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A B S T R A C T

Tumor resection is usually associated with tumor recurrence due to the residual tumor cells. Improving the 
localized accumulation of therapeutics at the surgical sites is a promising approach for the inhibition of tumor 
recurrence and metastasis. Herein, we report an in situ hitchhiking strategy for postsurgical tumor therapy via 
targeting of therapeutics-loaded liposomes to neutrophils (NEs). Anticancer drug Active Ingredient (DOX) and 
non- nucleotide stimulator of Active Ingredient genes (STING) agonist SR-717 are encapsulated into liposomes 
followed by surface modification with anti-Ly6G antibodies, which can target NEs in situ in blood stream for 
hitchhiking delivery to the postsurgical inflamed tumor sites. The delivered DOX can inhibit the growth of 
residual tumor cells and trigger the tumor immunogenic cell death (ICD) for tumor-specific immunity, 
while SR-717 can facilitate dendritic cell maturation and enhance antitumor immunity. Consequently, the in 
situ NE-hitchhiking delivery of therapeutics can efficiently suppress tumor recurrence and metastatic 
melanoma growth after tumor resection, which circumvents the complex ex vivo processes of separation, 
engineering, and refusion of leukocytes and represents a targeted delivery strategy for postsurgical cancer 
chemo-immunotherapy.   

Introduction 

Chemotherapy is one of the most used approaches to inhibit tumor 
recurrence and metastasis after postsurgical cancer treatment, but it is 
usually hampered by its weak bioavailability, undesirable off-targeting, 
and serious side effects.[1,2] In order to increase the delivery efficacy, 
improving localized accumulation of therapeutics at the postsurgical 
sites is highly desirable.[3–5] Cellular hitchhiking of therapeutics has 
been proven to be an efficient approach to improve drug delivery effi-
cacy. For example, surgical resection of tumors is typically associated 
with local inflammation and simultaneous release of inflammatory 
factors (e.g., interleukin-8, IL-8 and tumor necrosis factor α, TNF-α). 
[6–10] As a result of inflammatory stimulation, leukocytes (e.g., neu-
trophils, NEs) can rapidly proliferate and migrate to the inflammatory 
sites efficiently.[11,12] This strategy typically involves the separation of 

leukocytes from blood, binding of therapeutics onto leukocytes ex vivo, 
and reinfusion of leukocytes into blood stream for hitchhiking delivery. 
[13–16] However, the ex situ processing of leukocytes suffers from some 
challenges, such as the short lifetime of NEs and complex processes.[17, 
18] In contrast, the in situ hitchhiking strategy via targeting of thera-
peutics to leukocytes in blood stream can overcome the drawbacks of ex 
situ processing, which is more favored for practical applications.[19,20] 
In addition, NEs are the most abundant type (40–75%) of leukocytes 
compared to other immune cells (e.g., macrophages) in blood, which is 
vital to improve the in situ NE-hitchhiking delivery efficacy [18].

The delivered chemotherapeutic drugs (e.g., Active Ingredient, DOX) 
can not only result in the tumor cell apoptosis but also induce 
immunogenic cell death (ICD) to activate antitumor immune responses.
[21–26] ICD usually involves express calreticulin (CRT) on the tumor 
cell surface, release high mobility group box 1 (HMGB1) from the 
nucleus, and 
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activating the STING pathway (Scheme 1). The combination of anti-
cancer drugs and STING agonists result in a significant decrease in tumor 
recurrence and metastatic tumor growth, as well as an increase in sur-
vival time of mice. These findings highlight the advances of in situ NE- 
hitchhiking system to enhance delivery efficacy and improve tumor 
immune microenvironments against tumor recurrence and metastatic 
tumor growth. 

Results 

Preparation and characterization of liposomes 

Liposomes composed of hydrogenated soybean phosphatidylcholine 
(HSPC), cholesterol, and distearoyl-sn-glycero-3-phosphoethanolamine- 
PEG2000 (DSPE-PEG2000) (molar ratio of 56:39:5) were prepared by a 
film-dispersion method.[44] For drug encapsulation, DOX was loaded 
by a transmembrane ammonium sulfate gradient method, which was 
based on the exchange of the DOX with ammonium ions. SR-717 was 
loaded in hydrophobic phospholipid bilayers during the liposome for-
mation. To obtain the liposomes that can target to NEs, 
biotin-conjugated anti-Ly6G antibodies were functionalized on lipo-
somes based on biotin-avidin recognition (Fig. 1a). Liposomes loaded 
with DOX or SR-717 were defined as LipD and LipS, respectively, while 
targeted liposomes loaded with DOX or SR-717 were defined as TLipD 
and TLipS, respectively. The loading of DOX and SR-717 in liposomes 
was 13.1 and 7.2 wt%, respectively (Figs. S1, S2, Supporting Informa-
tion). As shown in Fig. 1b,c, the average size of these liposomes was 
150 nm and the ζ-potential was about − 15 mV. No significant changes 
in size and ζ-potential of liposomes were observed before and after 
anti-Ly6G modification. In addition, the size of the TLipD and TLipS NPs 

Scheme 1. Schematic illustration of the NE-hitchhiking delivery of targeted liposomes loaded with DOX (TLipD) or SR-717 (TLipS) for synergistic chemo- 
immunotherapy. (a) Delivery of DOX results in the ICD of residual tumor cells to activate antitumor immune responses. (b) The cytosolic dsDNA from the 
apoptosis cells and the delivered SR-717 activate the STING pathway to produce IFN-β in both cancer cells and DCs, which can further induce DC maturation. (c) 
Maturated DCs active T cells to enhance antitumor immunity. 
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secrete adenosine triphosphate (ATP). These signals can induce a tumor 
specific immune reponse, act as a tumor vaccine, to kill the residual 
tumor cells.[26] Furthermore, it has been reported that the cytosolic 
dsDNA released from the damaged tumor cells can also activate the 
stimulator of Active Ingredient genes (STING) pathway to produce 
Active Ingredient β (IFN-β), which plays an important role in enhancing 
the presentation of tumor-specific antigens on dendritic cells (DCs) 
and cross-priming antitumor T cells for adaptive immunity.[27–31] 
However, the endog-enous immune responses induced by ICD are 
usually insufficient to effectively suppress the tumor recurrence and 
metastasis, especially after tumor resection.[32–36] Alternatively, 
exogenous activation by STING agonists (e.g., cyclic GMP-AMPP) has 
been proven to be an effi-cient way for the activation of innate 
immune response to enhance immunotherapy efficacy.[37,38] 
However, cyclic dinucleotides (CDNs) based STING agonists are 
hydrophilic negative charged small molecules and easily degraded by 
enzyme, leading to the limited activation of STING pathway in 
target tissue.[39–41] Non-nucleotide STING agonists (e.g., SR-717 and 
MSA-2) have shown their potential for the activation of STING 
pathway, which could overcome the limitation of instability of CDNs-
based agonists.[42,43]. 

