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Abstract

Rationale: The tumor microenvironment (TME) plays a pivotal role in cancer progression, with tumor-associated macrophages
(TAMs) serving as key contributors. Immunosuppressive M2-type TAMs are associated with poor prognosis and treatment
resistance, highlighting the need for strategies to reprogram these cells into pro-inflammatory M1 phenotypes. To address this, we
developed a TME-reshaping nanoplatform combining the tumor-targeting capability of M1 macrophage-derived nanovesicles
(M1INVs) with the immunomodulatory and catalytic properties of hollow, virus-spiky hMnOx nanozymes. This approach aims to
enhance chemotherapy delivery while simultaneously reversing immunosuppression and boosting antitumor immunity.

Methods: We engineered a biomimetic nanoplatform by physically co-extruding M1NVs with hMnOx nanozymes. The platform
was evaluated in a malignant melanoma model characterized by M2 TAM infiltration, using the first-line chemotherapeutic agent
dacarbazine (DTIC) as a model drug. The system’s tumor-targeting ability, cytotoxicity, and immunomodulatory effects were
assessed. Additionally, the capacity of hMnOx nanozymes to induce immunogenic cell death (ICD) and promote antigen
presentation was investigated.

Results: The nanoplatform demonstrated precise tumor-targeted delivery of DTIC via MINVs, effectively inducing tumor cell
death. The combination of MINVs and hMnOx nanozymes successfully repolarized M2 TAMs into pro-inflammatory M1
macrophages, alleviating immunosuppression and enhancing immunotherapy efficacy. Furthermore, hMnOx nanozymes triggered
ICD and improved antigen presentation, amplifying antitumor immune responses. The fabrication process was simple and scalable,
underscoring the platform’s potential for clinical translation.

Conclusion: This study presents a novel nanozyme-boosted biomimetic macrophage-derived nanovesicle system that integrates
precise tumor targeting, chemotherapy delivery, and TME immunomodulation. By repolarizing TAMs and enhancing antitumor
immunity, the platform offers a promising strategy to overcome treatment resistance in immunosuppressive tumors. Its scalable
production and high clinical potential make it a viable candidate for future cancer therapy applications.
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Introduction

One of the biggest threats to world health in the
twenty-first century is cancer. According to the Global
Cancer Report 2022, cancer ranks as the first or second
leading cause of mortality for individuals under
seventy years old in 177 countries worldwide. One of
the most pressing issues facing public health today is
cancer treatment [1]. Tumor microenvironment (TME)
is a highly structured ecosystem that provides an
important ecological niche for cancer development
and progression. Tumor-targeted therapy and
improvement of the tumor microenvironment have
been the hotspots of tumor therapy [2-4].

Tumor-associated macrophages (TAMs)
represent a critical element within the TME and are
frequently linked to unfavorable clinical outcomes, as
well as resistance to various therapeutic approaches,
including immunotherapy [5]. TAMs are classified
according to their function as classically activated
state macrophages (M1) and alternatively activated
macrophages (M2). M1 TAMs have the ability to
produce various pro-inflammatory factors, including
TNF-a, 1L-12, IL-23, IL-1B, and IL-6. These factors
contribute to the promotion of a Thl (cytotoxic)
immune response, which helps inhibit tumor growth.
On the contrary, M2 TAMs mainly accelerate cancer
progression by inducing immunosuppression,
promoting tumor growth and metastasis, and
promoting angiogenesis in various ways [6]. In the
complex tumor microenvironment, macrophages are
recruited to the tumor site and can undergo
polarization into two distinct states: the M1 TAMs,
which suppresses tumor progression, or the M2
TAMs, which facilitates tumor growth [7-9].
Macrophage polarization is a highly dynamic process
that is capable of switching between the M1 and M2
phenotypes under a variety of conditions [10]. More
and more studies have been conducted on
macrophages as a potential target for tumor
immunotherapy, attempting to achieve antitumor
effects by inducing the transformation of TAMs from
immunosuppressive to immune-promoting types
[5,11,12]. Therefore, promoting the conversion of M2
TAMs to M1 TAMs in the TME is expected to
synergize tumor immunotherapy by stimulating
intrinsic autoimmunity.

In recent vyears, researchers have used
membrane-encapsulated and extracellular vesicles
(EVs) technologies to achieve tumor targeting and to
improve the tumor microenvironment, with a
significant increase in interest in the use of
extracellular vesicles as potential therapeutic agents
[13,14]. EVs are membranous vesicles secreted by cells
into the extracellular space. During the secretion
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process, nucleic acids and proteins are encapsulated
inside the vesicles, which not only inherits the
properties and functions of the parental cells, but also
avoids the ethical and safety issues associated with
cell therapy [15]. However, the number of exosomes
secreted by cells is extremely limited and their
purification is cumbersome, so researchers have
attempted to prepare cell-derived nanovesicles (NVs)
by physical extrusion. It was confirmed that NVs
obtained by physical extrusion have similar
morphological ~ characteristics to  cell-secreted
exosomes, but their molecular characteristics are more
similar to those of the cells themselves, with good
biocompatibility, a simple and rapid preparation
method, and a high yield [16,17]. Using such vesicles,
Schweer et al. encapsulated chemotherapeutic agents
in macrophage-derived NVs and exploited their
tumor-site homing properties for precise tumor
targeting [18]. In addition, researchers have found
that M1 macrophage-derived NVs (M1NVs) can not
only target the tumor site to deliver drugs, but also
influence the polarization of TAMs during their
internalization, as Choo et al. were able to use M1NVs
to repolarize M2 TAMs into M1 TAMs to regulate the
TME [19-21]. In conclusion, M1INVs were obtained by
physical extrusion preparation, which is expected to
achieve precise tumor targeting and exert its own
polarization-regulating ability to act on TAMs in the
tumor microenvironment.

