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APPLIED SCIENCES AND ENGINEERING

Anti—-phagocytosis-blocking repolarization-resistant
membrane-fusogenic liposome (ARMFUL) for adoptive
cell immunotherapy

Chunxiong Zheng't, Qingguo Zhong't, Ke Yi', Huimin Kong’, Fangfang Cao**“*, Chenya Zhuo',
Yanteng Xu', Run Shi°, Enguo Ju', Wantong Song®, Yu Tao'#, Xiaoyuan Chen*3*7#%,
Minggqiang Li'*

Equipping multiple functionalities on adoptive effector cells is essential to overcome the complex immunolog-
ical barriers in solid tumors for superior antitumor efficacy. However, current cell engineering technologies
cannot endow these functionalities to cells within a single step because of the different spatial distributions
of targets in one cell. Here, we present a core-shell anti-phagocytosis-blocking repolarization-resistant mem-
brane-fusogenic liposome (ARMFUL) to achieve one-step multiplexing cell engineering for multifunctional
cell construction. Through fusing with the M1 macrophage membrane, ARMFUL inserts an anti-CD47
(aCD47)-modified lipid shell onto the surface and simultaneously delivers colony-stimulating factor 1 receptor
inhibitor BLZ945-loaded core into the cytoplasm. The surface-presenting aCD47 boosts macrophage’s phago-
cytosis against the tumor by blocking CD47. The cytoplasm-located BLZ945 prompts its polarization resistance
to M2 phenotype in the immunosuppressive microenvironment via inactivating the intracellular M2 polarization
signaling pathway. This ARMFUL provides a versatile cell engineering platform to customize multimodal cellular
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functions for enhanced adoptive cell therapy.

INTRODUCTION

Adoptive cell therapy (ACT) involves the ex vivo engineering and
reinfusion of immune effector cells, such as T cells, macrophages,
and natural killer cells, with the aim of enabling them to recognize
and eliminate tumor cells for cancer treatment. The in vitro engi-
neering of effector cells is a crucial step for ACT, as it regulates cel-
lular functions and behaviors to overcome specific immunological
barriers in vivo, ultimately leading to therapeutic efficacy (I, 2).
Now, cell engineering can be achieved using a diverse toolbox of
bioengineering methodologies to intervene intercellular or extracel-
lular molecular targets for functionality endowment, such as gene
editing (3, 4), metabolic engineering (5-8), drug/protein regulation
(9), polymeric layer/patch coating (10, 11), chemical/enzymatic
modification (12, 13), lipid/antibody/synthetic DNA anchoring
(1-16), and nanoparticle hybridization (17-22). Despite the pro-
gress in customizing ACTs for certain subsets of hematologic ma-
lignancies [e.g., chimeric antigen receptor (CAR)—engineered T
cells] (23), these technologies are far from satisfactory because of
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the poor therapeutic efficacy in solid tumors (24). This failure can
be attributed to the resistance of multiple immunological barriers in
solid tumors toward the back-fused effector cells (25-32). To
address this, multiple functionalities should be equipped on effector
cells by engineering two or more types of cellular targets (29-32).
Unfortunately, because of the different spatial distributions of
targets in the cell, the construction of multifunctional effector
cells requires a tedious step-by-step engineering process, inevitably
adding cost and complexity (33-35). Therefore, a refined cell engi-
neering technology, which allows the synchronous engineering of
multiple targets at different subcellular levels within a single
process, is urgently needed for enhanced ACT against tumors.

Membrane fusion is a fundamental biological process in natural
organisms that enables the blending of membrane compositions
and the mixing of inner cytosols between cells (36-39). Inspired
by this natural process, membrane-fusogenic liposomes, which
contain a membrane-fusogenic lipid layer and a cargo-loaded
inner core, are developed to mimic this fusion interaction with
cell membranes (39, 40). As a result, their lipid shells are inserted
into cell membranes while the interior payloads are released into the
cell cytosol at the same time, enabling them as a promising system
for membrane engineering and cytoplastic delivery (40—-44). There-
fore, we hypothesize that membrane-fusogenic liposome is an
optimal tool for cell engineering to simultaneously remodel multi-
ple targets on/in cell membranes and cytosols, resulting in the effi-
cient construction of multifunctional effector cells for ACT.

Here, we used membrane-fusogenic liposomes to engineer M1
phenotype macrophages with multiple functionalities for effective
ACT against solid tumors in one step. Current clinical trials have
shown that adoptive transfer of nonengineered M1 macrophages
for tumor treatment is hindered by two key factors: (i) antiphago-
cytic molecules (e.g., CD47) overexpressed on tumor cell surfaces,
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which resist phagocytosis, and (ii) cytokines [e.g., macrophage
colony-stimulating factor (M-CSF), interleukin-4 (IL-4), and IL-
13] in the tumor environment, which could easily repolarize M1
macrophages to tumor-promoting M2 phenotypes (11, 17, 28, 45—
47). To overcome these barriers, M1 macrophages should be de-
signed with dual capacities of both efficiently phagocytosing
tumor cells and robustly maintaining antitumor M1 phenotype in
the tumor environment. To this end, we first synthesized an anti-
phagocytosis-blocking repolarization-resistant membrane-fuso-
genic liposome (ARMFUL) with a core-shell structure, in which
the CSF1 receptor (CSF1R) inhibitor BLZ945 was loaded into the
poly(lactic-co-glycolic acid) (PLGA)-based polymeric core, and
anti-CD47 (aCD47) was conjugated onto a fusogenic lipid shell
surface (Fig. 1A). This ARMFUL was then fused with an M1 mac-
rophage cell membrane to not only insert aCD47-modified lipid
shells on the surfaces directly but also release the BLZ945-loaded
core into the cytoplasm, forming ARMFUL-engineered M1 macro-
phages (ARMFUL/M1) for back-transfer (Fig. 1A). The release of
BLZ945 in the cytoplasm effectively inhibited the intracellular tyro-
sine kinase of CSF1R to inactivate subsequent M2 polarization—
related signaling pathway, maintaining the antitumor M1 pheno-
type of ARMFUL/M1 in the tumor environment after adoptive
transfer (48—50). Meanwhile, the presentation of aCD47 on the
ARMFUL/ML1 surface ensured the effective phagocytosis of tumor
cells under the blockade of antiphagocytotic CD47 (48, 51). Even-
tually, this multifunctional ARMFUL/M1 can effectively inhibit
B16F10 tumor growth in mice, activate T cell-mediated immunity
to suppress distant tumors, and impede tumor metastasis (Fig. 1B).
Therefore, this ARMFUL presents a versatile tool for the synchro-
nous engineering of adoptive cells through both intracellular and
extracellular pathways, providing a platform to achieve the multi-
modal customization of cellular functions and behaviors for en-
hanced ACT against tumors.

RESULTS
Construction and characterization of ARMFUL/M1
Before the construction of ARMFUL/M1, ARMFUL was first pre-
pared through a three-step process (Fig. 2A). First, the PLGA poly-
meric core loaded with BLZ945 (BLZ/PLGA) was synthesized via a
nanoprecipitation method. Then, the BLZ/PLGA was coated with a
fusogenic lipid shell containing 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (DSPE-PEG-Mal) at a
molar ratio of 76.2/20/3.8 using a film hydration method to form
BLZ@MFUL (40-44). The transmission electron microscope
(TEM) image of BLZ@MFUL showed an obvious lipid layer (Fig.
2B and fig. S1A). Meanwhile, the average hydrodynamic diameter
increased from 84.3 nm of BLZ/PLGA to 192.2 nm of BLZ@MFUL
(Fig. 2C), and the zeta potential changed from —23.3 mV of BLZ/
PLGA to 39 mV of BLZ@MFUL (Fig. 2D). These results collectively
demonstrated the successful coating of lipid shell to form
BLZ@MFUL with a core-shell structure. In addition, the encapsu-
lated BLZ945 can be completely released from PLGA cores in the
acidic environment (fig. S3A).

