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ABSTRACT: Immune-cell-derived membranes have garnered significant attention as innovative delivery modalities in cancer
immunotherapy for their intrinsic immune-modulating functionalities and superior biocompatibilities. Integrating additional parental
cell membranes or synthetic lipid vesicles into cellular vesicles can further potentiate their capacities to perform combinatorial
pharmacological activities in activating antitumor immunity, thus providing insights into the potential of hybrid cellular vesicles as
versatile delivery vehicles for cancer immunotherapy. Here, we have developed a macrophage-membrane-derived hybrid vesicle that
has the dual functions of transporting immunotherapeutic drugs and shaping the polarization of tumor-associated macrophages for
cancer immunotherapy. The platform combines M1 macrophage-membrane-derived vesicles with CXCR4-binding-peptide-
conjugated liposomes loaded with manganese and doxorubicin. The hybrid nanovesicles exhibited remarkable macrophage-targeting
capacity through the CXCR4-binding peptide, resulting in enhanced macrophage polarization to the antitumoral M1 phenotype
characterized by proinflammatory cytokine release. The manganese/doxorubicin-loaded hybrid vesicles in the CXCR4-expressing
tumor cells evoked potent cancer cytotoxicity, immunogenic cell death of tumor cells, and STING activation. Moreover, cotreatment
with manganese and doxorubicin promoted dendritic cell maturation, enabling effective tumor growth inhibition. In murine models
of CT26 colon carcinoma and 4T1 breast cancer, intravenous administration of the manganese/doxorubicin-loaded hybrid vesicles
elicited robust tumor-suppressing activity at a low dosage without adverse systemic effects. Local administration of hybrid
nanovesicles also induced an abscessive effect in a bilateral 4T1 tumor model. This study demonstrates a promising biomimetic
manganese/doxorubicin-based hybrid nanovesicle platform for effective cancer immunotherapy tailored to the tumor
microenvironment, which may offer an innovative approach to combinatorial immunotherapy.
KEYWORDS: macrophage-membrane-derived vesicle, membrane engineering, biomimetic hybrid vesicle, combination therapy,
cancer immunotherapy, metalloimmunotherapy

■ INTRODUCTION
Cancer immunotherapy is a revolutionary approach to cancer
treatment that has achieved unprecedented clinical success, but
it also faces challenges, such as high variation in patient
response rate, development of resistance, and susceptibility to
autoimmune side effects.1−3 Combination therapy strategies
have shown promise in addressing these issues as well as
achieving more comprehensive and synergistic effects for
treating cancer.4,5 Drug delivery systems (DDSs) have been
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actively exploited to improve the delivery efficiencies of
multiple drugs with safe tolerability, and many recent studies
have sought to develop biomimetic drug delivery platforms
that exhibit great biocompatibility, targeted distribution of
drugs, and enhanced effectiveness of combinatorial thera-
pies.6−10 Among these, biomimetic cell membranes have
emerged as a new source of nanocarriers for the efficient
delivery of drug cargo.11,12 Compared with synthetic lipid or
polymeric nanocarriers, cell-membrane-derived vesicles offer
numerous advantages including natural biocompatibility, safe

encapsulation of bioactive molecules, and intrinsic cell-to-cell
interactions.
Among the emerging classes of cell membrane components,

macrophage-membrane-derived vesicles (MDVs) have been
widely deployed as novel DDSs owing to their multiple
inherent biological properties that drive diverse functions in
response to different stimuli within various pathogenic
microenvironments.13−15 Being a major messenger of the
innate immune system, the macrophage membrane possesses
unique immunomodulatory properties for the regulation of
inflammatory responses through active intercellular communi-

Figure 1. Schematic illustration and mode of action of a Mn2+/Dox-loaded hybrid vesicle, termed HV(Mn2+/Dox). Briefly, HV(Mn2+/Dox) was
formed by fusing M1-like macrophage-membrane-derived vesicles (M1CMVs) and CXCR4-binding-peptide-conjugated liposomes (CXCR4BPLs)
carrying Mn2+ and Dox. HV(Mn2+/Dox) allows for targeting of CXCR4-expressing cancer cells, polarization of M0-to-M1 macrophages, and
secretion of proinflammatory cytokines, leading to anticancer killing and antitumor immunity.
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cations with both immune and tumor cells.16 In particular, M1-
like macrophage-derived membrane vesicles have attracted
increasing interest in therapeutic applications against cancers
for their ability to induce proinflammatory responses and
promote M1-type tumor-associated macrophage polarization.17

However, the natural homing capacities, complicated cellular
structures, and phenotypic diversity introduced in MDVs are
insufficient for handling the heterogeneous in vivo tumor
microenvironment (TME).18,19 To overcome these limitations,
recent studies have focused on tailoring the cellular surfaces to
confer targeting capabilities and developing complementary
strategies for targeted drug delivery, such as incorporating
MDVs into other targeted drug delivery vessels like ligand- or
antibody-conjugated nanoparticles.15,20−22 These hybrid nano-
materials combine the properties of both parental cell
membranes and synthetic biomaterials, providing the unique

advantages of mimicking natural cell functionality and
enhancing target-specific delivery of drug cargo.
Additionally, the selection of an appropriate therapeutic

agent is crucial in cancer immunotherapy to harness the
patient’s immune system effectively and maximize tumor-cell
death. In the context of cancer immunotherapy, immunogenic
cell death (ICD) is a key regulatory pathway in which damage-
associated molecular patterns (DAMPs) released from dying
cells function as danger signals to stimulate immune responses
for antitumor activities. Some chemotherapeutic drugs, such as
doxorubicin (Dox) and oxaliplatin (OXA), have been widely
used in cancer immunotherapy for their ability to induce ICD-
related immunogenicity, which makes these drugs attractive
components in combination therapies.23−25 Recently, as an
alternative to conventional therapeutic modalities, metal-
loimmunotherapy has been explored extensively as a potential
strategy to activate host immunity by supplementing the TME

Figure 2. Synthesis and validation of CXCR4BPL. (A) Schematic illustration for the synthesis of CXCR4-binding-peptide-conjugated lipid. (B)
Chemical structure of maleimide−PEG(2000)−DSPE. (C) 1H NMR spectra and (D) HPLC chromatograms of maleimide−PEG(2000)−DSPE
(top), CXCR4-binding peptide (middle), and CXCR4-binding-peptide-conjugated lipid (bottom). (E) Protein quantification of CXCR4BPL by
BCA assay. Data represent mean ± SEM.; n = 5 (E) from biologically independent samples per group. *p < 0.05 compared to 125 μg/mL of lipid
amount, †p < 0.05 compared to 250 μg/mL of lipid amount, ‡p < 0.05 compared to 500 μg/mL of lipid amount, §p < 0.05 compared to 1000 μg/
mL of lipid amount (E). Data were analyzed using a one-way ANOVA with Tukey’s multiple comparison test (E).
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with nutritional metal ions.26−28 As an important intracellular
ion, manganese (Mn2+) has been reported to activate cGAS-
STING signaling, promote immune cell activation, and serve as
an adjuvant to improve the antitumor efficacy of immuno-
therapy.26,29 Nonetheless, despite the expanded understanding
of metalloimmunotherapy, the development of an innovative
biomimetic delivery platform that can mediate combinational
therapy between ICD and metal ions is needed urgently.
In this study, we have developed cell-membrane-derived

