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A B S T R A C T   

Oncolytic peptide LTX-315 while showing clinical promise in treating solid tumors is limited to intratumoral 
administration, which is not applicable for inaccessible or metastatic tumors. The cationic and amphipathic 
nature of oncolytic peptides engenders formidable challenges to developing systems for their systemic delivery. 
Here, we describe cRGD-functionalized chimaeric polymersomes (cRGD-CPs) as a robust systemic delivery 
vehicle for LTX-315, which in combination with CpG adjuvant and anti-PD-1 boost immunotherapy of malignant 
B16F10 melanoma in mice. cRGD-CPs containing 14.9 wt% LTX-315 (cRGD-CPs-L) exhibited a size of 53 nm, 
excellent serum stability, and strong and selective killing of B16F10 cells (versus L929 fibroblasts) in vitro, which 
provoked similar immunogenic effects to free LTX-315 as revealed by release of danger-associated molecular 
pattern molecules. The systemic administration of cRGD-CPs-L gave a notable tumor accumulation of 4.8% ID/g 
and significant retardation of tumor growth. More interestingly, the treatment of B16F10 tumor-bearing mice 
was further boosted by co-administration of polymersomal CpG and anti-PD-1 antibody, in which two out of 
seven mice were cured as a result of strong immune response and long-term immune memory protection. The 
immunotherapeutic effect was evidenced by secretion of IL-6, IFN-γ and TNF-α, tumor infiltration of CD8+ CTLs 
and Th, and induction of TEM and TCM in spleen. This study opens a new avenue to oncolytic peptides, which 
enables durable immunotherapy of tumors via systemic administration.   

1. Introduction 

Modern biotechnology has pushed forward various peptides as 
powerful anticancer therapeutics. Host defense peptides, or cationic 
antimicrobial peptides (CAPs), have demonstrated high potency toward 
cancer cells by disrupting the cell membranes and mitochondria [1–3]. 
Interestingly, LfcinB25 and LfcinB6 peptides exhibited greater antimi-
crobial and anticancer activity than the parent protein bovine lactoferrin 
(BLF) [4,5]. LTX-315 peptide, also derived from lactoferrin, is an 
oncolytic peptide that has shown to instigate massive necrosis and 
strong immune response by releasing potent danger-associated molec-
ular pattern molecules (DAMPs) and tumor antigens [6]. The intra-
tumoral administration of LTX-315 resulted in specific immune 
responses and tumor regression in several preclinical models [7]. 

Clinical trials have been launched against transdermally accessible tu-
mors such as melanoma, breast cancer, head and neck cancer, lym-
phoma, triple-negative breast cancer and soft tissue sarcoma. Phase I 
clinical trials showed that intralesional and serial administrations of 
LTX-315 could cause 33% complete and partial regressions in advanced 
stage cancer patients [8]. Of note, relapse or metastasis [9–11] and 
upregulation of PD-L1 in the tumors [12] were reported for highly 
malignant cancers following treatment with LTX-315. It should further 
be noted that LTX-315 is limited to intratumoral administration, which 
might not be applicable for inaccessible or metastatic tumors. The 
cationic and amphipathic nature of oncolytic peptides also engenders 
formidable challenges to develop systems for their systemic delivery. 

Immunotherapy has become an appealing modality to cure cancers 
or delay tumor progression, featuring long term curative effect [13–19]. 
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Recent years have witnessed the approval of the CTLA-4 antibody [20], 
PD-1 antibody [21,22] and PD-L1 antibody [23,24] for treating lung 
cancers, melanoma and liver cancers. The response rate of immuno-
therapy is, however, only ca. 20%–30% [25–27]. Many studies have 
been devoted to the further improvement of PD-1 or CTLA-4 therapy by 
its combination with chemo drug, stereotactic radiosurgery or other 
immune checkpoint inhibitors [28–32]. The intratumoral administra-
tion of LTX-315 combined with anti-PD-1 and anti-CTLA4 could partly 
increase the antitumor effect compared with LTX-315 monotherapy 
[11,33]. The immunotherapy could also be potentiated by immu-
noadjuvant CpG [34,35]. Notably, a couple of CpG have entered clinical 
trials [36,37]. Nevertheless, CpG is typically administered by intra- or 
peri-tumoral injection [38] and shows poor cell entry. 

In this study, we designed cyclic peptide cRGD functionalized 
chimaeric polymersomes (cRGD-CPs) as a robust systemic delivery 
vehicle for LTX-315 (cRGD-CPs-L) that in combination with CpG adju-
vant and anti-PD-1 boosts the immunotherapy of malignant B16F10 
melanoma in mice (Scheme 1). Polymersomes are one of the few systems 
capable of encapsulating and delivering water-soluble drugs including 
small molecular drugs, siRNA and proteins to tumors [39–41]. To ach-
ieve efficient loading of LTX-315 and CpG ODNs (Scheme S1), the inner 
shell of cRGD-CPs was engineered with negatively charged polyaspartic 
acid [42] and positively charged spermine [43], respectively. cRGD can 
home to αvβ3 integrin overexpressing tumor neovasculatures as well as 
malignant solid tumors including B16F10 melanoma [44]. Notably, 
systemic administration of cRGD-CPs-L was shown to effectively induce 
immunogenic death of B16F10 melanoma, which in combination with 
systemic injection of cRGD-CPs-CpG and αPD-1 yielded strong immune 
response and long-term immune memory protection effect with a com-
plete cure rate of about 30%. This systemic delivery of LTX-315 and CpG 
ODNs greatly broadens their application and makes it possible to raid 
inaccessible as well as metastatic tumors. 

