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ABSTRACT

Melanoma has been a serious threat to the human health; however, effective therapeutic methods of this
cancer are still limited. Combined local therapy is a crucial approach for achieving a superior anti-tumor
efficacy. In this paper, a chemo-immunotherapy system of DOX, IL-2 and IFN-y based on poly(y-ethyl-L-
glutamate)-poly(ethylene glycol)-poly(y-ethyl-L-glutamate) (PELG-PEG-PELG) hydrogel was developed
for local treatment of melanoma xenograft. The drug release process of this system exhibited a short
term of burst release (the first 3 days), followed by a long-term sustained release (the following 26 days).
The hydrogel degraded completely within 3 weeks without obvious inflammatory responses in the
subcutaneous layer of rats, showing a good biodegradability and biocompatibility. The DOX/IL-2/IFN-y
co-loaded hydrogel also showed enhanced anti-tumor effect against B16F10 cells in vitro, through
increasing the ratio of cell apoptosis and G2/S phage cycle arrest. Moreover, the combined strategy
presented improved therapy efficacy against BI6F10 melanoma xenograft without obvious systemic side
effects in a nude mice model, which was likely related to both the enhanced tumor cell apoptosis and the
increased proliferation of the CD3"/CD4" T-lymphocytes and CD3"/CD8" T-lymphocytes. Overall, the
strategy of localized co-delivery of DOX/IL-2/IFN-y using the polypeptide hydrogel provided a promising
approach for efficient melanoma therapy.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

surgical treatment may even do harm to the body. Recently, the
immunotherapy, including cytokine therapy, immune-cell therapy

Melanoma, one kind of highly aggressive cancer, has been a
serious threat to the human health. It is estimated that about 80% of
skin cancer due to the melanoma. The median survival of patients
with distant metastases melanoma is no more than 1 year [1,2] and
the 5-years survival is only 5—10% [3]. However, the incidence and
the mortality of melanoma have been increasing over the past three
decades estimated by the World Health Organization (WHO) [4].
The valid therapy for melanoma is urgently needed.

The common strategies for the cancer therapy are chemo-
therapy, radiotherapy and surgical treatment. However, the defects
of chemotherapy, such as high frequency injection, rapid dug
metabolism, low utilization of the drug and serious side effects
severely influenced therapeutic effect. The radiotherapy and
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and the targeted monoclonal antibody therapy, has been a prom-
ising strategy for the cancer therapy [5]. The cytokines including IL-
2,1IL-6, IL-12, IFN-a, IFN-, IFN-v [6] and TNF-« [ 7], the immune-cell
including NK cells [8,9] and dendritic cells [10], as well as the
monoclonal antibodies including ipilimumab and nivolumab
[10,11], anti-cytotoxic T-lymphocyte-associated antigen 4 (anti-
CTLA-4) antibodies, anti-programmed cell death protein 1 (anti-
PD-1) antibodies [3] have been used for the cancer treatment. Up to
now, the Food and Drug Administration (FDA) has approved a range
of cytokines and antibodies such as IL-2, IFN-a, IFN-f and Ipili-
mumab for the cancer immune treatment, which lights up a hope
for efficient melanoma therapy.

To improve therapeutic efficacy of cancer, the combined treat-
ment, localized treatment and targeted treatment have been
developed. The combined therapy strategies including surgery/
chemotherapy [12], chemotherapy/radiotherapy [13], multidrug
chemotherapy [14], chemotherapy/immunotherapy [15], chemo-
therapy/gene therapy [16], chemo/hormonal therapy [17] and
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immunotherapy/antiangiogenic [10] are the commonly combined
styles for the cancer clinical treatment. DOX, an important
chemotherapeutic agent acting by interacting with DNA double
helices, presents wide anti-tumor activity such as lung, breast,
melanoma, prostate and osteosarcoma cancer [18,19]. The combi-
nation of DOX with other therapeutic agent is usually be used for
the cancer combined treatment, such as the combination of doxo-
rubicin (DOX) with cisplatin (CDDP) for the bladder carcinoma and
Meth-AR-1 tumor treatment [20], the combination of camptothecin
(CPT), trastuzumab (TTZ), and DOX, which targeted at cell mem-
brane, cytoplasm and nucleus of cancer cells, respectively, for a
better inhibition of breast cancer cells [21], as well as the combi-
nation of DOX with TRAIL (membrane-associated tumor necrosis
factor-related apoptosis-inducing ligand) for enhancing the MDA-
MB-231 xenograft tumor therapeutic efficacy [22]. IL-2 and IFN-y,
the activated T-cell response cytokines that present encouraging
anti-tumor activity [22,23] are also could be combined with other
therapy agents to enhance the cancer therapy efficacy, such as the
combination of IL-2 and TGF-f inhibitor [24], the combination of IL-
2 and IFN-vy [25] and the combination of DOX, IL-2 and IFN-y [26].
For the melanoma, combined therapies are often used to enhance
the therapy efficacy, such as the combination of cisplatin, vinblas-
tine, docarbazine, IL-2 and IFN-a. [27], the combination of cisplatin,
carmustine, dacarbazine and tamoxifen [28], the combination
therapy of human mesenchymal stromal cells and doxorubicin [29],
the combination of nivolumab and ipilimumab antibodies [29], the
combination of IL-2 and IFN-y [25], the combination of trabectedin
and anti-PD-1 antibody [30] and the combination of cisplatin
(CDDP)/recombinant rIL-2 and IFN-a [31,32].