hybrid nanovesicles, HV(Mn2+/Dox), as a new form of

systemic cancer immunotherapy (Figure 1). Briefly, to trigger
antitumor proinflammatory immune responses and reverse the
immunosuppressive TME, we first derived cell membrane
vesicles from M1-like macrophages (M1CMV). M1CMV was
then fused with liposomes carrying Mn2+ and Dox and
decorated with C−X−C chemokine receptor type 4 (CXCR4)-
binding peptide (CXCR4BPL). In particular, the CXCR4-
binding peptide allows for the targeting of CXCR4-expressing
tumor cells while minimizing off-target toxicities.30,31 Hybrid-
ization of M1CMV and CXCR4BPL carrying Mn2+ and Dox

Figure 3. Characterization of M1CMV, CXCR4BPL(Mn2+/Dox), and HV(Mn2+/Dox). (A) FE-TEM image of the HV(Mn2+/Dox). Scale bar = 20
nm. (B, C) Size distribution analysis by nanoparticle tracking. (D) Polydispersity index (PDI) and (E) zeta potential analysis by dynamic light
scattering. (F, G) Stability testing of HV(Mn2+/Dox) in PBS for 7 days. (H, I) FRET study showing successful hybridization of CXCR4BPL and
M1CMV (10:1 molar ratio). (J) Dox encapsulation efficiencies and (K) cumulative release kinetics of Dox from CXCR4BPL(Mn2+/Dox) and
HV(Mn2+/Dox). Data represent mean ± SEM; n = 3 (C−E, I−K) from biologically independent samples. ****p < 0.0001. Data were analyzed
using a one-way ANOVA with Tukey’s multiple comparison test (C−E), a two-tailed Student’s t-test (I, J), or a two-way ANOVA with Bonferroni’s
significant difference post hoc test (K).
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led to the formation of HV(Mn2+/Dox) that exhibits efficient
tumor-targeting ability and promotes the delivery of Mn2+ and
Dox into the TME. Notably, the HV(Mn2+/Dox) treatment
triggered M1 macrophage polarization and synergistic
proinflammatory immune responses and cytotoxicity via
codelivery of Mn2+/Dox to CXCR4-expressing tumor cells in
vitro, and we have shown their potent antitumor efficacy in
vivo. Overall, the HV(Mn2+/Dox) biomimetic macrophage-

derived hybrid vesicle is a promising therapeutic nanoplatform
for metalloimmunotherapy in cancer treatment.

■ RESULTS AND DISCUSSION

Characterizations of M1CMVs, HV(Mn2+/Dox), and
CXCR4BPL(Mn2+/Dox). We obtained M1CMVs from
J774A.1 macrophage cells treated in M1 polarization

Figure 4. In vitro biocompatibility of HV on stem cells and macrophages. (A) Live/dad staining fluorescence microscopy images show hASCs (top
panel) and J774A.1 macrophages (bottom panel) incubated with 1, 10, or 100 μg/mL of HV for 1, 3, and 7 days. Live cells were stained with
calcein AM (green), while dead cells were stained with ethidium homodimer (EthD-1) (red), all at a magnification of 10×. Scale bar: 50 μm. (B,
C) Cell viability of hASCs and J774A.1 macrophages assessed by the CCK-8 assay after 1, 3, or 7 days of incubation with HV (1, 10, and 100 μg/
mL), with cell viability normalized to the control (Ctrl). Data represent mean ± SEM; n = 4 (B) and n = 3 (C) from biologically independent
samples.
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conditions with lipopolysaccharide (LPS) and IFN-γ. J774A.1
macrophage cells were treated in vitro with 100 ng/mL of LPS
and 50 ng/mL of IFN-γ, followed by enzyme-linked
immunosorbent assay (ELISA)-based analysis of the cell
culture media after 24, 48, or 72 h of incubation. The ELISA
results revealed that J774A.1 macrophage cells treated for 24 h

with LPS and IFN-γ produced the highest level of TNF-α with
increased levels of IL-6 and reduced levels of the anti-

inflammatory cytokine IL-10 (Figure S1), which are functional

characteristics of M1-like polarized macrophages. Thus, we

produced M1CMVs from J774A.1 cells treated with LPS and

Figure 5. Macrophage-targeting and M1 polarization ability of HV(Mn2+/Dox). (A, B) Confocal microscopy analysis showing the macrophage-
targeting ability of HV(Mn2+/Dox) over time. J774A.1 cells were incubated with DiO-labeled HV(Mn2+/Dox) (green) for 0.5, 1, 3, and 5 h.
Macrophages were stained with DAPI (blue) and rhodamine-phalloidin (red) to visualize the nucleus and cytoplasm, respectively. Scale bar: 50 μm.
(C) Flow cytometry analysis of the cellular uptake of DiO-labeled HV(Mn2+/Dox) with or without CXCR4BP-lipid after 3 h of incubation. (D)
Expression levels of surface markers, CD80, CD86, and MHCII, on J774A.1 macrophages after HV(Mn2+/Dox) treatment, as measured by flow
cytometry. (E) Concentrations of IL-6, IL-1β, TNF-α, IL-10, MMP-12, and IL-13 secreted by J774A.1 macrophages after HV(Mn2+/Dox)
treatment, as determined by ELISA. Data represent mean ± SEM; n = 3 (B, C) and n = 4 (D, E) from biologically independent samples. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed using a one-way ANOVA with Tukey’s multiple comparison test (B, C) or a two-
tailed Student’s t-test (D, E).
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IFN-γ for 24 h. The analysis of the resulting M1CMVs is
discussed below.
To synthesize CXCR4BP-lipid, the peptide sequence-

KPVSLSYRC, an analog of the stromal-cell-derived factor-1
(SDF-1) peptide sequence,32−34 was conjugated with
maleimide−PEG(2000)−DSPE (yield: 87.5%) via the sulf-
hydryl−maleimide coupling method. The sulfhydryl group (−
SH) of the peptide was reacted with the maleimide group on
PEG(2000)−DSPE to form a stable thioether bond, resulting
in a peptide−lipid conjugate (Figure 2A). Reaction completion
was confirmed by the disappearance of the characteristic peak
of the maleimide group at 6.8 ppm in the 1H NMR spectrum,35

indicating successful conjugation of the peptide to the lipid via
the sulfhydryl−maleimide coupling reaction (Figure 2B,2C).
In addition, we confirmed the conjugation of CXCR4-binding
peptide to lipids by high-performance liquid chromatography
(HPLC) (Figure 2D). After maleimide−PEG(2000)−DSPE
was incubated with the CXCR4-binding peptide, the lipid peak
at 21.5 min disappeared, indicating that the peptide was
successfully linked to the lipid, as seen by the change in
retention time compared with the starting materials (Figure
2D). We then inserted CXCR4BP-lipid into liposomes by thin-
film hydration method. BCA analysis of the resulting
CXCR4BPL indicated the successful incorporation of
CXCR4BP-lipid into liposomes in a dose-dependent manner
(Figure 2C).
HV(Mn2+/Dox) was obtained by hybridizing M1CMVs with

