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ABSTRACT: Immune checkpoint inhibitors (ICIs) have
displayed potential efficacy in triple-negative breast cancer
(TNBC) treatment, while only a minority of patients benefit
from ICI therapy currently. Although activation of the innate
immune stimulator of interferon genes (STING) pathway
potentiates antitumor immunity and thus sensitizes tumors to
ICIs, the efficient tumor penetration of STING agonists remains
critically challenging. Herein, we prepare a tumor-penetrating
neotype neutrophil cytopharmaceutical (NEs@STING-Mal-NP)
with liposomal STING agonists conjugating on the surface of
neutrophils, which is different from the typical neutrophil
cytopharmaceutical that loads drugs inside the neutrophils. We
show NEs@STING-Mal-NP that inherit the merits of neutrophils including proactive tumor vascular extravasation and tissue
penetration significantly boost the tumor penetration of STING agonists. Moreover, the backpacked liposomal STING
agonists can be released in response to hyaluronidase rich in the tumor environment, leading to enhanced uptake by tumor-
infiltrating immune cells and tumor cells. Thus, NEs@STING-Mal-NP effectively activate the STING pathway and reinvigorate
the tumor environment through converting macrophages and neutrophils to antitumor phenotypes, promoting the maturation
of dendritic cells, and enhancing the infiltration and tumoricidal ability of T cells. Specifically, this cytopharmaceutical displays
a significant inhibition on tumor growth and prolongs the survival of TNBC-bearing mice when combined with ICIs. We
demonstrate that neutrophils serve as promising vehicles for delivering STING agonists throughout solid tumors and the
developed neutrophil cytopharmaceuticals with backpacked STING agonists exhibit huge potential in boosting the
immunotherapy of ICIs.
KEYWORDS: neutrophil cytopharmaceuticals, STING agonists, immune checkpoint inhibitors, tumor penetration,
triple negative breast cancer

INTRODUCTION
Triple-negative breast cancer (TNBC) is characterized by a
lack of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor-2 (HER2), which
has accounted for approximately 15−20% of breast cancer
patients, usually with extremely poor prognosis.1 Apart from
the surgical section, chemotherapy remains the standard
therapy of TNBC, but with a disappointing median overall
survival of 13−18 months.2 Inspired by the growing
immunotherapy options, immune checkpoint inhibitors
(ICIs) such as PD-1/PDL1 antibodies have been attempted
to treat TNBC.3,4 While promising, the responsive rate of ICIs

among patients is only 10−35%, which can be primarily
attributed to the immunosuppressive tumor microenvironment
(TME).4 The immunologically “cold” TME lacks sufficient T
cell infiltration but presents large amounts of immunosup-
pressive cells that inhibit antitumor immune response,
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resulting in disabled immunotherapy.5 Therefore, remodeling
the immunosuppressive TME toward immunogenic states
would be beneficial for the improved immunotherapy of ICIs
in TNBC.6

The innate immune stimulator of interferon genes (STING)
agonists have been evidenced to reinvigorate the immunogenic
TME and sensitize tumors to ICIs.7,8 As reported, the
activation of cyclic guanosine monophosphate-adenosine
monophosphate synthase/interferon gene stimulator (cGAS/
STING) signaling by STING agonists leads to a multifaceted
inflammatory program driven by type I interferon (IFN-I) such
as IFN-β.9−11 It includes directly promoting the apoptosis of
tumor cells, recruiting more immune cells, and improving their
immune functions, such as enhancing the maturation,
activation, and antigen presentation of dendritic cells,12

regulating the phenotypes of neutrophils and macrophages to
tumoricidal ones, and finally boosting the activation of T cells
in TME.13−15 Therefore, the reactivated TME mediated by
STING agonists sharply improves the efficacy of ICIs.16

However, the efficient tumor penetration of STING agonists

remains a substantial challenge due to the rapid clearance by
the reticuloendothelial system and impeded infiltration by
dense tumor extracellular matrix (ECM).7,17 For example, it is
reported that the common delivery carriers of STING agonists
such as liposomes, polymer particles, or polymers only lead to
2−10% uptake of STING agonists by tumor-infiltrating innate
immune cells or cancer cells.7,17−20 Moreover, the research
group from Massachusetts Institute of Technology recently
indicated that carriers with the ability to penetrate tumors can
achieve the effective accumulation of STING agonists in tumor
sites, resulting in improved cytotoxic T cell priming and long-
term tumor remission.21 Thus, the carriers of STING agonists
that can effectively extravasate from the circulation to the
throughout tumor tissues plays a central role in aiding robust
activation of the STING signaling, thereby ensuring the
subsequent antitumor immunity and the boosted efficacy of
ICIs.
Neutrophils (NEs) are the largest amounts of leukocytes in

peripheral blood with a quick response to inflammation.22,23

Taking advantage of the inflammatory chemotaxis, our group

Figure 1. Schematic diagram of tumor-penetrating neutrophil cytopharmaceuticals (NEs@STING-Mal-NP) that enhance the tumor
sensitivity and immunotherapy efficiency of ICIs on TNBC. Briefly, NEs@STING-Mal-NP were prepared by the reaction between maleimide
on the surface of STING-Mal-NP and thiols on the surface of the NEs-SH (NEs after partial reduction by TCEP). NEs@STING-Mal-NP
were endowed with tumor vascular extravasation capacity of NEs to penetrate into the TNBC tumor site. At the tumor site, STING-Lip
would be detached from NEs, enhancing the uptake of STING agonist by tumor-infiltrated innate immune cells and tumor cells. The STING
signaling was then activated, which reinvigorated immunogenic TME. Finally, the reactivated immunogenic TME by NEs@STING-Mal-NP
would sensitize the TNBC tumor to the PD-1 antibody (αPD-1) therapy.
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has made use of NEs as the drug carriers to load
nanomedicines for the fabrication of NE cytopharmaceuticals,
which can target the inflammatory site mediated by surgery,
hyperthermia, or radiation for treatment of glioma, liver cancer,
or gastric cancer with a superior effect than conventional
nanoparticles.24−29 Besides, NEs were also reported to have a
capacity of proactive tumor vascular extravasation.30−32 When

sensing the gradient of chemokines, NEs starts to interact with
the activated tumor vascular endothelium through the
expressions of adhesion molecules, such as L-selectin, P-
selectin glycoprotein ligand-1 (PSGL-1), and so on. Sub-
sequently, neutrophils cross the endothelium and tissue
barriers through the self-deformation, thus extravasating into
the inflammed tissues.33,34 Moreover, NEs can infiltrated into

Figure 2. Fabrication and characterization of NEs@STING-Mal-NP. (A) Scheme of NEs@STING-Mal-NP preparation using a reduction-
click engineering strategy. (B) Particle size and TEM image of STING-Mal-NP. Bar: 100 nm. (C) Particle sizes of STING-Mal-NP after
incubation at different conditions over time. (D) HA degradation of STING-Mal-NP after the incubation with 0.5 mg/mL of HAase at pH
6.5 or 60 ng/mL of HAase at pH 7.4 over time. (E) Flow cytometry analysis and (F) quantification of free thiol levels on NE membrane after
the treatment of different concentrations of TCEP. (G) Flow cytometry analysis of NEs with or without TCEP after incubation with STING-
NP-RhoB or STING-Mal-NP-RhoB, using NEs as a control. (H) Confocal microscopy images of NEs with or without TCEP after incubation
with STING-Mal-NP-RhoB (red). Nucleus was stained by Hoechst 33342 (blue). Scale bar: 5 μm. (I) Number of STING-Mal-NP on the
surface of NEs. (J) Amount of STING agonist in NEs@STING-Mal-NP after incubation under 1640 rpmI medium at 37 °C, 5% CO2 over
time. (K) In vitro release profiles of STING agonist from NEs@STING-Mal-NP in the presence of HAase (0.5 mg/mL, pH 6.5). Data
presented as means ± error bars denote SEM (n = 3). Statistical significance was calculated via one-way ANOVA with Turkey’s test (F) and
unpaired t test (I). Statistically significant differences were indicated by “abcd”, and there are no significant differences between groups
marked with the same letter.
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the deep tumors owing to their self-deformation ability and
survival in hypoxia environment. These merits endow great
potential of NEs as drug carriers to penetrate into solid tumors.
Herein, we reported a tumor-penetrating neotype neutrophil