The local therapy is another effective strategy to improve ther-
apeutic efficacy of cancer, which has also been investigated for
cancer immunotherapy [33]. Various drug delivery systems
including iron oxide particles, polymeric particles, quantum dots,
liposomes and thermo-sensitive hydrogels have been developed for
the local therapy [34]. The thermo-sensitive hydrogels with the
properties of easy to use, sustained drug release profile and
reduced systemic toxicity of drugs have shown great potential for
local cancer treatment. Qiao et al. [35] found the thermo-sensitive
poly(lactic-co-glycolic acid)-poly(ethylene glycol)-poly(lactic-co-
glycolic acid) triblock copolymer (PLGA-PEG-PLGA) hydrogel
loaded with IL-2 showed encouraging anti-tumor effect as a
promising platform for the immunotherapy of cancer. Moreover,
the thermo-sensitive hydrogels could also be used as drug delivery
systems for the combined therapy. For instance, based on poly(e-
caprolactone)-poly(ethylene glycol)-poly(e-caprolactone) triblock
copolymer (PCL-PEG-PCL) hydrogel, Peng et al. [36] developed a
chemotherapy/radiotherapy combined system using liposomal
doxorubicin and radionuclide (188Re-Tin colloid) for the local
therapy of hepatocellular carcinoma in vivo, which obtained 80%
regression of tumor. In our previous studies, we [19] developed
several chemotherapy/immunotherapy combined systems based
on injectable hydrogels, which were used for localized and simul-
taneous delivering chemotherapeutic drugs (DOX and CDDP) and
immunomodulating cytokines (IL-2, IFN-y and IL-6), leading to
obvious synergistic anti-tumor efficacy in vitro and in vivo. Among
the injectable hydrogel systems, a kind of thermosensitive poly-
peptide hydrogels of poly(ethylene glycol)/poly(y-ethyl-L-gluta-
mate) (PEG/PELG) block copolymers have shown unique
advantages including good biocompatibility, biodegradability, as
well as convenient for drug loading and administration in vivo
through a non-invasive procedure [37]. In addition, polypeptide
hydrogels have the merits of lower critical gelation concentrations,
no acid microenvironment after degradation, and non-covalent
interactions with some bioactive molecules for sustained release
and retaining the bioactivity, compared with other thermo-gelling

hydrogels, such as polyester-based hydrogels.

In this paper, we developed a chemo-immunotherapy system
based on the thermosensitive PELG-PEG-PELG hydrogel co-loaded
with DOX, IL-2 and IFN-vy for the therapy of melanoma xenograft
nude mice model. Moreover, the biocompatibility, degradation,
drug release behavior, and the toxicity mechanism of the DOX/IL-2/
IFN-vy co-loaded hydrogel were also investigated in detail.

2. Experimental section
2.1. Materials

Poly (ethylene glycol) (mPEGy4s, Mn = 2000) was obtained from
Sigma-Aldrich (USA). L-glutamate was obtained from Huishi com-
pany (China). DOX-HCI was purchased from Beijing Huafeng United
Technology Co., Ltd (China). IL-2 (3.0 x 107 IU mg~') was purchased
from Amoytop Biotech (China). IFN-y (5.0 x 107 IU mg™') was
purchased from Nanjing GenScript (China) Co., Ltd. CD3/CD4/CD8/
CD3e/CD49 antibodies were purchased from BioLegend (USA). The
IL-2 and IFN-y detection ELISA kits were purchased from Baijin
Biotech Co., Ltd (China). The cell cycles detection kit and the cell
apoptosis detection kit were purchased from KeyGEN BioTECH and
BestBio BioTECH, respectively, (China). The trizol was obtained
from Invitrogen (USA). The Prime Script™ RT reagen kit and the
SYBR®Premix Ex Tag™ (Tli RNase H Plus) were obtained from
TAKARA (Japan). The primers were synthesized by Sangon Biotech.
(China). TUNEL assay kit was purchased from Roche (Switzerland).
UltraSensitive™ SP [HC kit was purchased from Maixin Biotech Co.,
Ltd (China). The other materials were obtained as previous report
[37].