In this work, we report a NE-hitchhiking system to deliver chemo-
therapeutic drugs (i.e., DOX) and STING agonists (i.e., SR-717) to the 
postsurgical sites for the inhibition of tumor recurrence and metastatic 
tumor growth. After tumor resection, inflammatory factors are 
released and stimulate recruitment of NEs. The subsequent 
intravenous admin-istration of liposomes loaded with DOX and SR-717 
and functionalized with anti-Ly6G antibodies result in the targeting of 
liposomes to NEs for hitchhiking towards postsurgical sites. The 
delivered DOX induces ICD of the residual tumor cells after tumor 
resection, which combines with SR-717 to simultaneously elicit the 
tumor-specific T-cell immunity via 
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Fig. 1. (a) Schematic illustration of the preparation of TLipD and TLipS, and the chemical structures of lipids (HSPC, DSPE-PEG2000-Biotin and cholesterol), DOX, 
and SR-717. (b) Size and (c) ζ-potential of LipD, TLipD, LipS and TLipS. Cryo-TEM images of (d) TLipD and (e) TLipS. Quantitative analysis of NEs (CD11b+Ly6G+) of 
CD45+ leukocytes in (f) blood and (g) tumor tissues at the indicated time points. The tumors of B16 tumor-bearing mice were surgically removed on Day 8 post- 
inoculation. Blood and residual tumor tissues were harvested for the detection of NEs by using flow cytometry at predetermined time points (2, 4, 10, 24, 48, 
and 72 h postsurgery). (h) Immunofluorescence images of NE infiltration in the tumor tissues at 12 and 24 h postsurgery. The tissues were stained with DAPI (blue), 
anti-CD11b (red), and anti-Ly6G (green). Scale bars are 100 µm. Data are presented as the mean ± SD (n = 3). 
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did not significantly change after incubating with DPBS and culture 
medium for 10 days, indicating their good stability (Fig. S3). The 
morphology of TLipD and TLipS was examined by cryo-transmission 
electron microscopy (cryo-TEM), which demonstrated hollow vesicle 
structures of the liposomes (Fig. 1d,e). The formed crystalline nanorods 
indicated the successful encapsulation of DOX. 

Inflammation-induced proliferation and trafficking of NEs 

NEs in blood and tumor sites were analyzed at different time points 
using flow cytometry. The gating strategies and representative flow 
cytometry analysis are shown in Figs. S4-7 (Supporting Information). 
[16] A significant increase in NEs (CD45+CD11b+Ly6G+) in blood was 
observed within 48 h postsurgery and peaked at 4–10 h. In contrast, the 
peak of NEs at tumor sites was delayed to 10–24 h (Fig. 1f,g), which 
could be due to the recruitment of NEs from blood circulatory system to 
tumor inflammatory sites. NE accumulation in the tumor tissues was 
also visualized by immunostaining of Ly6G and CD11b after tumor 
resection at representative time points. Both red (CD11b) and green 
(Ly6G) fluorescence signals peaked at 12 h (Fig. 1h), which is consistent 
with the flow cytometry results. These results indicate that the prolif-
eration of NEs in blood and recruitment of NEs at tumor sites were due to 
the surgery-induced inflammation, which provides a potential for 
NE-hitchhiking delivery.

Targeting of liposomes to NEs 

Mouse blood from healthy mice was collected and lysed to remove 
erythrocytes, followed by incubation with LipD and TLipD to analyze the 
cell targeting of liposomes. The NE targeting of TLipD was verified by 
flow cytometry, where the mean fluorescence intensity (MFI) of the 
TLipD group was significantly higher than that of the LipD group 
(Figs. S8-S10, Supporting Information). Confocal laser scanning micro-
scopy (CLSM) images also show the presence of DOX (red) in NEs 
(green), which indicates the specific targeting of TLipD to NEs expressed 
with Ly6G (Fig. S11, Supporting Information). In contrast, weak DOX 
fluorescence signals were found in NEs for the LipD group. Therefore, 
surface modification of anti-Ly6G antibodies affords liposomes that 
specifically target to NEs. To further verify the in vivo targeting and 
delivery of DOX-loaded liposomes to NEs, whole blood and tumor tissues 
were collected and processed at the predetermined time after tumor 
resection and injection of liposomes, followed by analyzing the NE as-
sociation of LipD and TlipD with flow cytometry. As a result, TLipD 
group resulted in 5.7- and 3.5-fold higher NE association than that of 
LipD group in blood and tumor tissues, respectively, which indicates the 
well in vivo targeting ability of the anti-Ly6G functionalized liposomes 
(Fig. 2a-c). 

Ex vivo imaging of tumor tissues was examined to investigate the 
targeted delivery of liposomes. For fluorescence imaging, Active 
Ingredient green (ICG) as a model drug was loaded into Lip and TLip 
(denoted as LipICG and TLipICG, respectively). As shown in Fig. 
2d,e TLipICG showed higher tumor accumulation than LipICG and 
maintained the fluorescence intensity at tumor sites even after 24 h 
postsurgery, which indicated the well accumulation and retention of 
TLipICG. The targeted delivery of liposomes to postsurgical tumor sites 
was further evaluated by immunofluorescence staining assay. As 
shown in Fig. 2f and S12 (Supporting Information), the 
accumulation of DOX in the TLipD (nonsurgery) group was similar 
to the LipD (postsurgery) group, while twice more tumor 
accumulation of DOX was observed in the TLipD group at 12 h 
postsurgery compared to that of the LipD group, which indicates that 
the acute phase of inflammation after tumor resection is of benefit to 
the transportation and accumulation of TLipD. These results 
demonstrate that tumor surgery induced local inflammation and NEs 
with anti-Ly6G functionalized liposomes migrated to inflammatory 
sites, followed by release of the carried cargos to the postsurgical 
tumor sites. 

Drug delivery and immune activation in vitro 

The cytotoxicity of TLipS and TLipD against B16 cells was assessed 
by a 3-(4,5)-dimethylthiahiazo(-z-y1)− 2,5-di-phenytetrazoliumromide 
(MTT) assay and the live/dead cell imaging. After incubation of B16 
cells with TLipS for 48 h, negligible cytotoxicity of TLipS was observed, 
even when the equivalent SR-717 concentration was 20 μg/mL. TLipD 
and TLipDS (both TLipD and TLipS) groups resulted in similar cell 
cytotoxicity with an IC50 of 8.8 μg/mL (Fig. 2g), which was further 
confirmed by live/dead cell imaging (Fig. S13, Supporting Information). 
The intercellular transport of drugs from NEs to tumor cells was inves-
tigated by co-culture of TLipD-targeted NEs and B16 cells in the presence 
of phorbol myristate acetate (PMA), which was typically used to mimic 
inflammatory factors for the formation of neutrophil extracellular traps 
(NETs).[6] As a result, DOX was delivered into B16 cells (Fig. 2h). This 
could be due to the formation of NETs in the presence of PMA stimu-
lation, which induced the disintegration of the NE plasma membrane 
and subsequent release of TLipD. In contrast, a weak DOX fluorescence 
signal was found in B16 cells when the NEs were not stimulated by PMA 
(Fig. S14, Supporting Information). 