Recent studies have demonstrated that elemental
manganese plays a significant role in regulating the
polarization of macrophages. Manli Song et al. [22].
found that HA-modified MnO nanoparticles induced
the conversion of M2 TAMs into pro-inflammatory
M1 macrophages in the TME, which exerted an
effective antitumor effect. Moreover, manganese ions
play a crucial role in boosting the functionality of host
antigen-presenting cells (APCs), including dendritic
cells (DCs) and macrophages. They enhance the
presentation of tumor antigens, facilitate the
recruitment of cytotoxic T cells into tumor sites, and
amplify the targeted destruction of tumor cells by
these immune effectors [23,24]. We have synthesized a
hMnOx nanozymes with an internal hollow structure
that facilitates the loading of multiple antitumor
drugs [25].

In this study, we developed an innovative
nanozyme-boosted biomimetic macrophage-derived
TME reshaping mnanoplatform by physically
co-extruding M1 macrophage-derived NVs (M1NVs)
with hollow, virus-spiky manganese oxide (hMnOj)
nanozymes. This nanoplatform was specifically
evaluated in a malignant melanoma model
characterized by significant M2 tumor-associated
macrophage (TAM) infiltration, using dacarbazine
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(DTIC), a first-line chemotherapeutic agent, as the
model drug. The resulting M1 macrophage-derived
nanovesicle loaded with DTIC and hMnOy nanozyme
(M1IM@D) features a unique three-layer structure: an
outer layer of MINVs obtained through physical
extrusion, a middle layer of hMnOxnanozyme, and an
inner core of encapsulated DTIC. Our findings
demonstrate that this platform offers a mnovel
immunotherapy strategy with three key mechanisms
of action: (1) MIM@D achieves precise tumor
targeting through the vesicular homology of MINVs,
enabling localized release of DTIC for effective tumor
cell killing; (2) The synergistic action of MINVs and
hMnO, nanozymes reprograms TAMs in the tumor
microenvironment by converting
immunosuppressive M2 TAMs to pro-inflammatory
M1 phenotype, thereby reversing the
immunosuppressive state; (3) hMnO, nanozymes
facilitate immunogenic cell death (ICD) of tumor cells
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while promoting dendritic cell (DC) maturation and
antigen  presentation,  ultimately = enhancing
T-cell-mediated antitumor immunity. The developed
nanoplatform demonstrates several advantages for
clinical translation: it features a straightforward
fabrication process, high production yield, and
excellent scalability for mass production. These
characteristics, combined with its dual functionality in
precision drug delivery and immunomodulation,
make this nanoplatform particularly attractive for
future translational research and clinical applications
in cancer immunotherapy (Figure 1).

This study marks a notable breakthrough in
targeted cancer therapy, introducing a versatile
strategy that concurrently tackles tumor cell
eradication and tumor microenvironment regulation,
paving the way for innovative approaches in
combination cancer immunotherapy.

Nanozyme-Boosted Biomimetic
Macrophage-Derived Nanovesicle
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Figure 1. A schematic illustration depicting the fabrication of the MIM@D nanoplatform and its utilization in cancer treatment. (A) The fabrication process of MIM@D. (B)
MIM@D was administered to tumor sites through tail vein injection, showing therapeutic effectiveness in both subcutaneous tumor and lung metastasis models. The study also
explored its impact on the tumor microenvironment and its ability to enhance the combined antitumor response in tumor tissues.
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Results and Discussion

Fabrication and characterization of MIM@Ds

To prepare MINVs, we first needed to obtain
stable M1 macrophages. By trying a variety of
protocols (Figure S1), we finally used the induction of
Figure S2. to obtain stable M1 macrophages. Induced
M1 macrophages were then identified by flow
cytometry using a monoclonal antibody to CD86, a
glycoprotein known to be present on the cell
membrane of antigen-presenting cells such as blood
monocytes and macrophages. The assay showed that
the cells expressed CD86 more than 95% (Figure S3).
Next, the induced M1 macrophages were collected
and centrifuged, resuspended in PBS, and nanoscale
vesicular MINVs were obtained by passing them
through polycarbonate membranes with pore sizes of
1 pm, 400 nm, and 200 nm using an extruder
apparatus. Nanoflow assay revealed that 1x10°
particles/mL. M1 macrophages can produce
2.125x100  particles/mL MINVs by physical
extrusion. Then, to confirm the drug-carrying capacity
of DTIC@hMnO,s, We took the supernatant of
DTIC@hMnOxs after centrifugation (11000 xg, 30 min)
and then measured the UV absorbance by UV
spectrophotometer (UV-2600) (Figure S4). By
calculation, we found that the drug loading rate of
DTIC@hMnOx was 31.25%. MIM@Ds were then
obtained by passing through polycarbonate
membranes with pore size of 400 nm using an
extruder according to the ratio of
M1NVs:DTIC@hMnOxs = 100:1 (Figure 2A).