Last, aCD47 was conjugated onto the surface of the BLZ@MFUL
via a facile maleimide-thiol Michael addition reaction to obtain
ARMFUL nanoparticles (52). The conjugation of aCD47 was
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confirmed by fluorescence resonance energy transfer (FRET)—
based and fluorescence-activated cell sorting (FACS)-based
assays. For these experiments, the DSPE-PEG-rhodamine B
(RhB)-labeled BLZ@MFUL (BLZ@MFUL-RhB) was coupled with
fluorescein isothiocyanate (FITC)-labeled aCD47 (aCD47-FITC) to
form RhB-ARMFUL-FITC using the same synthetic procedure of
ARMFULSs. Figure 2E shows that the solution of RhB-ARMFUL-
FITC emitted fluorescence at a peak of 563 nm (RhB emission)
when excited at 488 nm (FITC excitation), whereas no similar phe-
nomenon was observed in the mixture of an equal amount of
aCD47-FITC and BLZ@MFUL-RhB. This FRET occurrence sug-
gested the close distance (<10 nm) between the donor (FITC) and
the acceptor (RhB) (53-55), substantiating the successful conjuga-
tion of aCD47 to the lipid layer. Moreover, the FACS profile of RhB-
ARMFUL-FITC exhibited the location of its population in the
RhB'FITC" region while that of BLZ@MFUL-RhB and aCD47-
FITC were in the RhB'FITC™ and RhB"FITC" regions, respectively
(Fig. 2F). This result forcefully suggested the colocalization of these
two labeling dyes in one particle, indicating the successful conjuga-
tion of aCD47 to BLZ@MFUL. Consequently, the hydrodynamic
diameter of ARMFUL (225.3 nm) increased slightly compared
with BLZ@MFUL (192.2 nm), and a great change in the zeta poten-
tial of ARMFUL was observed mainly because of the charge neutral-
ization of aCD47 (Fig. 2, C and D). TEM images exhibited a rough
surface on ARMFUL compared with BLZ@MFUL because of the
conjugation of aCD47 on the surface (Fig. 2B). Gel electrophoresis
displayed similar bands of heavy chains and light chains of aCD47
cleaved from ARMFULs with those from free aCD47, suggesting its
structural integrity after conjugation (Fig. 2G and fig. S3B).

Construction of ARMFUL/M1 via membrane fusion
interaction

Such ARMFULSs could fuse with the macrophage cell membrane to
engineer both membranous and cytoplasmic targets to construct bi-
functional ARMFUL/MLI. To evaluate this membrane fusion—medi-
ated engineering of M1 macrophages, the core of ARMFULs and
aCD47 were labeled with FITC and cyanine5 (Cy5), respectively,
followed by formulating the dual-labeled ARMFULSs (FITC@ARM-
FUL-Cyb5) as the same preparation of ARMFULSs. Similarly, contras-
tive dual-labeled aCD47-decorated repolarization-resistant
membrane-nonfusogenic liposomes (FITC@ ARMNOFUL-Cy5)
were also prepared through the same protocol using DMPC and
DSPE-PEG-Mal at the molar ratio of 96.2:3.8. These two types of
liposomes were both incubated with M1 phenotype bone
marrow—derived macrophages (BMDMs) isolated from mice, fol-
lowed by confocal laser scanning microscopy (CLSM) observation.
As shown in Fig. 2H, the fluorescence signals of aCD47-Cy5 (red)
were mostly presented on the cell membrane, while those of FITC/
PLGA (green) were dispersed in the cytoplasm of I TC@ ARMFUL-
Cy5-treated BMDMs. Comparatively, the fluorescence signals of
aCD47-Cy5 and FITC/PLGA were almost completely colocalized
within BMDMs after incubation with FITC@ ARMNOFUL-Cy5
(Fig. 2H). Fluorescence intensity profiles and Spearman’s correla-
tion values of green (FITC/PLGA) and red (aCD47-Cy5) channels
were also in accordance with these observations (Fig. 2, I to K). The
Western blot analysis of aCD47 in macrophage membrane proteins
revealed a distinct band solely presented in the ARMFUL-engi-
neered group, indicating successful anchoring of aCD47 onto the
cell membrane post-ARMFUL engineering (fig. S3E). Collectively,
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Fig. 1. Schematic illustration of in vitro engineering of M1 macrophages using membrane-fusogenic liposomes in a membrane fusion manner for enhanced
ACT against tumors. (A) M1 macrophages were engineered with ARMFUL in a membrane fusion manner. ARMFUL has a core-shell structure, in which the CSF1R inhibitor
BLZ945 was loaded in the PLGA-based polymeric core, and aCD47 was conjugated on the fusogenic lipid shell surface. This ARMFUL can fuse with M1 macrophage cell
membrane to simultaneously insert aCD47-modified lipid shells on the surfaces directly and release the BLZ945-loaded core into the cytoplasm, formulating ARMFUL/M1
for back-transfer. The surface-presenting aCD47 endows macrophages with enhanced phagocytic ability toward tumors through blocking antiphagocytosis CD47 mol-
ecules on tumors. Meanwhile, the cytoplasm-located BLZ945 effectively inactivates intracellular tyrosine kinase of CSF1R and subsequent M2 polarization signaling
pathway to allow M1 macrophages to resist the polarization to tumor-promoting M2 phenotype in immunosuppressing microenvironment for durable therapeutic
effect. (B) ARMFUL/M1 macrophages could remodel the tumor microenvironment, activate T cell cytotoxicity, and induce systemic immunological memory to synergisti-
cally inhibit tumor growth after adoptive transfer. DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; DSPE-PEG-
Mal, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]; TAM, tumor-associated macrophage; BMDM, bone marrow—derived
macrophage; ERK, extracellular signal-regulated kinase; Tgy, effector memory T cell; SIRPq, signal regulatory protein a.
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Fig. 2. Construction of ARMFUL/M1. (A) Schematic illustration of the preparation of ARMFUL. (B) TEM images of aCD47, BLZ@MFUL, and ARMFUL. (C and D) Size
distribution (C) and zeta potential (D) of BLZ/PLGA, BLZ@MFUL, and ARMFUL. (E) Fluorescence intensity curves of RhB-ARMFUL-FITC and the mixture of BLZ@MFUL-
RhB and aCD47-FITC excited at the wavelength of 488 nm. (F) Fluorescence-activated cell sorting (FACS) profiles showed the conjugation of aCD47 to BLZ@MFUL. (G) Gel
electrophoresis showing the heavy chain (HC) and light chain (LC) released from free aCD47 and ARMFUL. The gel was stained with Coomassie Brilliant Blue. (H) Confocal
laser scanning microscopy (CLSM) images of M1-type BMDM s after incubation with FITC@ ARMFUL-Cy5 and FITC@ ARMNOFUL-Cy5. Blue fluorescence, nuclei stained with
4/ 6-diamidino-2-phenylindole (DAPI); green fluorescence, fluorescein isothiocyanate (FITC)/PLGA core; red fluorescence, Cy5-labeled aCD47. (1 and J) Gray values of both
green (FITC/PLGA) and red (aCD47-Cy5) channels along with the corresponding white arrows in the "Merge” CLSM images in (H) analyzed using ImageJ software. (K)
Spearman’s correlation value of green and red fluorescence in the CLSM images of FITC@ARMFUL-Cy5-treated and FITC@ ARMNOFUL-Cy5-treated groups. (L) Effects of
various inhibitors on the membrane fusion of FITC@ARMFUL-Cy5 in BMDMs. Data represent means + SD; n = 3 biologically independent samples. Statistical significance
in (K) and (L) was calculated by one-way analysis of variance (ANOVA) with Dunnett’'s multiple comparison tests: **P < 0.01, and ***P < 0.001. a.u., arbitrary units.
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these phenomena revealed that the ARMFULSs could interact with
BMDMs via a membrane fusion manner to insert the aCD47-mod-
ified lipid shell into the cell membrane and deliver the FITC/PLGA
core into the cytoplasm concurrently. To further validate this mem-
brane fusion interaction with M1 macrophages, we incubated the
FITC@ARMFUL-Cy5 with BMDMs in the presence of several
well-known cell uptake inhibitors, including amiloride (Ami) for
inhibiting micropinocytosis, chlorpromazine (Chl) for clathrin-de-
pendent endocytosis, and a peptide analog, Z-Phe-Phe-Phe-OH
(Phe), as fusion inhibitor (56, 57). Only Phe and low-temperature
(4°C) pretreatments caused a notable decrease of ARMFUL uptake
by BMDMs, indicating an energy-dependent membrane fusion—
mediated cell internalization manner (Fig. 2L), which was further
confirmed by CLSM images (fig. S2A). Moreover, this intracellular
delivery mediated by membrane fusion can circumvent endocytosis
and lysosomal degradation, as evidenced by the absence of colocal-
ization between FITC/PLGA cores of ARMFUL and lysosomes in
CLSM images (fig. S2B).

