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ABSTRACT: Protein−polymer conjugation is a clinically validated approach to enhanced pharmacokinetic properties.
However, the permanent attachment of polymers often leads to irreversibly reduced protein bioactivity and poor tissue
penetration. As such, the use of protein−polymer conjugates for solid tumors remains elusive. Herein, we report a simple
strategy using enzyme-activatable and size-shrinkable protein−polypeptide conjugates to overcome this clinical challenge.
Briefly, a matrix metalloproteinase (MMP)-responsive peptide sequence is introduced between a therapeutic protein interferon
(IFN) and a synthetic polypeptide P(EG3Glu)20. The resulting site-specific MMP-responsive conjugate, denoted as PEP20-M-
IFN, can, therefore, release the attached P(EG3Glu)20 to achieve both protein activation and deep penetration into the tumor
microenvironment (TME). Compared to a similarly produced nonresponsive analogue conjugate PEP20-IFN, our results find
PEP20-M-IFN to show higher bioactivity in vitro, improved tumor retention, and deeper penetration in a MMP2-dependent
manner. Moreover, systemic administration of PEP20-M-IFN shows outstanding antitumor efficacy in both OVCAR3 and
SKOV3 ovarian tumor models in mice. This work highlights the releasable PEPylation strategy for protein drug potentiation at
the TME and opens up new opportunities in clinics for the treatment of malignant solid tumors.

■ INTRODUCTION

The development of therapeutic proteins has gained
tremendous attention in recent years.1−9 However, their
clinical applications are severely impeded by several intrinsic
limitations such as poor stability and short circulating half-life.
Polymer modification of the protein-of-interest (e.g., PEGyla-
tion) is a proven strategy to improved pharmacokinetic (PK)
profiles.10−17 Presumably, the attachment of a polymer to the
protein drug augments its overall hydrodynamic volume,
leading to slower renal clearance and reduced immunogenicity.
However, the conjugated polymers also create considerable
steric hindrance undesirably blocking the interaction between
the protein drug and its target, which eventually results in

reduced efficacy in vivo, known as the “PEG dilemma”.18−20

For example, PEGASYS, a PEGylated interferon-α (IFN)
currently used to treat hepatitis, retains only ∼7% biological
activity of the pristine protein.21 Poor tumor penetration is
another notable drawback of PEGylation that draws growing
attention recently. Indeed, none of the currently Food and
Drug Administration-approved PEGylated proteins can treat
solid tumors.22 To overcome these limitations, continuous
efforts have been devoted to the development of novel
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therapeutics simultaneously with optimized PK, efficacy, and
deep tissue penetration for various solid tumors.
Recently, our group developed a technology termed as

protein PEPylation, that is, the covalent modification of
proteins with synthetic polypeptides [also known as poly(α-
amino acid)].23−27 Compared to the nondegradable PEG,
polypeptides enjoy advantages such as biodegradability, broad
chemical diversity, tunable physiochemical properties, and
unique secondary structures.28−37 We have shown that
PEPylation can implement many beneficial properties
including prolonged PK, greater efficacy, and significantly
reduced immunogenicity,38 compared to the traditional
PEGylation. Moreover, by cyclizing the PEPylated conjugates,
deep tumor penetration was enabled by the macrocyclic
topology.24 Nevertheless, the generation of the macrocyclic
conjugates requires sophisticated knowledge in synthesis and
purification.
Here, we present a releasable39−44 strategy that leads to

PEPylated proteins with enzymatically promoted activation
and penetration. Matrix metalloproteinase (MMP) is a class of
enzyme overexpressed in different types of tumors, which plays
a critical role in tumor invasion and progression.45,46 In the
light of this, the designs of MMP-responsive delivering systems
with improved penetration have received tremendous success
in numerous nanomedicines.47−55 Surprisingly, studies of using
this approach in protein−polymer conjugates have been very
rare.19,56 We expect that the highly upregulated MMP2 in the
tumor microenvironment (TME) can be harnessed to release
the polymer from the protein, if a MMP-cleavable peptide
sequence is inserted between the conjugated polymer and the
protein-of-interest. Overall, the MMP-responsive protein
conjugate is expected to gain sufficient long circulation and

reduced systemic toxicity because of the conjugated polymer;
once reaching the TME, the activity of the protein can be
instantaneously restored to its full capacity due to the MMP-
triggered polymer cleavage (Scheme 1). Moreover, we expect
that the released protein can diffuse into deep tumor tissues by
taking advantage of the smaller hydrodynamic size compared
to the conjugate.57−60 In this fashion, the present work may
offer a simple but highly effective approach circumventing the
long-standing PEG dilemma and allowing the treatment of
solid tumors.