When  particles/molecules are physically
extruded, the applied pressure forces the identically
charged particles to break through the electrostatic
repulsion barrier and enter the short-range range of
action (typically <2 nm) where van der Waals forces
or hydrophobic interactions dominate. Our physical
extrusion can force the negatively charged M1INVs
and DTIC@hMnO,s to temporarily approach each
other to form a stable structure. When DTIC@hMnOxs
is wrapped into MINVs, the positive charge inside
M1NVs and negatively charged DTIC@hMnO,s will
form a stable concentric circle structure. In order to
determine the shape and morphology, observations
were made by means of transmission -electron
microscopy (TEM). Upon inspection, MINVs was
circular in shape, hMnO,s, and DTIC@hMnOs
showed a bacteriophage-like hollow morphology
with porous and rough surfaces, and M1@hMnO,s
and M1IM@Ds were concentric circles, both with
smooth surfaces (Figure 2B). To characterize the
vesicle size distribution during preparation, we
quantified vesicle diameters and potentials. Dynamic
light scattering (DLS) analysis revealed that the size of
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M1INVs were ~122.4 nm, hMnO,s were ~159.1 nm,
M1@hMnO,s were ~164.2 nm, DTIC@hMnO,s were ~
160.1 nm, M1IM@Ds were ~ 219.1 nm (Figure 2C); zeta
potentials were -9 mV for MINVs, -9 mV for hMnOxs,
-13 mV for M1@hMnOss, -11 mV for DTIC@hMnO;s,
and -13 mV for MIM@Ds (Figure 2D). In addition, we
measured the elemental composition of MIM@Ds by
energy dispersive spectroscopy (EDS), and the results
showed that MIM@Ds contains the elemental
compositions of MINVs and DTIC@hMnO,s (Figure
2E).

We tested the stability of MIM@Ds by
incubating them in PBS, DMEM and FBS for 7
consecutive days. PBS is utilised for fundamental
research to regulate variables, FBS simulates protein
interactions in a living organism, and DMEM more
closely matches the conditions of cellular
experimental procedures. We judged the degree of
aggregation by monitoring the change in vesicle size
over time. The size of MIM@Ds remained relatively
constant for the first 2 days, indicating that M1IM@Ds
remained stable during this time. After 48 h, the
stability gradually decreased, as evidenced by an
increase in the size of the vesicles (Figure S5).

To further verify that the nanovesicles
synthesized in this study maintained the protein
markers on the cell membrane, the expression of cell
membrane surface proteins in M1INVs, M1@hMnOxs,
and MIM@Ds was assessed using Western blot,
Coomassie Blue Staining, and Nanoflow analysis. The
results of Coomassie Blue Staining showed that M1
cell, MINVs, M1@hMnOys, and M1M@Ds had similar
protein bands (Figure 2G), indicating that the M1NVs
were successfully encapsulated and that the integrity
of cell membrane proteins was not compromised
during the preparation process. The Western blot
results showed that MINVs, M1@hMnO,s, and
M1M@Ds expressed high levels of CD86 (Figure 2F),
which was also validated by Nanoflow (Figure 2H).

We successfully prepared MIM@Ds and
characterized them by various methods. The results
showed that the prepared nanomimetic multilayered
nanovesicles not only conformed to expectations in
morphology and size, but also effectively retained the
characteristics of cell membrane proteins. These
findings provided an important theoretical
foundation and experimental basis for the application
of MIM@Ds in drug delivery and immunotherapy.

MIM@D uptake by B16F10 tumor cells and
repolarizing M2 macrophages

To test whether M1M@Ds could be taken up by
B16F10 tumor cells, we labeled M1IM@Ds with the
fluorescent dye Dio, and M1IM@Ds was added to
B16F10 tumor cells for co-culture at 0, 2, 6, 8, 12, and
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24 h, respectively. The cellular uptake of M1IM@Ds by
B16F10 tumor cells was examined using flow
cytometry (FCM) and confocal laser scanning
microscopy (CLSM). Both CLSM and FCM analyses
demonstrated that B16F10 tumor cells effectively
internalized M1M@Ds (Figure 3A, B, S6). Similarly,
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we evaluated the cellular uptake of MINVs and
M1@hMnOss by B16F10 tumor cells. Both CLSM and
FCM analyses demonstrated that B16F10 tumor cells
effectively internalized MINVs and M1@hMnOxs
(Figure S7, S8).
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Figure 2. Fabrication and characterization of the MIM@Ds. (A) Schematic diagram of MIM@P preparation method (B) TEM image of MINVs, hMnOxs, M1@hMnOss,
DTIC@hMnOxs, and MIM@Ds. (C) Particle size distribution of MTNVs, hMnOxs, M1@hMnOxs, DTIC@hMnOxs, and MIM@Ds. (D) Zeta potentials of MINVs, hMnOxs,
M1@hMnOxs, DTIC@hMnOxs, and MIM@Ds. (E) EDS mapping of MIM@Ds. (F) Western blot of MINVs, M1 @hMnOxs, and MIM@D:s for detection of CD86 and CD206.
(G) Coomassie Blue staining of M1 cell, MINVs, M1@hMnOxs, and MIM@Ds. (H) Nanoflow of MINVs, M1@hMnOxs, and MIM@Ds for detection of CD86 and CD206.
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Next, we tested whether M1M@Ds could
promote M2 macrophage repolarization to
proinflammatory phenotype. Changes in the
expression of CD86* and CD206* in M2 macrophages
alone and in M2 macrophages co-incubated with the
addition of MINVs, hMnO,s, M1@hMnOys, and
M1IM@Ds were compared. The greatest increase in
CD86* and decrease in CD206* was found by flow
cytometry using MIM@Ds (Figure 3C, D, E). The
results of the ratio of CD86* and CD206* expression
confirmed this finding (Figure S9).

Effects of MIM@Ds on induced ICD

Manganese ions can induce immunogenic cell
death (ICD) in tumor cells, resulting in the release of
damage-associated molecular patterns (DAMPs), such
as the secretion of ATP, the externalization of CRT,
and the liberation of HMGBI, thereby boosting the
immunogenicity of the tumor microenvironment [26].
As a result, we explored how MIM@D influenced
induced ICD by analyzing the secretion of ATP, the
externalization of CRT, and the liberation of HMGB1.