cytopharmaceutical, which could leverage the extravasation
ability of NEs and release the surface-conjugated liposomal
STING agonist in response to the tumor microenvironment.
Based on these merits, the neotype neutrophil cytopharma-
ceuticals hold the capacities of improving the tumor-
penetration of STING agonists throughout solid tumors and
enhancing the subsequent cellular uptake by tumor-infiltrating
cells, leading to effective activation of STING signaling for
sensitization tumors to ICIs (Figure 1). Briefly, the tumor-
penetrating NE cytopharmaceuticals were prepared to back-
pack STING agonists onto the cell surface through a
reduction-click engineering method,35 which were different
from previously reported NE cytopharmaceuticals with cargos
inside the cells.24 Negative hyaluronic acid-maleimide (HA-
Mal)-coated cationic liposomal STING agonists were prepared
(STING-Mal-NP) as a backpack. At the same time, NEs were
reduced by tris(2-carboxyethyl)phosphine (TCEP) to expose
partial free thiols (NEs-SH) for the following conjugation. The
facile click reaction then happened to bind the STING agonist-
loaded backpack on the surface of NEs through the reaction
between maleimide and thiols. The obtained tumor-penetrat-
ing NE cytopharmaceuticals (NEs@STING-Mal-NP) in-
herited the proactive vascular extravasation capacity of NEs,
enabling superior tumor penetration. After transmigrating the
tumor vascular endothelium and extravasating into the TNBC
tumor site, cationic liposomal STING agonists (STING-Lip)
would be detached from NEs due to the degradation of HA
coating under the hyaluronidase (HAase), enhancing the
uptake of STING agonist by tumor-infiltrated innate immune
cells and tumor cells. The STING signaling was then activated,
which modulated the phenotypes, functions, and potency of
tumor-infiltrated innate immune cells, such as neutrophils,
macrophages, and dendritic cells, followed by improving T cell-
mediated tumor immunity and thus reinvigorating immuno-
genic TME. The reactivated immunogenic TME by NEs@
STING-Mal-NP inspired the tumor sensitivity of ICIs. Overall,
NEs appear as a promising vehicle for robust delivery of
STING agonists throughout solid tumors, which provide a
potent tool in boosting the immunotherapy of ICIs.

RESULTS AND DISCUSSION
Fabrication and Characterization of NEs@STING-Mal-

NP. To prove our idea, we first fabricated NEs@STING-Mal-
NP as shown in Figure 2A. For preparation of the STING
agonist-loaded backpack, cationic liposomes (STING-Lip)
loaded with STING agonist-Vadimezan (DMXAA), a classic
STING agonist,36 were prepared by using a film dispersion
method. The obtained STING-Lip showed an average particle
size of 82 nm and a positive charge of +26 mV, which were
then coated with HA-Mal through electrostatic adsorption to
gain a HAase-responsive backpack (STING-Mal-NP). When at
the optimal C:N molar ratio of 2, STING-Mal-NP displayed an
average particle size of 150 nm and a zeta potential of −15 mV
(Figure S1), suggesting the stable coating of HA due to the
charge conversion from positive to negative. The transmission
electron microscopy (TEM) image also indicated the uniform
spheroid morphology of STING agonist-loaded backpack
(Figure 2B). The drug loading and entrapment efficiency of
STING agonist in STING-Mal-NP were measured at 2.8% and

90.4%, respectively. Moreover, we detected the stability and
HAase response of STING-Mal-NP. It showed that STING-
Mal-NP remained stable in vitro within 24 h when incubated
under different conditions including physiological conditions
(pH 7.4), 50% serum simulated blood conditions, and even in
mild acid conditions (pH 6.5, Figure 2C), while in the
presence of 0.5 mg/mL HAase at pH 6.5 to mimic the HAase-
enriched TNBC tumor microenvironment, the coated HA
quickly degraded, and nearly 80% of HA detached from
STING-Mal-NP within 8 h (Figure 2D), implying the probable
quick release of STING-Lip in the tumor microenvironment.
Afterward, a surface-engineering strategy using a reduction-

click reaction was developed to conjugate STING-Mal-NP
onto NEs. To provide enough free thiols on the NEs surface
for click reaction and without toxicity, different concentrations
of TCEP were screened to open the disulfide bonds of
membrane protein of NEs. The results showed that the
amounts of free thiols increased as the increased concen-
trations of TCEP and plateaued when the concentration of
TCEP reached 0.5 mM (Figure 2E,F). Of note, the
concentration of TCEP at 0.5 mM showed no detectable
cytotoxicity against NEs (Figure S2A). We further optimized
the click reaction conditions including the concentration of
STING-Mal-NP and incubation time. To gain the largest drug
loading of STING agonist on NEs@STING-Mal-NP while
ensuring cell viability, the concentration of STING-Mal-NP
was set as 80 μg/mL of STING agonist and the incubation
time was 60 min (Figure S2B-D). To further confirm that
STING-Mal-NP was conjugated on the cell surface rather than
adhesion, rhodamine B-labeled STING agonist-loaded lip-
osomes with HA-Mal coating or with only HA coating were
prepared and denoted as STING-Mal-NP-RhoB and STING-
NP-RhoB, respectively. NEs with or without TCEP reduction
were incubated with STING-Mal-NP-RhoB or STING-NP-
RhoB, followed by a flow cytometry assay. As shown in Figure
2G, when NEs were reduced by TCEP incubated with STING-
Mal-NP-RhoB, the obtained (+) TCEP NEs@STING-Mal-
NP-RhoB displayed the highest fluorescence intensity among
other groups, indicating that most of the nanoparticles were on
the NEs surface, while the lack of sufficient free thiols or Mal
could only achieve modest fluorescence intensity. These results
validated that the STING agonist backpacking on NEs was due
to click reaction between thiols and Mal rather than physical
adhesion. The confocal image also indicated similar results that
the STING agonist backpack was conjugated on the surface of
NEs due to the TCEP-reduction (Figure 2H). Moreover, we
detected about 280 STING-Mal-NP per cell in NE
cytopharmaceuticals, whereas there were only 58 STING-NP
per cell due to lack of the functional group for the click
reaction, indicating that more nanoparticles are conjugated
onto the surface of neutrophils than loaded into or adhered
onto the cells (Figure 2I). Nearly 3.2 μg of DMXAA was
conjugated on the surface per million NEs.
In addition, the stability and release profiles of NEs@

STING-Mal-NP under different conditions were evaluated.
Under physiological conditions, there was limited STING
agonist released from NEs@STING-Mal-NP within 7 h
(Figure 2J), while in the mimic HAase-enriched tumor
microenvironment, about 70% STING agonist were released
due to the degradation of HA coating (Figure 2K). Taken
together, we have successfully fabricated the tumor-penetrating
NE cytopharmaceuticals backpacking STING agonists, which
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possess stability in vitro and the quick HAase-response in a
mimic-tumor microenvironment.
STING Signal Activation Induced by NEs@STING-Mal-

NP In Vitro. Before investigating the STING signal activation
induced by NEs@STING-Mal-NP in vitro, we first evaluated

whether the surface conjugation affected the viability of NEs.
As shown in Figure S3A,B, the apoptosis ratio of NEs@
STING-Mal-NP was lower than 10% during 8 h as measured
by the cellular apoptosis kit, which showed no significant
variations with unconjugated NEs. In addition, trypan blue

Figure 3. In vitro STING signal activation by NEs@STING-Mal-NP. (A) Schematic diagram of activation of STING pathway in tumor cells,
macrophages, dendritic cells and NEs via NEs@STING-Mal-NP. (B) Quantitative PCR (qPCR) analysis of STING relative gene expressions
including IFN-β, CCL5, CXCL9, and CXCL10 in 4T1 tumor cells after different treatments (n = 3). (C) qPCR analysis of STING related
gene expressions including IFN-β, CCL5, CXCL9, and CXCL10 in macrophages after different treatments (n = 3). (D) Flow cytometry
analysis and (E) quantification of CD206 expression in macrophages after different treatments (n = 3). (F) qPCR analysis of STING relative
gene expressions including IFN-β, CCL5, CXCL9, CXCL10, CXCL1, CD80, and CD86 in dendritic cells (DCs) after different treatments (n =
5). (G) Flow cytometry analysis and (H) quantification of CD86 expression in DCs after different treatments (n = 6). (I) qPCR analysis of
STING related gene expressions including TNF-α, ICAM-1, TRAIL, Lactoferrin, and CCL2 in NEs after different treatments (n = 3). (J)
Secretion of H2O2 from NEs after different treatments, which were activated by PMA (n = 3). (K) Cytotoxicity of NEs after different
treatments against 4T1-Luci tumor cells at an effector: target ratio of 10:1 (n = 3). Data presented as means ± error bars denote SEM.
Statistical significance was calculated via one-way ANOVA with Turkey’s test. Statistically significant differences were indicated by “abcd”,
and there are no significant differences between groups marked with the same letter.
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Figure 4. Extravasation and tumor penetration of NEs@STING-Mal-NP. (A) Flow cytometry analysis of the expressions of chemotaxis- and
extravasation-related receptors (CCR2, CD62L, CD11a, and CD11b) of NEs@STING-Mal-NP and NEs. (B) Chemotaxis ability of NEs@
STING-Mal-NP or NEs under different concentrations of 4T1 TCM (N = 10 fields). (C) Diagram of the transwell assay for exploring the
vascular extravasation ability. (D) Vascular extravasation ability of NEs@STING-Mal-NP or NEs under different concentrations of 4T1
TCM (n = 3). (E) Ex vivo imaging of DIR in the tumors from 4T1-bearing mice receiving DIR, DIR-NEs, and NEs-DIR@STING-Mal-NP
over time. (F) Quantification of DIR fluorescence at (E), n = 4 mice/group. (G) The amounts of DIR-labeled NEs in tumors from 4T1-
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staining analysis displayed that the cell viability of NEs@
STING-Mal-NP was above 90% (Figure S3C). These results
suggest that the reduction-click engineering process is
nondestructive to NEs.
We further performed proteome analysis by Tandem Mass