2. Experimental section 

2.1. Preparation of LTX-315 or CpG loaded polymersomes (cRGD-CPs-L 
or cRGD-CPs-CpG) 

Block copolymers cRGD-PEG-P(TMC-DTC), PEG-P(TMC-DTC)-sper-
mine and PEG-P(TMC-DTC)-PAsp were prepared according to our pre-
vious reports [42,43,45]. Their characterizations are listed in Table S1. 
LTX-315 loaded polymersomes, cRGD-CPs-L and CPs-L, were obtained 
by adding 100 μL PEG-P(TMC-DTC)-PAsp (40 mg/mL) solution in 
dimethyl sulfoxide (DMSO) with or without 20 mol% cRGD-PEG-P 
(TMC-DTC), respectively, into 0.9 mL HEPES buffer (5 mM, pH 6.8) 
which contained LTX-315 (0.8 mg/mL) without stirring for 10 min and 
followed by 2 h shaking (200 rpm) and 6 h dialysis (MWCO 14000 Da) 
against HEPES (pH 7.4, 5 mM). LTX-315 loaded, Cy5 labeled polymer-
somes, cRGD-CPs-L-Cy5 and CPs-L-Cy5, were obtained in same method 
except that 2 mol% PEG-P(TMC-DTC)-Cy5 was included in the polymer 
solution. The stability of cRGD-CPs-L and CPs-L upon storage at 4 ◦C, 
with 10% FBS or 10 mM GSH was examined using DLS by monitoring 
changes in size and size distribution. The concentration of LTX-315 was 
determined by UV–vis spectroscopy at 282 nm, and drug loading content 
(DLC) and drug loading efficiency (DLE) were determined according to 
the following formula based on a calibration curve obtained by 
measuring the absorption of a series of LTX-315 solutions with known 
concentrations (1–50 μg/mL): 

DLC (wt%) =
weight of loaded LTX − 315

total weight of LTX − 315 and polymer
× 100  

DLE (%) =
weight of loaded LTX − 315
weight of LTX − 315 in feed

× 100 

CpG loaded polymersomes, cRGD-CPs-CpG, were prepared by add-
ing DMF solution of cRGD-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)- 
spermine at a fixed molar ratio of 1:4 (polymer concentration: 40 mg/ 
mL) into a CpG containing HEPES (100 μg/mL). The following dialysis 

Scheme 1. Oncolytic peptide LTX-315 loaded in cRGD-CPs is capable of homing to B16F10 melanoma via i.v. administration, inducing immunogenic cell death, 
which combining with CpG adjuvant and anti-PD-1 boosts immunotherapy of malignant B16F10 melanoma in mice. 
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treatment was the same as cRGD-CPs-L. The DLE and DLC of CpG were 
measured by using NanoDrop™ One based on a calibration curve. 

2.2. MTT assays 

αvβ3 overexpressing B16F10 cells were cultured in DMEM containing 
10% FBS in 96 well-plate (3 × 103 per well) for 24 h. cRGD-CPs-L, CPs-L 
and free LTX-315 (LTX-315 concentration: 0.1 to 100 μg/mL) with or 
without 4 h pretreatment with 50% FBS were added and incubated for 
72 h. Then 10 μL MTT solution (0.5 mg/mL) and 150 μL DMSO were 
added sequentially, and the absorbance at 492 nm was measured using a 
microplate reader and cell viability (%) was determined by comparing 
the absorbance with that of PBS treated cells (n = 5). 

The cytotoxicity of empty cRGD-CPs to B16F10 cells at polymer 
concentration ranging from 0.5 to 5 mg/mL was evaluated at 72 h 
incubation. 

The MTT assays of cRGD-CPs-L and free LTX-315 toward L929 fi-
broblasts (5 × 103 per well in RPMI 1640) after 48 h incubation were 
similarly conducted. 

2.3. Flow cytometric analyses 

To assess the cellular uptake, the B16F10 cells were seeded in 6-well- 
plate (3 × 105 cells/well) for 24 h, and incubated for 1 h with PBS, CPs- 
Cy5 or cRGD-CPs-Cy5 (1.0 μg Cy5 equiv./mL). The cells were then 
digested by 0.25% trypsin and 0.03% EDTA, centrifuged (1000 ×g, 3 
min), washed (PBS, ×2), and suspended in 500 μL PBS for immediate 
FACS measurements to acquire fluorescence histograms with a BD FACS 
Calibur flow cytometer. The gate was set for the detection of Cy5 fluo-
rescence and 10,000 gated events were analyzed. 

To evaluate the apoptotic activity, B16F10 cells seeded in 6-well 
plates (1 × 105 cells/well) were incubated with cRGD-CPs-L, CPs-L or 
free LTX-315 (LTX-315: 7.9 μg/mL) for 4 h and in drug-free medium for 
44 h. The cells were digested by EDTA-free trypsin, centrifuged and 
washed. Then the cells were resuspended in binding buffer (1 × 106 

cells/mL) and stained with Annexin V-Alexa Fluor 647/propidium io-
dide (PI) in the dark for 15 min. Subsequently, 400 μL binding buffer was 
added and the cells were measured using flow cytometry. 