First, the cells in the groups with manganese ions
secreted significantly more ATP into the cell culture
medium than the cells in the groups without
manganese ions. (Figure 3F). Subsequently, we
employed CLSM and FCM to examine the
externalization of CRT on B16F10 tumor cells. Under
normal physiological conditions, CRT is localized
within the endoplasmic reticulum lumen. However,
during early apoptosis, the externalization of CRT is
upregulated, and the protein is translocated to the cell
membrane [26]. The FCM results (Figure 3G)
demonstrated that, in comparison to groups without
manganese ions, the presence of manganese ions
significantly increased CRT expression on the surface
of B16F10 tumor cells. Figure 3H and S10 show that
the membrane of B16F10 tumor cells in the groups
with manganese ions exhibited obvious green
fluorescence.

In typical physiological states, HMGB1 is
primarily located within the nucleus. Nevertheless,
during the initial phases of apoptosis, it moves from
the nucleus into the cytoplasm [26]. CLSM analysis
confirmed the presence of HMGBI release in the
groups treated with manganese ions (Figure 31, S11).

Given that hMnO, also contributed to
chemodynamic therapy, the reactive oxygen species
(ROS) level in B16F10 tumor cells treated with
M1IM@Ds was detected by flow cytometry using a
DCFH-DA  fluorescent  probe. The  results
demonstrated that the MIM@Ds group exhibited
enhanced green fluorescence in B16F10 tumor cells in
comparison to the control group (Figure S12),
indicating that M1M@Ds induced substantial ROS
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accumulation,  which
oxidative stress injury.

These findings indicate that MIM@Ds can be
internalized by B16F10 tumor cells and induce the
polarization of M2 phenotype to the M1 phenotype.
Furthermore, M1M@Ds also enhanced ICD in B16F10
tumor cells, as evidenced by increased ATP secretion,
CRT exposure, and HMGBI1 release, which are
essential for initiating subsequent antitumor immune
responses. Meanwhile, the DCFH-DA fluorescent
probe assay by flow cytometry analysis indicated that
M1M@Ds may play an important role in antitumor or
immunomodulatory processes by promoting ROS
production.

In summary, MIM@Ds demonstrated the
multifunctional properties of regulating tumor
microenvironment and enhancing antitumor immune
response, which provided new ideas and possibilities
for tumor immunotherapy. Through further research
and development, MIM@Ds was expected to be an
efficient and safe medicine for tumor therapy.

consequently  triggered

Antitumor effects of MIM@Ds in a xenograft
mouse model of BI6F10 melanoma

Next, we assessed the in vivo antitumor activity
of MIM@Ds using C57BL/6 mice with subcutaneous
B16F10 melanoma tumors [27]. Figure 4A illustrates
the timeline of the animal experiments in the
subcutaneous tumor model. Tumor samples were
collected every two days following MIM@Ds
injection over three consecutive treatments. After the
administration of MIM®@Ds in healthy rat, the
concentration of DTIC in blood was measured at
different time points (0.5h, 1 h,2h,4h, 6 h, 8 h, 12
h,24 h, 48 h, 72 h, 96 h, 120 h) by UPLC-MS/MS (TSQ
QUANTIVA, Thermo, US) (mobile phase A: 0.1% (v/v)
formic acid aqueous solution, mobile phase B:
acetonitrile) to calculate the drug half-life of
MIM@Ds. The results showed that the drug half-life
of MIM@Ds was 3.14 h (Figure 513).

The results showed that repeated dosing of
M1M@Ds had no significant effect on the body weight
of the mice relative to the control group (Figure 4B).
Additionally, the survival duration of the mice treated
with MIM@Ds was significantly extended (Figure
4C). Furthermore, the tumor weights in the M1IM@Ds
group were notably reduced compared to those in the
other groups (Figure 4D). Also, based on the change
in tumor size, we can see that MIM@Ds can
effectively inhibit the tumor from growing (Figure 4E,
F, S14, S15). MIM@Ds treatment leads to tumor
regression from the first day of administration,
significantly =~ outperforming M1@hMnO,s and
DTIC@hMnOss. This immediate effect may result
from the cytotoxic effect of DTIC, which can be
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exerted by targeting the tumor site with MINV  compared to DTIC@hMnO,s.
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cellular CD86 expression. (E) Changes in cellular CD206 expression. (F) ATP secretion of BI6F10 tumor cells treated with MIM@Ds. (H) CRT exposure was evaluated
through confocal microscopy observations and (G) flow cytometry analysis. (I) Confocal microscopy images demonstrated the relocation of HMGBI from the nucleus to the
cytoplasm in BI6F10 tumor cells after MIM@Ds treatment. All data are expressed as mean * SD (n = 3). The nuclei of the cells were labeled using DAPI, which is blue. * p < 0.05,

#p < 0,01, ¥ p < 0,001, ¥ p < 0,000

To demonstrate that the MIM@Ds can take
advantage of the tumor site homing properties of the
M1NVs for precise tumor targeting. We intravenously
injected M1INVs, M1@hMnO,s, and M1M@D
labeled with Dir fluorescent dye and collected mouse
tumor tissues 12 h later and measured fluorescence
signals. It can be seen that the tumor tissues in the
M1NVs, M1@hMnO,s, and M1IM@Ds groups have
higher fluorescence signal intensity (Figure 4G),
demonstration that MIM@Ds can be precisely
targeted to melanoma sites in vivo. We also performed
in vivo fluorescence imaging at the tumor site in mice
within 48 hours of injection. The results showed that
fluorescence appeared at the tumor site after 2 h and
began to decay after 12 h. It also demonstrated that
M1M@Ds could precisely target the melanoma site in
vivo (Figure 516). We then examined the distribution
of MIM@Ds in mice 48 hours after injection using
fluorescence imaging. The results showed that
M1M@Ds had the highest concentration in the liver,
followed by the spleen and lung. The results indicated
that MIM@Ds was mainly distributed in metabolic
and excretory organs (Figure S17). In addition, we
examined the distribution of MIM@Ds in organs and
tumor tissues of mice 24 and 48 hours after injection
using fluorescence imaging. The results again
demonstrated that MIM@Ds can target tumor tissues
(Figure S18).