Tag (TMT)-based quantitative proteomics to examine the
influence of surface modification on NE proteome and which
membrane protein is responsible for the click reaction (Figure
S4). Comparing the overall proteome changes between NEs@
STING-Mal-NP (without drug loading) and unconjugated
NEs, we found that only 21 of 6473 proteins showed more
than 1.5-fold change in abundance, suggesting that limited
proteins were affected by the reduction-click engineering
process. Thereinto, the abundance of most of proteins involved
in cell viability, chemotaxis, extravasation, and immune
effectors remained unchanged. Of note, we also found that
CD45 protein on the surface of NEs offered the mainly thiols,
which was consistent with the previous report.37 This result
suggests that STING-Mal-NP can preferably conjugate to
specific surface protein rather than the entire pool of proteins
displayed on NE surface.
Based on the nondestructive reduction-click engineering,

NEs@STING-Mal-NP were expected to release the STING
agonist backpack in the TME, followed by endocytosis by
various cells, which would subsequently activate the STING
signaling pathway (Figure 3A). To prove this, we first
measured the STING relative gene expressions including
Interferon β (IFN-β), (C−C motif) ligand 5 (CCL5), (C-X-C
motif) ligand 9 (CXCL9), and (C-X-C motif) ligand 10
(CXCL10), as well as the protein expression of phospho-
STING (p-STING, Ser365) for direct evidence of STING
pathway activation in 4T1 tumor cells38 (Figure 3B and Figure
S5). The NEs@STING-Mal-NP group displayed significant
up-regulation of the above gene and protein expressions in
tumor cells, which was comparable with STING-Mal-NP and
free STING agonist, indicating that NEs@STING-Mal-NP
could release the backpack in the TME and maintain the
immunostimulant effect of STING agonist. In contrast, NEs
themselves had no effect on the STING activation in tumor
cells. Besides, we found that NEs@STING-Mal-NP could
enhance the secretion of STING effector like IFN-β from
tumor cells as detected by ELISA assay (Figure S6A). This
data further confirmed that NEs@STING-Mal-NP could
activate the STING signals in tumor cells.
Afterward, we investigated whether NEs@STING-Mal-NP

could activate the STING signaling pathway in macrophages.
As shown in Figures 3C, S5, and S6B, significant upregulation
of STING-related mRNA levels, p-STING protein expression,
and IFN-β secretion induced by NEs@STING-Mal-NP were
detected in macrophages. The expressions of IFN-β, CCL5,
CXCL9, and CXCL10 of macrophages after treatment with
NEs@STING-Mal-NP were about 13-fold, 56-fold, 45-fold,
and 32-fold more than that of untreated macrophages,
respectively. To further understand the effect of NEs@
STING-Mal-NP on the phenotype of macrophages in vitro,

the canonical marker of pro-tumor macrophages, mannose
receptor (CD206),39 was detected in interleukin (IL)-4
pretreated macrophages after treatment with different for-
mulations (Figure 3D,E). The expression of CD206 signifi-
cantly decreased after incubation with NEs@STING-Mal-NP,
compared with untreated macrophages, confirming that the
phenotype of macrophage converted to the antitumor one via
the STING-stimulation of NEs@STING-Mal-NP. Similar
effects could be achieved on dendritic cells. After treatment
with NEs@STING-Mal-NP, the mRNA levels of STING
related mRNA, the p-STING expression, and the secretion of
IFN-β from dendritic cells were greatly increased (Figures 3F,
S5, and S6C). Moreover, CD86, the mature marker of
dendritic cells,40 was also elevated due to the activation of
STING signal that promotes the maturation of dendritic cells
(Figure 3G,H).
Apart from these cells, NEs hold low expressions of

STING,41 which indicates that the backpacked STING
agonists have limited effect on STING activation of NEs. To
prove this, we detected the expression of p-STING in NEs@
STING-Mal-NP by Western blot as time over (Figure S7).
These results showed that no obvious STING activation could
be found in NEs@STING-Mal-NP as compared to NEs.
Moreover, the phenotype of NEs in NEs@STING-Mal-NP
was analyzed after 12 h of preparation (Figure S8), further
indicating that the loaded nanoparticles had no influence on
the phenotype change of NEs. However, IFN-β has been
reported to act as a negative regulator of the pro-tumorigenic
phenotype of NEs.42 That is, IFN-β might be an effective
regulator to modulate NEs as tumoricidal types because we
have demonstrated that NEs@STING-Mal-NP could enhance
the secretion of IFN-β from tumor cells, macrophages, and
dendritic cells. Therefore, we explored the indirect regulation
of NEs@STING-Mal-NP on NEs, which were incubated with
the cocultured supernatant of NEs@STING-Mal-NP and
dendritic cells for 12 h. As expected, antitumor phenotype
associated genes such as tumor necrosis factor-α (TNF-α),
intercellular cell adhesion molecule-1 (ICAM-1), TNF-Related
Apoptosis Inducing Ligand (TRAIL), and lactoferrin of NEs were
highly upregulated, while the pro-tumor phenotype associated
gene like monocyte chemoattractant protein-1 (CCL2) was
down-regulated (Figure 3I). Next, we evaluated their cytotoxic
potency, including hydrogen peroxide (H2O2) secretion and
cell killing capacity. After phorbol 12-myristate 13-acetate
(PMA) activation, the level of H2O2 secretion from NEs
received indirect regulation by NEs@STING-Mal-NP showed
50% increase than NEs (Figure 3J). Furthermore, NEs@
STING-Mal-NP indirect regulation strongly enhanced the
cytotoxicity of NEs against luciferase-transfected tumor cells
about 20% more than control group at an effector:target ratio
of 10:1 (Figure 3K).
Collectively, NEs@STING-Mal-NP exhibit a robust STING

activation in TNBC tumor cells, macrophages, and dendritic
cells, leading to the increased excretion of IFN-β, the
phenotype conversion of macrophages to antitumor type,

Figure 4. continued

bearing mice receiving DIR-NEs, and NEs-DIR@STING-Mal-NP over time by flow cytometry, n = 4 mice/group. (H) Biodistribution
evaluation of DIR-NEs and NEs-DIR@STING-Mal-NP in 4T1-bearing mice by using an ex vivo imaging system. (I) The amounts of STING
agonists in tumors from 4T1-bearing mice receiving STING-Mal-NP and NEs-DIR@STING-Mal-NP over time, n = 5 mice/group. Data
presented as means ± error bars denote SEM. Statistical significance was calculated via one-way ANOVA with Turkey’s test (F) and
unpaired t test (G and I). n.s denotes no significant difference. ***P < 0.001, ****P < 0.0001.
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Figure 5. Reinvigoration of the TNBC tumor microenvironment through NEs@STING-Mal-NP. (A) Flow cytometry analysis and (B)
quantification of CD206 expression in TAMs isolated from orthotopic 4T1-bearing mice after treatment (n = 3). (C) qPCR analysis of
STING related gene expressions including TNFα, ICAM-1, TRAIL, lactoferrin, and CCL2 in TANs isolated from orthotopic 4T1-bearing
mice after treatment (n = 4). (D) Quantification of the release of H2O2 from TANs after the stimulation with the PMA (n = 3). (E)
Evaluation of the killing ability of TANs against 4T1-luci cells (n = 3). (F) Flow cytometry analysis and (G) quantification of CD86
expression of DCs isolated from orthotopic 4T1-bearing mice after treatment (n = 3). (H) Flow cytometry analysis and (I) quantification of
MHC II expression of DCs isolated from orthotopic 4T1-bearing mice after treatment (n = 3). (J) Intracellular GzmB, TNFα, and IFNγ in
tumor-infiltrating CD8+T cells harvested from isolated from orthotopic 4T1-bearing mice after treatment by using flow cytometry. (K)
Quantification of (J), n = 3. Data presented as means ± error bars denote SEM. Statistical significance was calculated via one-way ANOVA
with Turkey’s test. Statistically significant differences were indicated by “abcd”, and there are no significant differences between groups
marked with the same letter.
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and the mature of dendritic cells. Besides, the excreted IFN-β
can further modulate the phenotype of NEs to tumoricidal
ones. These results imply the potential of NEs@STING-Mal-
NP in remodeling the TME.
Extravasation and Tumor Penetration of NEs@STING-