■ MATERIALS AND METHODS
Materials. 1,10-Phenanthroline (MMP inhibitor) was purchased

from TCI (Tokyo, Japan). γ-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl L-
glutamate N-carboxyanhydride) (EG3GluNCA) was produced
according to an established protocol.23 Human IFN-α enzyme-linked
immunosorbent assay (ELISA) kit was obtained from Thermo
(USA). All mice were purchased from Vital River Laboratories
(Beijing, China). All animal experiments were performed in
accordance with the local guidelines and with the approval from the
Experimental Animal Ethics Committee in Beijing.

Protein Expression and Purification. The plasmid pET-TEV-
M-IFN encoding recombinant human interferon alpha (IFN)
tethered with a N-terminal ENLYFQCGGPLGVRGK and a C-
terminal His6 peptide tag was constructed and transformed into
Escherichia coli BL21 cells. The pET-TEV-IFN plasmid encoding the
IFN mutant without the MMP2-cleavable sequence (GPLGVRGK)
was also produced in a similar method. The protein expression and
purification were executed by following previously reported protocols
with a maximum yield of 250 mg/L.23

Synthesis of PEP20-M-IFN. PEP20-M-IFN was prepared based on
a previously reported protocol with slight modification.24 Briefly, Cys-
M-IFN (7.0 mg, 1.0 equiv) was concentrated in phosphate buffer
saline (PBS) solution (pH 7.4) to ∼7.0 mg/mL and then mixed with
P(EG3Glu)20-SPh (Scheme 1A, 5.0 equiv). After the overnight

Scheme 1. (A,B) Synthesis of the Two Conjugates: the MMP2-Activatable Conjugate PEP20-M-IFN (A) and the
Nonactivatable Conjugate PEP20-IFN (B); (C) Cartoon Illustration of the Enzyme-Activation of PEP20-M-IFN for Tumor
Microenvironment Potentiation
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incubation at 25 °C, the product PEP20-M-IFN was purified via fast
protein liquid chromatography on a size exclusion column with a yield
∼67%.
DLS Measurement of the IFN Conjugates. The hydrodynamic

diameters of the conjugates were measured on a Brookhaven
NanoBrook Omni at room temperature. Because of the intrinsic
tendency of IFN forming physical associates, samples were first passed
through a size exclusion column in FPLC and used immediately for
dynamic light scattering (DLS) analysis. The shear force during the
size exclusion chromatography (SEC) process was found to destruct
the physical associates of IFN temporarily.
MMP2 Cleavage of TEV-M-IFN and PEP20-M-IFN. Daudi cells

were seeded at a density of 4 × 105 cells/well in 6-well plates and
incubated in opti-MEM for 24 h at 37 °C in 5% CO2. The Daudi-
conditioned MMP+ media were collected, centrifuged, and incubated
with TEV-M-IFN or PEP20-M-IFN at 37 °C for different time
periods. The cleavage by MMP2 was detected by using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
electrophoresis. The human umbilical vein endothelial cells
(HUVEC)-conditioned medium was produced following a similar
protocol and used as the MMP− control.
In Vitro Cytotoxicity. Daudi cells were cultured in a 96-well plate

(80 μL of 5000 cells per well) before the addition of various IFN
drugs at gradient concentrations (20 μL, n = 3). After 72 h
incubation, the cell proliferation inhibition was determined by
CellTiter-Blue Viability Assay.
General Protocol for 5-TAMRA/FAM/Cy5-NHS or Cy5-

Maleimide Labeling of wt-IFN or the IFN Conjugates. For the
NHS-amine labeling, the IFN variant (1.0 mg, 1.0 equiv) was added
to the dye-NHS (Cy5-NHS, FAM-NHS, or 5-TAMRA-NHS, 10.0
equiv), followed by reaction in PBS (pH 8.0) at 25 °C for 5 h. For the
site-specific maleimide−thiol labeling, the IFN variant (1.0 mg, 1.0
equiv) was added to Cy5-maleimide (3.0 equiv), followed by reaction
in PBS (pH 7.4) at 25 °C for 1 h. The dye-labeled products were
purified with a PD 10 column in PBS (pH 7.4).
Flow Cytometry. Cy5 maleimide-labeled or FAM NHS-labeled