2.2. Synthesis and characterization of PELG7-PEG45-PELG7

The synthesis of PELG7-PEG45-PELG7 copolymer was carried out
via ring-opening polymerization of y-ethyl-L-glutamate-N-car-
boxyanhydride (ELG-NCA) initiated by NH,-PEG-NH, as previous
reported [37]. The resulting triblock copolymer was dissolved into
TFA for "H NMR spectra analysis. Moreover, the molecular weights
(MW) and the polydispersity (PDI) of the polymer were analyzed by
gel permeation chromatography (GPC).

2.3. Rheology analysis and phase diagram

The rheology analysis of the PELG7-PEG45-PELG7 solutions in
phosphate buffer saline (PBS) at different concentrations was car-
ried out on a Physica MCR 301 Rheometer (Anton Paar) at a heating
rate of 0.5 °C per minute, a frequency of 1 Hz and a controlled strain
of 1% as reported [37].

The sol-gel phase transition temperatures of the PELG7-PEGys-
PELG7 solutions with or without drugs were also measured as re-
ported [37]. Briefly, the copolymer solutions or drug-containing
copolymer solutions of different concentrations were stirred in
vials at 0 °C for 1 day and then placed into a water bath environ-
ment with the temperature being increased steadily (2 °C per
10 min). The temperature was regarded as the sol-gel transition
temperature when no flow was observed after inverting the vial for
about 30 s.

2.4. Measurement of drug release in vitro

0.5 ml of the well dissolved PELG7-PEG45-PELG7 copolymer so-
lutions (4 wt%) containing drugs (DOX: 1.0 mg/ml, IL-2: 10 pg/ml,
IFN-y: 10 pg/ml) were introduced into the vials with an inner
diameter of 16 mm, and then these copolymer solutions were
allowed to form hydrogels by incubating at 37 °C for 10 min. After
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that, 3 ml of release medium (PBS containing 0.1% SDS) was added
into the vial as reported [35]. At pre-setting time intervals, 2 ml of
the release medium was collected periodically and the same vol-
ume of fresh medium was re-added. DOX in the collected release
medium was measured by fluorescence method and the released
IL-2 and IFN-y were measured using the ELISA kit. Briefly, the kit
was balanced for 30 min in room temperature after being taken out
from the environment at 4 °C. Then the released IL-2/IFN-y sample
was diluted for 5 times and standard was added into the wells. After
being incubated for 2 h at 37 °C, the standard and samples were
discarded and the plate was washed using wash buffer. Then the
HRP-conjugate reagent was added, incubated for another 1 h at
37 °C and washed using wash buffer. After incubating with chro-
mogen solutions A and B for 15 min at 37 °C, the stop solution was
added and the ODg450nm Values of wells were measured to calculated
the concentrations of the released IL-2/IFN-y sample.

2.5. In vitro biocompatibility of the PELG7-PEG45-PELG7 copolymer

The cytocompatibility of the triblock copolymer was measured
by methyl thiazolyl tetrazolium (MTT) against B16F10 cells. Briefly,
the 96-well plates seeded with dulbecco's modified eagle medium
(DMEM) containing cells (1 x 10 cells/well) were incubated at
37 °C and 5% of CO; for 24 h. Then the medium was changed for
fresh medium and the copolymer solutions of different concen-
trations were added. The PBS and PEI treatments were used as
negative and positive controls, respectively. After incubation for
another 24 h, the copolymer solutions were discarded and the cells
were washed with PBS and then subjected to MTT assays. The cell
viability was calculated according to the following formula: Cell
viability (%) = (ODsam/ODpgs) x 100%, where ODg,;, and ODpgs
represent the absorbencies of the cells treated with polymer and
PBS, respectively, by using a Bio-Rad 680 microplate reader at
490 nm.

2.6. Cytotoxicity measurement of DOX/IL-2/IFN-y combination
in vitro

The cytotoxicity of drugs was measured by MTT against
B16F10 cells. Briefly, the 96-well plates seeded with DMEM con-
taining cells (5000 cells/well) were incubated at 37 °C and 5% of CO,
for 24 h. Then the medium was replaced with fresh medium con-
taining drugs (DOX: 1 mg/ml, IL-2 and IFN-vy: 10 ug/ml), followed by
further incubating for 5 days. After that, the cell viability was
measured by MTT and the cell viability was calculated according to
the formula: Cell viability (%) = (ODgrugs/ODpgs) x 100%, where
ODgrugs and ODpgs represent the absorbencies of the cells treated
with drugs and PBS, respectively.