Mn2+/Dox-loaded CXCR4BPL by using probe sonication
(Figure 1). Field emission-transmission electron microscopy
(FE-TEM), nanoparticle tracking analysis (NTA), and
dynamic light scattering (DLS) were used to determine the
morphology and size distribution of the particles. The
HV(Mn2+/Dox) hybrid vesicles were spherical (Figure 3A)
with a diameter of 138.2 ± 0.6 nm (Figure 3C). NTA and DLS
analyses further revealed that the hybrid vesicles exhibited a
narrow size distribution (polydispersity index: 0.21 ± 0.01)
(Figure 3B,D). CXCR4BPL(Mn2+/Dox) displayed a positive
zeta potential due to the surface peptide, whereas M1CMV had
a negative zeta potential, as it originated from the cell
membrane. The hybridization of CXCR4BPL(Mn2+/Dox)
with M1CMV led to an increased zeta potential (−9.2 ± 2.3
mV) (Figure 3E), suggesting that HV(Mn2+/Dox) is a hybrid
of M1CMV and CXCR4BPL(Mn2+/Dox). The stability of
HV(Mn2+/Dox) in PBS was evaluated by measuring the
hydrodynamic size and PDI by DLS. As shown in Figure
3F,3G, the physical characterization of HV(Mn2+/Dox)
analyzed throughout a 1 week study revealed high stability of
HV(Mn2+/Dox) without any major changes in their particle
size or PDI values. To confirm hybridization between
CXCR4BPL and M1CMV, a Förster resonance energy-transfer
(FRET) assay was performed, which has been widely used to
study membrane fusion.20,36 The FRET efficiency before and
after the hybridization of CXCR4BPL and M1CMV was
monitored (Figure 3H,I). We observed a 7.5% decrease in the
FRET efficiency after hybridization due to the decreased
distance between the FRET pair (Figure 3I), which indicated
the successful insertion of M1CMV into the lipid bilayer of
CXCR4BPL.
Next, we examined the drug-loading and release kinetics

from CXCR4BPL and HV. Dox was loaded into CXCR4BPL
using a modified pH-gradient loading method,37 resulting in a
>60% encapsulation efficiency in CXCR4BPL (Figure 3J) and
maintenance of a 40% encapsulation efficiency after hybrid-

ization with M1CMV into HV(Mn2+/Dox). Mn2+ was also
efficiently loaded into HV(Mn2+/Dox) with a loading capacity
of 667 ng/109 hybrid vesicles. A Dox release study was
performed to investigate the release kinetics at normal
physiological pH (pH 7.4, PBS) (Figure 3K). Both
CXCR4BPL(Mn2+/Dox) and HV(Mn2+/Dox) showed a
sustained release of Dox with a relatively higher level of
release from HV(Mn2+/Dox) than that from CXCR4BPL-
(Mn2+/Dox). We speculate that the higher release profile at
later time points for HV(Mn2+/Dox) is due to the lower
cholesterol content within the surface, compared with
CXCR4BPL(Mn2+/Dox).

In Vitro Biocompatibility of HV Treatment on Stem
Cells and Macrophages. Biocompatibility of therapeutic
agents is a critical factor influencing their applicability in
clinical settings. To assess the biocompatibility of HV, human
adipose-derived stem cells (hASCs) and J774A.1 macrophages
were incubated with increasing concentrations of HV (1, 10,
and 100 μg/mL) for 7 days and monitored for cytotoxicity
with a live/dead cell assay, followed by fluorescence
microscopy. As shown in Figure 4A, hASCs and J774A.1
macrophages treated with various concentrations (1, 10, and
100 μg/mL) of HV particles remained viable without any
significant cytotoxicity. The quantitative cell viability was
further confirmed by a CCK-8 assay. As shown in Figure
4B,4C, there was no significant reduction in cell viability at any
concentrations of HV tested. These results show that HVs,
which emulate a cell membrane, are biocompatible and
suitable for in vivo applications.
Macrophage-Targeting and M1 Polarization Poten-

tials of HV(Mn2+/Dox). The targeting capability of HV-
(Mn2+/Dox) toward specific target immune cell subsets, such
as macrophages, is crucial for the improved efficacy of
immune-modulating treatments. The macrophage-cell-target-
ing ability of HV(Mn2+/Dox) was examined using confocal
microscopy (Figure 5A,5B). We used murine J774A.1 cells as a
representative cell line for macrophages. Figures 5A and S2
show the time-dependent internalization of HV(Mn2+/Dox)
by J774A.1 macrophages. The progressive increase in green
fluorescence within the cells over 5 h indicated the efficient
uptake of HV(Mn2+/Dox) by J774A.1 macrophages. The
quantitative analysis in Figure 5B further supported these
findings, showing an increase in the percentage of macrophages
positive for the DiO-labeled HV signal. Moreover, in order to
test whether CXCR4BP-lipid improves targeting and cellular
uptake of HV, we examined the cellular uptake of HV modified
with or without CXCR4BP-lipid. After 3 h of incubation, we
observed a significantly higher cellular uptake of HV(Mn2+/
Dox) with CXCR4BP-lipid among J774A.1 cells, compared to
HV(Mn2+/Dox) without CXCR4BP-lipid (Figure 5C),
suggesting the efficient intracellular delivery of CXCR4-
targeted HV(Mn2+/Dox) into macrophage cells known to
express high levels of CXCR4.38,39

Next, we investigated whether HV(Mn2+/Dox) can polarize
naiv̈e J774A.1 cells (representing M0-like macrophages)
toward the M1 phenotype. The immunomodulatory effect of
HV(Mn2+/Dox) on macrophages was assessed by measuring
the expression of surface markers associated with M1
polarization using flow cytometry. As shown in Figure 5D,
HV(Mn2+/Dox) treatment increased the expression of CD80,
CD86, and MHCII on macrophages, which are indicative
markers of M1-like proinflammatory macrophages. Further-
more, M0-like macrophages were incubated with HV(Mn2+/
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Dox) for 24 h, followed by ELISA-based analysis of the
supernatant for IL-6, IL-1β, TNF-α, IL-10, MMP-12, and IL-
13, the cytokines associated with the M1 and M2 markers,
respectively (Figure 5E). Compared with the untreated group,
HV(Mn2+/Dox) treatment significantly increased the levels of
proinflammatory cytokines IL-6 (p < 0.0001), IL-1β (p <

0.0001), and TNF-α (p < 0.05), which are cytokines associated
with M1-like proinflammatory macrophages. As for cytokines
and factors associated with M2-like anti-inflammatory macro-
phages, IL-10 (p < 0.01) was decreased, while the levels of
MMP-12 and IL-13 were not changed after HV(Mn2+/Dox)
treatment. Together, these results suggest that HV(Mn2+/Dox)