PEP20-M-IFN was incubated in the Daudi-conditioned MMP+ media
and then added to the Daudi cells at the final concentration of 90 μg/
mL. After incubation for 1 h, the cells were centrifuged down, washed,
and resuspended in PBS solution and further analyzed by flow
cytometry. In the control experiment, dye-labeled PEP20-M-IFN
without the pretreatment of MMP+ media was incubated with cells
under the same conditions as described above.
Pharmacokinetics. The female Sprague-Dawley rats weighing

∼250 g were randomly divided into three groups (n = 3) and injected
with wt-IFN, PEP20-IFN or PEP20-M-IFN at a dose of 50 μg IFN/
mouse through a jugular cannulated vein. At designated time points
(1, 30 min, 1, 3, 6, 9, 12, 24, and 48 h), blood was withdrawn followed
by centrifugation. The plasma IFN levels were evaluated by human
IFN ELISA kit.
In Vivo Biodistribution. Female BALB/c nude mice (6-week

old) were subcutaneously implanted with 1.0 × 107 SKOV-3 cells
dispersed in 0.1 mL PBS. When the tumor size reached ∼200−300
mm3, the mice were randomly assigned to three groups (n = 3) and

injected intravenously (i.v.) with Cy5-NHS labeled wt-IFN, PEP20-
IFN, or PEP20-M-IFN at a dose of 30 μg IFN/mouse. The mice were
imaged at predetermined time points (1.5, 3, 6, 9, 12, 24, and 48 h).
The major organs and tumors were collected at 48 h and imaged by
the In Vivo Imaging System.

In Vivo Tumor Penetration Study of IFN Conjugates w/o or
with the MMP Inhibitor. Mice (n = 3) with ∼200 mm3 SKOV3
tumors were subcutaneously co-injected with Cy5 NHS-labeled
PEP20-M-IFN and 5-TAMRA-labeled PEP20-IFN near the tumor site
at a dose of 15 μg IFN for both conjugates. In parallel and in another
group, the conjugates were co-injected at the same dosage 1 h after
the intratumoral injection of 1,10-phenanthroline (10 mM, 50 μL).
The mice were sacrificed 24 h after the IFN drug administration. Both
tumor slices were stained with 4′,6-diamidino-2-phenylindole (DAPI)
and imaged by confocal microscopy.

Ex Vivo Tumor Penetration Study of IFN Conjugates.
SKOV3 tumors (∼50 mm3 in size) were extracted out and cocultured
at room temperature with TAMRA-labeled PEP20-IFN + Cy5-labeled
PEP20-M-IFN (0.09 mg/mL each) in MMP2+ or MMP2− opti-MEM
0.20 mL for 24 h. To prepare the MMP+ medium, a freshly extracted
SKOV3 tumor (∼500 mm3 in size) was homogenized in opti-MEM
(2.0 mL), followed by centrifugation to collect the supernatant.

In Vivo Antitumor Efficacy Using the OVCAR3 Model. The
female BALB/c nude mice were s.c. implanted with 1.0 × 107

OVCAR3 cells dispersed in 0.2 mL mixture of RPMI 1640
medium/matrigel (v/v = 1:1). When the tumor size reached ∼30
mm3, (1.0 mL) mice were randomly assigned to four groups (n = 5−
7). The tumor-bearing mice were i.v. administered with PBS saline,
wt-IFN, PEP20-IFN, or PEP20-M-IFN every 5 days at a dosage of 20
μg IFN for eight times. Tumor volume was calculated by the following
formula: V = L × W2/2, where L and W stand for the length and
width of the tumor measured by an electronic caliper, respectively.

In Vivo Antitumor Efficacy Using the SKOV-3 Model. Female
BALB/c nude mice (6-week old) were subcutaneously implanted with
1.0 × 107 SKOV-3 cells dispersed in 0.10 mL PBS. When the tumor
size reached ∼30 mm3, mice were i.v. administered with PBS saline,
wt-IFN, PEP20-IFN, or PEP20-M-IFN at a dosage of 20 μg IFN every
5 days. Each IFN per animal drug was administered four times.