The effect of DOX on the induction of ICD was investigated by 
measuring the release of high mobility group box 1 (HMGB1) and the 
expression of CRT, which are typical indicators for ICD,[22] after in-
cubation of B16 cells with therapeutics-loaded liposomes. Enzyme 
linked immunosorbent assay (ELISA) measurements showed that the 
TLipD and TLipDS groups could induce a 2.0-fold and 1.8-fold higher 
release of HMGB1 from the nuclei than that of the TLipS group (Fig. 2i). 
Flow cytometry analysis demonstrated that TLipD and TLipDS groups 
resulted in a 1.3-fold higher expression of CRT than that of the TLipS 
group (Fig. 2j), which were confirmed by CLSM images that higher green 
fluorescence signals (CRT-FITC) were observed in the TLipD and TLipDS 
groups than that of the TLipS group (Fig. 2k). These results indicate that 
DOX-loaded liposomes can effectively induce ICD, which is promising to 
activate immune responses. 

To investigate the maturation of bone marrow-derived dendritic cells 
(BMDCs) induced by ICD or agonists in vitro, BMDCs were incubated 
with the culture medium of B16 cells after different treatments with 
TLipD, TLipS or TLipDS. The percentage of the matured BMDCs 
(CD11c+CD80+CD86+) was examined by flow cytometry. As shown in 
Fig. 2l and S15, Supporting Information, TLipD and TLipS groups 
resulted in 1.5- and 1.4-fold BMDC maturation, respectively, compared 
to the PBS group (~29%), while TLipDS group could significantly pro-
mote the BMDC maturation (~51%) compared to the TLipD and TLipS 
groups. Moreover, the cytokines produced by BMDCs were measured by 
ELISA kits. The TLipDS group showed improved secretion of interleukin- 
6 (IL-6, Th2-type cytokine) and tumor necrosis factor α (TNF-α Th1-type 
cytokine) (Fig. 2m,n). The above results indicate that the co-delivery of 
DOX and SR-717 can efficiently promote BMDC maturation and cyto-
kine secretions. 

Inhibition of tumor recurrence and metastatic tumor growth 

The inhibition of tumor recurrence was evaluated on postsurgical 
B16 tumor-bearing mice, the schedule of which is shown in Fig. 3a. Mice 
were intravenously injected with PBS, TLipS, TLipD, LipDS and TLipDS 
at 4 h postsurgery. The body weight and tumor volume were monitored 
every 2 days. As a result, no significant changes were founded during the 
treatments (Fig. S16, Supporting Information), indicating the well 
biocompatibility of liposome-based therapeutics, which were also veri-
fied by the analysis of alanine transaminase (ALT), alkaline phosphatase 
(ALP), carbamide (UREA), and creatinine (CREA) in blood (Fig. S17, 
Supporting Information). Compared with PBS group, TLipS, TLipD and 
LipDS groups could partially inhibit the tumor growth (Fig. 3b,c). 
Notably, tumor recurrence and growth were well controlled by the 
TLipDS group until to 44 d, which should be attributed to the effective 
drug accumulation and synergy of chemo-immunotherapy (Fig. 3d). The 
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survival rate of the TLipDS group reached as high as 80% in 44 d, a much 
better outcome than that of the LipDS group (three out of ten, 30%) 
(Fig. 3e). Furthermore, hematoxylin-eosin (H&E) staining, terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end labeling 
(TUNEL), and Ki67 immunofluorescence analysis of tumor tissues were 
examined to investigate the therapeutic activity (Fig. S18, Supporting 
Information). The TLipDS group resulted in more tumor tissue disrup-
tion and tumor cell apoptosis than the other groups, and therefore 
significantly inhibited the proliferation of tumor cells. 

To further evaluate the therapeutic effect of liposome-based thera-
peutics, metastatic lung tumor models were established, followed by 
injection of liposomes to investigate the inhibition of tumor growth 
(Fig. 3f). The mice treated with PBS, TLipS, or TLipD groups showed 
visible lung tumors as black dots (Fig. 3g). Although the tumor sizes in 
the LipDS group were smaller than those of TLipS and TLipD groups, the 
tumors were dispersively distributed in lungs. In contrast, rare tumor 
dots were observed in the TLipDS group, which indicates that TLipDS 
could efficiently inhibit the growth of metastatic tumor cells. This 
should be due to the effective targeted hitchhiking delivery of drugs and 
agonists for the activation of antitumor immune responses. H&E stain-
ing of lung sections and numbers of metastatic tumor nodules further 
verified the superiority of the TLipDS group for the inhibition of meta-
static tumors (Fig. 3h,i). Furthermore, the survival time of mice in the 
TLipDS group was significantly prolonged compared to other groups 
(Fig. 3j). 

Activation of STING pathway 

Cancer cell-intrinsic STING pathway, which can be activated by 
chemotherapeutics-induced ICD, plays a vital role in antitumor immu-
nity. DOX is expected to cause ICD and release of tumor-specific anti-
gens, which together with SR-717 can activate the STING pathway and 
stimulate DC maturation (Fig. 4a). To investigate the effect of DOX and 
SR-717 on cGAS/STING signaling in tumor-bearing mice, the levels of 
cGAS, STING, TBK1 and IRF3, as well as phosphorylation levels of 
STING, TBK1 and IRF3 were examined by western blotting. As shown in 
Fig. 4b,c, the level of cGAS as well as phosphorylation of STING, TBK1 
and IRF3 (indicators of STING pathway) were up-regulated in the TLipS, 
TLipD and LipDS groups, but the activation was weaker than that of the 
TLipDS group, which was attributed to the efficient accumulation of 
therapeutics based on targeted NE-hitchhiking strategy and synergetic 
activation of the co-delivered DOX and SR-717. 

To investigate the effect of DOX and SR-717 on the immune micro-
environment through the activation of STING pathway, RNA was 
extracted from tumor tissues after different treatments and the STING 
pathway related gene expression levels were detected by real-time po-
lymerase chain reaction (PCR). As a result, multiple gene expression 
levels (i.e., signaling transduction molecules, Active Ingredient related 
molec-ular, JAK-STAT signaling, STING activates downstream genes 
and T cell infiltration and function) in the TLipD and TLipS groups 
were up- regulated (Fig. 4d), indicating that the DOX-induced ICD 
and SR-717 in tumor tissues played an important role in the 
activation of STING 

pathway. For the combination therapy group of TLipDS, most of genes 
associated with the STING pathway showed a significant up-regulation 
(Fig. 4d), which was consistent with the Western blot results. 