To analyze the mitochondrial membrane permeability, B16F10 cells 
were cultured in 6-well plates (3 × 105 cells/well) for 24 h, and incu-
bated with cRGD-CPs-L, CPs-L or free LTX-315 (LTX-315: 7.9 μg/mL) for 
12 h. The cells were finally subjected to flow cytometry analyses using 
mitochondrial membrane potential assay kit (JC-1) according to user's 
manual. The ratio of the intact mitochondria (Q2) to damaged mito-
chondria (Q3) of the cells as compared to that of PBS group was 
calculated. 

2.4. Confocal laser scanning microscope (CLSM) observations 

To assess the cellular uptake, B16F10 cells were seeded in round 
coverslips in 24-well plates (3 × 104 cells/well) for 24 h, and then 
incubated for 4 h with Cy5-CPs-L or Cy5-cRGD-CPs-L (1.0 μg Cy5 equiv./ 
mL). The cells were washed (PBS, ×2) and fixed in 300 μL 4% para-
formaldehyde for 15 min. The coverslips were taken and covered by 
glycerol for CLSM observation. 

To evaluate the apoptotic activity, B16F10 cells seeded in 24-well 
plates (3 × 104 cells/well) were incubated with cRGD-CPs-L, CPs-L or 
free LTX-315 (LTX-315: 7.9 μg/mL) for 4 h and in drug-free medium for 
44 h. The cells were washed (PBS, ×2) and stained with Annexin V-Alexa 
Fluor 647, propidium iodide (PI) and DAPI in the dark for 15 min with 
washing (PBS, ×2) between two steps. The cells were prepared ready for 
CLSM observations. 

2.5. Measurement of the extracellular release of DAMPs 

B16F10 cells seeded at 3 × 105 cells/well in 6-well plates were 

treated with cRGD-CPs-L or free LTX-315 at 40 μg/mL for 24 h. PBS 
treated cells were used as negative control. The cells and the culture 
medium were separately treated. The cells were washed and stained 
with anti-CRT antibody for 2 h for CLSM observation. 100 μL culture 
medium was Enliten ATP luciferase assay kit (Promega, USA). The rest 
culture medium was centrifuged at 1000 ×g for 20 mins using Amicon 
Ultra centrifugal filters (50 kDa) and the filtrate was analyzed using 
mouse HMGB-1 Elisa kit (Elabscience) according to the manual. 

2.6. Animal models 

All animal experiments were approved by the Animal Care and Use 
Committee of Soochow University (P.R. China), and all protocols con-
formed to the Guide for the Care and Use of Laboratory Animals. To 
build mice bearing B16F10 tumor xenografts, six-week-old female 
C57BL/6 mice were subcutaneously injected with 0.05 mL of B16F10 
cells (1 × 105 cells) on the right hind of the mice. The anti-tumor 
experiment started at a tumor volume of 50–100 mm3 and the bio-
distribution experiment at a tumor volume of 150–200 mm3. The tumor 
volume was calculated: volume = width2 × length × 0.5. The mice were 
weighed and randomly divided into groups before experiments. 

2.7. Pharmacokinetics 

200 μL CPs-L and cRGD-CPs-L (50 mg LTX-315 equiv./kg) in PB were 
intravenously (i.v.) injected into the mice via the tail veins (n = 3). At 
certain timepoints, ca. ~70 μL blood was taken out from the eye socket 
and 25 μL serum was collected. 0.1 mL Triton X-100 (1%) was added 
with brief sonification, and 0.2 mL extraction solution (DMSO contain-
ing 20 mM DTT) was then added and incubated at 37 ◦C overnight to 
extract LTX-315. After centrifugation (14.8 krpm, 30 min), the LTX-315 
concentration in the supernatant was quantified using UV–vis spec-
troscopy and plotted against time. The half-lives of distribution phase 
and elimination phase t1/2,α and t1/2,β were obtained by fitting the ob-
tained data with exponential decay 2 model using Origin 8. 

2.8. Biodistribution study of cRGD-CPs-L 

0.2 mL cRGD-CPs-L or CPs-L (50 mg LTX-315 equiv./kg) in PB was i. 
v. injected into the mice bearing B16F10 tumors (n = 3). After 8 h, the 
tumors and organs of the mice were excised and homogenized in 0.5 mL 
Triton X-100 (1%) with a homogenizer (IKA T25, 18,000 rpm, 10 min). 
The tissue lysate was incubated overnight with 0.7 mL acetonitrile 
containing 20 mM DTT at 37 ◦C for 24 h to extract LTX-315. Then 
acetonitrile was evaporated and 0.3 mL DMSO was added. After 
centrifugation (14.8 krpm, 15 min), LTX-315 concentration was quan-
tified and presented as %ID/g (percentage of injected dose per gram of 
tissue). 