Histopathology Evaluation. Mice of OVCAR3 model were
sacrificed on day 27 after the treatment. The organs were collected,
and then paraffin sections of tissues were stained with H&E for
morphology observation.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. To investigate the
feasibility of the approach for solid tumors, IFN was selected
as our model protein. The PEGylated IFN was previously used
to treat indications such as melanoma and malignant skin
lymphoma in clinics, but with limited success in treating other
solid tumors such as ovarian cancers. We synthesized two
conjugates according to our previously reported protocols
(Scheme 1).24 To prepare the suggested MMP2-activatable
conjugates, we constructed a N-terminal fusion of interferon-

Figure 1. Characterization: (A) SDS-PAGE electrophoresis and (B) SEC of wt-IFN and the two conjugates. (C) DLS analysis of PEP20-IFN and
PEP20-M-IFN in PBS buffer (pH 7.4).
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α2b denoted as TEV-M-IFN, which carried a TEV-cleavable
sequence ENLYFQ⋮CG (⋮ indicates the cleavage site) and
followed with a MMP2 substrate peptide GPLG⋮VRGK61 (⋮
indicates the cleavage site) at the N-terminus of IFN (Scheme
1A). TEV-M-IFN was expressed in E. coli with a high
expression yield of ∼250 mg/L after optimization (Figure S1).
To enable the site-specific PEPylation, TEV-M-IFN was first
treated with TEV enzyme to obtain the IFN mutant bearing
the N-terminal cysteine, Cys-M-IFN. Next, we prepared
poly(γ-(2-(2-(2-methoxyethoxy)ethoxy)ethyl-L-glutamate)
tethering a reactive phenyl thioester, denoted as P(EG3Glu)20-
SPh, through the trimethylsilyl phenylsulfide-mediated ring-
opening polymerization of α-amino acid N-carboxyanhydride
(Figures S2 and S3).26 Incubation of Cys-M-IFN and
P(EG3Glu)20-SPh at room temperature yielded the N-terminal
specific conjugate PEP20-M-IFN via native chemical ligation.
We also generated a control conjugate PEP20-IFN having no
MMP responsiveness by ligating P(EG3Glu)20-SPh to Cys-IFN
as previously described (Scheme 1B). SDS-PAGE analysis
confirmed the successful generation and narrow distribution of
both conjugates with high purity (Figure 1A). SEC revealed
that PEP20-IFN and PEP20-M-IFN had the same elution time,
implying a similar hydrodynamic volume (Figure 1B). DLS
measurement confirmed that PEP20-IFN and PEP20-M-IFN
shared a similar diameter ∼7.5 nm (Figure 1C).

MMP2-Dependent in Vitro Activation of PEP20-M-IFN.
To investigate the MMP-specific cleavability, TEV-M-IFN was
incubated with the Daudi cell-conditioned medium, which
contained secreted MMP enzymes (MMP+), and then
analyzed by SDS-PAGE.19 During the incubation, the band
of TEV-M-IFN gradually disappeared in the SDS-PAGE gel,
along with the appearance of a new band in the lower position
corresponding to the cleaved wt-IFN (approximately 20 kDa)
(Figure 2A). In contrast, TEV-IFN without the MMP-
cleavable sequence showed no change under the same
condition (Figure S4). Moreover, incubation of TEV-M-IFN
with HUVEC cell-conditioned medium, which had no secreted
MMP enzymes (MMP−), showed negligible cleavage (Figure
2B). Collectively, these data validated the MMP-dependent
cleavage for TEV-M-IFN, but not in TEV-IFN. With this
success, we then moved on to test the MMP-mediated cleavage
for the conjugate PEP20-M-IFN. Incubation of PEP20-M-IFN
with MMP+ medium showed a shift of the band to the lower
position, similar to what was observed for TEV-M-IFN (Figure
2C). To further confirm the enzymatic cleavage, we labeled the
conjugate site-specifically with one molecule of Cy5 through
the maleimide−thiol reaction as shown in Figure 2D. Because
the Cy5 was labeled before the MMP cleavage site, we
expected a dimmed fluorescence for the IFN band after the
MMP2 cleavage. Indeed, after incubation of the Cy5-labeled
PEP20-M-IFN (denoted as PEP20-M-IFN-C-Cy5) with MMP+