In order to further clarify the effect of TLipDS on the activation of 
STING-related immune pathways and regulation of immune microen-
vironment, relevant up-regulated genes were selected and analyzed 
(Fig. 4e). Active Ingredient regulatory factor 7 (IRF7), as a key 
transcriptional regulator of type I Active Ingredient (IFN)-dependent 
immune responses, is vital in the innate immune response. IRF7 can 
activate both IFN-β and the IFN-α genes by binding to an active 
ingredient-stimulated response element (ISRE) in their promoters, and 
regulate the antitumor properties of im-mune cells. The high 
expression of Ifi16 (as an intracellular DNA sensor mediating IFN-β 
induction) in the TLipDS group could promote to re-cruit STING to 
induce IFN-β after DNA stimulation.[45] Compared with TLipD, 
TLipDS group induced higher secretion levels of NF-κB (Fig. S19, 
Supporting Information), which demonstrated that STING-TBK1-IRF3/
STING-TBK1-NF-κB pathways can be activated by the combination 
treatment of TLipDS. The treatment of TLipD or TLipDS released 
immunogenic substances from tumor cells (e.g., DNA) to acti-vate the 
STING pathway at the tumor sites. SR-717 could further amplify the 
signals and recruit immune cells, which induced the continuous 
activation of STING pathway. In addition, gene ontology (GO) analysis 
showed that the TLipDS group contributed to biological processes 
associated with the STING pathway (e.g., NF-κB pathways and type I 
Active Ingredient) , compared to the PBS group (Fig. 4f and S20, 
Supporting Information). Therefore, the combination of DOX and 
SR-717 plays a crucial role in the activation of the sting pathway for 
antitumor effects in animals. 

To confirm the changes of immune regulatory factors in immuno-
suppressive microenvironment caused by the activation of STING 
pathway, pro-inflammatory cytokines of CCL5/RANTES, CXCL10, 
TNF- α and IFN-β in tumor tissues were analyzed by the ELISA (Fig. 
4g-j). As a result, the TLipDS group resulted in higher production of 
immune reg-ulatory factors compared to other groups, which were 
consistent with the results ontained from Western blot and qRT-PCR. 
The TLipDS group could effectively relieve immunosuppressive tumor 
microenvironment by up-regulation of tumor suppressor inflammatory 
factors. The remodeling of immunosuppressive microenvironments 
effectively attractes monocytes/macrophages, NK cells and dendritic 
cells, and promoted the recognition of T cells to inhibit tumor 
recurrence and metastasis after surgery. 

Amelioration of tumor microenvironments 

DOX-induced ICD could provide damage-associated molecular pat-
terns (DAMPs) to release a signal of “eat me” (i.e., calreticulin, CRT), 
accompanied by the release of HMGB1, which can subsequently stimu-
late DC maturation.[46–48] Furthermore, the activated STING induced 
by SR-717 could elevate the release of type I IFN, which reinforces 
tumor-specific antigen presentation on DCs and further activates anti-
tumor T cells for adaptive immunity and improvement of tumor 
immune microenvironments (Fig. 5a).[49] To demonstrate the 
antitumor 

Fig. 2. (a) Time schedule for the evaluation of in vivo targeting of liposomes to NEs on a B16 tumor-bearing mouse model. C57BL/6 mice were subcutaneously 
injected with B16 cells on Day 1, followed by surgical removal of tumors (80%) on Day 8 and intravenous injection of TlipD and LipD. At 4 and 12 h postinjection, 
NEs in blood and tumor were labeled with CD45, CD11b and Ly6G for further analysis, respectively. Representative flow cytometry plots (b) and statistical data (c) of 
NEs after incubation with TLipD and LipD. Data are presented as the mean ± SD (n = 4). (d) Qualitative fluorescence analysis and (e) ex vivo images of tumor tissues 
after the injection of LipICG or TLipICG at the indicated time points (6, 12 and 24 h). (f) Distribution of LipD and TLipD in tumor tissues with or without surgical 
resection. (g) Cell viability of B16 cells after incubation with TLipS, TLipD or TLipDS for 48 h (equivalent DOX or SR-717 concentration of 0.6, 1.3, 2.5, 5.0, 10.0, and 
20.0 μg mL− 1). (h) CLSM images of B16 cells after incubation with TLipD-targeted NEs, followed by the treatment with PMA. Green fluorescence protein (GFP) signal 
was expressed in NEs from GFP transgenic mice. Scale bars are 50 µm. (i) HMGB1 release from B16 cells after incubation with TLipD, TLipDS, or TLipS for 24 h. (j) 
Flow cytometry analysis and (k) CLSM images of CRT expression on B16 cells. Scale bars are 25 µm. Cell nuclei and CRT were stained with Hoechst 33342 (blue) and 
FITC-anti-CRT (green), respectively. (l) Flow cytometry analysis of BMDC maturation in vitro. Cytokine secretion of (m) IL-6 and (n) TNF-α from BMDCs, as 
determined by ELISA. BMDCs were incubated with the culture medium of B16 cells, which were pre-treated with TLipD, TLipDS, or TLipS for 24 h. Data are presented 
as the mean ± SD (n = 3). Statistically significant differences between groups are identified by one-way ANOVA. * P < 0.05, * * P < 0.01, 
* ** P < 0.001, * ** * P < 0.0001.
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Fig. 3. (a) Time schedule for the establishment and treatment of B16 tumor-bearing mouse models. C57BL/6 mice were subcutaneously injected with B16 cells on 
Day 1, followed by surgical removal of tumors (80%) on Day 8 and intravenous injection of PBS, TLipS, TLipD, LipDS or TLipDS (DOX or SR-717 dosage of 15 mg/ 
kg). On day 24, five of mice were euthanized to obtain the tumors for further analysis, and other mice were monitored for a longer period of time to study the tumor 
recurrence and survival rates. (b) Representative photographs of tumors, and (c) tumor weights after treatment with PBS, TLipS, TLipD, LipDS or TLipDS. (d) Tumor 
growth profiles and (e) survival curves of mice after different treatments. (f) Time schedule for the establishment of subcutaneous B16 tumor models and the in-
hibition of metastatic lung tumors after tumor resection. C57BL/6 mice were subcutaneously injected with B16 cells on Day 1. B16 cells were intravenously injected 
in C57BL/6 mice on day 7 for the establishment of metastatic lung tumor models, followed by surgical removal of subcutaneous tumors and intravenous injection of 
PBS, TLipS, TLipD, LipDS or TLipDS on Day 8 (DOX or SR-717 dosage of 15 mg/kg). Lungs of each group were obtained for further analysis on Day 18. (g) Pho-
tographs of lungs. (h) H&E staining images of lung sections after different treatments. (i) Number of metastatic tumor nodules in lungs. (j) Survival curves of mice 
after different treatments. Data are presented as the mean ± SD (n = 5). Statistically significant differences between groups are identified by one-way ANOVA. 
* P < 0.05, * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001. 
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Fig. 4. (a) Schematic illustration of the activation of STING pathway. (b) Western blotting of STING, TBK1, IRF3, cGAS, and phosphorylation of the indicated 
proteins in the tumor tissues. Data are presented as the mean ± SD (n = 3). (c) Quantification of protein levels from the western blotting results. (d) Changes of gene 
enrichment after the treatments with PBS, TLipS, TLipD, or TLipDS. (e) Volcano plot of differentially regulated genes related to signaling pathway regulate 
molecules, Active Ingredient related molecules, cytoplasmic receptors, and STING activating downstream genes (PBS vs TLipDS). (f) Biological process of tumor 
tissues through GO annotation analysis (PBS vs TLipDS). ELISA analysis of cytokine secretion of CCL5/RANTES (g), CXCL10 (h), IFN-β (i), and TNF-α (j) in tumor 
tissues. Data are presented as the mean ± SD (n = 3). Statistically significant differences between groups are identified by one-way ANOVA. * P < 0.05, * * P < 
0.01, * ** P < 0.001. 