Figure 6. Cancer-targeting efficacy of HV(Mn2+/Dox) in vitro and in vivo. (A, B) Confocal microscopy analysis shows the intracellular localization
of DiO-labeled HV(Mn2+/Dox) (green) in CT26 cells after 0.5, 1, 3, or 5 h of treatment. CT26 cells were stained with DAPI (blue) and
rhodamine-phalloidin (red) to visualize the nucleus and cytoplasm, respectively. Scale bar: 50 μm. (C) Flow cytometry analysis of the cellular
uptake of DiO-labeled HV(Mn2+/Dox) with or without CXCR4BP-lipid after 3 h of incubation. (D, E) In vivo biodistribution analysis of free DiR
and DiR-labeled HV(Mn2+/Dox) in 4T1 tumor-bearing mice at 24 h post intravenous injection. Data represent mean ± SEM; n = 3 (B, C) and n =
4 (D) from biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed using a one-way ANOVA
with Tukey’s multiple comparison test (B, C) and a two-tailed Student’s t-test (D).
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exhibited a macrophage-targeting capacity and induced
polarization of M0 macrophages toward the M1 phenotype,
which is known to produce proinflammatory cytokines and
promote antitumor immune responses.40

Cancer-Targeting Efficacy of HV(Mn2+/Dox). Cancer-
cell-targeted delivery of a therapeutic nanocarrier is important
for improving the therapeutic efficacy with minimal toxicity.
We examined the cancer-cell-targeting ability of HV(Mn2+/
Dox) using a murine cancer cell line. Murine CT26 and 4T1
cells were used as representative colon adenocarcinoma and
breast cancer cell lines, respectively, for the study. Both CT26
and 4T1 cells expressed CXCR4 (Figure S3). In vitro confocal
microscopy analysis demonstrated the cellular internalization

of HV(Mn2+/Dox) into the cytoplasm of CT26 cells over time
(Figure 6A,B), showing efficient intracellular delivery of HV
into cancer cells. Figures 6A and S4 revealed a time-dependent
internalization of DiO-labeled HV(Mn2+/Dox) by CT26
cancer cells, with a substantial increase in intracellular green
DiO fluorescence observed over a 5 h period. Quantitative
analysis confirmed the visual observation, demonstrating an
increase in the percentage of cancer cells with DiO-labeled
HV(Mn2+/Dox) uptake over time (Figure 6B). This indicates
the successful and efficient uptake of HV(Mn2+/Dox) by
tumor cells. To substantiate these findings further with
quantitative analysis, a flow cytometry assay using the CT26
cells was performed. Figure 6C shows the flow cytometry

Figure 7. Synergistic effects of Mn2+/Dox and anticancer efficacy of HV(Mn2+/Dox). (A) Mn2+/Dox combination effect on dendritic cell
activation. (B) Mn2+/Dox combination effect on the activation of the STING pathway as detected by the THP-1 STING-IRF3 induction reporter
cell line. (C) In vitro BMDC activation by HV(Mn2+/Dox) treatment for 18 h, with flow cytometry analysis. (D) In vitro cytotoxicity induced by
HV(Mn2+/Dox) in CT26 or 4T1 cancer cells. (E) Immunogenic cell death (ICD) biomarker analysis through CRT (calreticulin) expression,
indicative of ICD. Scale bar: 10 μm. (F) ICD biomarker analysis showing the quantification of HMGB1 nuclear content. Data represent mean ±
SEM; n = 3 (A), n = 4 (C, D), and n = 5 (B, F) from biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data
were analyzed using a one-way ANOVA with Tukey’s multiple comparison test (A, B, D, F) and a two-tailed Student’s t-test (C).
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analysis of DiO-labeled HV(Mn2+/Dox) without CXCR4BP-
lipid or HV(Mn2+/Dox) with CXCR4BP-lipid after 3 h of
treatment. CT26 cells displayed significantly higher uptake of
HV(Mn2+/Dox) with CXCR4BP-lipid than HV(Mn2+/Dox)
without CXCR4BP-lipid (p < 0.0001), suggesting efficient
targeting and internalization of HV(Mn2+/Dox) modified with
CXCR4BP-lipid into CXCR4-expressing cancer cells.41 HV-
(Mn2+/Dox) also showed higher cellular uptake to 4T1 cells
(Figure S5), demonstrating the cancer-targeting ability by
CXCR4BP-lipid on HV(Mn2+/Dox). Therefore, both confocal
imaging and flow-cytometry-based quantitative analysis
provided compelling evidence of effective targeting of
HV(Mn2+/Dox) to CXCR4-expressing cancer cells in vitro.
To validate the in vitro findings, we extended our

investigation to an in vivo model. 4T1 tumor-bearing mice
were administered with either free DiR or DiR-labeled
HV(Mn2+/Dox) to track the biodistribution of HV(Mn2+/
Dox). In vivo imaging studies (Figure 6E) showed minimal
accumulation of free DiR in the 4T1 tumor region, suggesting
rapid clearance or nonspecific distribution. In contrast, the
DiR-labeled HV(Mn2+/Dox) group showed a pronounced
fluorescence signal in the 4T1 tumor site, indicating the tumor-
targeted delivery of HV(Mn2+/Dox). The average pixel
intensity analysis further corroborated these findings, with a
marked increase in the fluorescence signal of DiR-labeled
HV(Mn2+/Dox) in tumor tissues (Figure 6D).
The collective data from the in vitro and in vivo analyses

provide compelling evidence for the cancer-targeting ability of
HV(Mn2+/Dox). The rapid uptake of HV(Mn2+/Dox) by
cancer cells in vitro and its preferential accumulation at the
tumor site in vivo highlight the potential of HV(Mn2+/Dox) as
a drug delivery system in cancer therapy. The specificity of
HV(Mn2+/Dox) for cancer cells could allow for an increased
drug concentration at the target site, potentially enhancing
treatment efficacy while minimizing systemic toxicity.
Synergistic Immune Stimulation by Mn2+/Dox and In