Figure 2. MMP2-dependent polymer cleavage and IFN activation. SDS-PAGE gel analysis of the enzyme cleavage of TEV-M-IFN in (A) MMP2+

and (B) MMP2− media. (C) SDS-PAGE gel analysis of the enzyme cleavage of PEP20-M-IFN in MMP2+ medium. The gels were stained with
Coomassie blue in (A−C). (D) Cartoon illustration of PEP20-M-IFN-C-Cy5, the site-specific Cy5-labeled PEP20-M-IFN through the thiol−
maleimide chemistry. (E) Fluorescence imaging of the SDS-PAGE gel of PEP20-M-IFN-C-Cy5 in MMP2+ medium. (F) Flow cytometry analysis of
PEP20-M-IFN-C-Cy5 binding to Daudi cells with or without MMP2 pretreatment. (G) Cartoon illustration of PEP20-M-IFN-K-FAM, the randomly
FAM-labeled PEP20-M-IFN through the NHS-amine chemistry. (H) Flow cytometry analysis of PEP20-M-IFN-K-FAM binding to cells with or
without pretreatment of MMP2. (I) Cytotoxicity of wt-IFN, PEP20-IFN, and PEP20-M-IFN against Daudi cells after 72 h incubation.
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medium for 72 h, the fluorescence of the conjugate
disappeared in the SDS-PAGE gel, whereas a new fluorescent
band appeared at the bottom of the gel (less than 10 kDa),
attributable to the cleaved P(EG3Glu)20 bearing the Cy5 dye
(Figure 2E).
We further evaluated the binding affinity of the conjugates to

the IFN receptor expressed on the surface of human cell
membranes. Flow cytometry analysis revealed that PEP20-M-
IFN before enzyme activation had a similar binding affinity
with PEP20-IFN in various human cell lines including Daudi,
OVCAR-3, and HUVEC cells (Figure S5). Interestingly, when
PEP20-M-IFN-C-Cy5 was pre-incubated with the MMP2+

medium19 before incubation with Daudi cells, the mean
fluorescent intensity (MFI) in the flow cytometry was
significantly reduced as compared to the one without MMP2
treatment (Figure 2F). This reduced MFI was likely due to the
efficient cleavage of the Cy5 upon MMP2 treatment. On the
contrary, if PEP20-M-IFN was labeled with FAM-NHS
randomly on the IFN part (denoted as PEP20-M-IFN-K-
FAM) as shown in Figure 2G, pre-incubation of the conjugate
with the same MMP2+ medium resulted in a upshifted curve
and a greater MFI in flow cytometry (Figure 2H). These
results suggested that the binding affinity of PEP20-M-IFN was
enhanced by the MMP2-triggered polymer detachment. To
evaluate the in vitro antiproliferative bioactivity, cytotoxicity
experiments were performed using Daudi cells. The IC50 values
of wt-IFN, PEP20-IFN, and PEP20-M-IFN were 18.9, 148.2,
and 76.6 pg/mL, respectively (Figure 2I). The results
suggested that the activatable PEP20-M-IFN was more potent
than PEP20-IFN against Daudi cells, likely a consequence of
the polymer release during the incubation.

PKs and Biodistribution. To assess the circulation half-
life, wt-IFN and the two conjugates were i.v. administered,
followed by blood withdrawal at different time points. The
plasma IFN levels were determined by ELISA. As shown in
Figure 3A, wt-IFN was quickly cleared from blood, with an
elimination half-life t1/2-β of ∼0.5 h. In contrast, both PEP20-
M-IFN and its noncleavable counterpart PEP20-IFN had much
longer half-lives (5.2 and 5.1 h, respectively).
To explore the biodistribution and intratumoral accumu-