On the basis of this membrane fusion effect, we constructed
ARMFUL/M1 by coculturing ARMFULs with M1-type BMDMs
with an optimized incubation time (4 hours) and concentration
(100 pg/ml) without noticeable toxicity (figs. S3C and S7A). The
ARMFUL can effectively penetrate macrophages, while the
BLZ945 remains stable within the cells for at least 72 hours (figs.
S1, D to F, and S3D). Contrastive M1 macrophages engineered
with other interventions, including MIX (PLGA@MFUL + BLZ +
aCD47), PLGA@MFUL-aCD47, BLZ@MFUL, and ARMNOFUL,
were also prepared using the same method for further experiments
(fig. S1). These engineering modifications did not affect the activa-
tion of pattern recognition receptors or the metabolic profile in
macrophages (fig. S7, B to E). This ARMFUL is completely compe-
tent for the synchronous engineering of adoptive cells through both
intracellular and extracellular pathways. As a comparison, the tradi-
tional liposomes with endocytosis-dependent cell internalization
(ARMNOFUL) can only transport the whole nanoparticles includ-
ing the cargo-loaded core and shell into the intercellular
environment.

In vitro evaluation of the functionalities of ARMFUL/M1

We first tested the anti-M2 polarization capacity of ARMFUL/M1
macrophages by detecting the surface levels of M1/M2-related bio-
markers after treatment with the medium containing M2 polarizing
cytokine, IL-4 (Fig. 3A). As shown in Fig. 3B and fig. S4A, 1L-4
treatment caused a remarkable decrease of the percentage of M1 bi-
omarker, CD80, on the surface of nonengineered M1 macrophages
to 18.2% compared with that without IL-4 treatment (39.1%), but
only led to a slight down-regulation of that on ARMFUL/MI1 to
33.9%. Meanwhile, IL-4 treatment also caused distinct up-regula-
tion of the surface level of M2 biomarker, CD206, on M1 macro-
phages engineered with phosphate-buffered saline (PBS), but less
elevation of that on ARMFUL/M1 (32.25%) compared with
control (25.34%) (Fig. 3C and fig. S4B). In addition, no obvious dif-
ference in M1 or M2 phenotype between M1 macrophages engi-
neered with these nanoparticle groups before treatment with IL-4
was observed (fig. S4, C to F). Treatment of engineered macrophag-
es with tumor cell-conditioned medium showed a similar result
(fig. S4, G to J). These results illustrated that the nonengineered
M1 macrophages are easily switched to M2 phenotype under the
tumor microenvironment, but ARMFUL/MI could resist this M2
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polarization, indicating its satisfactory anti-M2 polarization capac-
ity after ARMFUL engineering. To comprehensively investigate the
M1 phenotype-maintaining effect of ARMFULSs, we performed
RNA sequencing analysis of native M1 macrophages and
ARMFUL/M1 with/without IL-4 treatment. Both the principal
components analysis (PCA) and Venn diagram indicated the sub-
stantial discrepancy of the transcriptome landscapes among the
four groups (Fig. 3D and fig. S5A). The distribution of differentially
expressed genes (DEGs) between different groups was visualized as
a stacked rose chart (Fig. 3E). To further uncover the differences
between native and ARMFUL/M1, DEGs in these two groups
were submitted to gene ontology (GO) enrichment analysis, indi-
cating ARMFUL engineering attached M1 macrophages with the
enhanced immunological functions (Fig. 3F). Furthermore, two
heatmaps and a Circos plot were presented to depict the detailed
expression patterns of 53 selected DEGs among different groups
(Fig. 3, G and H, and fig. S5, B to N). Consistent with the literature,
BLZ945 in ARMFULSs could down-regulate the expression of M-
CSF and extracellular signal-regulated kinase 1/2 cascade genes to
inhibit M2 polarization, consequently maintaining antitumorigenic
M1 phenotype in IL-4—containing environment (48, 49). Moreover,
ARMFUL engineering also slightly improved other antitumor bio-
logical functions of macrophages (e.g., M1 phenotype, positive reg-
ulation of inflammatory response, antigen processing and
presentation, and phagocytosis) and dropped protumor biological
functions (e.g., M2 phenotype, negative regulation of inflammatory
response, and angiogenesis) substantially (Fig. 3G and fig. S5B). All
the aforementioned bioinformatic results suggested that ARMFUL/
M1 could resist M2 polarization by inhibiting CSF1R and subse-
quent M2 polarization signaling pathway to promote antitumor
immunity.

Next, to access the enhanced phagocytosis ability, engineered
M1 macrophages and B16F10 cells were labeled with DSPE-PEG-
Cy5 and carboxyfluorescein diacetate succinimidyl ester (CFSE), re-
spectively, followed by coculturing and detecting Cy5"CFSE" cell
populations using FACS (Fig. 4A). Figure 4B and fig. S6A showed
that ARMFUL/M1 exhibited 2.7-fold of B16F10 cell phagocytosis to
nonengineered macrophages. The phagocytosis process was also re-
corded by a live-cell dynamic imaging and analysis system. As
shown in movies S1 and S2, in the coculture, engineered M1 mac-
rophages (cells with a round shape) were recognizing, chasing, and
nibbling sole cancer cells (cells with fusiform). Quantification of
phagocytosis cell clusters, a single cancer cell attacked by macro-
phages, showed a peak at 10 hours (Fig. 4, C and D, and fig. S6B).
During this process, the phagocytosis cell clusters in the cocultures
of ARMFUL/M1 and cancer cells maintained a higher level than
that in the other groups. Collectively, the enhanced tumor phago-
cytosis ability of ARMFUL/M1 was confirmed, which should be at-
tributed to the blockage of CD47 by aCD47 presented on the cell
membrane.