Vitro Anticancer Efficacy of HV(Mn2+/Dox). Harnessing
the power of the immune system is pivotal in the fight against
cancer. The combination of Mn2+ and Dox exploits their
potential synergistic effects on immune activation. The
combination effect of Mn2+ and Dox on immune activation
was examined in vitro by evaluating the levels of dendritic cell
(DC) activation based on the cytokine release profiles
indicative of immune stimulation. Cotreatment of Mn2+ and
Dox significantly upregulated the production of proinflamma-
tory cytokines and chemokines (IL-6 (p < 0.05), IL-12p70 (p
< 0.01), TNF-α (p < 0.001), IFN-β (p < 0.0001), and CXCL-9
(p < 0.05)) in DCs (Figure 7A) compared to untreated
controls, Mn2+ alone, and Dox alone, showcasing that the
combination of dual agents effectively promoted DC
maturation. The STING pathway plays a crucial role in the
innate immune response to tumors. We have previously
reported that Mn2+ can potentiate the STING pathway to
produce type-I interferon cytokines, leading to enhanced
cancer immunotherapy efficacy.26 We utilized a STING-IRF3
induction reporter cell line derived from THP-1 cells (a human
monocytic cell line) to investigate the activation of the cGAS/
STING pathway. While Mn2+ individually induced an increase
in IRF3 activation above the untreated control, the
combination of Dox and Mn2+ resulted in a 4-fold induction
markedly higher than that observed with either agent alone
(Figure 7B). This heightened response indicates a synergistic
effect of Mn2+ and Dox in promoting the cGAS/STING

pathway, which is a central mediator of the innate immune
response against cancerous cells. The data reveal that the
combination of Mn2+ and Dox elevates the IRF3 induction
level to a degree that suggests the potent stimulation of the
cGAS/STING pathway. This analysis directly demonstrates
the engagement of the cGAS/STING pathway following
treatment, supporting the hypothesis that a combination of
Mn2+ and Dox can indeed trigger an innate immune response
conducive to cancer immunotherapy. The proposed mecha-
nism involves the Mn2+-mediated activation of cGAS, leading
to increased production of cyclic GMP−AMP (cGAMP), the
secondary messenger that activates STING. Activated STING
then leads to the transcriptional upregulation of IRF3,
culminating in the production of type-I interferons and other
cytokines that can enhance the antitumor immune response.
This phenomenon elucidates the underlying cause of the
observed potentiation of the immune response, which is critical
for the development of more effective cancer immunothera-
pies.
We further investigated the direct impact of HV(Mn2+/Dox)

on bone marrow-derived dendritic cells (BMDCs) in vitro.
Following 18 h of treatment with HV(Mn2+/Dox), flow
cytometry analysis revealed a marked increase in the expression
of costimulatory molecules, CD80 and CD86 (Figure 7C),
confirming the activation of BMDCs by HV(Mn2+/Dox). This
activation is a preliminary step toward initiating a robust
antitumor T cell response.
Based on our previous findings, we hypothesized that the

codelivery of Mn2+ and Dox via HV(Mn2+/Dox) would
improve cancer immunotherapy by reshaping the tumor
microenvironment and triggering anticancer immunity. First,
the cancer cell killing capacity of HV(Mn2+/Dox) was
evaluated in vitro using CT26 and 4T1 cancer cells.
HV(Mn2+/Dox) treatment notably enhanced the cytotoxicity,
compared with soluble Mn2+ alone, Dox alone, or their
combination (Figure 7D). In fact, HV(Mn2+/Dox) achieved
approximately 62 and 20% higher cytotoxic efficiencies than
Mn2+/Dox after 24 h of treatment in CT26 and 4T1,
respectively. This enhanced killing by HV(Mn2+/Dox) can
be attributed to HV-mediated intracellular delivery of Mn2+
and Dox into the cytoplasm of cancer cells through interaction
between HV and the cellular membrane. This is notable as the
efficient intracellular uptake of bioactive cargo is crucial for
eliciting robust cytotoxicity.42

The rationale behind the combinatorial effect of Mn2+ and
Dox lies in their ability to effectively induce immunogenic cell
death and DNA damage, activate the cGAS/STING pathway,
and enable macrophages and dendritic cells to enhance the
presentation of cancer antigens, thus intensifying tumor-
specific adaptive immunity.43,44 The induction of immuno-
genic cell death (ICD) is a desirable effect of anticancer
therapies, as it can enhance the immune system’s ability to
recognize and eliminate cancer cells. The expression of the
ICD biomarker calreticulin (CRT) on the cell surface was
increased after HV(Mn2+/Dox) treatment (Figure 7E),
indicating the initiation of ICD.45,46 Additionally, the
quantification of HMGB1 in the nuclei of cancer cells revealed
a decrease in nuclear HMGB1 after treatment with HV(Mn2+/
Dox) (Figure 7F), further supporting the induction of ICD by
the HV(Mn2+/Dox).
These in vitro studies collectively highlight the dual

functionality of HV(Mn2+/Dox). By activating DCs through
the synergistic effects of Mn2+ and Dox and demonstrating
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direct cytotoxicity toward cancer cells, HV(Mn2+/Dox)
emerges as a promising candidate for cancer immunotherapy.
Its ability to stimulate the immune system and directly target
tumor cells may provide a multipronged approach to
combating cancer, potentially enhancing treatment efficacy
while minimizing systemic toxicity.

In Vivo Anticancer Efficacy of HV(Mn2+/Dox). We
hypothesized that HV-mediated codelivery of Mn2+/Dox and
M1 polarization of macrophages could activate both innate and
adaptive immunities, thus promoting anticancer activities by
converting “cold tumors” to “hot tumors”. For the proof-of-
concept studies, in vivo anticancer efficacy of HV(Mn2+/Dox)

Figure 8. In vivo anticancer efficacy of HV(Mn2+/Dox). (A−C) BALB/c mice were inoculated s.c. with 2 × 105 CT26 cells, and on days 11, 14, and
18, mice were treated by intravenous (i.v.) administration of PBS, Dox (2 mg/kg), Mn2+, or HV(Mn2+/Dox) (2 mg/kg Dox equiv). Panel (B)
shows the tumor volume and (C) body weight changes over time. (D−F) BALB/c mice were inoculated s.c. with 4 × 105 4T1 cells, and on days 6,
9, 12, and 15, mice were treated by i.v. administration of PBS, Dox (2 mg/kg), Mn2+, or HV(Mn2+/Dox) (2 mg/kg Dox equiv). Panel (C) shows
the tumor volume and (D) representative images of excised tumors on day 18. (G−J) BALB/c mice were inoculated s.c. with 4 × 105 4T1 cells on
the right and 2 × 105 4T1 cells on the left flank, and on days 6, 9, 12, and 15, only the right flank tumor treated by intratumoral administration of
PBS, Dox (2 mg/kg), Mn2+, or HV(Mn2+/Dox) (2 mg/kg Dox equiv). Panel (E) shows the volume of the treated tumor, (F) volume of untreated,
contralateral tumor, and (G) representative images of excised tumors on day 18. Data represent mean ± SEM; n = 4 (A, B), and n = 5 (C, E, F)
from biologically independent samples. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed using a two-way ANOVA with
Tukey’s multiple comparison test (A−C, E, F).
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was evaluated in the CT26 and 4T1 syngeneic tumor models.
In single tumor models (Figure 8A−8C), we intravenously
administered free Dox (2 mg/kg), free Mn2+, or HV(Mn2+/
Dox) (equivalent dose as free Dox) to mice-bearing CT26
tumor. Tumor volume measurements over time revealed that
HV(Mn2+/Dox) inhibited tumor growth (77.6 ± 7.1%)
compared to the untreated group in the CT26 model (Figure
8B). The mean body weights of both treatment groups were
comparable to those of the untreated control group (Figure
8C). The free Dox group displayed minimal changes in body
weight after the initial injection, which is attributed to the
small dosage used, which is in line with the amount of Dox
present in HV(Mn2+/Dox) formulation. The low dosage of the
free Dox treatment failed to induce significant inhibitory effects
on tumor growth, as depicted in Figure 8B, which highlights its
limited efficacy. In contrast, the HV(Mn2+/Dox) treatment
group showed higher anticancer efficacy despite the low dosage
of Dox. Remarkably, HV(Mn2+/Dox) achieved this effect
without inducing any discernible systemic toxicities. Moreover,
we have validated these results using the 4T1 tumor model.
Similar to the CT26 tumor model, HV(Mn2+/Dox) therapy
led to strong suppression of 4T1 tumor growth in 4T1 tumor-
bearing mice (Figure 8D−F). Additionally, the serum
biochemical analyses of 4T1 tumor-bearing mice treated with
either PBS or HV(Mn2+/Dox) showed no significant signs of
toxicity (Figure S6).
We also examined the systemic antitumor efficacy of local