lation of the conjugate, the SKOV-3 tumor-bearing BALB/c-
nu female mice were i.v. injected with Cy5-labeled IFN
variants and then imaged at designated time points by an in
vivo imaging system. Different from the previous thiol−
maleimide labeled Cy5, here, the dye was randomly attached to
IFN by using the NHS-amine chemistry (Figure S6). Live
animal imaging of the Cy5 fluorescence suggested that the
drugs were mainly cleared from liver and kidney (Figure 3B).
Interestingly, the semiquantitative fluorescent imaging of the
extracted tumor sections 48 h after the i.v. administration
indicated that the Cy5 fluorescence of PEP20-M-IFN was
significantly higher and more homogeneously distributed in
the entire tumor than that of PEP20-IFN (Figures 3C and S7).
The enhanced tumor accumulation of PEP20-M-IFN was
further confirmed by the more accurate anti-IFN ELISA of the
homogenized tumor tissues (Figure 3D). We reasoned that the
higher concentration of PEP20-M-IFN over PEP20-IFN in the
TME was likely associated with the MMP2-mediated
activation, which contributed to the higher binding affinity to
the cancerous cells, and thus improved retention and decreased
lymphatic clearance. To verify whether the higher tumor
accumulation of PEP20-M-IFN was MMP2-dependent or not,

Figure 3. Pharmacokinetics and biodistribution. (A) Blood concentration of wt-IFN and the two conjugates at designated time points, measured by
anti-IFN ELISA; Sprague-Dawley rats were infused with each IFN variant through tail vein and the blood was drawn from the cannulated jugular
vein. (B) Fluorescence images of tumor-bearing mice at different time points after i.v. infusion of Cy5-labeled IFN variant. (C) Confocal images of
the extracted tumor sections 48 h after i.v. infusion of Cy5-labeled PEP20-M-IFN or PEP20-IFN. (D) IFN concentrations in tumors 48 h after i.v.
infusion, measured by anti-IFN ELISA. (E) Tumor accumulation of the locally administrated PEP20-M-IFN at different time points with or without
the pre-injection of the MMP inhibitor. Drugs were i.v. infused in (B−D) and subcutaneously injected nearby the tumor in (E). For studies in B−E,
all the IFN samples were randomly labeled with Cy5 on the protein through the NHS-amine chemistry. Data are presented as mean ± standard
deviation (SD); *P < 0.05, **P < 0.01 (t-test).
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the SKOV-3 tumor-bearing BALB/c-nu female mice were
intratumorally injected with 1,10-phenanthroline, a zinc
chelator widely used as a broad-spectrum MMP inhibitor,61

and followed by the subcutaneous infusion of the Cy5-labeled
PEP20-M-IFN near the tumor site. Fluorescence intensity
indicated that the degree of tumor accumulation of PEP20-M-
IFN was greatly reduced with the presence of 1,10-
phenanthroline in the tumor (Figure 3E).
Ex Vivo and in Vivo Tumor Penetration. Next, we

investigated the tumor penetration behavior of the conjugates
ex vivo and in vivo. We expected that PEP20-M-IFN should be
able to penetrate deeper than PEP20-IFN due to the
significantly smaller size of the former after the MMP cleavage.
For the ex vivo study, SKOV3 tumors (∼50 mm3 in size) were
extracted out from mice and immersed in opti-MEM medium
with or without supplemented MMP2 enzyme. TAMRA-
labeled PEP20-IFN and Cy5-labeled PEP20-M-IFN (both
randomly labeled via the NHS-amine chemistry) were co-
incubated with the tumor for 24 h.24 It was shown that both
PEP20-M-IFN and PEP20-IFN had a similar penetration depth

less than 0.2 mm without the MMP2 activation (Figure 4A,
Cy5 and TAMRA). Strikingly, the penetration of PEP20-M-
IFN reached ∼1 mm (Figure 4B, Cy5) in the MMP2+ opti-
MEM medium, whereas PEP20-IFN still remained a relatively
shallow penetration depth under the same condition (Figure
4B, TAMRA).
For the in vivo tumor penetration study, the TAMRA-

labeled PEP20-IFN and Cy5-labeled PEP20-M-IFN were
subcutaneously co-injected near the SKOV-3 tumors. After
24 h, the tumors were extracted out, sliced, stained with DAPI,
and observed with confocal microscopy. Again, the penetration
depth of the Cy5-labeled PEP20-M-IFN reached ∼1.2 mm in
the tumor (Cy5 channel, Figures 5A and S8), whereas the
fluorescence of 5-TAMRA labeled PEP20-IFN was merely
detectable at the peripheral edge of the tumor with a maximum
penetration depth of 50 μm (TAMARA, Figure 5A).
Furthermore, the tumor penetration of the PEP20-M-IFN was
significantly inhibited by the local pre-injection of the MMP
inhibitor 1,10-phenanthroline to the mice (Figure 5B).