2.9. In vivo antitumor activity 

The B16F10 tumor bearing mice were divided into eight groups (n =
7): PBS, free LTX-315 i.t., cRGD-CPs-L i.t., cRGD-CPs-L i.v., cRGD-CPs-L 
+ cRGD-CPs-CpG, cRGD-CPs-L + αPD-1, CPs-L + αPD-1, and cRGD-CPs- 
L + cRGD-CPs-CpG + αPD-1 (LTX-315: 50 mg/kg, CpG: 0.5 mg/kg, αPD- 
1: 10 mg/kg). The day was designated as day 0. For the combinational 
groups, cRGD-CPs-L i.v. or αPD-1 i.p. were applied in each morning once 
a day for 3 days, and cRGD-CPs-CpG i.v. was applied in the afternoon 
once a day for 3 days. The mice were administrated on day 0, 1 and 2 at 
50 mg LTX-315/kg (i.v. 200 μL, or i.t., 50 μL), 0.5 mg CpG/kg (i.v., 100 
μL), and/or 10 mg αPD-1/kg (i.p., 100 μL). The body weight and tumor 
volume of the mice were measured every other day. On day 13, one 
mouse of each group was sacrificed and the heart, liver, spleen, lung, 
kidney and tumor were collected and fixed with 10% formalin. The 
organs and tumors were embedded in paraffin and sliced, and stained by 
hematoxylin and eosin (H&E). The tumor slices were also analyzed using 
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TUNEL staining and anti-CD3 antibody staining. 
The Kaplan–Meier survival curves of the remaining mice (n = 6) 

were determined within 40 d. The mice were considered dead either 
when the mice died, body weight loss was over 15%, or the tumor 
volume reached 2000 mm3 during treatment. 

2.10. Cytokine detection in serum and analyses of T cell populations in 
tumor and in spleen 

B16F10 tumor bearing mice were treated as above-mentioned (n =
3). On day 3, 8, and 13, ca. 50 μL blood was collected from the eye socket 
and diluted for analyses of the concentrations of IL-6, tumor necrosis 
factor (TNF-α), and interferon gamma (IFN-γ) using ELISA kits. On day 
13, tumors and spleens of the mice were collected and homogenized 
separately into single cell suspensions. The cell dispersions were then 
treated with anti-CD4-APC, anti-CD8a-FITC, anti-CD25-PE, anti-CD8a- 
PE-Cy7, anti-CD44-FITC, or anti-CD62L-PE antibodies according to the 
manufacturer's protocols for flow cytometric analyses: cytotoxic T 
lymphocytes (CTLs: CD4-CD8+), helper T cells (Th: CD4+CD8-), regula-
tory T cells (Treg, CD4+CD8-CD25+), central memory T cells (TCM: 
CD8+CD62+CD44+), and effector memory T cells (TEM: 
CD8+CD62L-CD44+). 

2.11. Statistics analyses 

Data were expressed as mean ± s.d. Differences among groups were 
assessed using one-way Anova and Tukey multiple comparison tests. 
Survival curves were analyzed using Kaplan-Meier and log-rank com-
parison tests using Graphpad Prism. *p < 0.05 was considered signifi-
cant, and **p < 0.01, ***p < 0.001 highly significant. 

3. Results and discussion 

3.1. Preparation of cRGD-CPs-L and cRGD-CPs-CpG 

The aim of this study was to develop a systemic delivery tool for 
amphipathic oncolytic peptide LTX-315 to potentiate its immuno-
therapy of B16F10 melanoma model. For that purpose, αvβ3 integrin- 
targeting chimaeric polymersomes with a negatively charged interior 
to load cationic LTX-315 (cRGD-CPs-L) was acquired from co-self- 
assembly of PEG-P(TMC-DTC)-PAsp [42] and cRGD-PEG-P(TMC-DTC) 
[45] (molecular parameters shown in Table S1) at a molar ratio of 4/1 
in LTX-315 containing HEPES (pH 6.8, 5 mM). Scheme S1 illustrates the 
interaction of LTX-315 and polymersomes. Thus-obtained cRGD-CPs-L 
had small and uniform sizes as revealed by DLS (Fig. 1A) and notable 
LTX-315 loading of 8.4–17.8 wt% depending on the amount of LTX-315 
in the feed (Table 1). The polymersomes used in this study are essen-
tially the same as for our previous reports [42], in which cryo-TEM and 

Fig. 1. (A) Size distribution of cRGD- 
CPs-L and CPs-L. (B) The changes in 
size and DLC of cRGD-CPs-L upon 14- 
day storage at 4 ◦C. (C) Uptake of CPs- 
Cy5 or cRGD-CPs-Cy5 in B16F10 cells 
after 1 h incubation analyzed by flow 
cytometry. MTT assays of empty cRGD- 
CPs in B16F10 cells after 72 h incuba-
tion (D), cRGD-CPs-L and free LTX-315 
in L929 fibroblasts after 48 h incuba-
tion (E), and cRGD-CPs-L, CPs-L, and 
free LTX-315 in B16F10 cells after 72 h 
(F). To study their serum stability, 
cRGD-CPs-L and free LTX-315 were pre- 
incubated with 50% FBS before adding 
to B16F10 cells.   
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TEM measurements confirmed their small sizes close to those deter-
mined by DLS and GSH responsivity. The size of cRGD-CPs-L increased 
from 45 to 61 nm and zeta potential changed from − 6.3 to +0.6 mV with 
increasing LTX-315 loading contents from 8.4 to 17.8 wt%. The non- 
targeted CPs-L acquired from PEG-P(TMC-DTC)-PAsp only displayed 
similar LTX-315 loading and biophysical properties (Table 1). Notably, 
cRGD-CPs-L was shown to be stable in 10% FBS at 37 ◦C (Fig. S1A) and 
on 14-day storage at 4 ◦C with little drug leakage and size change 
(Fig. 1B), in line with disulfide crosslinking of polymersomes as reported 
previously [46]. Under 10 mM GSH, cRGD-CPs-L was shown to desta-
bilize quickly (Fig. S1B), indicating that cRGD-CPs-L might be a suitable 
vehicle for systemic delivery and intracellular release of LTX-315. 
Similarly, we prepared cRGD-CPs-CpG based on PEG-P(TMC-DTC)- 
spermine [41] and cRGD-PEG-P(TMC-DTC) at molar ratio of 4/1. 
cRGD-CPs-CpG with 10 wt% CpG loading (loading efficacy of ≈100%) 
exhibited a small size of 42 ± 2 nm (PDI 0.1) and near neutral zeta 
potential of +1 mV. 