This enhanced phagocytosis by engineered macrophages will
cause the promotion of cancer cell death, as demonstrated by the
detection of cell viability and apoptosis of cancer cells after coincu-
bation. Figure 4E revealed that ARMFUL/MI treatment resulted in
remarkably lower cell viability than other contrastive nanoparticle-
engineered macrophages. Meanwhile, the percent of apoptotic
cancer cells cocultured with ARMFUL/M1 (36.0%) was relatively
higher than macrophages engineered with PBS (18.1%), MIX
(22.2%), BLZ@MFUL (32.6%), PLGA@MFUL-aCD47 (32.5%),
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Fig. 3. In vitro evaluation of anti-M2 polarization capacity of ARMFUL/M1. (A) Schematic representation of the antipolarization assay. BMDMs are first polarized by
lipopolysaccharide (LPS) and interferon-y (IFN-y), subsequently engineered with ARMFULs, and finally treated with IL-4. The cells are collected for the detection of M1/M2
markers and RNA sequencing. (B and C) The percent of M1 (CD80"CD11b*) (B) and M2 (CD206*CD11b™) (C) populations in engineered macrophages after treatment with
IL-4, respectively. (D) PCA score plot of the expressed genes in M1 macrophages and ARMFUL/M1 with/without IL-4 treatment (n = 3 per group). (E) Landscape of DEG
distribution between different groups. (F) GO enrichment analysis of DEGs between M1 and ARMFUL/M1 macrophages. (G) Expression of selected genes related to M-CSF,
M2 phenotype, and M1 phenotype in M1 macrophages and ARMFUL/M1 with/without IL-4 treatment (n = 3 per group). (H) Circos plot depiction of the subordination
between the selected genes and their enriched pathways. Data represent means + SD; n = 3 biologically independent samples. Statistical significance in (B) and (C) was
calculated by one-way ANOVA with Dunnett's multiple comparison tests: ****P < 0.0005. FDR, false discovery rate.

and ARMNOFUL (26.8%) (Fig. 4F and fig. S6C). These results col-  (B16F10-OVA). Compared with natural M1 macrophages and
lectively confirmed the remarkably enhanced antitumor capacity of  those engineered with other nanoparticles, ARMFUL/M1 presented
macrophages after ARMFUL engineering, which was superior to  significantly higher OVA fragments onto the MHCII (Fig. 4G). The
the endocytosis-based ARMNOFUL-engineering approach. results substantiated the enhanced antigen-presenting ability of
Because the enhanced tumor phagocytosis can lead to the presen- ARMFUL/M1, which is essential to activate the subsequent T
tation of tumor antigens on the macrophage surface for downstream  cell-based adaptive antitumor immunity for a synergetic antitumor
adaptive immune activation, we tested their antigen-specific major  response. Overall, these experiments confirmed that ARMFUL en-
histocompatibility complex II (MHCII) protein expressions after — gineering brought both excellent anti-M2 polarization and en-
coculturing with B16F10 tumor cells expressing ovalbumin hanced tumor phagocytosis ability to natural M1 macrophages
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owing to its membrane fusion effect, leading to a reinforced antitu-
mor ability and even antigen-presenting capacity to potentially ac-
tivate the adaptive antitumor immunity.

In vivo anti-M2 polarization capacity of ARMFUL/M1

Whereafter, we sought to test the anti-M2 polarization capacity of
ARMFUL/MI in a tumor immunosuppressive environment on a
B16F10 melanoma-bearing mouse model. To distinguish the inject-
ed engineering macrophages from native tumor-associated macro-
phages (TAMs), engineered M1 macrophages were stained with 1,1-
dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine iodide (DiR),
followed by intravenous administration into mouse model twice
at day 0 and day 1. On day 2, mice were euthanized to collect
tumors for examining the infiltration of the injected M1 macro-
phages in the tumor and their M1/M2 phenotype (Fig. 5A). The
CLSM images of tumor tissue slices showed that DiR-labeled mac-
rophages could effectively infiltrate into tumors (fig. S8). As expect-
ed, the back-fused ARMFUL/M1 (F4/80"DiR" populations)
exhibited a sustained up-regulation of CD80 and MHCII on their
surfaces within the tumor microenvironment compared to unmod-
ified or MIX-, BLZ@MFUL-, PLGA@MFUL-aCD47—-, and ARM-
NOFUL-engineered macrophages (Fig. 5B and fig. $9).
Meanwhile, the M2 biomarkers CD206 and vascular endothelial
growth factor (VEGF) in adoptively transferred ARMFUL/M1
cells maintained a relatively lower level than macrophages without
engineering or engineered with MIX, BLZ@MFUL, PLGA@MFUL-
aCD47, and ARMNOFUL. These results were consistent with that
of the evaluation of the anti-M2 polarization capacity of ARMFUL/
M1 in vitro (Fig. 5, C and D), demonstrating that ARMFUL engi-
neering could maintain the M1 phenotype of macrophages in the
immunosuppressive microenvironment of solid tumors. As the
MI1-type macrophages can secrete proinflammatory cytokines to

Zheng et al., Sci. Adv. 9, eadh2413 (2023) 9 August 2023

modulate the immunosuppressive tumor microenvironment, we
also evaluated the phenotype of TAMs (F4/80"DiR™ population)
in tumors after the adoptive transfer of these engineered macro-
phages. Figure 5C and fig. S10 showed that the TAMs of mice
treated with ARMFUL/M1 macrophages exhibited a trend of repo-
larization toward M1 phenotypes, as evidenced by notably higher
expressions of CD80 and MHCII. Correspondingly, the relative
levels of CD206 and VEGF on TAMs in tumors treated with
ARMFUL/M1 were significantly lower than those with all the
other groups. In any case, these results indicated that ARMFUL/
M1 could not only retain their own antitumorigenic M1 phenotype
in solid tumors but also repolarize aboriginal protumorigenic
TAMs toward the M1 phenotype to effectively remodel the tumor
microenvironment. Collectively, the adoptive transfer of ARMFUL/
M1 could be a potential therapy for effective cancer
immunotherapy.

Antitumor efficacy of ARMFUL/M1 in B16F10 tumor-
bearing mice

Inspired by this excellent anti-M2 polarization capacity in vivo, we
next evaluated the therapeutic efficacy of ARMFUL/M1 on C57BL/
6 mice burdened with B16F10-luciferase (B16F10-Luc) tumors (Fig.
6A). As shown in Fig. 6C and fig. S11, ARMFUL/MI1 treatment led
to a 90.9% suppression of tumor growth compared with natural M1
macrophages (50.9%) and those engineered with MIX (30.2%),
BLZ@MFUL (65.8%), PLGA@MFUL-aCD47 (79.5%), and ARM-
NOFUL (50.9%) at day 12. Noninvasive Fluc bioluminescence
imaging monitoring validated this result (Fig. 6B). Further immu-
nofluorescence staining observation also showed the largest necrot-
ic areas, the lowest expression of Ki67 and CD31, as well as the
highest expression of terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick end labeling (TUNEL) in

7 of 18



SCIENCE ADVANCES | RESEARCH ARTICLE

—>O — |

¥ wﬁ
DiR-labeled Tumor
engineered BMDMs
B ) Adoptively transferred macrophages
%k
60+ % k% 604 | %
o~ = * o * %
o | 8 *% X I
e g < 5 <
O | L »40 — L o 40
X c T c 2
g b*o =0 2 o
@ X Ot 9
X 504 o £ 204 o
o T
0 0

@
1<)
1
@
?

=) * % B *

o ~  EE— © o 1
2158 s | o
8| L g40d L @ 404
— —— =0
Elgl 0 f .o
~ | S k20 2 D& 20

0 0

Fig. 5. In vivo evaluation of anti-M2 polarization ability of ARMFUL/M1. (

liagia

— M1

= MIX/M1

[ BLZ@MFUL/M1

[ PLGA@MFUL-aCD47/M1
=] ARMNOFUL/M1

I ARMFUL/M1

Analysis of
M1/M2 markers

c & Tumor-associated macrophages
% % ok %
60 60 £x
5 ] —— o 7 ok k
© e 0 5 1
<5 < * X
w40 [ L, 40
[ =) £ =
52 =8 T
® X 20 O 20
0O R[<Y o IA 7
ol - LI
o

0 oL
. 60 i . 604
s | 88
L 40 o ° I &40 °
c » 7Y o = 4V
=3 o £ 8 o
8 |('J o T.I. k o
N X 20 of o] |o Q& 204
8 = i g B ol o o