Figure 4. Ex vivo tumor penetration. The SKOV3 tumors of 50 mm3 were cocultured with TAMRA-labeled PEP20-IFN and Cy5-labeled PEP20-M-
IFN (0.09 mg/mL each based on IFN) in opti-MEM (A) without or (B) with supplemented MMP2 enzyme.

Figure 5. In vivo tumor penetration. Mice with ∼200 mm3 tumors were subcutaneously co-injected with Cy5-labeled PEP20-M-IFN and TAMRA-
labeled PEP20-IFN (15 μg IFN for each conjugate) nearby the tumor (A) without or (B) with the intratumoral pre-injection of 1,10-
phenanthroline.
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Together, these results demonstrated that PEP20-M-IFN can
reach the deep tumor tissues in a MMP2-dependent fashion.
In Vivo Efficacy. The antitumor efficacy of the conjugates

was first studied in an OVCAR3 xenografts model in nude
mice. When the average tumor size reached approximately 30
mm3 (defined as day 0), mice were randomly grouped (n = 5−
7) and i.v. administered with PBS, wt-IFN, PEP20-IFN, or
PEP20-M-IFN every 5 days at a dosage of 20 μg IFN/mouse (8
injections total). As shown in Figure 6A,B, the tumor sizes
grew exponentially in both wt-IFN and PBS groups, with no
significant difference detected. Notably, the MMP-activatable
PEP20-M-IFN was found to exhibit significantly higher efficacy
of tumor inhibition than its noncleavable counterpart PEP20-
IFN. This result underscored the necessity of both long
circulation and MMP activation for suppressing the tumor
growth. The superior antitumor performance of PEP20-M-IFN
over PEP20-IFN and wt-IFN was further confirmed by
hematoxylin and eosin (H&E) staining of the liver tissues
(Figure S9). Compared with the healthy mice, on day 27, mice
receiving wt-IFN showed severe paraneoplastic syndromes due
to the infiltration of inflammatory immune cells in the liver.
The PEP20-IFN treatment mitigated the infiltration to some
degree, but incomplete; in contrast, administration of PEP20-
M-IFN led to almost no lymphocyte infiltration in the liver.
We further evaluated the efficacy of PEP20-M-IFN in a SKOV3
xenograft model that was more aggressive than the OVCAR-3
tumors. The mice were i.v. infused with various IFN drugs by
following designated regimens as described in the experimental
sections. Again, PEP20-M-IFN led to more pronounced tumor
inhibition than the non-MMP-responsive PEP20-IFN (Figure
6C). The biological safety of the IFN drugs was demonstrated
by the well-maintained body weight (Figure 6D). Moreover,
the conjugates showed no damage to other major tissues (e.g.,
kidney, spleen, lung, and heart) according to the histopathol-
ogy imaging (Figure S10).

■ CONCLUSIONS

In summary, we report here a simple strategy harnessing the
enzyme MMP in TME to achieve tissue-specific protein

activation. The novel IFN conjugate PEP20-M-IFN shows long
circulation and slow clearance in blood due to PEPylation. In
TME, PEP20-M-IFN released its conjugated polymer to afford
higher tumor retention, smaller size-promoted deeper tumor
penetration, stronger binding, and outstanding antitumor
potency in a MMP-dependent manner. Taken together, this
work highlights the releasable PEPylation as a promising
strategy circumventing the long-existed PEG dilemma and may
open up new opportunities for malignant solid tumor
treatment in clinics.
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Figure 6. Antitumor efficacy of wt-IFN and the IFN conjugates. (A) Tumor growth inhibition curves and (B) photographs of the extracted
OVCAR3 xenograft tumors on day 27. BALB/C-nu mice bearing s.c. OVCAR-3 tumor were i.v. injected with PBS saline, wt-IFN, PEP20-IFN, or
PEP20-M-IFN (n = 5−7) every 5 days at a dosage of 20 μg IFN per mouse for eight times. (C) Tumor growth inhibition curve and (D) relative
body weight of BALB/C-nu mice bearing s.c. SKOV-3 tumors. The mice were i.v. injected with PBS saline, wt-IFN, PEP20-IFN, or PEP20-M-IFN at
20 μg IFN per mouse every 5 days for four times; Data are presented as mean ± SD; *P < 0.05, **P < 0.01, ***p < 0.001 (t-test).
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