Z. Gao et al.
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Fig. 5. (a) Schematic illustration showing the changes of immune microenvironments after hitchhiking delivery of DOX and SR-717. Percentages of CD3+CD4+ (b) 
and CD3+CD8+ (c) T cells in tumors after treatments with PBS, TLipS, TLipD, or TLipDS. (d) Percentages of CD80+CD86+ DCs in total CD11c+ DCs in lymph nodes 
after the treatments. Percentages of CD45+CD11b+Gr1+ (e), CD4+Foxp3+ (f) and CD62L-CD44+ (g) T cells in total T cells in tumors. (h) Immunofluorescence images 
of CD4+ and CD8+ T cells in tumor sections after the treatments. Scale bars are 100 µm. Cell nuclei, CD4+ and CD8+ T cells were stained with DAPI (blue), PE-anti- 
CD4 (red) and PE-anti-CD8 (red), respectively. DOX fluorescence signal (red) was used to represent the liposome signal. Data are presented as the mean ± SD (n = 5). 
Statistically significant differences between groups are identified by one-way ANOVA. * P < 0.05, * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001. 
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immunity evoked by ICD and activation of STING pathway, intratumoral 
infiltration of immune cells was examined. Notably, the TLipDS group 
induced the highest increase in the abundance of helper T lymphocytes 
(CD3+D4+) and cytotoxic T cells (CD3+CD8+) compared to other groups 
(Fig. 5b,c and S21, Supporting Information). This demonstrates that the 
presence of targeting molecules and STING agonists is desirable to 
activate strong immune responses. Since DCs as one of the most 

important antigen- presenting cells antigen presenting cells can present 
tumor antigens to CD8+ T cells for the activation and proliferation of 
antigen-specific T cells to eliminate tumor cells, the maturation level of 
DCs in tumor draining lymph nodes was investigated for elucidating the 
mechanism in the combination therapy.[50] The co-delivery of DOX and 
SR-717 resulted in higher activation levels of DC maturation compared 
to other groups (Fig. 5d and S22, Supporting Information). 

Fig. 6. (a) Time schedule for the establishment and treatment of 4T1 tumor-bearing mouse models. Balb/c mice were subcutaneously injected with 4T1 cells on Day 
1, followed by resection of tumors (80%) on Day 8 and intravenous injection of targeted and non-targeted liposomes for imaging and therapy. (b) In vivo fluorescence 
imaging of the 4T1 tumor-bearing mice after intravenous injection of TLipICG or LipICG at 1, 2, 4, 6, 8, 10, 18, 24 h, respectively. (c) Fluorescence intensity of 
different organs and tumors ex vivo. Data are presented as the mean ± SD (n = 3). Statistically significant differences between groups are identified by one-way 
ANOVA. * * P < 0.01. (d) Tumor growth profiles after treatments with PBS, SR-717, TLipS, DOX, TLipD, LipDS or TLipDS (DOX or SR-717 dosage of 15 mg/kg). 
(e) Tumors weight after treatments with PBS, SR-717, TLipS, DOX, TLipD, LipDS or TLipDS. (f) TUNEL staining images of 4T1 tumor tissues and H&E staining images 
of kidney after different treatments. (black triangle: glomerulus; green triangle: renal tubule). (g,h) Percentages of CD3+CD4+ and CD3+CD8+ T cells in tumors after 
different treatments. (i) Percentages of CD80+CD86+ DCs in total CD11c+ DCs in lymph nodes after different treatments. Data are presented as the mean ± SD 
(n = 5). Statistically significant differences between groups are identified by one-way ANOVA. * P < 0.05, * * P < 0.01, * ** P < 0.001, * ** * P < 0.0001. 
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Myeloid-derived suppressor cells (MDSCs) and tumor infiltration of 
regulatory T cells (Tregs) are vital in the regulation of tumor immuno-
suppressive microenvironments, which seriously limits antitumor im-
mune responses.[51,52] Notably, co-delivery of DOX and SR-717 led to 
a remarkably reduced MDSCs (Fig. 5e and S23, Supporting Information) 
and Tregs (Fig. 5f and S24, Supporting Information), which was 
important to show the activation of antitumor immunes. It is known that 
local immunological memory can promote adaptive immunity, which 
provides long-term immunity against tumor recurrence and distant 
metastases. To analyze immunological memory induced by the 
chem-immunotherapy, tumors from the mice treated with different 
therapeutic groups were collected for flow cytometry analysis. As shown 
in Fig. 5g and S25, Supporting Information, the TLipS and TLipDS 
groups exhibited a remarkable improvement of effector memory T cells 
(CD62L− CD44+), while no significant differences were observed in the 
LipDS and TLipD groups compared to the PBS group, which could be due 
to the less tumor accumulation of drugs and agonists in the non-targeted 
LipDS group and the absence of agonists in the TLipD group, respec-
tively. The tumor infiltration of helper T cells and effector T cells was 
confirmed by the immunofluorescence staining of CD4+ and CD8+ T 
cells (Fig. 5h), which further proved the improvement of immune 
microenvironment after the treatment with TLipDS. Taken together, the 
in situ targeting of TLipDS to NEs for efficient hitchhiking delivery could 
result in more tumor accumulation of drugs and agonists, which can 
effectively activate STING signaling pathway and trigger systemic im-
mune responses to improve the tumor immune microenvironment for 
cancer therapy. 