The cytotoxicities of the drug-loaded hydrogels were also
measured by MTT as follows: the 24-well plates seeded with DMEM
containing B16F10 cells (2.5 x 10% cells/well) were incubated at
37 °C and 5% of CO, for 24 h. Then the medium was discarded and
5 ul of the copolymer solution incorporating drugs (DOX: 1 mg/ml,
IL-2 and IFN-y: 10 pg/ml) was added into each well. After the
hydrogel formed by incubating at 37 °C, fresh medium was added
(0.5 ml per well) and incubated for 5 days. Then the cell viability
was measured by MTT and the cell viability value was calculated
according to the formula: Cell viability (%) = (ODgel/drugs/
ODpgs) x 100%, where ODgey/drugs and ODpps represent the absor-
bencies of the cells treated with drug-loaded hydrogel and PBS,
respectively.

The experimental groups of DOX-loaded hydrogel group, IL-2/
IFN-y co-loaded hydrogel group and DOX/IL-2/IFN-y co-loaded
hydrogel group were abbreviated as G-DOX, G-IL-2/IFN-y and G-
DOX/IL-2/IFN-y groups, respectively.

2.7. Analysis of cell apoptosis induced by drug-loaded hydrogel

The apoptosis of B16F10 cells after treating with the drug-
loaded hydrogel was detected by flow cytometry. Briefly, the 6-
well plates seeded with DMEM containing cells (3 x 10° cells/
well) were incubated for 24 h at 37 °C. Then the medium was
discarded and 5 ul of the hydrogel precursor solutions incorpo-
rating drugs (DOX: 1 mg/ml, IL-2 and IFN-y: 10 pg/ml) was added
into each well. After the hydrogel formed by incubating at 37 °C,
fresh medium was added (2 ml per well) and incubated for 20 h.
Then the cells were digested by trypsin, centrifuged at 3000 rpm
for 5 min, and resuspended in binding buffer. After being stained
using Annexin V-APC and 7-AAD for 15 min, the cells were sub-
jected to the apoptosis analysis by FACS within 1 h.

Moreover, the expression of apoptosis-related genes in the
treated B16F10 cells were also detected by quantitative real-time
PCR (qRT-PCR) as described [16]. Briefly, B16F10 cells were seed
in 6-well plates, followed by adding the drug-loaded hydrogels as
above. After culture of 24 h, the cells were harvested and the RNA of
the cells was extracted using trizol reagent to be reverse-
transcribed cDNA using Prime Script TM RT reagen kit. Then qRT-
PCR was carried out according to the instruction of the SYBR Pre-
mix Ex Taq™kit using the cDNA as template and the specific
primers of apoptosis-related gene caspase-3, anti-apoptosis gene
Bcl-2 and the housekeeping gene B-actin (listed in Table 1). The
relative gene expressions of caspase-3 and Bcl-2 compared with B-
actin were analyzed by fold values using the ACt method as re-
ported [16]. The experiment was repeated three times,
independently.

2.8. Cell cycle analysis

The cell cycle arrest of tumor cells induced by drug is associated
with the therapeutic opportunities of cancer. In this paper, the cycle
arrest of B16F10 cells after treating with the drug-loaded hydrogel
was assayed by Fluorescence-Activated Cell Sorter (FACS). Briefly,
6-well plates were seeded with B16F10 cells (3 x 10 cells/well) and
5 ul of the hydrogel precursor solution (DOX: 1 mg/ml, IL-2 and IFN-
v: 10 ug/ml) were added in each well as above. After the formation
of the hydrogel by incubating at 37 °C, the cells were incubated
with fresh DMEM for 15 h at 37 °C. The cells were then collected,
fixed with 70% ethanol, incubated by RNase A and stained by pro-
pidium iodide (PI) as the protocol of cell cycle assay kit. The FACS
analysis was then carried out within 1 h.

2.9. The degradation and biocompatibility of PELG7-PEG45-PELG;
gel in vivo

The degradation and biocompatibility of PELG7-PEG45-PELG;
were tested using SD rats (male, ~200 g). The rats were anaes-
thetized using diethyl ether and subcutaneously injected of PELG7-
PEG45-PELG7 solution (4.0 wt%, 0.4 ml/rat). The formed gel under
the skin was photographed and weighted at predetermined time
intervals. Three separate tests were performed for each data point.
Additionally, the inflammatory response of the skin tissue adjacent
to the gel was evaluated by hematoxylin-eosin (H&E) staining as
previous report.