Moreover, histological evaluations, such as
hematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP
nick-end labeling (TUNEL) assays, demonstrated that
M1IM@Ds significantly decreased the density of
cancer cells within tumor tissues (Figure 4H, I, S19).
This observation was further corroborated by the
reduced expression of Ki67 and Bcl2 in the
subcutaneous tumor tissues of the M1IM@Ds group
(Figure S20, S21).

Antitumor efficiency of MIM@Ds in lung
metastatic tumor mode

Given the high metastatic potential of
melanoma, we further explored the antitumor efficacy
of MIM@Ds in a lung metastasis model. This model
was created by injecting B16F10 tumor cells into the
tail vein of C57BL/6 mice to evaluate the ability of
M1M@Ds to suppress tumor cell metastasis.

Figure S22A illustrates the timeline of the animal
experiments in the lung metastasis model. Lung tissue
samples were collected every two days following
three consecutive administrations of MI1M@Ds.

Repeated administration of MIM@Ds had no impact
on the body weight of the mice when compared to the
control group (Figure S22B). The results demonstrated
that M1IM@Ds significantly reduced the number and
size of lung metastatic tumors (Figure S22C-E). H&E
and TUNEL staining of lung tumor tissues revealed
that MIM@Ds effectively induced apoptosis in tumor
cells (Figure S22F-G, S23). Immunofluorescence
analysis further indicated lower expression of Ki67
and Bcl2 in the MIM@Ds group compared to other
groups (Figure S22H, S24). These findings suggest
that MIM@Ds can effectively suppress tumor cell
metastasis in the lungs.

In summary, MIM@Ds showed significant
antitumor effects in the B16F10 melanoma xenograft
mouse model and the B16F10 melanoma lung
metastatic tumor model in C57BL/6 mice. By
targeting tumor sites, inhibiting tumor cell
proliferation and inducing their apoptosis, M1IM@Ds
was able to effectively reduce tumor growth and
metastasis while prolonging the survival time of mice.
Its high efficiency, targeting and safety made it an
antitumor drug with potential clinical applications.
While our results highlight promising therapeutic
outcomes in melanoma models, we acknowledged
limitations such as the need for long-term safety
evaluations. Future work will explore the universality
of this strategy across other cancer types and
investigate scalable production methods.

In conclusion, MIM@Ds represented a potent
immunochemotherapeutic strategy with translatable
potential, bridging innate immunity and precision
nanomedicine to combat immunosuppressive solid
tumors.

Effects of MIM@Ds on reprogramming tumor
microenvironment in vivo

In vitro cellular experiments demonstrated that
MIM@Ds induced the repolarization of M2
phenotype toward a M1 phenotype. TAMs in the
tumor microenvironment are predominantly M2
TAMs, and repolarizing M2 macrophages to
proinflammatory phenotype could improve the
immunosuppressive  state  of  the  tumor
microenvironment and synergistically enhance tumor
immunotherapy. The antitumor efficacy of M1IM@Ds
treated tumors also suggests an antitumor immune
response. Motivated by these results, we further
explored the impact of M1IM@Ds on reshaping the
tumor microenvironment in vivo.
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Following the completion of the animal studies,
mice were euthanized, tumors were collected, and
immunofluorescence staining and flow cytometry
were conducted to assess CD86* and CD206*
expression levels. Immunofluorescence staining
showed a notable rise in CD86* expression and a
reduction in CD206* levels in tumor tissues treated
with M1IM@Ds (Figure 5A, S25). This conclusion was
also supported by the results of the flow cytometry
analysis (Figure 5B-E).

It has been reported in the literature that M1
TAMs can be polarized to release a variety of
pro-inflammatory cytokines (TNF-a, IL-12, IL-23,
IL-1B, and IL-6) to achieve their tumor-killing activity
[28]. In contrast, M2 macrophages, TGF-, IL-1b, IL-4,
IL-12, INF-y, matrix metalloprotein (MMP), and
vascular endothelial growth factor (VEGF) [29], have
the ability to repair damaged tissue, stimulate
angiogenesis, and promote tumorigenesis and
progression [30]. We evaluated the expression of
inflammatory cytokines in tumor tissues. After
treatment, the secretion levels of TNF-a, IFN-y, IL-2,
IL-6, and IL-12 were significantly increased, the
secretion levels of IL-10 and TGF-f3 were significantly
decreased (Figure S26). It indicated that M1M@Ds
could promote the release of cytokines, induce
macrophage polarization, and promote the occurrence
and development of inflammatory responses.

In summary, we demonstrated that M1M@Ds
effectively reprograms the TME through modulation
of macrophage polarization. The MINVs served as
both a delivery vehicle and a bioactive component,
which, together with hMnOy, skewing TAMs toward
the antitumor M1 phenotype. This combinatorial
approach not only enhanced DTIC’s cytotoxicity but
also reversed immunosuppressive TME signatures, as
evidenced by increased CD86" and reduced CD206*
cells.

Impact of MIM@Ds on in vivo antitumor
immune responses

In vitro cellular experiments demonstrated that
M1IM@Ds could promote immunogenic cell death
(ICD), otentially triggering antitumor immune
responses. The therapeutic outcomes of MIM@Ds also
indicated the activation of antitumor immunity.
Motivated by the results, we further investigated the
role of MIM@Ds in modulating in vivo antitumor
immune responses.