Antitumor effect in 4T1 bearing mice 

To further confirm the in situ NE-hitchhiking delivery for post-
surgical chemo-immunotherapy, the antitumor efficacy of TLipDS was 
investigated on the 4T1 tumor-bearing BALB/c mice (Fig. 6a). Tumor 
accumulation and biodistribution of the TLipICG and LipICG were 
monitored via fluorescence imaging. Both groups exhibited time- 
dependent tumor accumulation (Fig. 6b). TLipICG group showed more 
accumulation of liposomes at tumor sites compared to the LipICG, where 
the MFI of the tumor in the TLipICG was 1.4-fold higher than that in the 
LipICG group at 24 h (Fig. 6c and S26, Supporting Information). 
Treatments with SR717, TLipS, TLipD and LipDS showed moderate in-
hibition of tumor growth. Notably, the TLipDS group demonstrated the 
best antitumor efficacy among all groups, indicating that NE-hitchhiking 
targeted delivery of therapeutics at the postsurgical site and combina-
tion of chemo-immunotherapy are crucial for the inhibition of tumor 
recurrence (Fig. 6d,e and S27, Supporting Information). H&E staining, 
Ki67 and TUNEL analysis of tumor tissues further revealed that the 
targeted chemo-immunotherapy induced necrosis and apoptosis of tu-
mors (Fig. 6f and S28, Supporting Information). Remarkably, free DOX 
group significantly suppressed the growth of tumours compared with 
the PBS group. However, injection of free DOX was accompanied with 
severe ascites and weight loss (Fig. S29, Supporting Information). H&E 
staining in the DOX group resulted in abnormal glomerulus and renal 
tubule structure, which was due to that DOX could induce the genera-
tion of reactive oxygen species and promote the oxidation and senes-
cence of kidney cells.[53,54] On the contrary, DOX-loaded liposomes 
could significantly reduce the damage of the kidney tissues (Fig. 6f). 
H&E staining of major organs (heart, liver, spleen, lung and kidney) 
treated with the PBS, SR-717, TLipS, TLipD, LipDS or TLipDS did not 
show significant histological changes, indicating their low systematic 
toxicity (Fig. S30, Supporting Information). The intratumoral infiltra-
tion of CD3+CD4+ and CD3+CD8+ T cells was examined by flow 
cytometry. The infiltration ratio of CD3+CD4+ and CD3+CD8+ T cells in 
the LipDS group was 4.1% and 2.8%, respectively, which was 4.6- and 
3.4-fold higher than that of the PBS group, respectively. The targeted 
TLipDS could further increase the infiltration ratio of CD3+CD4+ and 
CD3+CD8+ T cells to 14.9% and 7.5%, which was 3.6- and 2.7-fold 

higher than that of LipDS group (Fig. 6g,h and S31, Supporting Infor-
mation). The intratumoral infiltration of mature DC were also investi-
gated by flow cytometry, which plays a vital role in antigen presentation 
to T cells and promotes intratumoral infiltration of cytotoxic T lym-
phocytes.[55] As a result, SR717, TLipS, DOX, TLipD and LipDS groups 
facilitated the DC maturation from 5.5% to 8.1%. TLipDS group 
dramatically promoted the intratumoral DC maturation ratio to 12.3%, 
which was 3.3- and 1.5-fold higher than PBS and LipDS groups, 
respectively (Fig. 6i and S32, Supporting Information). Overall, the 
study in the 4T1 tumor model confirmed the efficacy of in situ 
NE-hitchhiking delivery for postsurgical chemo-immunotherapy. 

Discussion 

The capability of nanomedicines to deliver the therapeutics at the 
desired sites has brought distinct merits to cancer therapy. Great efforts 
have been devoted to overcome biological barriers via the engineering 
of carriers.[56–58] Hitchhiking strategy has been developed to improve 
the drug delivery efficacy, which is typically based on the ex vivo cell 
engineering technology.[6] In situ hitchhiking strategy to overcome the 
drawbacks of ex situ approach (e.g., short lifetime of cells and complex 
processes) holds great potential to simplify the delivery process.[13,18.19] 

Herein, we demonstrate the assembly of liposome-based vehicles func-
tionalized with anti-Ly6G antibodies for hitchhiking delivery of DOX 
and STING agonist SR-717 via targeting NEs. After tumor resection, 
inflammatory factors are released to recruit the migration of inflam-
matory cells (e.g., NEs) to the postsurgical sites. Targeting of liposomes 
to NEs potentiates the accumulation of therapeutics at the postsurgical 
sites for improved delivery efficacy. 

Cancer cell-intrinsic STING pathway, which can be activated by 
chemotherapeutics-induced ICD, plays a vital role in antitumor immu-
nity.[59,60] ICD biomarkers detection and DC maturation experiments 
confirmed that the delivery of DOX resulted in ICD and the release of 
tumor-specific antigens, which together with SR-717 could activate the 
STING pathway and stimulate DC maturation. Specifically, the treat-
ment with DOX induced the release of immunogenic substances from 
tumor cells (e.g., DNA) to activate STING pathway at the tumor sites. 
SR-717 could further amplify the signals and recruit immune cells, 
which contributed to the continuous activation of STING pathway. In 
addition, the co-delivered DOX and SR-717 in tumor site could effec-
tively relieve immunosuppressive tumor microenvironment by 
up-regulation of tumor suppressor inflammatory factors. The remodel-
ing of immunosuppressive microenvironments attracted mono-
cytes/macrophages, NK cells and dendritic cells, and promoted the 
recognition of T cells to inhibit tumor recurrence and metastasis after 
surgery. 

In summary, a targeted hitchhiking delivery strategy was designed 
and verified for postsurgical chemo-immunotherapy. The surgical 
resection of tumor sites induced the inflammatory responses and the 
subsequent recruitment of NEs, where in situ targeting of TLipDS im-
proves the accumulation of DOX and SR-717. The delivered DOX could 
not only inhibit tumor growth for chemotherapy but can also improve 
the tumor immunogenicity induced by ICD. The released immunogenic 
substances (e.g., dsDNA) could activate the STING pathway, and the 
delivered SR-717 could further amplify the signals to elicit tumor- 
specific T cell immunity. Notably, the TLipDS demonstrated the effec-
tive inhibition the growth of the metastatic melanoma due to the acti-
vation of specific antitumor immune memory after the treatment. The 
co-delivery of drugs and agonists via the targeted hitchhiking delivery 
strategy provides an important insight in the combined chemo- 
immunotherapy for postsurgical tumor recurrence and metastatic mel-
anoma growth. 
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Materials and methods 

Assembly of liposomes 

LipD was assembled by a transmembrane ammonium sulfate 
gradient method. In brief, a lipid mixture of HSPC (75 mg), Chol 
(25 mg), and DSPE-PEG2000-Biotin (25 mg) at a molar ratio of 56:39:5 
was dissolved in 10 mL of chloroform in a 250 mL flask and evaporated 
under reduced pressure to form a lipid membrane. Subsequently, 10 mL 
of ammonium sulfate solution (0.3 M) was added for rehydration with 
the assistance of ultrasonication. Subsequently, the liposomes were 
sequentially extruded through a high-pressure microfluidizer (Nano-
Genizer-II, Genizer) four times at an operation pressure of 15000 psi, 
followed by dialysis with PBS buffer (10 mM) for 24 h. The obtained 
liposomes were mixed with 15 mg of DOX⋅HCl (dissolved in 2 mL of 
H2O) and incubated at 60 ◦C for 30 min, followed by centrifugation 
(50,000 g, 40 min, 4 ◦C) to remove the free DOX. For the assembly of 
LipD without modification of biotin, the component of DSPE-PEG2000- 
Biotin was replaced with DSPE-PEG2000. 