Mal-NP. It has been reported that the tumor penetration of
NEs depends on the tumor chemotaxis and vascular
extravasation capability of NEs, which were closely associated
with their membrane proteins such as chemokine receptors 2
(CCR2), L-Selectin (CD62L), CD11a, and CD11b.43 There-
fore, we detected the levels of CCR2, CD62L, CD11a, and
CD11b of NEs@STING-Mal-NP, which displayed no
significant changes compared to unconjugated NEs (Figure
4A). This result was consistent to the membrane protein
proteome analysis that the abundance of most of proteins
involved in cell chemotaxis and extravasation remained
unchanged (Figure S4).
Additionally, CD45 protein, an associated protein with the

chemotaxis of NEs,44,45 had been shown to provide the thiol
group for conjugation of liposomal STING agonists in NEs@
STING-Mal-NP. However, whether the occupation of CD45
protein affected the tumor chemotaxis and vascular extrava-
sation capability of NEs@STING-Mal-NP remained unclear.
We thus explored these abilities of NEs@STING-Mal-NP in
vitro by using the 4T1 tumor cells medium (TCM) as the
simulation of TNBC microenvironment. The chemotaxis
results showed that NEs@STING-Mal-NP and NEs displayed
the similar chemotaxis ability (2.1% vs 2.3%) in a TCM-
concentration-dependent manner (Figure 4B). In contrast, the
tumor vascular extravasation capacity of NEs@STING-Mal-
NP was evaluated by utilizing a transwell assay with human
umbilical vein endothelial cell (HUVEC) monolayer, whose
transepithelial electrical resistance (TEER) value was over 300
Ω cm−2 (Figure 4C). As presented in Figure 4D, the tumor
vascular extravasation capacity of NEs@STING-Mal-NP and
NEs in response to different concentrations of TCM was also
comparable. These results confirmed that the partial
occupation of CD45 protein would not influence the
chemotaxis and vascular extravasation capacities of NEs@
STING-Mal-NP and also indicated the tumor-penetration
ability of NEs@STING-Mal-NP inherited from NEs.
The in vivo tumor penetration of NEs@STING-Mal-NP was

evaluated on orthotopic TNBC tumor-bearing mice via the
injection of 4T1-Luci cells into the fourth breast pad of BALB/
c mice. We first performed chlorin e6 as a model drug with
fluorescence for in vivo imaging (Figure S9A−C). After
intravenous administration of NEs@Ce6-Mal-NP for 4 h, a
Ce6 signal was clearly observed in tumor site. As time over, a
stronger Ce6 signal could be monitored and peaked at 12 h. At
48 h, the obvious Ce6 signal of NEs@Ce6-Mal-NP still
presented in the tumor site, whereas that of Ce6 and Ce6-Mal-
NP gradually diminished (Figure S9D), indicating the excellent
tumor penetration of NEs@STING-Mal-NP in orthotopic
TNBC.
To better understand the tumor penetration of NE

cytopharmaceuticals, we analyzed the biodistribution of NEs-
DIR@STING-Mal-NP with NEs labeled by DIR (a near-
infrared cell membrane dye), including detection of STING
agonist by high performance liquid chromatography (HPLC)
and DIR-labeled NEs (NEs-DIR) by ex vivo imaging system
and flow cytometry (Figure 4E−I, Figures S10 and S11). We
found that the infused NEs-DIR@STING-Mal-NP with both
NEs as carriers and loaded STING agonist could effectively

accumulate at tumor site since 4 h after injection, which was
similar to the results observed by Ce6. Of which, the carrier
NEs of NEs-NIR@STING-Mal-NP showed the similar
tendency with unconjugated NEs, further verifying that the
surface-anchoring process had no effect on the chemotaxis of
NEs to tumors (Figure 4E,F). Especially, there were about 9 ×
105 reinfused NEs in per gram tumor tissues at 48 h after
injection detected by flow cytometry, and we calculated that
about 19.26% of infused NEs-NIR@STING-Mal-NP accumu-
lated at the tumor site after injection for 48 h (Figure 4G). The
DIR fluorescence intensity of the main organs as well as blood
was also observed by the ex vivo imaging system and quantified
by ROI analysis (Figure 4H and Figure S10). The results
showed that NEs-DIR@STING-Mal-NP and NEs-DIR were
mainly distributed in blood, liver, spleen, and lung after
reinfusion, which could be ascribed to the homing ability of
NEs to liver and spleen and the retention in lung tissues,
confirming the surface-anchoring process would not influence
the in vivo distribution of neutrophils. Meanwhile, we found
that the amount of STING agonist of tumor site at 48 h in the
group of NEs-DIR@STING-Mal-NP significantly enhanced to
3.5-fold than that of STING-Mal-NP (Figure 4I). The
accumulated ratio of STING agonist at the tumor site was
calculated to be 23.2% of the injection dose, demonstrating a
dramatic improvement in the accumulation of STING agonist
at tumor site due to the tumor-penetrating NE cytopharma-
ceuticals. In addition, normal tissues such as liver, spleen, and
lung also held the STING agonist (Figure S11) due to the
biodistribution of NEs (Figure 4H), implying the stably
retention of STING-Mal-NP on NEs in vivo.
Taken together, NEs@STING-Mal-NP based on the

reduction-click engineering inherit the tumor chemotaxis and
vascular extravasation capabilities of NEs, which can
successfully transmigrate the tumor vascular endothelium and
extravasate into the tumor tissues, finally achieving the
improved tumor penetration of STING agonist.
Reinvigoration of the TNBC Microenvironment via

NEs@STING-Mal-NP. Despite the evidenced excellent tumor
penetration of STING agonist via NEs@STING-Mal-NP, the
in vivo TME reinvigoration mediated by NEs@STING-Mal-
NP is still indefinable. We first explored the activation of
STING signal pathway in the whole TME. The results showed
that the gene expressions of IFN-β, CCL5, CXCL1, CXCL10,
and CXCL9 which could recruit and activate immune cells
were substantially increased in tumors collected from NEs@
STING-Mal-NP-treated mice (Figure S12). Moreover, the
dramatically increased numbers of macrophages, dendritic
cells, NEs, and CD8+T cells were found in the tumor from
NEs@STING-Mal-NP group, compared to other groups
(Figures S13 and S14). The gating strategy of Figure S13 is
presented in Figure S15A−C.
To understand the improved tumor-infiltrated immune cells

in TME, tumor-associated macrophages (TAMs), tumor-
associated neutrophils (TANs), tumor-infiltrating dendritic
cells, and tumor-infiltrating CD8+ cells were isolated from
tumors of 4T1-bearing mice. As displayed in Figure 5A,B, the
CD206 positive TAMs were significantly decreased in NEs@
STING-Mal-NP-treated mice, indicating that NEs@STING-
Mal-NP mediated repolarization of TAMs into tumoricidal
phenotype. The phenotype of isolated TANs including the
tumor-infiltrated endogenous and adoptive NEs was also
detected. The result showed that the levels of antitumor genes
including TFN-α, trail, and lactoferrin in TANs from the NEs@
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STING-Mal-NP group were efficiently upregulated compared
to the saline and NEs groups, while the expression of pro-
tumor gene such as CCL2 was decreased (Figure 5C).
Moreover, the isolated TANs from NEs@STING-Mal-NP-
treated mice produced higher levels of H2O2 (Figure 5D) and
possessed stronger cytotoxicity against 4T1 tumor cells of
more than 40% within 24 h (Figure 5E). These data
sufficiently confirmed the similar phenotype transformation
of TANs to tumoricidal phenotypes as TAMs due to the
treatment of NEs@STING-Mal-NP. For tumor-infiltrating
dendritic cells, the expressions of CD86 were upregulated
(Figure 5F,G), as well as the MHC II expression (Figure
5H,I), suggesting the promoted maturation of tumor-

infiltrating dendritic cells induced by NEs@STING-Mal-NP.
It was well-known that dendritic cells as the typical antigen-
presenting cells held the capability of activation of T cells.
Thus, the capacity of tumor-infiltrating CD8+T cells to secrete
inflammatory cytokines, including IFNγ, TNFα, and lytic
enzyme granzyme B (GzmB), was explored to evaluate the
activation of T cells. We found that mice receiving the STING
agonist and STING-Mal-NP showed an improved percentage
of IFNγ+, TNFα+, and GzmB+ tumor-infiltrating CD8+T cells,
presumably due to the moderate effect of STING agonist. In
contrast, NEs@STING-Mal-NP group displayed the largest
proportion of cytokine and cytolytic granule positive CD8+T
cells (Figure 5J,K), owing to the excellent tumor penetration of

Figure 6. Antitumor efficacy of NEs@STING-Mal-NP in orthotopic 4T1-bearing mice. (A) In vivo bioluminescence images of mice bearing
orthotopic 4T1 tumors. (B) Representative microscopic images and (C) quantifications of tumor sections immune-stained by ki67. Ki67
positive areas were quantified from each field (N = 12 fields). Scale bar, 200 μm. (D) Tumor weights of mice receiving each treatment (n = 3
mice/group). (E) Survival curves of mice receiving each treatment (n = 6 mice/group). (F) Body weights of all mice. (G, H) Measurement of
serum IL-10 (G) and IL-6 (H) by ELISA (n = 3 mice/group). Data presented as means ± error bars denote SEM. Data were analyzed by
one-way ANOVA with Turkey’s correction (C, D, G, and H) and a long-rank (Mantel-Cox) test (E). n.s denotes no significant difference.
Statistically significant differences were indicated by “abcd”, and there are no significant differences between groups marked with the same
letter.
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Figure 7. NEs@STING-Mal-NP sensitizing tumor to αPD-1 therapy in orthotopic 4T1 breast cancer-bearing mice. (A) Schematic
illustration of the experimental design. (B) In vivo bioluminescence images of mice bearing orthotopic 4T1 breast cancer. (C) Representative
microscopic images and (D) quantifications of tumors sections immuno-stained by ki67. Ki67 positive areas were quantified from each field
(N = 12 fields). Scale bar, 200 μm. (E) Tumor weights of mice receiving each treatment (n = 3 mice/group). (F) Survival curves of mice
receiving each treatment (n = 6 mice/group). (G) Body weights of all mice. (H, I) Measurement of serum IL-10 (H) and IL-6 (I) by ELISA
(n = 3 mice/group). Data presented as means ± error bars denote SEM. Data were analyzed by one-way ANOVA with Turkey’s correction
(D, E, H, and I) and a long-rank (Mantel-Cox) test (F). Statistically significant differences were indicated by “abcd”, and there are no
significant differences between groups marked with the same letter.
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STING agonist endowed by NEs and the improved entry of
STING agonist into various cells. The gating strategies of
Figure 5A,F,J are presented in Figure S15A,B,D, respectively.
Additionally, we evaluated the immune-memory effect of