HV(Mn2+/Dox) treatment using a bilateral 4T1 tumor model
(Figure 8G,8J). This bilateral model allows for the direct
assessment of treated local tumors as well as systemic abscopal
effects on distant, untreated tumors. Anticancer efficacy
evaluation in the 4T1 bilateral tumor model indicated that
local intratumoral treatment with HV(Mn2+/Dox) exerted
robust antitumor activity on the treated local tumors (Figure
8H), and this also led to significantly suppressed tumor growth
in untreated, contralateral tumors (p < 0.01) (Figure 8I). The
excised tumors from the bilateral 4T1 model showed reduced
tumor size in both treated and untreated sites (Figure 8J).
These data collectively suggest that HV(Mn2+/Dox) not only
exhibits strong anticancer properties at the site of admin-
istration but may also stimulate systemic antitumor immune
responses, potentially leading to the regression of untreated
tumors.
These results pointed to the perspective that our HV(Mn2+/

Dox) strategy could concentrate cytotoxicity on cancer cells
while preventing toxicities in normal cells by CXCR4BP-
mediated-enhanced tumor targeting. The targeted delivery of
HV(Mn2+/Dox) to the tumor site contributes to the
transformation of the tumor microenvironment by increasing
the M1 macrophage polarization and activating DCs, thereby
improving therapeutic efficacy. These results also support the
synergistic effect of combining Mn2+ and Dox in augmenting
anticancer activities, evidenced by sustained tumor suppression
even with a low dosage of HV(Mn2+/Dox).

■ CONCLUSIONS
In summary, we designed Mn2+/Dox-loaded hybrid vesicles
(HV(Mn2+/Dox)) composed of M1CMV and CXCR4BPL for
enhanced anticancer efficacy. In vitro experiments showed that
HV(Mn2+/Dox) enables the delivery of dual functionality.
Additionally, the dual Mn2+/Dox treatment demonstrates the
ability to promote anticancer agents (Mn2+/Dox), along with
M0-to-M1 reprogramming. The HVs specifically polarized

macrophages toward the M1 phenotype, thereby increasing
proinflammatory cytokine levels. The HVs exhibited favorable
macrophage- and tumor-targeting capacities, ascribed to the
CXCR4-binding peptide, which promoted attachment to
cancer cells, higher M1 polarization, and DC maturation,
leading to tumor growth inhibition. Both in vitro and in vivo
experiments have proved that HV(Mn2+/Dox) has satisfactory
inhibitory effects on antitumor efficacy. Overall, HV(Mn2+/
Dox) showed favorable results with strong antitumor
therapeutic effects, making it a promising multi-anti-cancer-
agent delivery system for cancer immunotherapy and chemo-
therapeutics.

■ EXPERIMENTAL METHODS
Cell Culture. J774A.1 murine macrophage cells and human

adipose-derived stem cells (hASCs) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM). CT26 colon carcinoma cells
were cultured at Roswell Park Memorial Institute (RPMI)-1640. Cell
lines were incubated at 37 °C in a 5% CO2-humidified atmosphere.
All cell culture media included 1% (v/v) penicillin/streptomycin and
10% (v/v) fetal bovine serum (FBS).

In Vitro Macrophage Polarization. M1-polarized macrophages
were induced by culturing the J774A.1 macrophage cell line in
DMEM cell culture media with 50 ng/mL of IFN-γ (Sigma-Aldrich)
and 100 ng/mL of lipopolysaccharide (LPS) (Sigma-Aldrich) for 24
h. M0-polarized macrophages, induced with phosphate-buffered saline
(PBS) for 24 h, were used as the control group. To show that the cells
were properly polarized, typical M1/M2-defining cytokines (TNF-α,
IL-6, and IL-10) were analyzed using ELISA kits.
Preparation and Characterization of Peptide-Conjugated

Lipid. CXCR4-binding peptides (containing an additional cysteine in
the N-termini) were conjugated with maleimide−PEG(2000)−DSPE
via the sulfhydryl−maleimide coupling method.47 In brief, mal-
eimide−PEG(2000)−DSPE was diluted in chloroform, rotary-
evaporated at 37 °C and 120 rpm to form a thin film, and hydrated
with pure water at 37 °C. Peptides were dissolved in 0.1 M PBS and
mixed with maleimide−PEG(2000)−DSPE (peptides/maleimide−
PEG(2000)−DSPE, molar ratio 1.2:1) to react overnight under N2
gas at room temperature. The mixture was filled in a molecular weight
cutoff of a 2 kDa dialysis bag for 48 h to remove the residual free
peptides before freeze-drying. The yield was determined by
calculating the weight of CXCR4BP-lipid relative to the cumulative
mass of the initial components. The 1H NMR spectra and HPLC
results were then collected.
Preparation of M1CMV. M1 macrophages were polarized with

100 ng/mL of LPS and 50 ng/mL of IFN-γ for 24 h. About 1 × 107 of
LPS/IFN-γ-treated J774A.1 cells (M1 macrophages) were harvested
without trypsin and washed twice with ice-cold TM buffer at pH 7.5
(TM buffer, 1× tris-magnesium sulfate, Avantor). The cells were
resuspended in 50 mL of TM buffer and incubated for 5 min at 4 °C,
then homogenized (IKA T10 basic Homogenizer) at 6 rpm for 5 min,
followed by probe sonication. The vesicles were then ultracentrifuged
(Beckman Coulter Centrifuge) for 1 h at 150,000 g at 4 °C. The
pellets were stored at 4 °C.
Preparation of HV(Mn2+/Dox). The conventional thin-film