LipS was assembled by a film-dispersion method. Briefly, HSPC 
(75 mg), Chol (15 mg), DSPE-PEG2000-Biotin (27 mg) and SR-717 
(15 mg) were dissolved in 20 mL of methanol in a 250 mL flask and 
evaporated under reduced pressure to form a thin film. Subsequently, 
10 mL of PBS buffer (10 mM) was added for rehydration with the 
assistance of ultrasonication. The obtained liposomes were extruded 
through the high-pressure microfluidizer (NanoGenizer-II, Genizer) four 
times at an operation pressure of 15000 psi to obtain the biotin-modified 
LipS. For the assembly of LipS, the component of DSPE-PEG2000-Biotin 
was replaced with DSPE-PEG2000. 

For the modification of targeted molecules, biotin-modified LipD or 
LipS (10 mg) dispersion was incubated with 1 mg of avidin for 12 h at 
4 ◦C, followed by centrifugation (50,000 g, 40 min, 4 ◦C) to remove the 
unreacted avidin. Subsequently, avidin-modified LipD and LipS were 
further incubated with biotin-conjugated anti-Ly6G antibodies (0.2 mg) 
for 12 h at 4 ◦C, which resulted in the formation of TLipD and TLipS, 
respectively. 

Tumor and surgical resection model 

To establish a postsurgical B16 tumor-bearing mouse model, the 
mice were subcutaneously inoculated with B16 cells (1 ×106 cells per 
mouse). Once the tumor size was approximately 100 mm3 (7 days after 
inoculation), ~80% of the tumor tissue was removed, followed by 
disinfection and suture of the wound. The postsurgical 4T1 tumor- 
bearing mouse model was established according to the postsurgical 
B16 tumor-bearing mouse model, and the amount of inoculated 4T1 
cells were 1 × 106 cells per mouse. 

Evaluation of NEs in blood and tumor tissues after surgery 

Blood samples were collected at the predetermined time points after 
surgery, followed by dissection of the tumor tissues. The blood sample 
was lysed to remove erythrocytes, followed by centrifugation (652 g) for 
5 min. The obtained cells were labeled with APC-CD45, PE/Cyanine 7- 
CD11b and FITC-Ly6G antibodies. The expression level of surface 
markers was detected by flow cytometry. To analyze the tumor infil-
tration of NEs, the residual tumor tissues were harvested and homoge-
nized into cell suspensions, followed by filtration with a 200-mesh sieve 
and centrifugation (652 g) for 5 min. The obtained cells were labeled 
with anti-CD45, anti-CD11b and anti-Ly6G antibodies for further eval-
uation. Tumor tissues were also collected for histological staining. 

Targeting of liposomes to NEs 

Mouse blood were collected at 4 h postsurgery and lysed to remove 
erythrocytes. The obtained immune cells were seeded into 24-well plates 

at a density of 2 × 105 cells per well. TLipD and LipD (equivalent DOX 
concentration of 5 μg mL− 1) were incubated with cells for 4 h, followed 
by sequential staining with Hoechst 33342 and FITC-Ly6G antibodies. 
Subsequently, cells were washed with DPBS twice and analyzed by flow 
cytometer and CLSM (excitations for DOX and FITC at 495 nm, excita-
tion for Hoechst 33342 at 358 nm). 

For the evaluation of in vivo targeting behavior. The mice were 
subcutaneously inoculated with B16 cells (1 ×106 cells per mouse). 
Once the tumor size was approximately 100 mm3 (7 days after inocu-
lation), ~80% of the tumor tissue was removed, followed by disinfection 
and suture of the wound. At 4 h postsurgery, TLipD, and LipD (DOX 
dosage of 15 mg/kg) was subcutaneously injected into mice. Blood 
samples and tumor tissues were collected and processed at the pre-
determined time, followed by labeling with APC-CD45, PE/Cyanine7- 
CD11b and FITC-Ly6G antibodies for further detecting by flow 
cytometry. 

Tumor targeting 

ICG-loaded liposomes (LipICG and TLipICG) were assembled by a 
film-dispersion method according to the preparation of LipS. The 
component of SR-717 was replaced with ICG. At 4 h postsurgery, TLi-
pICG and LipICG were intravenously injected into the tumor-bearing 
mice. The mice without surgery were set as the control group. At the 
predetermined time points (6, 12, and 24 h), the residual tumor tissues 
were harvested for ex vivo imaging and the average fluorescence in-
tensity of the ICG signal was analyzed using Living Image Software. To 
investigate the infiltration of DOX, tumor tissues were dissected for 
histological staining at 12 h post-injection of LipD or TLipD. 

Intercellular transportation of drugs from NEs to tumor cells 

NEs (1 × 105 cells/mL), obtained from bone marrow cells, were 
seeded in a sterile tube and incubated with TLipD (equivalent DOX 
concentration of 50.0 μg mL− 1) for 1 h at 37 ◦C to obtain TLipD/NEs. 
B16 cells were seeded in an 8-well chamber slide (3 ×103 cells per well). 
After 12 h culture, B16 cells were incubated with the above TLipD/NEs 
(2 ×104 cells per well), followed by incubation with PMA for 4 h. Sub-
sequently, the cells were gently washed with DPBS twice and stained 
with Hoechst 33342 before imaging using CLSM. 

Cytotoxicity of TLipD against B16 cells 

The in vitro cytotoxicity of TLipD against B16 cells was determined 
using an MTT assay. B16 cells were seeded into 96-well plates at a 
density of 1 × 104 cells per well. After cell attachment for 12 h, cells 
were incubated with different concentrations of TLipD or/and TLipS 
(equivalent DOX or SR-717 concentration of 0.6, 1.3, 2.5, 5.0, 10.0, and 
20.0 μg mL− 1). After 48 h incubation, 10 μL of MTT solution 
(5 mg mL− 1) was added to each well and incubated for 4 h. The super-
natant was removed and 100 μL of DMSO was added to dissolve for-
mazan crystals, followed by characterization of the absorbance at 
570 nm. 