NEs@STING-Mal-NP via detection the ratio of central
memory-like subset (CD44+CD62L+) of CD8+T cells in
tumor, blood, and spleen.46 As shown in Figure S16, we
found that the ratio of CD44+CD62L+CD8+ T cells in tumor,
blood, and spleen of mice receiving NEs@STING-Mal-NP
were the highest among all the groups, indicating the effective
immune-memory induced by tumor-penetrating NE cytophar-
maceuticals. It can be ascribed to the enhanced accumulation
of STING agonist at tumor site by NEs@STING-Mal-NP,
thus activating the STING pathway and subsequent the
increase of immune-memory-like subset of CD8+T cells. The
gating strategy of Figure S16 is presented in Figure S15E.
In short, we have demonstrated that the tumor-penetrating

NE cytopharmaceuticals successfully reinvigorated the immu-
nosuppressive tumor microenvironment into an immunogenic,
tumoricidal microenvironment by effectively activating the
STING pathway, not only improving the infiltration of
immune cells but also remodulating their phenotypes,
maturation, and activation, which suggests a potential efficacy
against TNBC.
The Antitumor Effect of NEs@STING-Mal-NP. We next

explored the antitumor efficacy of NEs@STING-Mal-NP in
vivo. Mice bearing orthotopic TNBC were randomly divided
into five groups and given five intravenous injections on day 7,
11, 15, 19, and 23 post-tumor inoculation with one of the
following formulations: (1) saline, (2) STING agonist, (3)
STING-Mal-NP, (4) NEs, and (5) NEs@STING-Mal-NP. As
presented in Figure 6A, NEs@STING-Mal-NP exhibited a
relatively stronger effect on the inhibition of the tumor growth,
compared with other groups over 25 days. Tumors were
harvested on day 25 and analyzed by immunohistochemistry to
detect the expressions of ki67, a proliferation marker. As shown
in Figure 6B,C, fewer ki67 positive tumor cells were observed
in the NEs@STING-Mal-NP-treated group than other groups.
Besides, tumors of the NEs@STING-Mal-NP group presented
the smallest weight among all the groups, with a tumor
inhibition rate of 70.0% (Figure 6D). Consistent with the
tumor growth, 50% of TNBC-bearing mice receiving NEs@
STING-Mal-NP survived for at least 40 days, compared to 33
days for saline-treated mice (Figure 6E). However, free STING
agonist and STING-Mal-NP exhibited only a moderate
antitumor effect, suggesting that NEs played an essential role
in delivery of STING agonist throughout the tumor site and
thus improving the antitumor effect.
For the safety evaluation, no noticeable reduction in body

weight of all mice was found during the treatment of different
formulations (Figure 6F). Meanwhile, the main organs
including the heart, liver, spleen, lung, and kidney were
harvested and weighed on day 25. The mice treated with
NEs@STING-Mal-NP did not show any significant variations
in the mass ratio of the organ to the body (Figure S17A).
Besides, NEs@STING-Mal-NP showed no harm to the
functions of the liver, kidney, or heart [alanine transaminase
(ALT) and aspartate transaminase (AST) for liver toxicity,
blood urea nitrogen (BUN), creatinine (CRE) and lactate
dehydrogenase (LDH) for kidney toxicity, α-hydroxybutyrate
dehydrogenase (HBDH) for heart toxicity; Figure S17B−G].
Furthermore, the histological analysis of the liver, spleen, and
kidney using the HE staining evidenced that the treatment

with NEs@STING-Mal-NP displayed no pathological change
compared to that with saline (Figure S18). It should be noted
that interleukin-6 (IL-6) and interleukin-10 (IL-10), the
cytokines implicated as a central mediator of toxicity in
cytokine release syndrome (CRS), were poorly released in the
blood of 4T1 tumor-bearing mice after treatment with NEs@
STING-Mal-NP, both at the earlier time point (4, 6, and 12 h
after one injection, Figure S19) and longer time point (48 h
after the last injection, Figure 6G,H), indicating that NEs@
STING-Mal-NP were safe and with no risk of CRS.
Enhanced Immune Therapeutic Efficacy of Antiprog-

rammed Death 1 Antibody (αPD-1) via NEs@STING-
Mal-NP. Having demonstrated the reactivation of the tumor
microenvironment via NEs@STING-Mal-NP, we finally
evaluated whether it could sensitize tumor to ICIs such as
antiprogrammed death-1 antibody (αPD-1) in TNBC therapy.
The orthotopic breast cancer (4T1-Luci)-bearing mice are
known to express programmed cell death-ligand 1 (PD-L1)47

but are largely resistant to the PD-L1/PD-1 blockade owing to
the highly immunosuppressive microenvironment.48 To
improve the effectiveness of αPD-1, 4T1-Luci bearing mice
were intravenously injected with NEs@STING-Mal-NP or
other formulations for 5 injections starting on day 7 after
inoculation, each combining with intraperitoneal administra-
tion of αPD-1 (Figure 7A).
During the treatment, αPD-1 monotherapy showed the

minimal therapeutic effect, while combined with NEs@
STING-Mal-NP it displayed the strongest inhibition on
tumor growth (Figure 7B), which was further evidenced by
the ki67 immunohistochemistry (Figure 7C, D) and the tumor
weight with an inhibition ratio of about 90.6% (Figure 7E).
Notably, 33% of TNBC-bearing mice (2/6) that received
NEs@STING-Mal-NP in combination with αPD-1 exhibited
complete response, with no tumor burden for survival at least
55 d after the therapy cessation (Figure 7F). In short,
intravenously administration of NEs@STING-Mal-NP syner-
gized with αPD-1 could produce complete and durable
responses, offering a therapy regimen of combining STING
agonists and αPD-1 for treatment of poorly immunogenic
cancer, such as TNBC.
To further support the potential for clinical application of

NEs@STING-Mal-NP combined with αPD-1, we investigated
the safety of NEs@STING-Mal-NP including the body weight,
organ index (organ weight/body weight), pathological analysis,
blood biochemistry, and blood routine, especially the
inflammatory factors storm, which could be triggered by
αPD-1 in vivo. The results showed that both NEs@STING-
Mal-NP- and αPD-1-treated mice showed no detectable
significant changes in body weights (Figure 7G) and organ
indexes (Figure S20A), compared to saline-treated mice.
Moreover, blood biochemistry and complete blood count
also showed no significant changes (Figure S20B−G and S21).
The pathological analysis results also displayed no obvious
tissue damage in all experiment groups (Figure S22).
Importantly, IL-10 and IL-6 from NEs@STING-Mal-NP and
αPD-1 combined groups exhibited fewer expressions than that
from αPD-1 monotherapy or combined with STING agonist
groups, respectively (Figure 7H,I), which could be ascribed to
the highly tumor-penetrating efficiency of NEs@STING-Mal-
NP in the tumor site, thus reducing the undesired side effects
caused by STING agonist. Overall, NEs@STING-Mal-NP
increased the response rates and the durability of remission of
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αPD-1 with safety in vivo, possessing the potential to treat the
poor immunogenic TNBC patients in the clinic.

CONCLUSIONS
We have successfully developed tumor-penetrating neotype
NE cytopharmaceuticals by backpacking liposomal STING
agonist on the surface of NEs. The creative cytopharmaceut-
icals can proactively transmigrate the tumor vascular
endothelium and extravasate into the TNBC, resulting in
highly improved tumor penetration of STING agonists.
Moreover, the backpacked liposomal STING agonists can be
stimuli-released in response to the tumor environment and
improved the following uptake by tumor cells and tumor
infiltrating immune cells. Thus, they can effectively reactivate
the STING signaling pathway in TME, leading to the
reinvigoration of immunosuppressive TME to immunogenic
states, and finally achieve the potent antitumor effect against
TNBC, especially sensitizing tumors to the immune
checkpoint inhibitors. This study offers an orchestrated tool
for boosting antitumor immunity as well as the response rates
and remission durability of immune checkpoint inhibitors in
TNBC immunotherapy, which possesses wide future perspec-
tives in the treatment of immunologically “cold” tumors.