hydration method was applied to prepare Mn2+/Dox-loaded lip-
osomes48,49 composed of DOPC (1,2-dioleoyl-sn-glycero-3-phospho-
choline), cholesterol, and CXCR4BP-lipid (63:27:10, molar ratio).
Briefly, the lipids were dissolved in chloroform and the organic
solvent was evaporated under reduced pressure at 45 °C with a rotary
evaporator to form a thin film. The thin film was hydrated with 300
mM manganese(II) acetate tetrahydrate at 60 °C for 1 h and adjusted
to pH 3.5 by the addition of 1 N hydrochloric acid. Following
hydration, the multilamellar vesicles (MLVs) were passed through a
PD-10 Desalting Column (Cytiva) pre-equilibrated with PBS buffer
(pH 7.5) to remove unencapsulated ions. The predissolved Dox was
then slowly dropped over the manganese-containing liposomes at 60
°C and stirred for 1 h, such that the final Dox-to-liposomal-lipid ratio
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was 0.2 (w/w). The liposomal solution was subjected to sonication in
an ice−water bath with M1CMV solutions by probe sonication (on 2
s/off 2 s, 5 min, 26% amplitude). To remove the unencapsulated
drugs, the liposomes were again passed through a PD-10 desalting
column pre-equilibrated with PBS buffer. The final formulation was
stored at 4 °C. DiO-labeled HVs were prepared by the same methods
as aforementioned, except that DiO was added before the formation
of the thin film.
Physicochemical Characterization of HV(Mn2+/Dox). The

mean particle sizes and size distributions of M1CMV, HV(Mn2+/
Dox), and CXCR4BPL(Mn2+/Dox) were measured by NTA using a
NanoSight NS300 (Malvern Instruments Ltd., Worcestershire, U.K.).
The PDIs and zeta potentials (surface charges) of M1CMV,
HV(Mn2+/Dox), and CXCR4BPL(Mn2+/Dox) were determined by
DLS using a Zetasizer Nano ZS system (Malvern Instruments Ltd.,
Worcestershire, U.K.). The loading of Mn2+ in the HV(Mn2+/Dox)
was quantified by inductively coupled plasma-mass spectrometry
(ICP-MS; PerkinElmer Nexion 2000). The stability of the vesicles
was studied by monitoring changes in size and PDI for up to 7 days.
The morphology was confirmed by energy-filtered transmission
electron microscopy (EF-TEM). Protein quantifications of the
CXCR4BPL and liposomes without peptides were done using the
BCA assay.
Elucidation of Hybridization. Validation of hybridization of

CXCR4BPLs and M1CMVs producing HVs was done by FRET
study.20 To form FRET CXCR4BPL, FRET fluorophore lipids, with
NBD serving as an electron donor and Rh−B serving as an electron
acceptor, were added to the lipid mixture in a 1:7 molar ratio. For
fusion analysis, FRET CXCR4BPL and CMV (10:1 molar ratio) were
hybridized by probe sonication. FRET CXCR4BPLs, before and after
fusion of CMVs, were analyzed by fluorescence spectroscopy by
exciting the samples at 470 nm and determining the emission spectra
between 500 and 700 nm. The percentage of FRET efficiency was
calculated through the following equation
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where Fa is the emission fluorescence of the acceptor (Rh−B) and Fb
is the emission fluorescence of the donor (NBD).
Dox Encapsulation and Release Profiles. The amount of Dox

loaded was calculated by measuring the fluorescence intensity (λex =
470 nm; λem = 595 nm). To calculate the amount of Dox in HV, the
HV was destroyed with 1 N HCl. Encapsulation efficiency (EE) was
then calculated using formula 2
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To measure its drug release profile, 250 μL of HV(Mn2+/Dox) was
dialyzed against 14 mL of the medium in PBS (pH 7.4) with constant
shaking (100 rpm) at 37 °C. At various time intervals, 1 mL of the
dialysis buffer solution was taken out for measurement and refilled
with an equal volume of a new medium. The released Dox amount
was estimated by detecting the absorbance value at the fluorescence
intensity (λex = 470 nm; λem = 595 nm).
Biocompatibility Assessment. To evaluate the biocompatibility

of HV, live and dead cell staining was performed using the Live/Dead
Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Briefly, hASCs and
J774A.1 macrophages were seeded at a density of 1 × 105 cells/well
and 1 × 104 cells/well, respectively, in 12-well plates and allowed to
adhere for 24 h. Subsequently, cells were exposed to HV at various
concentrations for 1, 3, and 7 days. After incubation, cells were
stained with 2 μM calcein AM and 4 μM ethidium homodimer-1 for
30 min at 37 °C in the dark to distinguish live (green fluorescence)
and dead (red fluorescence) cells. Fluorescence images were captured
by using a fluorescence microscope. The cell viability of hASC and
J774A.1 in the presence of HV was quantified using a CCK-8 assay

(Dojindo Molecular Technologies, Inc., Kumamoto, Japan) following
the manufacturer’s protocol. Cells were seeded in 96-well plates at a
density of 1 × 104 cells/well and 1 × 103 cells/well, respectively, and
allowed to adhere overnight. HV was then added to the wells in
varying concentrations, and the cells were incubated for 1, 3, and 7
days. After incubation, 10% CCK-8 solution was added to each well,
and the plates were incubated for an additional 2 h at 37 °C. The
absorbance at 450 nm was measured using a microplate reader to
determine cell viability. The cell viability was calculated relative to the
untreated control wells. The Chung-Ang University Hospital
Institutional Review Board approved the use of hASCs, and it was
carried out in accordance with the Declaration of Helsinki’s criteria
(IRB No. 2151−005−463).

In Vitro Cellular Uptake of HV(Mn2+/Dox) for Validation of
Macrophage and Cancer-Cell-Targeting Ability by Flow
Cytometry. J774A.1 and CT26 cells were treated with a given
concentration of DiO-labeled HV without or with CXCR4BP-lipid
(1.5 × 1010 particles/ml), and the accumulation of them in the cells
was analyzed using a FACS Calibur (Becton Dickinson BD). Cells
cultured in the absence of the nanoplatforms were used as the control.
The cells (2 × 105 cells/ml) were cultured overnight at 37 °C under a
5% CO2 atmosphere. Next, the cellular uptakes of DiO-labeled
M1CMV and DiO-labeled HV were measured by incubating the cells
with 1.5 × 1010 DiO-labeled M1CMV and DiO-labeled HV in RPMI-
1640 cell culture medium for CT26 and DMEM cell culture medium
for J774A.1 for 3 h. Then, the cells were washed twice with PBS, and
the fluorescence was analyzed with flow cytometry. The experiments
were repeated at least 3 times.
Macrophage and Cancer Cell Targeting by Confocal Laser

Scanning Microscopy (CLSM). J774A.1 and CT26 cells were
seeded (2 × 104 cells/chamber) 24 h prior to treatment on four-well
glass-chamber slides (SPL, Cell Culture Slide) in the cell culture
medium. The cells were treated with fresh medium containing 1.5 ×
1010 DiO-labeled HV for 0.5, 1, 3, and 5 h at 37 °C. Following the
incubation period, the chambers were washed at least 4 times with
PBS (pH 7.4). The cells were incubated in DPBS in the presence of
rhodamine-phalloidin for 2 h for cytoplasm staining and in DAPI for 3
min for nuclear staining. The cells were then washed several times
with PBS. The chambers were mounted and examined on a Zeiss
LSM 900 microscope. ZEISS ZEN lite software was used for the
setup, and ImageJ software was used for image processing. The
overlapped HVs on cells were calculated using formula 3 and ImageJ
software