Results of the fluorescence staining showed
increased expression of CRT and the cytoplasm of
HMGB1 in tumors from the MIM@Ds treatment
group compared to other groups (Figure 527, S28),
suggesting the induction of ICD in vivo. In addition,
the HMGB1-TLR4/AGER pathway is a central
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signaling axis connecting ICD and anti-tumor
immune response. TLR4 and AGER, two of the most
extensively studied receptors for HMGBI, have been
demonstrated to mediate HMGBI1 activity in a variety
of immune cells through the activation of the NF-«B
and IRF3 pathways, consequently inducing the
production of pro-inflammatory cytokines and
chemokines [31]. The results indicated elevated
expression of TLR4, AGER, IRF3, and NF-xB in tumor
tissues (Figure 529), which suggested that MIM@Ds
triggered alterations in the aforementioned pathway.
In addition, manganese ions can significantly
promote the ability of host antigen-presenting cells,
such as DCs and macrophages, to present tumor
antigens through activation of the STING pathway,
which promotes the infiltration of cytotoxic T-cells in
tumor tissues and enhances the specific killing of
tumor cells by these cells [23,24]. We examined the
expression of Sting, TBK1, IRF3, and NF-«B in tumor
tissues (Figure S30), and found that MIM®@Ds
induced alterations in this pathway. Mature dendritic
cells (DCs) typically express CD80/CD86 costimula-
tory molecules on their surface. By immunofluores-
cence staining, we observed a significant increase in
the maturation of DCs in tumor-draining lymph
nodes of mice in the MIM@Ds group (Figure S31).
This suggests that MIM@Ds can promote the
maturation of DCs, which in turn activates DAMPs,
thereby initiating T cell-mediated immune responses.
In further experiments, tumors were collected on
day 9 for immunofluorescence staining and flow
cytometry to evaluate CD4* and CD8* expression
levels. Immunofluorescence staining revealed a
notable rise in CD8* expression and a reduction in
CD4* content in tumor tissues from the MIM@Ds
treatment group (Figure 6A, S32). This conclusion was
also supported by the results of the flow cytometry
analysis (Figure 6B-D, 535). Treatment with M1IM@Ds
also elevated the percentages of CD4* and CD8* T
cells (Figure 6E). These findings confirmed the robust
immune responses triggered by the MIM®@Ds
treatment. We also performed immunofluorescence
staining analysis of lung metastases. The M1M@Ds
group changed the proportion of CD4*, and CD8* T
cells compared to the other groups, further suggesting
the activation of antitumor immunity (Figure S33,
S34). To further explore the effect of MIM@D on
systemic immune activation, we assessed the levels of
CD4* and CD8* T cells in spleen tissues (Figure S36).
The results of the flow cytometry revealed a notable
rise in CD8 expression and a reduction in CD4 content
in spleen tissues from the M1IM@Ds treatment group.
The ratio of CD4* and CD8* T cells changed in the
M1IM@Ds group compared to the other groups,
indicating that systemic immunity was activated.
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Our findings demonstrated that M1M@Ds
effectively induces ICD in tumor cells, as evidenced
by the release of DAMPs. These DAMPs serve as
critical danger signals, promoting DC maturation and
enhancing tumor antigen presentation. Consequently,
this cascade activates robust T cell-mediated immune
responses, including increased infiltration of cytotoxic
CD8* T cells. The combination of Ml
macrophage-derived nanovesicles (MINVs) and
hMnO, nanozymes not only potentiates ICD but also
further amplifying the immunostimulatory effects.
The chemotherapeutic agent DTIC contributes to
tumor cell killing while synergizing with the
immune-modulatory  functions of MIM@Ds.
Together, these mechanisms establish a
self-reinforcing cycle of immune activation and tumor
suppression.

However, further studies are needed to optimize
dosing regimens, evaluate long-term immune
memory effects, and assess potential off-target
impacts. Future research should also explore the
applicability of this strategy across diverse cancer
types and in  combination  with  other
immunotherapies, such as checkpoint inhibitors.

In conclusion, MIM@Ds represented a
promising approach to enhance antitumor immunity
by integrating ICD induction, DC activation, and T
cell priming, offering a potential pathway for more
effective and durable cancer immunotherapy.

In vivo safety evaluation of MIM@Ds

Lastly, healthy C57BL/6 mice were treated
following the same protocols used in the antitumor
efficacy studies to evaluate the biosafety of M1M@Ds.

As shown in Figure 7A and 7B, no significant
changes in body weight or major organ indices (liver,
kidney, spleen, lung, and heart) were observed
among mice treated with MINVs, hMnOss,
M1@hMnOys, DTIC@hMnO,s, and M1M@Ds. We also
evaluated whether the therapeutic dose induced a
hemolytic reaction. Supernatants were detected by
both visual observation and spectrophotometric
assay. The results showed that the therapeutic dose
did not cause any hemolytic reactions (Figure 7C, D).
It also had a high safety profile. Major organs stained
with H&E showed no discernible pathological
alterations or inflammatory infiltration (Figure 7E).
Additionally, red blood cell, white blood cell, and
platelet counts, as well as liver and kidney function
markers in serum biochemical tests, were all within
normal ranges for mice treated with M1INVs, hMnOs,
M1@hMnO,s, DTIC@hMnO,s, and MI1M@Ds,
showing no significant differences compared to the
control group (Figure 7F, G).
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To investigate whether manganese ions in
M1IM@Ds would trigger neurotoxicity in vivo, we
used ICP-MS (Agilent 7800) to quantify the
manganese level in the brain tissue of mice. The
results showed that there was no significant
difference in the manganese levels between the
treatment group and the control group, indicating
that manganese ions in MIM@Ds were difficult to
cross the blood-brain barrier and did not accumulate
in the brain (Figure S37). H&E staining of brain tissue
showed that no obvious neuronal degeneration,
necrosis or inflammatory infiltration was observed in
the treatment group (Figure S38). The TUNEL
staining further confirmed that manganese ion
exposure did not cause significant neuronal apoptosis
(Figure S39). In conclusion, manganese ions in
M1Me@Ds did not exhibit significant neurotoxicity at
therapeutic doses, and its safety was verified.