MATERIALS AND METHODS
Materials. STING agonist (DMXAA) was purchased from

MedChemExpress (MCE, Shanghai, China). ELISA kit was
purchased from Elabscience (Wuhan, China). TCEP·HCl, Collage-
nase IV, Ce6 and hyaluronidase were purchased from Sigma
(America). Ionomycin (Cat No.50401ES03) and DNAase I (Cat
No. 10607ES15) were purchased from YEASEN (Shanghai, China).
HiScript II Q RT SuperMix for qPCR and AceQ qPCR SYBR Green
Master Mix were purchased from Vazyme Biotech Co., Ltd. (Nanjing,
China). Percoll, Hoechst, brefeldin A, hydrogen peroxide assay kit,
RBC Lysis Buffer, and PMA were purchased from Beyotime
(Shanghai, China). All fluorescent antibodies were obtained from
BioLegend (America). Fetal bovine serum (FBS), Dulbecco’s
modified Eagle medium (DMEM) high-glucose medium, trypsin,
penicillin-streptomycin, and Hank’s buffer were obtained from
Thermo Fisher Scientific (America). HUVEC and 4T1 cells were
purchased from the American Type Culture Collection (ATCC,
America). The female BALB/c mice (18−22 g) were purchased from
Qinglongshan Animal Breeding Ground (Nanjing, China) and kept
under standard housing conditions. All the animal experiments were
performed in compliance with the Guide for Care and Use of
Laboratory Animals, approved by China Pharmaceutical University.
Preparation and Characterization of STING-Mal-NP. SPC (70

mg), cholesterol (12 mg), SA2 (10 mg), BA (2.2 mg), and STING
agonist (DMXAA, 7 mg) were dissolved in 5 mL of the mixture of
CHCl3 and MeOH (3:2, v: (v). After removing the organic solvents
by rotary evaporation at 40 °C, a thin lipid film was formed and
further dried under vacuum overnight to remove the remaining
organic solvents. Then, the lipid film was hydrated in 5 mL of distilled
water at 37 °C for 30 min. The STING agonist loaded cationic
liposome (STING-Lip) was obtained after the sonication (15 min, 4
°C) and the filtration through a 0.22 μm microfiltration membrane.
Finally, 5 mL of STING-Lip (18.4 mg/mL) was gently mixed with
3.787 mL of HA-Mal (10 mg/mL) to obtain the STING-Mal-NP
after incubation for 20 min at room temperature.

Similarly, fluorescent liposomes were obtained by the same method
as for STING-Lip except for the addition of DHPE-Rhodamine B (25
μL, 5 mg/mL) in the mixture of CHCl3 and MeOH (3:2, v: (v). Then
fluorescent liposomes were gently mixed with HA or HA-Mal to
obtain the STING-NP-RhoB or STING-Mal-NP-RhoB after the
incubation for 20 min at room temperature.

STING-Mal-NP were diluted in 10 mM PBS, and the particle size
and zeta potential were measured using a Brookhaven Zetaplus. For

transmission electron microscopy (TEM) image, STING-Mal-NP
were dropped onto a copper grid (300 mesh) and stained by
phosphotungstic acid (0.5%) for 5 min, followed by imaging by
Transmission Electron Microscope (120 kV Hitachi HT-7700).

For assessment of the entrapment efficiency of DMXAA in STING-
Mal-NP, 20 μL of STING-Mal-NP was mixed with 980 μL of
methanol with a vortex for 5 min and centrifuged at 10000g for 10
min. The supernatant (20 μL) was then collected and the
concentration of STING agonist was determined by High Perform-
ance Liquid Chromatography (HPLC, Shimadzu LC-2010A). The
entrapment efficiency (EE)% = mSTING agonist detected/mSTING agonist fed ×
100%, mSTING agonist was calculated by the concentration of STING
agonist multiplied by the total volume, while mSTING agonist fed was the
weight of feeding DMXAA. For drug loading percentage of DMXAA,
STING-Mal-NP was lyophilized first. Then, 10 mg of lyophilized
STING-Mal-NP was dissolved in 1 mL of PBS (10 mM), which was
detected by HPLC following the procedure before. The drug loading
(DL)% = mSTING agonist/mSTING‑Mal‑NP × 100%, mSTING agonist was
calculated by the concentration of STING agonist multiplied by the
total volume, while mSTING‑Mal‑NP was the weight of lyophilized
STING-Mal-NP of 10 mg.

To evaluate the stability in vitro, STING-Mal-NP was respectively
incubated with RPMI 1640 complete medium, 20 mM acetate buffer
(pH 6.5), and 20 mM HEPES buffer (pH 7.4) at a volume ratio of 1:1
and then placed in a 37 °C water bath. The particle size of STING-
Mal-NP at different time points (0, 2, 4, 6, 8, 10, and 24 h) was
detected using Brookhaven Zetaplus.

For HA degradation, STING-Mal-NP was respectively mixed with
20 mM HEPES buffer (pH 7.4, 120 ng/mL HAase) or 20 mM acetate
buffer (pH 6.5, 1 mg/mL HAase) at a volume ratio of 1:1 and then
placed at 37 °C. At different time points (0.5, 1, 2, 3, 4, and 5 h), the
supernatant was harvested after centrifugation (1000 g, 3 min). The
degradation amounts of HA-Mal in supernatants was quantified as
previously reported. Briefly, 50 μL different concentrations of HA-Mal
standard solutions (0.1−2 mg/mL) or supernatants were added to a
96-well plate. After adding 50 μL of 0.2 M sodium acetate buffer for
10 min at 37 °C, 100 μL of 10 mM hexadecyltrimethylammonium
bromide (CTAB) solution was added and the absorbance was read
within 10 min at 570 nm by microplate reader. The degradation
amount of HA-Mal was calculated by subtracting the amount in the
supernatant fraction from the initial amount added to the reaction
mixture.
Preparation and Characterization of NEs@STING-Mal-NP.

Bone marrow was flushed from femur and tibia bones of ICR mice
with RMPI 1640 including 1% penicillin-streptomycin. After
centrifugation at 200 g for 3 min and lysis by red blood cell lysis
buffer for 3 min, the unicellular suspension was added into a Percoll
mixture solution consisting of 55%, 65% and 75% of Percoll in PBS
and further centrifugated at 500 g for 30 min. Finally, the NEs were
recovered at the interface of 65% and 75% and washed with ice-cold
PBS twice.

Fresh NEs (1 × 106 cells/mL) were pipetted into a sterile tube and
cultured with 0.5 mM TCEP for 10 min at 4 °C. Then, the NEs were
further incubated with STING-Mal-NP at a STING agonist
concentration of 80 μg/mL for 60 min at 37 °C. After washing
with ice-cold PBS thrice, NEs@STING-Mal-NP was obtained. The
concentration of STING agonist in NEs@STING-Mal-NP was
determined by HPLC.

For the preparation of NEs conjugated with fluorescent nano-
particles, NEs (1 × 106 cells/mL) were incubated with 0.5 mM TCEP
or 1640 medium for 10 min at 4 °C. After washing with PBS, STING-
Mal-NP-RhoB or STING-NP-RhoB was incubated with cells for 60
min at 37 °C. After washing with PBS, the NEs conjugated with
fluorescent nanoparticles were stained with Hoechst 33342, fixed with
4% paraformaldehyde (PFA), and used for confocal imaging and flow
cytometry analysis.

To calculate the number of nanoparticles backpacked on the
surface of NEs, NEs (1 × 106 cells) were first incubated with 0.5 mM
TCEP at 4 °C for 10 min, and then the cells were incubated with the
STING-Mal-NP or STING-NP solution in 1 mL for 60 min. The
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concentration of STING-Mal-NP or STING-NP in the solution was
measured with Nanoparticle Tracking Analyzer (Zetaview QUATT,
Particle Metrix). The nanoparticle number backpacked on the surface
of per NEs was calculated as follows: (nbefore STING‑Mal‑NP −
nafter STING‑Mal‑NP)/106 or (nbefore STING‑NP − nafter STING‑NP)/106, where
nbefore STING‑Mal‑NP and nbefore STING‑NP were the counted numbers of
nanoparticles in the solution before the incubation of STING-Mal-NP
or STING-NP with NEs, while nafter STING‑Mal‑NP and nafter STING‑NP
were the counted numbers of nanoparticles in the supernatant after
the incubation of STING-Mal-NP or STING-NP with NEs.

The stability of STING agonist backpacked on the surface of NEs
was evaluated under the normal physiological condition. Briefly,
NEs@STING-Mal-NP (1 × 106 cells/well) were seeded in sterile
tubes and then incubated with RPMI 1640 medium for different
periods (0, 1, 3, 5, and 7 h). The amounts of STING agonist in the
NEs@STING-Mal-NP were determined using HPLC.