Detection of the ICD biomarkers 

The ICD biomarkers (i.e., CRT and HMGB1) of tumor cells after 
treatment were examined according to previously reported method. 
Briefly, B16 cells were seeded into 24-well plates at a density of 1 × 105 

cells per well and cultured for 12 h, followed by incubation with TLipD, 
TLipS or TLipDS (equivalent DOX/SR-717 concentration of 5 μg mL− 1) 
for 24 h. The cells were washed with DPBS twice and incubated with 
anti-CRT antibodies for 30 min. After washing with DPBS three times, 
the cells were incubated with AF488-conjugated secondary antibodies 
for 30 min, followed by analysis with flow cytometry. 

For immunofluorescence imagining of CRT expression, B16 cells 
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(1 ×105 cells per well) were seeded in confocal dishes and cultured for 
12 h, followed by incubation with TLipD, TLipS or TLipDS (equivalent 
DOX/SR-717 concentrations of 5 μg mL− 1) for 24 h. Subsequently, the 
cells were washed with DPBS twice and fixed with 4% para-
formaldehyde. The cells were further incubated with anti-CRT anti-
bodies for 30 min, followed by sequential incubation with AF488- 
conjugated secondary antibodies and Hoechst 33342 for 30 and 
10 min, respectively, before imaging with CLSM. 

Intracellular HMGB1 was examined using the ELISA kit. B16 cells 
were seeded into 24-well plates (1 ×105 cells per well) and cultured for 
12 h followed by incubation with TLipS and TLipDS (equivalent DOX/ 
SR-717 concentrations of 5 μg mL− 1) for 24 h. The content of HMGB1 
in the supernatant of the medium was detected by the ELISA kit ac-
cording to the manufacturer’s instructions. 

BDMC maturation 

BMDCs were obtained from C57 female mice (6 week) and cultured 
in the complete RPMI 1640 medium containing GM-CSF (20 ng mL− 1) 
and IL-4 (10 ng mL− 1) for 6 days. On day 7, the immature BMDCs were 
seeded into 24-well plates at a density of 5 × 105 cells per well and 
incubated with the supernatant medium of B16 cells, which were pre- 
incubated with TLipD, TLipS or TLipDS (equivalent DOX/SR-717 con-
centrations of 5 μg mL− 1) for 24 h. After incubation for 24 h, BMDCs 
were stained with APC-CD11c, FITC-CD80 and PE/Cyanine7-CD86, 
followed by analysis with flow cytometry. The cytokines of IL-6 and 
TNF-α□in the medium were detected using ELISA kits according to the 
manufacturer’s instructions. 

In vivo antitumor study 

B16 model 
To investigate the therapeutic activity of the in situ hitchhiking 

strategy, a melanoma-bearing mouse model was established. Briefly, 
1 × 106 B16 cells were transplanted into the right flanks of mice. On day 
8, mice were randomly divided into five groups. Tumors in all groups 
were partially resected (~80%) to mimic residual foci after surgery. At 
4 h postsurgery, TLipD, TLipS, LipDS, and TLipDS (DOX or SR-717 
dosage of 15 mg/kg) were subcutaneously injected into mice. The 
body weight and tumor volume were monitored every 2 days and tumor 
sizes were calculated according to the following formula of width2 

× length × 0.5. On day 24, five of mice were euthanized to obtain the 
tumors for further analysis, and other mice were monitored for study the 
tumor recurrence the survial rates. Specifically, H&E and immunofluo-
rescence staining of tumor sections were used to investigate the 
apoptosis and proliferation of tumor cells as well as the T cell infiltration 
in tumors. To evaluate the improvement of tumor immune microenvi-
ronments, the tumor tissues were cut into small pieces and mashed into a 
single cell suspension using a 40 µm-cell strainer. After lysing erythro-
cytes, T lymphocytes were stained with APC-CD3, FITC-CD4 and PE-CD8 
antibodies. MDSCs were stained with APC-CD45, PE/Cyanine7-CD11b, 
and FITC-Gr1 antibodies. Tregs were stained with FITC-CD4 and PE- 
Foxp3 antibodies, followed by analysis with flow cytometry. To 
analyze the immune memory of the mice after the treatments, effector 
memory T cells (PE-CD8+AF488-CD62L− APC-CD44+) were stained and 
analyzed by flow cytometry. To examine the systemic immune re-
sponses, DLNs were harvested on day 15 for further analysis. DCs (FITC- 
CD11c+PE-CD80+PE/Cyanine-CD86+) in DLNs were stained and 
analyzed by flow cytometry. 

4T1 model 
Briefly, 1.5 × 106 4T1 cells were transplanted into the right flanks of 

mice. On day 8, mice were randomly divided into seven groups. Tumors 
in all groups were partially resected (~80%) to mimic residual foci after 
surgery. At 4 h postsurgery, PBS, SR-717, TLipS, DOX, TLipD, LipDS, and 
TLipDS (DOX or SR-717 dosage of 15 mg/kg) was subcutaneously 

injected into mice. The body weight and tumor volume were monitored 
every 3 days and tumor sizes were calculated according to the following 
formula of width2 × length × 0.5. On day 23, tumors were harvested for 
further analysis. Specifically, H&E and immunofluorescence staining of 
tumor sections were used to investigate the apoptosis and proliferation 
of tumor cells. To evaluate the improvement of tumor immune micro-
environments, the tumor tissues were cut into small pieces and mashed 
into a single cell suspension using a 40 µm-cell strainer. After lysing 
erythrocytes, T lymphocytes were stained with APC-CD3, FITC-CD4 and 
PE-CD8 antibodies and analyzed by flow cytometry. DCs (FITC- 
CD11c+PE-CD80+PE/Cyanine7-CD86+) in tumors were stained and 
analyzed by flow cytometry. Heart, liver, spleen, lung, and kidney were 
sectioned into slices and stained with hematoxylin and eosin (H&E) for 
histological analysis. 

Lung metastasis 
To establish the metastatic lung tumor models in mice, B16 cells 

(1 ×106) were subcutaneously injected into the armpit of anterior limb 
of female C57BL/6 mice. On day 7, B16 cells (1 ×106) were intrave-
nously injected into B16 tumor-bearing mice. On day 8, the mice were 
randomly divided into five groups for tumor surgery and intravenous 
injection of liposomes. Upon the completion of therapy, the survival rate 
of mice was monitored. The lungs were collected on day 18 post- 
injection of liposomes. The metastatic lesions in lungs were recorded 
and sectioned for H&E staining. 

Statistical analysis 

Statistical analyses were performed using GraphPad software Prism 
(Version 8). Two-sided Student’s t-test and one-way ANOVA using 
Tukey’s test were applied to compare the statistical significance of dif-
ferences between the groups. The differences were considered to be 
statistically significant for a p value below 0.05. 
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