR2 were performed in HBS-EP+ buffer (10
mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% v/v
surfactant P20, pH 7.4) at a flow rate of 30 yL/min. Seven
different concentrations were measured for each sample.
Between measurements, 10 mM glycine-HCl (pH 3.0) was
used for chip regeneration. The results were analyzed by BIA
evaluation software and fitted with one to one kinetic model.

Cytotoxicity Assay. PhS-PSar, PEG-thioester or wt IFN,
PSar-IFEN, PEG-IFN were added into a black 96-well plate at
gradient concentrations which seeded 5000 Daudi cells per well
and incubated for 48 h (n = 3). The relative viabilities were
detected by CellTiter-Blue (Promega, USA).

Pharmacokinetics Assay. Female SD rats weighing ~250
g were randomly assigned to three groups (n = 2 or 3). wt IFN,
PSar-IEN, or PEG-IFN was intravenously injected to the rats at
a 02 mg IFN/kg dose. At predetermined time points, the
plasma were acquired from orbit followed by centrifugation.
The concentration of IFN in each plasma sample was evaluated
by ELISA and data were processed by GraphPad Prism S.0.

In Vivo Biodistribution. OVCAR3 cells (1.0 X 107)
suspended in RPMI 1640 were mixed with isometric matrigel
and subcutaneously inoculated into 6-weeks-old BALB/c nude
mice. The mice were randomly assigned to three groups (n = 2)
while the tumors grew to ~250 mm® and were injected with
CyS-marked PSar-IFN, PEG-IFN, or wt IFN at 20 ug IFN/
mouse via the tail vein. The mice were anaesthetized by chloral
hydrate to extract major organs and tumors 24 h after the drug
infusion. The organs and tumors were recorded on FX Pro
(Kodak, USA) and the biodistribution was assessed based on
the fluorescent intensity.

Immunogenicity Assay. Female SD rats were randomly
assigned to two groups (n = 4) on day 1 and infused with PSar-
IFN or PEG-IFN (100 ng IFN each) through tail vein under
anesthetic conditions. The same administration was repeated
on days 8 and 15. Before each injection, blood were collected
on day 1, 8, 15, and 22. The anti-IFN IgG levels in the sera
were then evaluated by ELISA.

In Vivo Antitumor Efficacy. OVCAR3 cells (1.0 X 107)
suspended in RPMI 1640 were mixed with isometric matrigel
and subcutaneously inoculated into 6-week-old BALB/c nude
mice. The mice were randomly assigned to four groups (n = 5—
7) while the tumors grew to ~S0 mm?®, and received PBS, wt
IEN, PEG-IEN, or PSar-IFN treatment at a 10 g IFN/mouse
dose via the tail vein route once every 5 days. The volume of
tumor was acquired through the following formula: V' = L X
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W?/2. Experimental results were processed using GraphPad
Prism $.0.

Histopathology Evaluation. On day 25, the mice were
executed to extract the tumors and major organs such as heart,
liver, spleen, lung, and kidney for cut into slices and stained
with hematoxylin and eosin (H&E), which were then imaged
on Vectra.
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