2.10. Anti-tumor efficacy of the drug-loaded hydrogels in vivo

The in vivo anti-tumor efficacy of drug-loaded hydrogel was
evaluated using a BALB/C mice (female, 6 week) model bearing
B16F10 xenograft. Briefly, the B16F10 cells suspension was injected
subcutaneously into the armpit of right limb of mice (0.1 ml PBS
containing 1.5 x 10° cells per mice) and the tumor was then formed
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Table 1
The primer sequences used for real-time PCR.

Gene Gene ID Forward primer Reverse primer

B-actin BC002409 CTGGGACGACATGGAGAAAA AAGGAAGGCTGGAAGAGTGC
Bcl-2 NM_000633.2 ATGTGTGTGGAGAGCGTCAAC AGAGACAGCCAGGAGAAATCAAAC
Caspase-3 NM_004346.3 ATCACAGCAAAAGGAGCAGTTT ACACCACTGTCTGTCTCAATGC

about 1 week later. The mice bearing B16F10 tumor were divided
into 6 groups randomly when the volume of the tumors was about
100 mm? (5 mice/group, including PBS control group, hydrogel
control group, DOX/IL-2/IFN-y solution group, DOX-loaded hydro-
gel group, IL-2/IFN-y co-loaded hydrogel group and DOX/IL-2/IFN-y
co-loaded hydrogel group). The treatment was then carried out by
single injection of drugs or drug-loaded hydrogel beside the tumor
(DOX: 1 mg/ml, IL-2 and IFN-vy: 10 pg/ml, 0.1 ml per mice, one in-
jection). To evaluate the therapeutic efficacy and safety of the drug-
loaded hydrogel, the volume of the tumor and body weight of the
mice were recorded every other day. The volume of the tumor was
calculated according to the formula: V = Long diameter x Wide
diameter?/2, while the tumor growth inhibition (TGI) was calcu-
lated following the formula: TGI = (the average volume of PBS
group — the average volume of experiment group)/the average
volume of PBS group x 100%.

After the experiment, the tumors were collected and the
apoptosis of the tumor was analyzed by TUNEL according to the
protocol of TUNEL assay kit. In addition, the apoptosis-related
genes of the tumor were detected by qRT-PCR as above, and the
three separate samples were tested for each point. Moreover, the
pathology analysis of the tumor and the organs of the mice (hearts,
lungs, livers, spleens, kidneys) were also analyzed by hematoxylin/
eosin (H&E) [18].

2.11. Detection of CD31/CD4" T-lymphocytes, CD3"/CD8" T-
lymphocytes and NK cells of peripheral blood

The BALB/C mice bearing B16F10 tumor were divided as
hydrogel group, DOX-loaded hydrogel group, IL-2/IFN-y co-loaded
hydrogel group and DOX/IL-2/IFN-y co-loaded hydrogel group (3
mice/group) as above. Three weeks later, the peripheral blood were
collected from orbital venous and added into the 1.5 ml tube pre-
treated with EDTA-PBS. Then the CD3-FITC, CD4-PE and CD8-
PerCP antibodies of mice were added and incubated for 25 min at
25 °C to analyze the T-lymphocytes cells. Moreover, CD3e-PE and
CD49b-FITC antibodies were also added and incubated as above for
the NK cell detection. After that, the erythrocyte lysate solution was
added and incubated for another 15 min. After centrifugation, the
supernatant was discarded and the lymphocytes were washed us-
ing PBS. The antibody-stained lymphocytes were then analyzed by
FACS within 1 h. The double positive cells of CD3 and CD4 anti-
bodies were regard as CD3"/CD4" T-lymphocytes, double positive
cells of CD3 and CD8 antibodies were regard as CD3"/CD8* T-
lymphocytes, and the double positive cells of CD3e and CD49b
antibodies were regard as NK cells.

The animal experiments in this experiment were performed
according with the Direction of Institution Animal Care and Use
Committee of Jilin University, China.

2.12. Statistic analysis

The statistical differences of the experiments were analyzed
using paired Student's-test. The difference was regard to be sig-
nificant (*) if p < 0.05, highly significant (**) if p < 0.01 and extreme
significant (***) if p < 0.001.