0 0

A) Schematic representation of the anti-M2 polarization experiment in vivo. BMDMs were

engineered with liposomes and labeled by DiR, subsequently administrated into the mice burdened with B16F10 tumors. Then, the tumors are collected to analyze M1/
M2 markers of adoptively transferred macrophages and autologous TAMs. (B and C) Expression of M1 (CD80 and MHCII) and M2 (CD206 and VEGF) markers on exogenous
adoptively transferred macrophages (F4/807DiR") (B) and endogenous TAMs (F4/80*DiR") (C) in tumor tissues after injection. Data are presented as means + SD; n = 3
biologically independent mice. Statistical significance in (B) and (C) were calculated by one-way ANOVA with Dunnett’s multiple comparison tests: *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0005.

tumor tissue sections of mice treated with ARMFUL/M1 (fig. S12).
These analyses indicated that ARMFUL/M1 therapy could effective-
ly impede tumor proliferation and cause remarkable cell apoptosis,
which was coincident with the tumor progression observation. As a
result, the mice that received ARMFUL/MI1 macrophage adminis-
tration showed an improved survival rate than the other groups, and
notably, one ARMFUL/MI-treated mouse had a complete elimina-
tion of tumor (Fig. 6D). Furthermore, these engineered macrophag-
es resulted in no obvious changes in body weight and serum
biochemical index, as well as unnoticeable pathological damage in
hematoxylin and eosin (H&E) staining of major organs, eliminating
safety concerns (Fig. 6E and figs. S13 and 14).

To investigate the therapeutic mechanism of engineered M1
macrophages, we analyzed the infiltrated immune cells and cyto-
kines in the tumor microenvironment. As shown in Fig. 6 (G and
H) and fig. S16, the percentage of M1 phenotype macrophages
(CD80" and MHCII" populations) in tumors from ARMFUL/M1
macrophage-treated mice (30.0 and 24.6%) was higher than that
treated with M1 macrophages without engineering (17.9 and
13.5%) or engineered with MIX (17.5 and 12.4%), BLZ@MFUL
(18.0 and 16.5%), PLGA@MFUL-aCD47 (20.6 and 14.6%), and
ARMNOFUL (17.4 and 12.9%). Oppositely, the percentage of
TAMs (CD206" or VEGF" populations) showed a decreased level
compared with the other treatment groups (Fig. 6, I and J, and
fig. S16). This revealed that ARMFUL/M1 macrophages could

Zheng et al., Sci. Adv. 9, eadh2413 (2023) 9 August 2023

reverse the intratumoral immune homeostasis from the M2 macro-
phage-enriched protumorigenic microenvironment to an M1 mac-
rophage-dependent antitumorigenic type. With this remodeling of
macrophage phenotype in the tumor microenvironment, the im-
munosuppressive cytokines, arginase-1 (Arg') and transforming
growth factor—p (TGF-B), showed a reduced level in tumors from
ARMFUL/M1-treated mice (Fig. 6, K and L). As M1 phenotype
macrophages play a crucial role in antigen presentation to T cells
and subsequent adaptive immune activation, we next analyzed the
activation of tumor-infiltrating T cells and splenic effector memory
T (Tgp) cells. The results displayed a notably higher proportion of
CD8" and CD4" T cells in tumors from mice injected with
ARMFUL/M1 macrophages compared to MI1 macrophages
without engineering or engineered with MIX, BLZ@MFUL,
PLGA@MFUL-aCD47, and ARMNOFUL (Fig. 6, M and N, and
fig. S17). This confirms the efficacy of this therapy in activating T
lymphocyte cytotoxicity to synergistically inhibit tumor growth.
Meanwhile, the percentage of Tgy; cells (CD62L™CD44" popula-
tions) in the spleen from mice with ARMFUL/M1 macrophages
treatment was higher than that with the other groups, suggesting
ARMFUL/M1 therapy—induced immune memory in vivo (Fig. 6F
and fig. S15). To further demonstrate this result, we extracted
CD8" T cells in spleens from that one cured mouse in the
ARMFUL/MI treatment group and two same-age blank mouse
donors, followed by coculturing with BI6F10 cancer cells (fig.
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Fig. 6. Antitumor efficacy of ARMFUL/M1 in vivo. (A) Schematic representation of the antitumor effect in B16F10-Luc tumor-bearing mice. C57BL/6 mice were inoc-
ulated with B16F10-Luc cells, received intravenous (iv) injections of engineered BMDMs, and were imaged at the schedule after oncogenesis. (B) In vivo bioluminescence
imaging of tumor growth of mice burdened with B16F10-Luc cells (n = 3 per group). (C) Tumor growth curves of mice burdened with B16F10-Luc cells after intravenous
injection of PBS, M1 macrophages, and engineered M1 macrophages (n = 6 per group). (D and E) Survival plot (D) and weight change (E) of mice burdened with B16F10-
Luc cells after treatment (n = 6 per group). (F) The percentage of Tgy cells (CD62~CD44") in the spleen. (G to J) The percentage of M1-type macrophages [(G) CD80"; (H)
MHCII*] and M2 macrophages [(l) CD206"; (J) VEGF'] in isolated tumor tissues after treatment (n = 4 per group). (K and L) Cytokine levels in isolated tumor tissues after
treatment (n = 4 per group). (M and N) The percentage of CD8" T cells and CD4™ T cells in isolated tumor tissues after treatment (n = 4 per group). Data represent means +
SD. Statistical significance in (C) and (E) was calculated by two-way ANOVA with Turkey's multiple comparison test, while (F) to (N) was calculated via one-way ANOVA with
Dunnett's multiple comparison tests, and log-rank (Mantel-Cox) test for (D): *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0005. TGF-B, transforming growth factor—3.
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S18A). T cells from the cured mouse caused higher cytotoxicity to
B16F10 cancer cells than those from blank donors (fig. S18B).
Meanwhile, the cured mouse—derived T cells also expressed
higher levels of cytokines, including tumor necrosis factor—a
(TNF-a), interferon-y (IFN-y), perforin, and granzyme B, after co-
incubation, indicating mouse-obtained T cell-based immune
memory after ARMFUL/M1 therapy (fig. S18, C to J). In total,
the ARMFUL/M1 macrophages could remodel the tumor microen-
vironment, activate T cell cytotoxicity, and even induce systemic
immunological memory to synergistically inhibit tumor growth
and provide long-term protection.

Systemic antitumor effect of ARMFUL/M1

Inspired by the systemic T cell activation of ARMFUL/MI therapy,
we further explored whether this systemic T cell immunity could
benefit abscopal tumor inhibition. To this end, we established a
C57BL/6 mouse model bearing two B16F10 tumors in the right
(the primary tumor) and left (distant tumor) flanks, followed by in-
tratumoral injection of ARMFUL/M1 macrophages in the primary
tumor (Fig. 7A). Tumor growth curves showed that ARMFUL/M1
macrophage treatment caused significant suppression of both
primary and distant tumors (Fig. 7, B and C, and fig. S19). To in-
vestigate the antitumor mechanism, M1/M2 macrophages in both
primary and distant tumors were analyzed. There was an increased
percentage of M1 macrophages (CD80" and MHCII") (Fig. 7, D and
E, and fig. S20, A and B) and a decreased percentage of M2 macro-
phages (CD206" and VEGF") in primary tumors (fig. S20, C to F).
However, for distant tumors, M1 or M2 macrophage percentages
have no distinct difference (fig. S21). To uncover the mechanism
of distant tumor suppression, tumor-infiltrating T cells in both
primary and distant tumors were also analyzed. As shown in Fig.
7 (F to I) and fig. S22 (A to D), both primary and distant tumors
showed significantly higher infiltration of CD8" and CD4" activated
T cells in ARMFUL/M1 macrophages groups, compared with
natural M1 macrophages and the PBS group. These results strongly
demonstrated that ARMFUL/M1 could remodel the primary tumor
microenvironment and subsequently activate the immunity of sys-
temic T cells to further inhibit distant tumor progression. Predict-
ably, Tgy cells in the spleen from ARMFUL/M1-treated mice also
showed an elevation to induce the immunological memory (Fig. 7J
and fig. S22E).