The release profiles of STING agonist from NEs@STING-Mal-NP
were evaluated under the mimetic tumor condition (pH 6.5, 0.5 mg/
mL HAase). NEs@STING-Mal-NP (1 × 106 cells/well) were seeded
in sterile tubes and then incubated with RPMI 1640 medium (pH
6.5) containing 0.5 mg/mL of HAase for different periods (0, 1, 2, 3,
5, 7, and 9 h). The amounts of STING agonist in the NEs@STING-
Mal-NP and the supernatant medium were respectively determined
using HPLC.
Evaluation of Cell Viability and Membrane Protein of NEs@

STING-Mal-NP. For viability analysis, 1 × 106 NEs and NEs@
STING-Mal-NP were cultured in RPMI 1640 medium. At 0, 1, 2, 4, 6,
or 8 h, the cells were collected for the viability assay using the Annexin
V-FITC/PI Apoptosis Detection Kit (Vazyme Biotech Co., Ltd.) and
trypan blue staining.

NEs@STING-Mal-NP and unconjugated NEs were collected and
disrupted using 300 μL of 1% SDS lysis buffer supplemented with
benzonase and protease inhibitor cocktail, and the cell debris was
removed by centrifugation at 16000g for 30 min. Cellular proteins
were quantified using a bicinchoninic acid (BCA) assay kit (Beyotime
Biotechnology) according to the instruction of the manufacturer. The
proteins were diluted to 0.75 μg/μL with a total volume of 281 μL,
reduced by 2 mM DTT for 30 min at 37 °C, and alkylated by 20 mM
IDDA for 30 min at 37 °C in the dark under rotator stirring. Each
sample was divided equally into two tubes and precipitated with 600
μL of methanol or 150 μL of chloroform and 450 μL of ddH2O. The
precipitate was washed twice with 1 mL of methanol by centrifugation
at 13000g for 15 min. 100 μL of 8 M urea was added to each tube to
dissolve the proteins, and the two tubes of identical samples were
combined. For proteomics analysis, the proteins were digested with a
protease:protein ratio of 1:200 at room temperature for 3−4 h. 10%
TFA of 1/10 sample volume was added to adjust the pH to ≤3. The
samples were then desalted by HLB-c18-1 cm3 column, eluted by 1
mL of 50% ACN and 0.1% FA, and lyophilized. The lyophilized
samples were resuspended with 150 μL of pH 8.03 200 mM HEPES
solution under vortex and fractionated into 12 fractions by a BP-HRP-
HPLC system. Each elution fraction was injected into an Orbitrap
Fusion Lumos (Thermo) for mass spectrometry. Gene Ontology
(GO) enrichment analysis of expressed proteins was performed using
the Cytoscape plugin BiNGO (3.0.4). Proteins related to the
biological processes of neutrophil viability, chemotaxis, extravasation,
and immune effectors were sorted out and shown on a volcano plot.
Quantitative PCR with Reverse Transcription (RT-qPCR).

Cells (4T1 tumor cells, macrophages, or dendritic cells) were
respectively incubated with RPMI 1640 medium, STING agonist
(10 μg/mL), STING-Mal-NP (10 μg/mL for STING agonist,
HAase), NEs (3.1 × 106 cells), or NEs@STING-Mal-NP (3.1 ×
106 cells, 10 μg/mL for STING agonist, HAase) for 12 h. Then the
cells were collected, centrifuged at 300g for 3 min, and washed with
PBS twice. The total RNA was extracted by the TRNzol reagent
according to a standard protocol. cDNA was synthesized with
HiScript II Q RT SuperMix for qPCR kit (Vazyme Biotech Co., Ltd.)
and analyzed via real-time RT-PCR using the AceQ qPCR SYBR
Green Master Mix kit (Vazyme Biotech Co., Ltd.) and specific
primers for mouse INF-β, CCL5, CXCL9, CXCL10, CXCL1, CD80,

and CD86. Additionally, the culture supernatant of the above groups
treated with dendritic cells was collected and incubated with NEs for
another 12 h. After that, the total RNA of NEs was also extracted and
cDNA was synthesized for the measurement the expressions of TNF-
α, ICAM-1, TRAIL, Lactoferrin, and CCL2.
Flow Cytometric Analysis of Marker/Effector Expressions of

Macrophages and Dendritic Cells. Cells (macrophages or
dendritic cells) were respectively cultured and treated as mentioned
above for 12 h. Then cells were recovered, centrifuged at 300g for 3
min, and washed with PBS twice. Cells were diluted to a
concentration of 2 × 107 cells/mL in PBS for staining with
fluorescent antibodies for 30 min, washed with PBS, and analyzed
by flow cytometry with APC-CD86 antibody for dendritic cells and
Alexa Fluor 488-CD206 antibody for M2 macrophages.
Evaluation of Hydrogen Peroxide Secretion and Tumor

Cytotoxicity of NEs. NEs were cultured and treated with the culture
supernatant of above groups treated dendritic cells for 12 h. Then the
cells were collected, centrifuged at 300g for 3 min, and washed with
PBS twice. After incubation with 100 nM PMA for 15 min, the
hydrogen peroxide concentration of the supernatant was determined
using hydrogen peroxide assay kit (Beyotime).

In order to evaluate the tumor cytotoxicity of NEs after treatment
with the culture supernatant of above groups treated dendritic cells,
luciferase-transfected 4T1-cells (4T1-Luci) were plated in 96-well
plates for 24 h, followed by incubation with NEs with or without
treatment as mentioned above for 12 h at a ratio of target cell: effector
cell of 1:10. The cell viability was evaluated using the luciferase
reporter assay system.
The Expression of IFN-β by Enzyme-Linked Immunosorbent

Assay (ELISA). Cells (4T1 tumor cells, macrophages, or dendritic
cells) were respectively cultured and treated as mentioned above for
12 h. The supernatant was collected and centrifuged at 750g for 10
min. Then, the IFN-β concentration was assessed using a Mouse IFN-
β ELISA Kit (Elabscience).
The Extravasation and Tumor Penetration of NEs@STING-

Mal-NP. For investigation of the expressions of chemotaxis and
extravasation-related receptors, NEs or NEs@STING-Mal-NP (1 ×
106 cells) were respectively incubated with the APC−CCR2 antibody,
FITC-CD62L antibody, Alexa Fluor 488-CD11a antibody or Alexa
Fluor 647-CD11b antibody (BioLegend) for 30 min and then washed
with ice-cold PBS twice. The fluorescence intensity was determined
using flow cytometry.

The chemotaxis of NEs@STING-Mal-NP was investigated using a
transwell migration assay (3 μm, 6.5 mm, Corning). Briefly, NEs and
NEs@STING-Mal-NP (1 × 106 cells) were seeded in 500 μL of
RPMI 1640 complete medium on the top of the membrane chamber,
followed by submerging into wells containing 100% 4T1 TCM, 50%
4T1 TCM or RPMI 1640 media. After 8 h, the inset was removed.
The cells in the wells were counted in five random × 10 brightfields of
views by Olympus microscopy (FV1100). The chemotaxis index
((N4T1 TCM − Ncontrol)/Ncontrol)) was calculated, where N4T1 TCM and
Ncontrol are the counted numbers of NEs in the lower chamber after
incubation with NEs or NEs@STING-Mal-NP in the presence or
absence of 4T1 TCM, respectively.

To evaluate the tumor vascular extravasation ability, a transwell
assay with a human umbilical vein endothelial cell (HUVEC)
monolayer was applied. Transwells were coated with 50 μL of 2%
gelatin overnight. Then HUVECs were seeded (1 × 105 cells/well) on
the transwell membrane in DMEM complete media and cultured until
the confluent HUVECs exhibited a mean TEER of 300 Ω·cm2. After
being stimulated with TNFα for 0.5 h, NEs or NEs@STING-Mal-NP
(1 × 106 cells) were seeded in the upper chamber containing a
HUVEC monolayer with 500 μL of RPMI 1640 medium, followed by
submerging into wells containing 100% 4T1 TCM, 50% 4T1 TCM,
or unconditioned media. After 8 h, the inset was removed. The cells in
the wells were counted in five random × 10 bright fields of view by
Olympus microscopy. The tumor vascular extravasation ability
((N4T1 TCM − Ncontrol)/Ncontrol)) was calculated as mentioned above.

The tumor penetration of NEs@STING-Mal-NP was evaluated as
follows. 3 ×106 4T1 cells were injected into the fourth left mammary
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fat pad of 6−8 weeks BALB/c mouse in 100 μL of PBS. The tumor
size was measured every other day via a vernier caliper, and the tumor
volume was calculated using the equation V = L × W × W/2. When
tumor volume reached about 100 mm3, the mice were intravenously
injected with Ce6, Ce6-Mal-NP, and NEs@Ce6-Mal-NP at the same
dose. At different times postinjection, the images were acquired by
Maestro in vivo imaging system (Cambridge Research & Instrumen-
tation, USA). The fluorescence of Ce6 in liver and tumor were
quantified. At 48 h postinjection, the mice were sacrificed. Tumor and
other tissues were harvested for ex vivo imaging through MaestroTM
ex vivo imaging system.