In conclusion, MIM@Ds showed good
biocompatibility and low toxicity in safety evaluation,
which provides a solid foundation for its clinical
translation. Its unique three-layer structural design
and the selection of biological components may be
key factors for its safety. Future studies should further
validate its long-term safety and quality control for
large-scale production to promote its application in
the clinic.

Conclusions

In this study, we successfully developed an
innovative nanozyme-boosted biomimetic
macrophage-derived TME reshaping nanoplatform,
termed MIMeD, which integrates M1
macrophage-derived  NVs  (MINVs),  hollow
virus-spiky manganese oxide (hMnO,) nanozymes,
and the chemotherapeutic agent dacarbazine (DTIC).
The nanoplatform exhibits a unique three-layer
structure, enabling precise tumor targeting, localized
drug release, and effective tumor cell killing.
Moreover, MIM@D exhibits a significant capacity to
reprogram tumor-associated macrophages (TAMs)
from the immunosuppressive M2 state to the
pro-inflammatory M1 state, effectively altering the
immunosuppressive TME. Furthermore, the hMnOy
nanozymes boost ICD in tumor cells, stimulate DC
maturation, and enhance T-cell-driven antitumor
immune responses. With its straightforward
fabrication process, high production yield, and
scalability, M1IM@D represents a promising and
versatile platform for future translational research
and clinical applications in cancer immunotherapy,
offering a dual functionality in precision drug
delivery and immunomodulation.

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 16 7938

A B

=% Gl "S_ [ Control M1M@D
2 Control > | = @
R NNV 2 1 MINV 1 DTIC@hMnO,
=) hMnO. § 008 7 hMnO, ' MA@hMnO,
S .

3 M1@hMnO, E vor i

2 DTIC@hMnO,  § "

<) 2

2 MiM@D 5

(2]

m

TIC@hMnO,
e

Heart

Liver

Lung Spleen

o
o o

z
c
k=]
X
F o I =
o o =
o
<10 215 2 800
Hd - -
8 8 g £ 600
€ 6 € 10 5
2 - 3 400
4 £ =
] o 5 5 200
z? a a
© s o
g g g
2 o o
© 1] S ©
G 2
5’:— 250
S 200
£ 150
3 100
=
o
o
-
-l
<

AST concentration (U/L)
BUN concentration (mmol/L)

a2
o o
o ©

o
oN D O oo

oo oo o =

UA concentration (umol/L)

)

CREA concentration (umol/L)
TBIL concentration (umol/L)

@
£

o o+ O+ O+
& ‘g\‘:‘*e S “@?
(4 A A &

O

Figure 7. Safety evaluation of MIM@Ds in vivo. (A) The body weight and (B) organs index of mice after different treatments on day 9. (n = 5) (C) Photo and (D) Hemolysis
ratio of mice after different treatments on day 9. (E) H&E staining of mice after different treatments on day 9. (F) The concentration of the white blood cells (WBC), the red
blood cells (RBC), and the platelet (PLT) in blood of mice after different treatments on day 9. (n = 3) (G) The concentration of the alanine transaminase (ALT), the aspartate
transaminase (AST), the blood urea nitrogen (BUN), the creatinine (CREA), the uric acid (UA), and the total bilirubin (TBIL) in serum of mice after different treatments on day
9. (n = 5), ns (not significant, p > 0.05).

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 16

Supplementary Material

Supplementary methods and figures.
https:/ /www.thno.org/v15p7925s1.pdf

Acknowledgements
Funding
This study was financially supported by

Zhejiang Province Medicine and Health Science and
Technology Program (2024KY512), Quzhou Science
and Technology Program (2023K119), Zhejiang
Provincial Basic Public Welfare Research Project
(LGF21H160018), Jiashan County Science and
Technology Plan Project (2024A39), the Startup
Foundation of Zhejiang Provincial People’s Hospital
(C-2023-QDJJ12 and C-2024-ZZ]J]05), Basic Scientific
Research Funds of Department of Education of
Zhejiang Province (KYYB2023013), the National
Natural Science Foundation of China (32201161), and
Hangzhou Medical College Qiuzhen Talent Project
(00004F1RCY]J2209).

Author contributions

Q.B. and L.W. conceived the project and
supervised experiments. Y.S. and K.D. designed and
performed most of the experiments, collected and
analyse data, generated final figures. ].X., Y.S., T.L,,
W.H,, XY, J.H, LE., M.Z. and Y.W. collaborated on
this project. Y.S., XM., Q.B., HW. and XT.
participated in the discussion of research concepts
and the preparation of the manuscript.

Data availability statement

Data available on request from the authors. The
data that support the findings of this study are
available from the corresponding author X.T., upon
reasonable request.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Bray F, Laversanne M, Sung H, et al. Global cancer statistics 2022:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J Clin. 2024; 74: 229-63.

2. Song L, Lu L, Pu Y, Yin H, Zhang K. Nanomaterials-Based Tumor
Microenvironment Modulation for Magnifying Sonodynamic Therapy. Acc
Mater Res. 2022; 3: 971-85.

3. Dong X, Liu H, Fang C, et al. Sonocatalytic oncolysis microbiota curb intrinsic
microbiota lactate metabolism and blockade CD24-Siglec10 immune escape to
revitalize immunological surveillance. Biomaterials. 2024; 311: 122662.

4. Wang Y, Liu C, Fang C, et al. Engineered Cancer Nanovaccines: A New
Frontier in Cancer Therapy. Nano-Micro Lett. 2024; 17: 30.

5. Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to
synergize tumor immunotherapy. Signal Transduct Target Ther. 2021; 6: 75.