Antitumor efficacy of ARMFUL/M1 combined with anti-
programmed cell death protein 1 and their inhibition of
cancer metastasis

The programmed death ligand 1 (PD-L1) expressed on cancer cells
is also a key factor to impair the cytotoxicity of activated T cells and
the antitumor responses of macrophages by interacting with pro-
grammed cell death protein 1 (PD-1) on these cell surfaces. Thus,
we hypothesized that blocking PD-L1/PD-1 interactions using PD-
1 antibody (aPD-1) can enhance ARMFUL/MI1 macrophage-
induced T cell-based immune response to improve their antitumor
efficacy. To verify this, we established the breast cancer spontaneous
lung metastasis BALB/c mouse model burdened with 4T1-lucifer-
ase (4T1-Luc) tumors and injected M1 macrophages intravenously
and/or aPD-1 intraperitoneally into them (Fig. 7K). The tumor
growth curve and bioluminescence imaging observation showed
that both ARMFUL/MI1 macrophages and aPD-1 treatments afford-
ed significant antitumor efficacy compared with control, while their

Zheng et al., Sci. Adv. 9, eadh2413 (2023) 9 August 2023

combination showed better suppression of tumor growth (Fig. 7L
and fig. S23). The negligible change in the body weight of mice in-
dicated the biosafety of this combinational therapy (Fig. 7M). In ad-
dition, we found that mice treated with either ARMFUL/M1
macrophages or aPD-1 had significantly fewer metastatic nodules
in the lung than the control mice, and the combination of them
almost completely inhibited lung metastasis (Fig. 7N and fig.
S24). These results suggested that ARMFUL/M1 macrophage treat-
ment can also work on the 4T1-Luc tumor-bearing BALB/c mouse
model and decrease tumor metastasis to other organs. Meanwhile,
the combination of this ARMFUL/M1 therapy with aPD-1 can
further enhance antitumor efficacy.

DISCUSSION

In 2017, two cell-based products, i.e., tisagenlecleucel (Kymriah)
and axicabtagene ciloleucel (Yescarta), were approved by the U.S.
Food and Drug Administration for the treatment of certain B cell
leukemia and lymphomas, respectively. However, these sole-target
engineered cellular therapeutics exhibited limited antitumor effica-
cy on solid tumors (24). To this end, multifunctional engineering
effector cells with the remolding of multiple intracellular or extra-
cellular targets have been recently developed to overcome the more
complex barriers in solid tumors for enhanced therapeutic efficacy
(29, 30). The engineering of these targets for multifunctional adop-
tive cell construction always requires the integration of diverse cell
engineering techniques, which makes the operation procedure
costly and complicated, hindering their clinical translation. To
address this, our study has outlined a facile multiplexing engineer-
ing technique that could synchronously remold multiple spatially
inconsistent cellular targets in a one-step process via a membrane
fusion manner. Through fusion with M1 phenotype macrophage
membranes, our designed ARMFUL could simultaneously trans-
port the BLZ-loaded core and aCD47-modified lipid shell to the cy-
toplasm and membrane, respectively. This spatial distribution of
ARMFUL core and shell in the cell optimized the remolding effi-
ciency of two engineering drugs according to their distinct intrinsic
mechanisms, thereby improving both tumor phagocytic ability and
anti-M2 polarization capacity of macrophages (Figs. 3 and 4).
Therefore, our proposed membrane fusion—mediated multipath
cell engineering approach is distinct from any currently used
method, which could only aim at one target at one active site for
remolding (11, 45). Armed with ARMFUL, the antitumor efficacy
of dual-target engineered ARMFUL/ML1 significantly outperformed
those macrophages engineered with one target or two targets via
traditional endocytosis pathway (Fig. 5). Moreover, this ARMFUL
can be synthesized with an uncomplicated procedure, which makes
them clinically translatable. It is expected that this membrane
fusion—mediated cell engineering technique can be further com-
bined with CAR-based cell therapies for a more extensive biomed-
ical application.

In summary, we have developed a facile membrane fusion-me-
diated cell engineering technique using ARMFUL to synchronously
engineer M1 phenotype macrophages with multiple functionalities
in a simple step for ACT against solid tumors. To our knowledge,
this is the first example of the utilization of the membrane fusion
effect for cell engineering to construct multifunctional effector
cells. Given the existence of various types of cell engineering re-
agents, this ARMFUL can be adapted to integrate other cell
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Fig. 7. Systemic antitumor effect of ARMFUL/M1 and their combination with aPD-1 treatment. (A) Schematic representation of the systemic antitumor effect on
B16F10 tumor-bearing mice. C57BL/6 mice were inoculated with B16F10 cells to form primary and distant tumors, followed by receiving an intratumor (it) injection of
engineered BMDMs in primary tumors at the schedule. (B and C) Primary tumor (B) and distant tumor (C) growth curves of mice burdened with B16F10 cells after intra-
tumoral injection of PBS, M1 macrophages, or ARMFUL/M1 (n = 6 per group). (D and E) The percentage of (D) CD80" and MHCII" (E) M1 macrophages in isolated primary
tumor tissues after treatment (n = 5 per group). (F and G) The percentage of CD8" (F) and CD4" (G) T cells in isolated primary tumor tissues after treatment (n = 5 per
group). (H and 1) The percentage of CD8* (H) and CD4" (1) T cells in isolated primary tumor tissues after treatment (n = 5 per group). (J) The percentage of Tgy cells
(CD627CD44™) in the spleen. (K) Schematic representation of the combination of ARMFUL/M1 with aPD-1 in 4T1-Luc tumor-bearing mice. BALB/c mice were inoculated
with 4T1-Luc cells, followed by receiving intravenous injection of engineered BMDMs and intraperitoneal (ip) injection of aPD-1 at the schedule after oncogenesis. (L)
Tumor growth curves of mice burdened with 4T1-Luc cells after intravenous injection of PBS, ARMFUL/M1, aPD-1, and ARMFUL/M1 + aPD-1 (n = 6 per group). (M) Weight
changes of mice burdened with 4T1-Luc cells in different groups (n = 6 per group). (N) Representative H&E staining images of metastatic nodules in the lung after
treatment. Data represent means + SD. Statistical significance in (B), (C), (L), and (M) was calculated by two-way ANOVA, while (D) to (J) was calculated via one-way
ANOVA, both with Dunnett's multiple comparison tests: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0005.
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engineering reagent combinations to construct adoptive effector
cells with diverse functionalities, providing a universal platform
to customize cell behaviors and functions for improved antitumor
efficacy. Furthermore, ARMFUL also shows the potential to remold
a wider scope of immune effector cells used in the clinically tested
ACT (such as T cells, natural killer cells, dendritic cells, and stem
cells), serving as a versatile tool for the personalized design of effec-
tive cell-based immunotherapies.