To further demonstrate the in vivo tumor penetration and
biodistribution of NEs@STING-Mal-NP, NEs and NEs@STING-
Mal-NP were labeled with DIR for convenient imaging. Then 4T1
tumor-bearing mice were intravenously injected with DIR, NEs-DIR,
and NEs-DIR@STING-Mal-NP, respectively. At 4, 6, 12, 24, and 48 h
postinjection, mice were sacrificed after the blood collection, and the
tissues including tumor, heart, liver, spleen, lung, and kidney were
harvested for ex vivo imaging systems (Cambridge Research &
Instrumentation, USA). The collected tumors were then digested by
collagenase IV for 45 min at 37 °C and treated with red blood cell
lysis buffer to obtain a single-cell suspension at a final concentration of
2 × 107 cells/mL in PBS. Then, the DIR labeled NEs in tumor were
analyzed by flow cytometry. Moreover, tumors and tissues were
weighed and homogenized in saline. For analysis of STING agonist
quantity, the homogenate was diluted with 10% NaHCO3 aqueous
solution and mixed with acetonitrile, followed by vortex for 5 min and
centrifugation at 12000 rpm for 10 min. Then, 200 μL of supernatant
was quantified by HPLC to determine the concentration of STING
agonist in tumor and tissues. The blood collected at 4, 6, and 12 h was
centrifugated at 12000 rpm for 10 min to collect the serum and then
analyzed for IL-6 and IL-10 concentration via ELISA Kit
(Elabscience).
The Phenotypes and STING-Related Gene Expressions of

Tumor-Infiltrating Immune Cells in 4T1-Luci Orthotopic
Breast Cancer Model. 3 ×106 4T1-Luci cells were injected into
the fourth left mammary fat pad of 6−8 weeks BALB/c mouse in 100
μL of PBS on day 0. The tumor-bearing mice were randomly divided
into five groups and received saline, STING agonist (3 mg/kg),
STING-Mal-NP (3 mg/kg for STING agonist), NEs (2 × 107), and
NEs@STING-Mal-NP (2 × 107, 3 mg/kg for STING agonist) by
intravenous injection on day 7, 11, 15, 19, and 23 after tumor
inoculation. Then, the 4T1-Luci orthotopic breast cancer-bearing
mice were sacrificed and the tumors were collected at day 25.

For evaluation of the STING-related gene expressions and IFN-β
concentration of 4T1 tumor tissues, the total mRNA in 50 mg of
tumors was extracted by the TRIZOL Reagent (Life Technologies)
according to the protocol of the manufacturer. cDNA synthesis and
qPCR quantifications of INF-β, CCL5, CXCL9, CXCL10, and CXCL1
transcription were performed as described above. Additionally, the
amount of IFN-β in the 4T1 tumors was detected using an ELISA kit
(Elabscience).

For flow cytometry analysis of the phenotypes of tumor-infiltrating
immune cells, the tumors were digested by the collagenase IV for 45
min at 37 °C and treated with the red blood cell lysis buffer to obtain
a single-cell suspension, which was then diluted to a concentration of
2 × 107 cells/mL in PBS. Then, the cells were stained with separate
fluorescent-labeled antibody for 30 min, washed with PBS twice, and
analyzed by flow cytometry. For TAMs, the cells were stained with
PE-CD45 antibody, APC-F4/80 antibody, and AF488-CD206
antibody. For tumor-infiltrating dendritic cells, the cells were stained
with PE-CD45 antibody, AF647-CD11c antibody, AF488-CD86
antibody, and APC-MHC II antibody. For tumor-infiltrating
CD8+T cells, the cells were gradient centrifugated by 40 to 70%
Percoll and then stimulated with ionomycin and PMA for 4 h in the
presence of brefeldin A, followed by staining with BV421-CD45
antibody, APC-CD3 antibody, APC-Cy7-CD8 antibody, AF488-
GzmB antibody, PE-IFNγ antibody, and PE-Cy5.5-TNFα antibody.
All data were analyzed using FlowJo software.

For STING-related gene expressions and antitumor capacity of
TANs, the single-cell suspension was gradient centrifugated by 55, 65
to 75% Percoll to obtain tumor-infiltrated NEs. The gene expressions
of TANs including TNF-α, ICAM-1, TRAIL, Lactoferrin, and CCL2
were measured by using RT-qPCR. The H2O2 release and the
cytotoxicity of TANs against 4T1-Luci cells were analyzed as
mentioned above.
Antitumor Efficacy of NEs@STING-Mal-NP in 4T1-Luci

Orthotopic Breast Cancer Model. The 4T1-Luci tumor-bearing
mice were randomly divided into five groups and received saline,
STING agonist (3 mg/kg), STING-Mal-NP (3 mg/kg for STING
agonist), NEs (2 × 107), and NEs@STING-Mal-NP (2 × 107, 3 mg/
kg for STING agonist) by intravenous injection on day 7, 11, 15, 19,
and 23 after tumor inoculation. The tumor growths were monitored
and imaged for bioluminescence on day 7, 11, 15, 20, and 25,
respectively. The animal survival was recorded every day and the body
weight of all mice were monitored every 2 days. On day 25, mice were
sacrificed and the tumors were harvested and weighed. Heart, liver,
spleen, lung, and kidney of the mice were collected and weighed to
calculate the organ index. Additionally, the tumors and organs were
dissected, embedded in paraffin, sectioned, and stained with rabbit
antimouse ki67 and hematoxylin and eosin (H&E) using routine
methods. The sections were photographed using Microscope BX53
(Olympus) and analyzed by ImageJ (Fiji, 1.51n) with the
ImmunoRatio 1.0c plugin. The serum samples from each group of
mice were collected on day 25 after tumor inoculation, and the
quantities of ALT, AST, CRE, BUN, LDH, and HBDH were
respectively determined per kit instructions, and IL-6 and IL-10
concentrations were analyzed via ELISA kit (Elabscience).
NEs@STING-Mal-NP Combined with PD-1 Antibody (αPD-1)

for Treating 4T1-Luci Orthotopic Breast Cancer. The 4T1-Luci
tumor-bearing mice were randomly divided into five groups and
received saline, αPD-1 (7.5 mg/kg, i.p), STING agonist (3 mg/kg,
i.v) + αPD-1 (7.5 mg/kg, i.p), NEs (2 × 107, i.v) + STING-Mal-NP
(3 mg/kg for STING agonist, i.v) + αPD-1 (7.5 mg/kg, i.p), and
NEs@STING-Mal-NP (2 × 107, 3 mg/kg for STING agonist, i.v) +
αPD-1 (7.5 mg/kg, i.p) on day 7, 11, 15, 19, and 23 after tumor
inoculation. The tumor growth was monitored and imaged for
bioluminescence on day 7, 11, 15, 20, and 25, respectively. The
animal survival was recorded every day and the body weight of all
mice were monitored every 2 days. On day 25, mice were sacrificed
and the tumors were harvested and weighed. Heart, liver, spleen, lung,
and kidney of the mice were also collected and weighed to calculate
the organ index. Additionally, the tumors and organs were dissected,
embedded in paraffin, sectioned, and stained with rabbit antimouse
ki67 and hematoxylin and eosin (H&E) using routine methods. The
sections were photographed using Microscope BX53 (Olympus) and
analyzed by ImageJ (Fiji, 1.51n) with the ImmunoRatio 1.0c plugin.
The serum samples from each group of mice were collected on day 25
after tumor inoculation, the quantities of ALT, AST, CRE, BUN,
LDH, and HBDH were respectively determined per kit instructions,
and IL-6 and IL-10 concentrations were analyzed via ELISA kit
(Elabscience).
Statistical Analysis. Statistical analyses were performed using

GraphPad Prism 8.0. All plots show mean ± SEM. One-way ANOVA
test and two-way ANOVA with Tukey’s correction were used for
comparisons of multiple groups and a Student’s unpaired t-test was
used for two-group comparisons in the appropriate conditions. A log-
rank (Mantel-Cox) test was used to analyze survival differences.
Statistical significance was set at *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001, n.s: no significant difference, or indicated by
“abcd” that there are no significant differences between groups
marked with the same letter.
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Materials and methods including the detailed methods
of cell culture, isolated and polarized the primary cells,
the preparations of the fluorescent nanoparticles and
4T1 TCM, Western blot, and immune memory
experiments, as well as Figures S1−S22. Figure S1,
particle size and zeta potential of STING-Mal-NP;
Figure S2, optimization of reduction condition and click
reaction; Figures S3 and S4, cell viability and TMT-
based quantitative proteomics of NEs@STING-Mal-NP;
Figure S5, Western blot assay of phospho-STING
(Ser365) in 4T1 cells, BMDM, and BMDC after
different treatment; Figure S6, IFN-β secretion of
immune cells; Figure S7, Western blot analysis of
phospho-STING (Ser365) in NEs and NEs@STING-
Mal-NP; Figure S8, qPCR analysis of STING-related
gene expression in NEs@STING-Mal-NP; Figures S9−
S11, biodistribution of NEs and STING agonist in vivo;
Figures S12−S14, expressions of STING related genes
and secreted INF-β proteins and immune cells infiltrated
in tumors from mice receiving different treatments;
Figure S15, gating strategy of flow cytometry analysis;
Figure S16, immune-memory phenotype of CD8+T cells
in 4T1 orthotopic tumors after the treatment with
NEs@STING-Mal-NP; Figures S17−S22, safety evalua-
tion in 4T1 orthotopic breast tumor-bearing mice
(PDF)
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