3. Results and discussion

3.1. The characterization of the PELG7-PEG45-PELG?7 triblock
copolymer

After synthesis of the PELG7-PEG45-PELG7 triblock copolymer
via ring-opening polymerization of fy-ethyl-L-glutamate-N-car-
boxyanhydride (ELG-NCA) initiated by NH,-PEG-NH,, the molecu-
lar weight (Mw) and the degree of polymerization (DP) of the PELG
blocks were characterized by 'H NMR and GPC. The results showed
that the Mw of the copolymer was 4200 and the total DP of two
PELG blocks was 14 (Table 2 and Fig. S1). The chemical structure of
the triblock copolymer was also consistent with the theoretical
design as confirmed by 'H NMR result.

3.2. Phase diagram and rheology analysis

The sol-gel phase transition temperature of thermo-sensitive
hydrogels is closely associated with the hydrophilic-hydrophobic
property, and is an important factor for the application as a drug
deliver carrier [34]. In this paper, the sol-to-gel transition temper-
atures of PELG7-PEG45-PELG7 copolymer solutions and the solu-
tions containing drugs were tested using tube inversion method. As
shown in Fig. 1a, the PELG7-PEG45-PELG7 copolymer solutions at
polymer concentrations of 3—6 wt% showed sol-to-gel phase
transitions with increasing temperature. Moreover, the phase
transition temperatures of the copolymer solutions decreased
when the polymer concentration increased from 3 wt% to 6 wt %. In
our previous study, the gelation mechanism of the PELG-PEG-PELG
triblock copolymer solution has been proposed to be likely attrib-
uted to the formation of micelle aggregation network caused by
both the partial dehydration of PEG chains and the change in sec-
ondary structure of the polypeptide block as temperature increased
[37]. It was found that, after loading the drugs, the sol-gel phase
transition temperatures also reduced slightly, which may due to the
alteration of the hydrophobic-hydrophilic balance of the system.
Additionally, the rheology analysis of the PELG7-PEG45-PELG7 so-
lutions clearly displayed the obvious increase of the storage moduli
(G') with increasing temperature from 5 °C to over 20 °C, con-
firming the thermo-induced gel formation process (Fig. 1b). As the
polymer concentration increased, the G’ also was augmented.
Taking the transition temperature and the G’ into consideration, the
4 wt% copolymer solutions were selected in the further studies.

3.3. In vitro drug release from the drug-loaded hydrogel

The sustained drug release property of localized drug delivery

Table 2
The properties of PELG7-PEGy4s-PELG; copolymers.
Copolymer Feed ratio of DP of Mn? MnP PDI”
ELG-NCA/PEG PELG"
PELG7-PEG45-PELG, 16 14 4200 4900 1.06

@ Determined by'HNMR.
b Determined by GPC.
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Fig. 1. Phase diagram of the PELG;-PEGy4s-PELG triblock copolymer or drug-loaded
copolymers aqueous solutions (a) and Rheology of the copolymer (b). (The concen-
tration of DOX was 1 mg/ml and the concentrations of IL-2 and IFN-y were both 10 pg/
ml).

system is an important fact that influences the antitumor thera-
peutic effects. In this study, the drug release behavior was inves-
tigated in vitro. To keep the biological activity of the proteins, we
used the PBS containing 0.1 wt% SDS as the release medium [35]. As
shown in Fig. 2, the drug release process included a short burst
release phase in the first 3 days and the following sustained release
term in the later 26 days, which should be due to different release
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Fig. 2. The DOX, IL-2 and IFN-y releases from drug-loaded hydrogel in vitro. The
concentration of DOX was 1 mg/ml and the concentrations of IL-2 and IFN-y were
10 pg/ml in the 4% copolymers solutions before the hydrogel formation).

mechanisms. The initial burst release process may be due to
diffusion of drugs while the following sustained release may be
caused by the combination process of both the drug diffusion and
the degradation of the hydrogel. It is noteworthy that the sustained
release profiles of the chemotherapeutic drug and cytokines may
contribute to long-term anti-tumor therapeutic efficiency.

3.4. In vitro biocompatibility of PELG;-PEG45-PELG7

The biocompatibility of the PELG7-PEG45-PELG; copolymer is
another key property for biomedical applications. In this paper, the
biocompatibility of the PELG7-PEG45-PELG; copolymer was
measured by MTT against B16F10 cells in vitro. As shown in Fig. S2,
the B16F10 cells incubated with PELG7-PEG45-PELG7 remained over
80% viable at the polymer concentrations up to 20 g/L after incu-
bation with the copolymer for 24 h. This result indicated that
PELG7-PEG45-PELG7 presented good cytocompatibility in vitro.