6. Susek KH, Karvouni M, Alici E, Lundqvist A. The Role of CXC Chemokine
Receptors 1-4 on Immune Cells in the Tumor Microenvironment. Front
Immunol. 2018; 9: 2159.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

23.

24,

25.

26.

27.

28.

29.

30.

31.

7939

Li C, Xu X, Wei S, et al. Tumor-associated macrophages: potential therapeutic
strategies and future prospects in cancer. J] Immunother Cancer. 2021; 9:
e001341.

Boutilier AJ, Elsawa SF. Macrophage Polarization States in the Tumor
Microenvironment. Int ] Mol Sci. 2021; 22: 6995.

Wang H, Yung MMH, Ngan HYS, Chan KKL, Chan DW. The Impact of the
Tumor Microenvironment on Macrophage Polarization in Cancer Metastatic
Progression. Int ] Mol Sci. 2021; 22: 6560.

GE W, WU W. Influencing Factors and Significance of Tumor-associated
Macrophage Polarization in Tumor Microenvironment. Zhongguo Fei Ai Za
Zhi. 2023; 26: 228-37.

Chanmee T, Ontong P, Konno K, Itano N. Tumor-associated macrophages as
major players in the tumor microenvironment. Cancers (Basel). 2014; 6: 1670~
90.

Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and
targets in cancer therapy. Nat Rev Drug Discov. 2022; 21: 799-820.

Gyorgy B, Hung ME, Breakefield XO, Leonard JN. Therapeutic applications of
extracellular vesicles: clinical promise and open questions. Annu Rev
Pharmacol Toxicol. 2015; 55: 439-64.

Jiao R, Lin X, Zhang Q, et al. Anti-tumor immune potentiation
targets-engineered nanobiotechnologies: Design principles and applications.
Progress in Materials Science. 2024; 142: 101230.

Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and
friends. J Cell Biol. 2013; 200: 373-83.

Wang X, Hu S, Li ], et al. Extruded Mesenchymal Stem Cell Nanovesicles Are
Equally Potent to Natural Extracellular Vesicles in Cardiac Repair. ACS Appl
Mater Interfaces. 2021; 13: 55767-79.

Han C, Jeong D, Kim B, et al. Mesenchymal Stem Cell Engineered
Nanovesicles for Accelerated Skin Wound Closure. ACS Biomater Sci Eng.
2019; 5: 1534-43.

Schweer D, Anand N, Anderson A, et al. Human macrophage-engineered
vesicles for utilization in ovarian cancer treatment. Front Oncol. 2023; 12:
1042730.

Choo YW, Kang M, Kim HY, et al. M1 Macrophage-Derived Nanovesicles
Potentiate the Anticancer Efficacy of Immune Checkpoint Inhibitors. ACS
Nano. 2018; 12: 8977-93.

Neupane KR, McCorkle JR, Kopper TJ, et al. Macrophage-Engineered Vesicles
for Therapeutic Delivery and Bidirectional Reprogramming of Immune Cell
Polarization. ACS Omega. 2021; 6: 3847-57.

Yin T, Fan Q, Hu F, et al. Engineered Macrophage-Membrane-Coated
Nanoparticles with Enhanced PD-1 Expression Induce Immunomodulation
for a Synergistic and Targeted Antiglioblastoma Activity. Nano letters. 2022;
22: 6606-6614.

Song M, Liu T, Shi C, Zhang X, Chen X. Bioconjugated Manganese Dioxide
Nanoparticles ~ Enhance ~ Chemotherapy = Response by  Priming
Tumor-Associated Macrophages toward M1-like Phenotype and Attenuating
Tumor Hypoxia. ACS Nano. 2016; 10: 633-47.

Lv M, Chen M, Zhang R, et al. Manganese is critical for antitumor immune
responses via cGAS-STING and improves the efficacy of clinical
immunotherapy. Cell Res. 2020; 30: 966-79.

Hou L, Tian C, Yan Y, et al. Manganese-Based Nanoactivator Optimizes
Cancer Immunotherapy via Enhancing Innate Immunity. ACS Nano. 2020; 14:
3927-40.

Wu H, Wei M, Hu S, et al. A Photomodulable Bacteriophage-Spike Nanozyme
Enables Dually Enhanced Biofilm Penetration and Bacterial Capture for
Photothermal-Boosted Catalytic Therapy of MRSA Infections. Adv Sci
(Weinh). 2023; 10: €2301694.

Guo Y, Wang Z, Li G, et al. A polymer nanogel-based therapeutic nanovaccine
for prophylaxis and direct treatment of tumors via a full-cycle
immunomodulation. Bioact Mater. 2025; 43: 129-44.

Bian Q, Huang L, Xu Y, et al. A Facile Low-Dose Photosensitizer-Incorporated
Dissolving Microneedles-Based Composite System for Eliciting Antitumor
Immunity and the Abscopal Effect. ACS Nano. 2021; 15: 19468-79.

Li M-Y, Ye W, Luo K-W. Immunotherapies Targeting Tumor-Associated
Macrophages (TAMs) in Cancer. Pharmaceutics. 2024; 16: 865.

Pan Y, Yu Y, Wang X, Zhang T. Tumor-Associated Macrophages in Tumor
Immunity. Front Immunol. 2020; 11: 583084.

Lee M, Park C-S, Lee Y-R, Im S-A, Song S, Lee C-K. Resiquimod, a TLR7/8
agonist, promotes differentiation of myeloid-derived suppressor cells into
macrophages and dendritic cells. Arch Pharm Res. 2014; 37: 1234-40.

Paterson CW, Ford ML, Coopersmith CM. Breaking the bond between
tetranectin and HMGB1 in sepsis. Sci Transl Med. 2020; 12: eabb2575.

https://lwww.thno.org