=overlapped HVs on cells
the number of HVs
the number of cells (3)

Synergistic Effects of Mn2+ and Dox. Mouse bone marrow-
derived dendritic cells (BMDCs) were prepared according to the
literature.50 BMDCs were seeded (4 × 104 cells/well) in a 96-well
round-bottom plate and incubated for 12 h with Dox (10 μg/mL),
Mn2+ (0.04 μg/mL), or Dox combined with Mn2+. Supernatants were
then collected for cytokine analysis by enzyme-linked immunosorbent
assay (ELISA; R&D System), including IL-6, IL-12p70, TNF-α, IFN-
β, and CXCL-9. To assess the activation of the STING pathway,
THP-1 cells stably transfected with an IRF3-responsive luciferase
reporter (THP-1-luc-reporter cells, Invivogen) were utilized. Cells
were treated with free Dox (1 μM), Mn2+ (500 μM), or a
combination of free Dox and Mn2+. Post-treatment, cells were
incubated for 24 h to allow for pathway activation and subsequent
reporter gene expression. Luciferase activity was quantified as a
measure of STING pathway activation. The assay was performed
using a standard luciferase substrate, and the luminescence intensity
was measured on a plate reader. Results were expressed as fold
induction over untreated control cells to normalize for baseline
activity.

In Vitro Analysis of BMDC Activation and Macrophage
Polarization by HV Treatment. For activation assays, BMDCs
were seeded and treated with HV (8 × 104 particles/ml) for 18 h.
Following incubation, the cells were stained for surface markers
CD80, CD86, and MHCII to assess the activation status. Staining was
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performed using the following fluorochrome-conjugated antibodies:
CD80 (BUV496), CD86 (APC), and MHCII (BV510). Additionally,
cells were stained with F4/80 (PE-Cy7) to identify macrophages and
a live/dead marker (NIR) to assess cell viability by flow cytometry
(Cytek Aurora System). ELISA was performed to determine M1- or
M2-type released cytokines (IL-6, IL-1β, TNF-α, IL-10, MMP-12,
and IL-13) in the M0 macrophages. M0 J774A.1 macrophages were
seeded (1 × 105 cells/well) in 6-well plates and incubated for 24 h, to
which HV (1 × 1011 particles/ml) was added. Cells cultured in the
absence of the nanoplatforms were used as the control. Supernatants
were harvested after 24 h and subjected to ELISA (IL-6, IL-1β, TNF-
α, IL-10, MMP-12, and IL-13).
ICD Biomarker Analysis in Cancer Cells. CT26 cells were

plated and treated with 1 μM free Dox or an equivalent concentration
of Dox in HV(Mn2+/Dox) for 24 h. Post-treatment, the cells were
stained for Calreticulin using an anti-Calreticulin antibody (Abcam,
ab196158) at a 1:200 dilution. Nuclei were counterstained with
Hoechst 33342 (Invitrogen, H3570). CRT expression was visualized
by confocal microscopy (Nikon A1). Simultaneously, CT26 cells were
also assessed for the nuclear amount of High Mobility Group Box 1
(HMGB1). Cells were treated in the same manner as for CRT
expression and subsequently stained with an anti-HMGB1 antibody
(Abcam, ab195010) at a dilution of 1:50. Nuclear HMGB1 expression
was analyzed using a flow cytometer (Cytek Aurora System). Results
were presented as the mean fluorescent intensity (MFI) of nuclear
HMGB1 expression, normalized to untreated control cells.
Cytotoxicity of Cells after Treatment with HV(Mn2+/Dox).

The effect of HV(Mn2+/Dox) on cell viability was ascertained by the
cell counting kit-8 assay (CCK-8) (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan) according to the manufacturer’s instructions.
4T1 and CT26 cells were exposed to 1 μg/mL of Mn2+, 1 μg/mL of
Dox, and both Mn2+/Dox and 1 μg/mL of Dox in HV(Mn2+/Dox)
for 24 h. After the addition of 10% CCK-8 solution to each well, the
cells were cultured for 2 h at 37 °C. The optical density was measured
at 450 nm by a microplate reader.
Tumor-Targeting Study Using In Vivo Imaging System

(IVIS). The tumor-targeting ability of HV particles was assessed using
the near-infrared lipophilic DiR dye. HV particles were labeled with
19.7 μM DiR after the particle hybridization. Male BALB/c (6 weeks)
were subcutaneously injected with 4 × 105 4T1 cells in the right
flanks. DiR-labeled HV particles or free DiR dye was injected
intravenously into the mice via the tail vein after tumors reached an
average size of 200 mm3. After 24 h post injection, fluorescence
intensities were measured using an in vivo imaging system (IVIS
Lumina imaging system, PerkinElmer). The average radiant efficiency
was quantified from the acquired images.
In Vivo Antitumor Efficacy Studies. Animals were cared for

following federal, state, and local guidelines. All in vivo tests were in
accordance with and approved by the University Committee on Use
and Care of Animals (UCUCA) of the University of Michigan, Ann
Arbor. Female BALB/c mice (5−6 weeks, Jackson Laboratories) were
inoculated subcutaneously with CT26 cells (2 × 105 cells/mouse) or
4T1 cells (4 × 105 cells/mouse) on the right side of the flank to
establish a single tumor model. The treatment groups included PBS,
free Dox dosed at 2 mg/kg, free Mn2+ dosed at 2 mg/kg, and
HV(Mn2+/Dox) dosed at 2 mg/kg Dox equivalent. Treatments were
initiated on day 6 post inoculation and were administered
intravenously every 3 days for a total of 4 injections. The antitumor
efficacy against CT26 or 4T1 cells was assessed by monitoring
changes in tumor volume. The tumor volume (V) was calculated
according to an ellipsoidal calculation, whereby V = a × b2 × 0.5,
where a is the largest and b is the smallest diameter of the tumor
ellipsoid. At the indicated time point, bloods were collected from 4T1
tumor-bearing mice and sera were separated by centrifugation for
biochemical analysis. Sera biochemical tests were analyzed in the
Pathology Core of the University of Michigan. In the bilateral tumor
model, mice were inoculated with 4 × 105 cells on the right flank and
2 × 105 cells on the left flank. Treatment commenced on day 6 post
inoculation with the same regimens as the single tumor study. For the
bilateral study, treatments were administered intratumorally every 3

days for a total of 4 injections, focusing on the right flank tumors.
Both treated and untreated tumors were measured and recorded, as
described above.
Statistical Analysis. The data are presented as mean ± standard

error of the mean (SEM). Statistical comparisons were performed
using unpaired Student’s t-test for two-group comparisons, one-way
analysis of variance (ANOVA) with Tukey’s significant difference post
hoc test for comparisons of more than three groups, or two-way
analysis of variance (ANOVA) with Bonferroni post-tests or Tukey’s
significant difference post hoc test for comparisons of two
independent variables using Prism 6 (GraphPad software). The
differences were considered statistically significant when p < 0.05.
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