MATERIALS AND METHODS

Materials

DMPC, DOTAP, DSPE-PEG-Mal, and PLGA (M,, = 50 kDa, lactic
acid/glycolic acid = 75/25, mol/mol) were purchased from SunLipo
NanoTech (Shanghai, China). 4',6-Diamidino-2-phenylindole
(DAPI) (catalog no.: 28718-90-3), FITC (catalog no.: 27072-45-3)
(58), and sulfo-Cy5 succinimidyl ester (catalog no.: 146368-14-1)
were obtained from Oukainasi (Beijing, China). Hexamethylene
Ami was purchased from MedChemExpress (Shanghai, China).
Chl was purchased from Macklin (Shanghai, China). Z-triphenyla-
lanine (Phe) and TRIzol reagent were provided by GLPBIO (Shang-
hai, China). M-CSF protein (mouse recombinant, catalog no.:
51112-MNAH-20) and murine IFN-y (catalog no.: Z02916-20)
were purchased from Sino Biological (Beijing, China) and Gen-
Script (Nanjing, China), respectively. Murine IL-4 (catalog no.:
214-14-5) and IL-13 (catalog no.: 210-13-2) were acquired from Pe-
proTech (Suzhou, China). Lipopolysaccharide (LPS) was purchased
from Sigma-Aldrich (Shanghai, China). Membrane protein extrac-
tion kit was acquired from Applygen (Beijing, China). Polyacryl-
amide gel electrophoresis (PAGE) gel (4 to 20%; catalog no.:
P0468S) and enhanced chemiluminescence kit (#P0018AS) were
purchased from Beyotime (Shanghai, China). Horseradish peroxi-
dase (HRP)-conjugated AffiniPure goat anti-human IgG
(SA00001) was obtained from Proteintech (Wuhan, China). Phyco-
erythrin (PE)/Cy7-conjugated anti-mouse CD45 (dilution 1:200; rat
monoclonal, catalog no.: 157206), Allophycocyanin (APC)-conju-
gated anti-mouse F4/80 (dilution 1:200; mouse recombinant,
catalog no.: 157306), Peridinin-chlorophyll-protein complex
(PerCP)/Cy5.5-conjugated anti-mouse CD11b (dilution 1:200; rat
monoclonal, catalog no.: 101228), PE-conjugated anti-mouse
CD80 (dilution 1:200; Armenian Hamster monoclonal, 104707),
FITC-conjugated anti-mouse CD206 (dilution 1:500; rat monoclo-
nal, catalog no.: 141704), PE-conjugated anti-mouse CD309
(VEGF) (dilution 1:200; rat monoclonal, catalog no.: 121905),
FITC-conjugated anti-mouse I-Ad (MHCII) (dilution 1:500;
mouse monoclonal, catalog no.: 115005), PerCP/Cy5.5-conjugated
anti-mouse CD3 (dilution 1:200; rat monoclonal, catalog no.:
100218), APC-conjugated anti-mouse CD4 (dilution 1:200; rat
monoclonal, catalog no.: 100516), FITC-conjugated anti-mouse
CD8 (dilution 1:500; rat monoclonal, catalog no.: 100705), FITC-
conjugated anti-mouse CD44 (dilution 1:500; rat monoclonal,
catalog no.: 103005), PE-conjugated anti-mouse CD62L (concen-
tration: dilution 1:200; rat monoclonal, catalog no.: 104407), PE-
conjugated anti-mouse TNF-a (dilution 1:200; rat monoclonal,
catalog no.: 506305), FITC-conjugated anti-mouse IFN-y (dilution
1:500; rat monoclonal, catalog no.: 505805), PE-conjugated anti-
mouse perforin (dilution 1:200; rat monoclonal, catalog no.:
154305), FITC-conjugated anti-mouse granzyme B (dilution
1:200; mouse recombinant, catalog no.: 372205), PE-conjugated
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anti-mouse H-2Kb bound to SIINFEKL (dilution 1:200; mouse re-
combinant, catalog no.: 141603), PE anti-mouse CD282 [Toll-like
receptor 2 (TLR2)] (dilution 1:200; rat monoclonal, catalog no.:
148603), PE anti-mouse CD284 (TLR4) (dilution 1:200; rat mono-
clonal, catalog no.: 145403), and PE anti-Nos2 [inducible nitric
oxide synthase (iNOS)] (dilution 1:200; rat monoclonal, catalog
no.: 696805) were purchased from BioLegend. Alexa Fluor 488
hypoxia-inducible factor 1a (HIF-1a) (dilution 1:200; rabbit mono-
clonal, catalog no.: ab208419) was obtained from Abcam. Annexin
V-FITC/PI, Cell Counting Kit-8 (CCK-8), DiR, BCA Protein Quan-
tification Kit, and p-Luciferin Potassium Salt D were obtained from
Yeasen (Shanghai, China). Arg'- and TGF-B-specific enzyme-
linked immunosorbent assay (ELISA) kits were purchased from
Anoric (catalog nos.: TAEm-802 and TAEm-914, respectively,
Tianjin, China). Dimethyl sulfoxide, N,N'-dimethylformamide
(DMF), CHCl;, and other chemical reagents were at least analytical
grade and used as received.

Instruments

Dynamic light scattering (DLS) and zeta potential studies were per-
formed on a Litesizer 500 particle analyzer (Anton Paar, Austria).
Transmission electron microscopy (Besselink, #197) measurements
were performed on the high-solution TEM (FEI Tecnai G2 F30) op-
erated at an acceleration voltage of 300 kV. Fluorescence spectra
were recorded using a spectrofluorometer (RF-6000, Shimadzu,
Japan). Ultraviolet absorption spectra were recorded by applying a
microplate reader (Synergy H1, BioTek). Flow cytometry analysis
was performed on a Beckman Coulter Cytoflex flow cytometer.
CLSM images were captured on a Leica TSC SP8 confocal laser
scanning microscope. Imaging macrophage phagocytosis was re-
corded through a live-cell dynamic imaging and analysis system
(zenCELL owl). In vivo images of tumor growth were captured by
an in vivo imaging system (AniView600, BLT Photon Technology).

Cell culture

The B16F10 melanoma cell line (obtained from the National Collec-
tion of Authenticated Cell Cultures), B16F10-Luc cell line (pur-
chased from iCell Bioscience, Shanghai, China), and B16F10-
OVA cell line (purchased from iCell Bioscience, Shanghai, China)
were maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin at 37°C in a 5% CO, atmosphere. The 4T1-Luc
mouse breast tumor cell line (purchased from iCell Bioscience,
Shanghai, China) was cultured in RPMI 1640 with 10% FBS and
1% penicillin/streptomycin at 37°C in a 5% CO, atmosphere.
Murine BMDMs were extracted from the bone marrow of C57/
BL6 or BALB/c mouse femurs according to the previously pub-
lished protocol (19, 59) and cultured in DMEM growth medium
containing M-CSF (20 ng/ml), 10% FBS, and 1% penicillin/strepto-
mycin at 37°C in a 5% CO, atmosphere. Fresh BMDM growth
medium was changed on day 3, and mature BMDMs were collected
on day 7. For M1 activation, mature BMDMs were incubated with
fresh DMEM containing 10% FBS, LPS (100 ng/ml), and IFN-y (25
ng/ml) for 24 hours.

Preparation of aCD47-decorated repolarization-resistant
membrane-fusogenic liposomes