3.5. Cytotoxicity evaluation of drugs or multi-drug co-loaded
hydrogels against B16F10 cells

The cytotoxicities of the drugs and drug-loaded hydrogels were
evaluated by MTT assay against B16F10 cells. The results showed
that the cell viability of DOX/IL-2/IFN-y treated group was lower
than the DOX treated group and IL-2/IFN-y treated group, indi-
cating enhanced cytotoxicity by the combination of DOX, IL-2 and
IFN-y (Fig. S3). Moreover, drug-loaded hydrogels group exhibited
lower cytotoxicities in vitro, compared to the free drugs group,
which may be due to the slow release of drugs from the hydrogel.

3.6. Apoptosis analysis of multi-drug co-loaded hydrogels

Apoptosis is a programmed death process and plays an impor-
tantrole in the cell death. In this study, the apoptosis of BI6GF10 cells
induced by the treatment with drug-loaded hydrogel was deter-
mined by FACS assay. As shown in Fig. 3a, the apoptosis cell ratio of
DOX/IL-2/IFN-y co-loaded hydrogel group was increased obviously
compared with the blank hydrogel group (Gel group), DOX-loaded
hydrogel group and IL-2/IFN-y co-loaded hydrogel group. This was
consistent with the cytotoxicity measurement. Moreover, the
apoptosis-related gene expressions were detected by Real-time
PCR. As shown in Fig. 3b, the expression of the anti-apoptosis Bcl-
2 gene of the DOX/IL-2/IFN-y co-loaded hydrogel group reduced
and the expression of apoptosis gene caspase-3 increased,
compared with the control groups, which was consistent with the
apoptosis detection by FACS. The increased cell apoptosis may be
the cause of the increased cytotoxicity of the DOX/IL-2/IFN-y
combination.

3.7. Analysis of cell cycle arrest induced by multi-drug co-loaded
hydrogels

For further investigate the toxicity mechanism of the multi-drug
co-loaded hydrogels, the cell cycle arrest induced by the drug
loaded hydrogels was analyzed by FACS. As shown in Fig. 4, the cells
were arrested at G2/S phase after DOX-loaded hydrogel treatment
and at S phage after IL-2/IFN-y co-loaded hydrogel treatment.
Moreover, enhanced G2/S phage arrest was observed after treat-
ment with DOX/IL-2/IFN-y co-loaded hydrogel, indicting the
improved tumor cell inhibition efficiency by the combination of
DOX, IL-2 and IFN-.

3.8. Gel degradation and biocompatibility in vivo

Both degradation and biocompatibility are crucial properties for
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the thermo-sensitive hydrogel when used as drug carriers in vivo. hydrogels every week after injection of the copolymer solution
The degraded process of the PELG7-PEG45-PELG; hydrogel in the (4.0 wt%) into the rats subcutaneously. As shown in Fig. 5a and
subcutaneous layer of rats was observed and the biocompatibility Fig. 5b, the hydrogel showed about 52.43% mass loss in the first
in vivo was analyzed by H&E staining of the skin around the week after injection and degraded completely 3 weeks later. The
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degradation of polypeptide-based hydrogel may be driven by the
effects of proteolytic enzymes in vivo [37]. The H&E staining results
of the skin tissue showed no obvious necrosis, hemorrhaging, and
muscle damage appeared during the degradation process except for
aweak acute inflammation with slightly enhanced neutrophils near
the injection site at 7 day after injection (Fig. 5c). However, the
inflammation was disappeared 14 days later and the surrounding
tissue returned to normal state, implying acceptable biocompati-
bility of the PELG7-PEG45-PELG7 hydrogel in vivo.

3.9. Therapeutic efficiency of the multi-drug co-loaded hydrogel
against B16F10 tumor in vivo

The therapeutic efficiency of the drug-loaded hydrogels against
B16F10 tumor was evaluated in vivo. As shown in Fig. 6, the tumor
of the group treated with blank hydrogel grew as fast as the PBS

group (the statistical difference of the two groups was not signifi-
cant, p > 0.05). Notably, all the groups treated with drug-containing
solutions or hydrogels showed tumor inhibition efficacy compared
to the control groups (PBS treated group and blank hydrogel group).
The tumor growth inhibition (TGI) of DOX/IL-2/IFN-y co-loaded
hydrogel (91.51%) was found to be greater than DOX/IL-2/IFN-y
solution group (56.08%), likely attributed to the local sustain release
of the multiple drugs by the hydrogel. Moreover, the TGI of the
DOX/IL-2/IFN-y co-loaded hydrogel group was also higher than the
DOX-loaded hydrogel (57.40%) and IL-2/IFN-y co-loaded hydrogel
(28.22%) (Fig. 6a), indicating markedly improved anti-tumor effi-
ciency by the localized co-delivery of the chemotherapeutic drug
and immunomodulatory cytokines. Moreover, the monitoring on
the body weights of the mice showed no obvious systemic toxicity
by the localized treatment (Fig. 6¢).