3.2. Cellular uptake and in vitro cytotoxicity of cRGD-CPs-L 

To study its cellular uptake, cRGD-CPs-L was labeled with Cy5 
(cRGD/Cy5-CPs-L). Fig. 1C shows that cRGD/Cy5-CPs-L was internal-
ized 2.2-time more than the non-targeted Cy5-CPs-L in αvβ3 over-
expressing B16F10 cells. CLSM also visually demonstrated the greatly 
enhanced internalization caused by cRGD/Cy5-CPs-L compared to Cy5- 
CPs-L (Fig. S2). In low αvβ3 expressing MCF-7 cells, cRGD did not pro-
mote internalization of Cy5-CPs-L (Fig. S3), supporting αvβ3 integrin- 
mediated uptake of cRGD-CPs-L by B16F10 cells. 

Cell viability results revealed that empty cRGD-CPs were essentially 
non-toxic to B16F10 cells at concentrations from 0.5 to 5 mg/mL 
(Fig. 1D). Fibroblast L929 was used as a model to study the in vitro toxic 
effect of free LTX-315 and cRGD-CPs-L to normal cells. Notably, while 
free LTX-315 exhibited a significant cytotoxicity to L929 cells at 10 and 
100 μg LTX-315/mL, cRGD-CPs-L showed little or markedly reduced 
toxicity under otherwise the same conditions (Fig. 1E). In comparison, 
cRGD-CPs-L caused strong toxicity to B16F10 cells with IC50 of 7.9 μg/ 
mL that was two times lower than that of CPs-L and approaching that of 
free LTX-315 (Fig. 1F), verifying the targeting effect of cRGD-CPs-L in 
B16F10 cells. Free LTX-315 after 2 h pre-incubation of with 50% serum 
exhibited greatly reduced toxicity to B16F10 cells, which accords with 
the serum fragility reported for LTX-315 [47]. In contrast, the cytotoxic 
effect of cRGD-CPs-L was barely influenced by serum pre-incubation, 
indicating good protection of LTX-315 and potential i.v. application of 
cRGD-CPs-L. 

The apoptosis of B16F10 cells induced by different LTX-315 

formulations was explored using Alexa Fluor 647/propidium iodide (PI) 
staining technique by flow cytometry and CLSM. The results revealed 
that free LTX-315 gave 7.3% cell apoptosis and 19.2% necrosis, while 
cRGD-CPs-L and CPs-L induced 63.3% and 17.2% apoptosis, respec-
tively, with negligible cell necrosis (Fig. 2A), indicating that cRGD-CPs-L 
elicits a different cell death mechanism from LTX-315. Moreover, CLSM 
images revealed both substantial early apoptosis (FITC positive) and late 
apoptosis (PI positive) in cRGD-CPs-L treated cells, which were much 
more than CPs-L and free LTX-315 groups (Fig. S4). Besides, lysed 
membrane fragments caused by free LTX-315 were observable, but none 
in CPs-L or cRGD-CPs-L groups. The greatly enhanced cell apoptosis of 
cRGD-CPs-L as compared with CPs-L is attributable to the enhanced 
specific cellular uptake (Fig. 1C, Fig. S2), verifying its targetability to-
ward B16F10 cells. Such correlation was also observed in other systems 
[48,49]. 

Since mitochondria are negatively charged organelles in the cyto-
plasm, we used JC-1 mitochondrial membrane assay kit to investigate 
the effect of LTX-315 formulations on mitochondria using flow cytom-
etry. The results showed that cRGD-CPs-L and free LTX-315 induced 
similar ratio of JC-1 aggregate/monomer fluorescence (intact/damaged 
mitochondria) of B16F10 cells (Fig. 2B). The JC-1 ratio of cRGD-CPs-L 
group was significantly lower than that of CPs-L, confirming their effi-
cient internalization by B16F10 cells and release of LTX-315 to induce 
an increased mitochondrial permeability and discharge of apoptotic 
effectors. 

3.3. The release of danger-associated molecular pattern molecules 
(DAMPs) 

The necrosis and apoptosis of the tumor cells can release DAMPs such 
as HMGB1, ATP and CRT, which may serve as tumor associated antigens 
(TAA) for initiating the immune response by antigen presenting cells 
(APCs). ELISA assays showed significantly elevated HMGB1 and ATP 
concentrations in the culture medium for cRGD-CPs-L and free LTX-315 
groups compared with PBS control (Fig. 3A-B). CPs-L despite causing 
distinct increase of HMGB1 had less effect on ATP than cRGD-CPs-L and 
free LTX-315. CLSM images of B16F10 cells stained with PE-labeled CRT 
antibody displayed that cRGD-CPs-L group had comparable CRT level on 
the cell membranes to the free LTX-315 group, while little CRT was 
detected for the CPs-L group (Fig. 3C). As shown in Fig. 2A, LTX-315 
induced obvious necrosis that is responsible for DAMPs release and 
eliciting subsequent antitumor immunity. Whereas cRGD-CPs-L mainly 
provoked cell apoptosis, which may cause the immunogenic cell death 
and DAMPs release. These results indicate that despite of different cell 
death mechanisms, cRGD-CPs-L provokes a similar DAMPs release 
response to free LTX-315, rendering it interesting for immunotherapy. 

3.4. In vivo pharmacokinetics and biodistribution of CPs-L and cRGD- 
CPs-L 

The blood circulation of cRGD-CPs-L was evaluated in Kunming 
mice. Free LTX-315 was not applied considering its quick degradation/ 
deactivation in serum. Fig. 4A shows that both cRGD-CPs-L and CPs-L 
had similar blood circulation profiles with an elimination half-life (t1/ 

2,β) of ≈ 2 h, illustrating effective protection of LTX-315. The bio-
distribution of cRGD-CPs-L in B16F10 bearing mice were studied at 8 h 
post injection, considering the high tumor accumulation of polymer-
somal drugs at this time point as reported previously [41,43]. The results 
revealed a tumor deposition of 4.8% ID/g for cRGD-CPs-L, which was 
2.1-fold higher than CPs-L (Fig. 4B), verifying the in vivo targeting 
ability of cRGD-CPs-L. 

3.5. Therapeutic effect of cRGD-CPs-L and its combination with CpG and 
αPD-1 in B16F10 tumor bearing mice 

Encouraged by the good accumulation of cRGD-CPs-L in B16F10 

Table 1 
Characterizations of LTX-315 loaded polymersomes.  

Formulation Feed 
Ratio 
(wt%) 

DLEa 

(%) 
DLCa 

(wt%) 
Sizeb 

(nm) 
PDIb Zeta 

potentialc 

(mV) 

CPs-L 10 95.2 8.7 40 ±
0.9 

0.12 
± 0.02 

− 6.5 ± 0.2 

20 89.6 15.2 45 ±
1.4 

0.16 
± 0.01 

− 1.6 ± 0.3 

30 74.6 18.3 52 ±
1.9 

0.18 
± 0.01 

− 1.1 ± 0.2 

cRGD-CPs-L 10 91.7 8.4 45 ±
1.2 

0.15 
± 0.02 

− 6.3 ± 0.3 

20 87.5 14.9 53 ±
1.8 

0.19 
± 0.01 

− 1.2 ± 0.2 

30 72.2 17.8 61 ±
2.3 

0.20 
± 0.02 

0.6 ± 0.1  

a Determined by UV–vis measurement. 
b Measured by DLS using a Zetasizer Nano-ZS at 25 ◦C in PB (10 mM, pH 7.4). 
c Measured by electrophoresis on a Zetasizer Nano-ZS at 25 ◦C in PB (10 mM, 

pH 7.4). 
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tumor following i.v. injection, we studied its immunotherapeutic effect 
using melanoma as a model. The mice were i.v. or intratumoral (i.t.) 
injected on day 6 post-inoculation of B16F10 tumor with different LTX- 
315 formulations at 50 mg LTX-315/kg for 3 consecutive days (Fig. 5A). 
B16F10 tumor is extremely aggressive with a median survival time 
(MST) of merely 11 d for PBS group (Fig. 5B). Interestingly, no matter 
via i.v. or i.t. administration, cRGD-CPs-L could effectively delay tumor 
growth and significantly prolong the MST to 16 d (Fig. 5B). As expected, 
i.t. administration of free LTX-315 also strongly suppressed tumor 
growth leading to an MST of 20 d. However, the tumors relapsed quickly 
and 4/7 mice died in the following 10 days. Moreover, the application of 
free LTX-315 is limited to i.t. administration, which does not work for 
inaccessible or metastatic tumors. 

To potentiate its immunotherapeutic effect, we further investigated 
the combination of systemic administration of cRGD-CPs-L with immune 
stimulatory agents for treating B16F10 melanoma. The immune check-
point inhibitor PD-1 antibody (αPD-1) is commonly used in treating 
melanoma by blocking the PD-1 on T cells and inducing the tumor 
specific CTLs to kill tumor cells. CpG has been used as an immu-
noadjuvant to co-stimulate the T cell response by activating DCs, mac-
rophages and several other APCs. Given the fact that cRGD-CPs-L 
induces release of tumor antigens like HMGB1, ATP and CRT, we 
investigated its combination with immune stimulatory agents CpG and/ 
or αPD-1 for melanoma therapy. αPD-1 and cRGD-CPs-CpG were applied 
by intraperitoneal (i.p.) and i.v. injection, respectively. Interestingly, 
cRGD-CPs-L (i.v.) combined with αPD-1 further retarded tumor growth 
and prolonged MST to 23 d. In comparison, non-targeted CPs-L (i.t.) 
combined with αPD-1 showed less effective tumor repression with a 
moderate MST of 16 d, suggesting the role of cRGD targeting in 
increasing cellular uptake, tumor antigen release as well as CTL 
recruitment at tumor site. The combination of cRGD-CPs-L (i.v) with 
cRGD-CPs-CpG offered even better tumor suppression with MST 
extended to 26 d (Fig. 5C). More excitingly, the cocktail therapy of 
cRGD-CPs-L + cRGD-CPs-CpG + αPD-1 (Trio) brought about drastic 
retardation of tumor growth and extension of MST to 37 d. Two out of 
seven mice were cured, and the rest 5 mice all showed similarly sup-
pressed tumor growth profile (Fig. 5D). We further re-challenged two 
cured mice by subcutaneously implanting 1 × 105 B16F10 cells on day 
20. The results showed that none of them grew tumor, corroborating 

that cRGD-CPs-L + cRGD-CPs-CpG + αPD-1 Trio therapy generates a 
strong and long-term protective immune response for the mice. 