The detection of apoptosis-related genes by qRT-PCR indicated
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that the expression of Bcl-2 gene was reduced and the expression of
caspase-3 for the group treated with the DOX/IL-2/IFN-y co-loaded
hydrogel was increased compared with the control groups, con-
firming the enhanced apoptosis induced by the treatment with
sustained release of DOX, IL-2 and IFN-y (Fig. 6d). The apoptosis of
the tumor was analyzed by TUNEL assay and the results showed
that the tumor of the group treated with DOX/IL-2/IFN-y co-loaded
hydrogel exhibited the highest apoptosis (Fig. 7). The H.E staining
results also showed the tumor cells of the group treated with DOX/
IL-2/IFN-y co-loaded hydrogel exhibited most pathology, such as
karyolysis, pyknosis and karyorrhexis, which was consistent with
the apoptosis results. Overall, the results indicated that the

enhanced inhibition of tumor growth by the DOX/IL-2/IFN-y co-
loaded hydrogel was caused by the apoptosis of tumor cells.

The H&E analysis of the major organs of mice including hearts,
lungs, livers, spleens, kidneys showed there was no obvious pa-
thology damage (Fig. S4). This was consistent with no obvious
reduction in the body weight of the mice, which suggested no
significant systemic toxicity of the localized delivery systems.

3.10. The immune mechanism induced by combined therapy

To investigate the immune mechanism induced by the DOX/IL-
2/IFN-y co-loaded hydrogel, the CD3%/CD4" and CD3"/CD8" T-
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lymphocytes of peripheral blood were detected by FACS. As shown
in Fig. 8, it was found that both the numbers of CD3"/CD4" T-
lymphocytes and CD3%/CD8" T-lymphocytes increased signifi-
cantly after the treatment with the DOX/IL-2/IFN-y co-loaded
hydrogel, compared to the blank hydrogel group and the group
treated with the hydrogel containing only DOX or cytokines (IL-2/
IFN-v). Though the number of NK cells also increased in the group
treated with DOX/IL-2/IFN-y co-loaded hydrogel, no significant
difference was observed. As we known, both CD3"/CD8* T-lym-
phocytes and CD37/CD4" T-lymphocytes are important

immunotherapeutic modulators in the control of tumor growth.
The CD3"/CD8" T-lymphocytes (cytotoxic T-lymphocytes) usually
displayed cytotoxic functions by migrating to sites of tumor and kill
tumor cells directly, while CD3"/CD4" T-lymphocytes (helper T-
lymphocytes) provided help to innate immune responses, B cells as
well as CD8™ T cells, to kill tumor cells. Our previous study showed
that DOX/IL-2/IFN-y exhibited synergistic anti-tumor effects by
inducing the apoptosis through regulating the genes of Janus ki-
nase, JAK/STAT and mitochondrial signal pathways [19]. The results
of this study showed that the localized, co-delivery of DOX, IL-2 and
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IFN-vy could also cause enhanced immune responses by promoting
the proliferation of the immune cells in vivo, including CD3*/CD4"
T-lymphocytes and CD3*/CD8* T-lymphocytes.

4. Conclusions

In this paper, a strategy of localized, co-delivery of DOX, IL-2 and
IFN-vy based on the biodegradable and biocompatible PELG7-PEGg45-
PELG7 hydrogel was developed for the local therapy of melanoma.
The drug release process included a short term of initial burst
release and a following long-term sustained release of the three
agents. The polypeptide hydrogel was found to last 3 weeks in the
subcutaneous layer of rats with good biocompatibility in vivo. The
DOX/IL-2/IFN-y co-loaded hydrogel displayed enhanced anti-
tumor effect on B16F10 cells in vitro by improving the cytotox-
icity, increasing the ratio of cell apoptosis and cell cycle of G2/S
phase arrest. Additionally, the strategy by the localized, co-delivery
of DOX, IL-2 and IFN-y presented the highest tumor inhibition ef-
ficacy in the mice model bearing B16F10 xenograft, without
obvious systemic side effects. The improved anti-tumor efficacy by
the combination of DOX, IL-2 and IFN-y was believed to be related
to the increased inducement of the apoptosis and promoting the
proliferation of immune cells including CD3%/CD4" T-lymphocytes
and CD3"/CD8* T-lymphocytes). Based on these results, the local-
ized, co-delivery of DOX/IL-2/IFN-y based on the biodegradable and
biocompatible polypeptide hydrogel may serve as a promising
platform for efficient treatment of cancers such as melanoma.
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