The histological analyses showed that cRGD-CPs-L + cRGD-CPs-CpG 
+ αPD-1 Trio therapy triggered both extensive tumor cell necrosis and 
apoptosis using H&E and TUNEL staining (Fig. 6). In comparison, cRGD- 
CPs-L + cRGD-CPs-CpG and cRGD-CPs-L induced much less tumor cell 
apoptosis. It is noted that free LTX-315 caused lower apoptosis than 
cRGD-CPs-L, and no obvious necrotic tumor cells in spite of great ne-
crosis (19.2%) observed in the cellular level (Fig. 2A). This was due to 
the tumors collected on day 13 was relapsed tumors starting from day 7. 
In fact, free LTX-315 induced quick and prominent necrotic cell death in 
B16F10 bearing mice on day 1 to day 6, leading to black scab formation. 
Moreover, the anti-CD3 antibody staining displayed a comparably larger 
number of T cells (stained brown) recruited to the tumor for the Trio 
group (Fig. 6), revealing that cell immunity is taking effect. Importantly, 
just like the other treatments, the Trio therapy caused no obvious 
damage to the major organs (Fig. S5), indicating that cRGD-CPs-L +
cRGD-CPs-CpG + αPD-1 Trio therapy has good safety. 

3.6. Immune activation analyses 

Inspired by its effective treatment of melanoma, we studied the im-
mune responses of mice toward cRGD-CPs-L + cRGD-CPs-CpG + αPD-1 
Trio therapy. The ELISA analyses of cytokines in the mouse sera on day 3 
post-treatment revealed significant elevation of IL-6, TNF-α and IFN-γ in 
the Trio group compared with PBS (Fig. 7). The concentration of the 
three cytokines in cRGD-CPs-L and cRGD-CPs-L + cRGD-CPs-CpG Duo 
group though also increased were much less than the Trio group. It was 
reported that the level of cytokines could not be significantly increased 
by the monotherapy of each component [9,50,51]. Meanwhile three 
cytokines were increased simultaneously in the Trio group, verifying the 
necessity of the combination. Notably, even at prolonged times of 8 and 
13 days, IFN-γ and TNF-α levels were significantly augmented for cRGD- 
CPs-L + cRGD-CPs-CpG + αPD-1 Trio group (Fig. 7B-C), corroborating 
its high potency and longevity in activating T cell immunity. In contrast, 
free LTX-315 (i.t.) group, though inducing comparable elevation of IFN- 
γ and TNF-α on day 3 to cRGD-CPs-L + cRGD-CPs-CpG + αPD-1 Trio 
group, showed rapid decrease in IFN-γ and TNF-α levels over time, in 
which no difference with PBS control was observed on day 13. 

Fig. 2. (A) Apoptosis of B16F10 cells at incubation with free LTX-315, CPs-L and cRGD-CPs-L for 4 h and in drug-free medium for 44 h. (B) Flow cytometric analyses 
of B16F10 cells after 12 h incubation with free LTX-315, PS-L and cRGD-PS-L (LTX-315: 7.9 μg/mL) and stained with JC-1. Statistical analysis: one-way Anova and 
Tukey multiple comparison tests, *p < 0.05, **p < 0.01. 
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The immune cells in the tumor and spleen were evaluated using 
flowcytometry and the gating strategies were shown in Fig. S6. The 
analyses of cytotoxic T lymphocytes (CTLs, CD4-CD8+) in the tumors 
collected on day 13 showed significantly boosted tumor infiltration of 
CD8+ CTLs for cRGD-CPs-L group (Fig. 8A). The CD8+ CTLs was further 
augmented by combining with cRGD-CPs-CpG + αPD-1, supporting the 
co-stimulating effect of cRGD-CPs-L, cRGD-CPs-CpG and αPD-1. Of note, 

αPD-1 monotherapy could not significantly increase the CD8+ CTLs in 
B16F10 tumors [52,53]. The cross-presentation is essential for the 
initiation of CD8+ T cell responses, and DCs are the major responsible 
cells [54,55]. It is reported that DCs could efficiently cross-present an-
tigens after TLR9 activation by CpG at late endosomes [56]. To activate 
TLR9, CpG must be taken up by DCs. Here, cRGD-CPs-CpG having the 
disulfide-crosslinked polymersome membrane as compared to free CpG 

Fig. 3. DAMPs release in B16F10 cells treated with cRGD-CPs-L, CPs-L, free LTX-315 or PBS. HMGB1(A) and ATP (B) released in cell culture media after 24 h 
incubation at 40 μg LTX-315 equiv./mL. (C) CLSM of B16F10 cells stained with PE-labeled CRT antibody following 12 h incubation at 7.9 μg LTX-315 equiv./mL. 
Scale bars: 20 μm. Statistical analysis: one-way Anova and Tukey multiple comparison tests, *p < 0.05, **p < 0.01. 

Fig. 4. Blood circulation in healthy mice (A) and the biodistribution in B16F10 bearing mice at 8 h post-injection (B) of cRGD-CPs-L and CPs-L. Statistical analysis: 
one-way Anova and Tukey multiple comparison tests, *p < 0.05. 
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would facilitate more entry of CpG to DCs for better TLR9 activation. On 
the other hand, studies have shown that the specialized cross presenting 
function of CD8α+ DCs was due to their ability to endocytose dying cells 
[57], and DCs did not cross present antigens from dead cells unless 
stimulated by CpG before antigen capture [58]. Here, cRGD-CPs-L could 
induce massive cell apoptosis, thus providing the effective antigens. 
Therefore, the combination of cRGD-CPs-L and cRGD-CPs-CpG may 

contribute to efficient antigen cross-presentation and significantly 
augmented CD8+ CTLs in B16F10 tumors. 

The quantification of helper T cells (Th, CD4+CD8-) showed that the 
Trio group had significantly augmented tumor infiltration of Th 
(Fig. 8B). Moreover, the percentage of regulatory T cells (Tregs, 
CD4+CD25+) in Th was found significantly lower in the Trio group 
(Fig. 8C). We further analyzed the memory T cells (TCM, 

Fig. 5. The antitumor performance of cRGD-CPs-L in combination with cRGD-CPs-CpG and/or αPD-1 in B16F10 tumor-bearing mice (n = 7). The mice were 
administrated on day 0, 1 and 2 at 50 mg LTX-315/kg (i.v. or i.t.), 0.5 mg CpG/kg (i.v.), and/or 10 mg αPD-1/kg (i.p.). (A) Experimental design. (B) Tumor growth 
inhibition. Statistical analysis: one-way Anova and Tukey multiple comparisons tests, ***p < 0.001. (C) Survival curves (Kaplan–Meier analysis with log-rank test for 
comparison). *p < 0.05, ***p < 0.001. (D) Individual tumor volume curve. # means one mouse died. 
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CD4-CD8+CD62L+CD44+) and effector memory T cells (TEM, 
CD4-CD8+CD62L-CD44+) in the mouse spleen. The results showed that 
cRGD-CPs-L + cRGD-CPs-CpG + αPD-1 Trio group had significantly 
increased TEM and TCM (Fig. 8D-E), verifying its strong immune response 
and long-term immune memory. This was evidenced by the fact that no 
tumors grew upon re-challenging two cured mice with B16F10 cells. 
Notably, the cRGD-CPs-L + cRGD-CPs-CpG Duo group despite revealing 
similar TCM content to the Trio group, had low TEM, which is in line with 
its short immune effect. These results suggested that the Trio can kill the 
tumor cells, inducing the release of tumor antigens, which are taken up 
and presented by APCs, recruiting CD8+ CTL and CD4+ Th to the tumors. 
It will further diminish the content of Tregs and thus promote efficient 

and durable immune therapeutic effect for B16F10 tumors. 

4. Conclusion 

This work demonstrates that systemic administration of cRGD- 
targeted polymersomal oncolytic peptide LTX-315 and CpG adjuvant 
combining anti-PD-1 antibody elicits strong and long-term immuno-
therapy of malignant B16F10 melanoma in mice. Two out of seven mice 
were completely cured and acquired resistance to re-challenged B16F10 
cells. Free LTX-315 though induced strong necrotic effect before day 6, 
could not provoke durable antitumor effect and relapse from day 7. In 
contrast, i.v. injection of cRGD-CPs-L could induce decent apoptosis and 

Fig. 6. Representative microscopic images of tumor slices isolated on day 13 and stained with H&E, TUNEL or anti-CD3 antibody from B16F10 tumor-bearing C57 
mice as in Fig. 5. Scale bars: 50 μm. 

Fig. 7. Analyses of serum cytokines in B16F10 tumor-bearing C57 mice as in Fig. 5 (n = 7). (A) IL-6 levels on day 3; (B) IFN-γ levels on day 3, 8, and 13; and (C) TNF- 
α on levels on day 3, 8, and 13. Statistical analysis: one-way Anova and Tukey multiple comparison tests, *p < 0.05, **p < 0.01, ***p < 0.001. 
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necrosis in the tumors as well as DAMP release, and promote strong 
antigen cross-presentation, recruiting significant CD8+ T cells. The 
systemic administration of cRGD-CPs-LTX-315 and cRGD-CPs-CpG 
could further actively target tumor cells and tumor neovasculatures, 
thus remodeling the TME. Interestingly, cRGD-CPs-L + cRGD-CPs-CpG 
+ αPD-1 Trio immunotherapy induced not only pronounced infiltration 
of CD8+ CTLs, increase of helper T cells, and reduction of Tregs in the 
tumor, causing significant raise of cytokines including IL-6, TNF-α and 
IFN-γ but also marked increase of memory T cells and effector memory T 
cells in the spleen, generating strong immune response and long-term 
immune memory. This systemic delivery of oncolytic peptide and CpG 
ODNs greatly broadens their application and opens a new and durable 
immunotherapy toward inaccessible as well as metastatic tumors. 
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