ARMFUL was prepared by a three-step process, including firstly en-
capsulating BLZ945 in PLGA polymeric cores, subsequently coating
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BLZ/PLGA with a fusogenic lipid shell to obtain BLZ@MFUL, and
finally conjugating aCD47 on the BLZ@MFUL surface. First, the
PLGA nanoparticles encapsulating the inhibitors of tyrosine
kinase of CSF1R, BLZ945, were prepared using a nanoprecipitation
method and used as the core of the ARMFUL. Briefly, PLGA and
BLZ945 were dissolved in DMF with a concentration of 10 mg/ml,
respectively. Subsequently, 20 pl BLZ and 80 pl PLGA solutions
were mixed at the volume ratio of 1/4. Under the strong vibration
of the vortex mixer, the mixture was rapidly added to 2 ml of dis-
tilled water. The solution was vibrated for another 5 min, followed
by dialysis using distilled water for further use. BLZ@MFUL was
then prepared by a film hydration method, in which the lipid
films were hydrated using BLZ/PLGA nanoparticle solutions to
obtain a core-shell structure. First, a stock solution of DMPC,
DSPE-PEG-Mal, and DOTAP was prepared by dissolving them in
CHCI; with a concentration of 1 mg/ml, respectively. The lipid films
were prepared from DMPC, DSPE-PEG-Mal, and DOTAP at the
molar ratio of 76.2/3.8/20. Moreover, the organic solvent containing
667.2 pg of DMPC, 153.6 pg of DSPE-PEG-Mal, and 179.2 ug of
DOTAP were mixed in a 25 ml round-bottom flask, followed by
evaporating under the rotary evaporators to form a thin film on
the bottle of the flask. After drying in the vacuum for 3 hours, the
film was hydrated by rapidly mixing the above-obtained BLZ/PLGA
nanoparticle solutions under ultrasonic vibration. The weight ratio
of total lipids to BLZ/PLGA was fixed at 1/1. After 15 min of vibra-
tion, the nanoparticle solution was extruded through a 450 nm
polycarbonate membrane, followed by freeze-drying to obtain the
BLZ@MUFL. Last, aCD47 was conjugated on the surfaces of
BLZ@MFUL to obtain ARMFUL. In addition, aCD47 (InVivoMab
anti-CD47, Bio X Cell) was incubated with PBS supplemented with
1 mM dithiothreitol and 5 mM EDTA for 1 hour at room temper-
ature for disulfide linkage reduction. The excess dithiothreitol was
subsequently removed by buffer exchange using PD-10 desalting
columns (Cytiva) with Sephadex G-25 (eluent: PBS). Afterward,
the reduced aCD47 was mixed with BLZ@MFUL solution at the
molar ratio of 1/4 (aCD47/DSPE-PEG-Mal). The mixture was incu-
bated for 2 hours at room temperature with shaking, followed by
overnight incubation at 4°C. Last, ARMFUL was separated from
the free antibody using Sepharose CL-6B (Solarbio) beads on a
gel filtration column with PBS as the mobile phase (52).

The contrastive liposomes were prepared using a similar proto-
col as described. The empty ARMFUL (PLGA@MFUL) and
PLGA@MFUL-aCD47 (with aCD47 conjugation but without
BLZ-945 loading) were synthesized using the same molar ratio of
76.2/3.8/20 (DMPC/DSPE-PEG-Mal/DOTAP), while ARMNO-
FUL was prepared using the molar ratio of 96.2/3.8 (DMPC/
DSPE-PEG-Mal) to obtain BLZ@MNOFUL (42), followed by con-
jugating aCD47 on the surface.

Membrane fusion of ARMFUL

The membrane fusion mechanism of ARMFUL was examined by
CLSM observation and FACS analysis. For these experiments,
dually labeled ARMFUL (FITC@ ARMFUL-Cy5) and ARMNOFUL
(FITC@ARMNOFUL-Cy5), in which the PLGA core was loaded
with FITC and aCD47 was labeled with Cy5, were prepared using
the similar procedures of ARMFUL and ARMNOFUL, respectively.
Briefly, 5 pl of FITC/DMEF solution (10 mg/ml) was mixed with 95 ul
of PLGA/DMEF solution (10 mg/ml) in a tube, followed by rapidly
adding 2 ml of distilled water. The mixture was then vibrated for
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another 5 min and dialyzed against distilled water to obtain the
FITC/PLGA core nanoparticles. Next, the lipid components,
which contain DMPC, DOTAP, and DSPE-PEG-Mal at a molar
ratio of 76.2/20/3.8, were homogenized to form a thin film by
mixing and vortically drying these solutions in a round-bottle
flask. The vacuum-dried films were rapidly mixed with 2 ml of
FITC/PLGA solution (~1 mg/ml) to form FITC@MFUL. Last,
FITC@MFUL was conjugated with aCD47-Cy5 to obtain FIT-
C@ARMFUL-Cy5 using dithiothreitol as the reductive reagent ac-
cording to the same procedure of ARMFUL preparation.
FITC@ARMNOFUL-Cy5 was prepared using a similar protocol
at a molar ratio of 96.2/3.8 (DMPC/DSPE-PEG-Mal).

For CLSM observation, M1-type BMDM:s were seeded in confo-
cal dishes with approximately 80% confluence. FITC@ ARMFUL-
Cy5 or FITC@ARMNOFUL-Cy5 (100 ug/ml) was then added and
cultured with cells for 2 hours. After incubation, cells were washed
with PBS three times and fixed using 4% paraformaldehyde, while
the nuclear was stained with DAPI. CLSM images were captured on
a Leica CLSM with a 63-fold oil immersion objective using the ex-
citation wavelengths of 405 nm for DAPI, 488 nm for FITC, and 663
nm for Cy5.

For membrane fusion mechanism validation, M1-type BMDMs
were seeded in a confocal dish with approximately 80% confluence,
followed by pretreating with DMEM containing inhibitors as
follows: Ami (10 pg/ml), Chl (10 pg/ml), and Phe (50 pg/ml) at
37°C for 1 hour. The 4°C group or the PBS group was set as the
control, and, therein, the 4°C group was treated with PBS at 4°C
for 1 hour. After pretreatment, the cells of all groups were washed
with PBS and further incubated with FITC@ARMFUL-Cy5 for 2
hours. Thereafter, cells were washed with PBS three times and
fixed using 4% paraformaldehyde, while the nuclear was stained
with DAPI. CLSM images were captured on a Leica CLSM with a
63-fold oil immersion objective using the excitation wavelengths of
405 nm for DAPI, 488 nm for FITC, and 663 nm for Cy5. The mean
fluorescence for each group was analyzed using a flow cytometer.

For the percentage and half-life of liposomes in the macrophag-
es, DiR-labeled liposomes were prepared by adding 40 pg of DiR to
the lipid components when forming a thin film. Subsequently, the
DiR-labeled liposomes were acquired according to the previously
mentioned protocol. M1-type BMDMs were seeded in 10 cm
dishes and incubated with DiR-labeled liposomes for 4 hours in a
serum-free medium. After treatment, the cells of all groups were
washed with PBS and cultured in a serum-containing medium.
After treatment, the cells of all groups and supernatant were collect-
ed, and cells were washed with PBS for further use. The percentage
of liposomes that successfully got into the macrophages was calcu-
lated by measuring the fluorescence intensity of the supernatant
using a spectrofluorometer. For the half-life of liposomes, 2 x 10°
collected cells were seeded in 24-well plates in a serum-containing
medium. At the scheduled time, the cells were collected and washed
with PBS and resuspended in 4% paraformaldehyde. The mean
fluorescence intensity of the cells collected at different time points
was determined by flow cytometer.

Preparation of ARMFUL/M1 phenotype BMDMs

First, mature BMDMs were activated to M1 macrophages. After-
ward, BMDMs were collected, washed with PBS, and then engi-
neered using ARMFUL. Typically, 1 x 10° cells were treated with
100 ug ARMFUL (containing 9.4 pg of BLZ945 and 58 pg of
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aCD47) dispersed in FBS-free DMEM at a fixed concentration of
100 pg/ml in 10 cm dishes for 4 hours. Other groups with the
same dosage of BLZ945 and aCD47 were used for engineering.
After incubation, engineered BMDMs were collected via a gentle
blow and beat, followed by twice-repetitive centrifugation and
washing with PBS to remove the free nanoparticles for further use.

Cell viability

Cell viability of engineered BMDMs was determined by CCK-8
assay. M1-type macrophages (2 x 10*) were seeded in 96-well
plates, with serum-containing medium allowed to adhere for 2
hours, followed by treatment with ARMFUL and other groups
(MIX, BLZ@MFUL, PLGA@MFUL-aCD47, and ARMNOFUL)
dispersed in serum-free medium. After treatment, the cells of all
groups were washed with PBS and cultured in a serum-containing
medium. At 24, 48, and 72 hours, the medium in the plates was
removed, and 100 pl of CCK-8/DMEM [1/9 (v/v)] solution was
added. After 3 hours of incubation, the absorbance was measured
at the wavelength of 450 nm using a microplate reader, and cell vi-
ability was calculated.

Pattern recognition receptor activation and metabolism
profile analysis

M1 polarized macrophages (2 x 10°) were seeded in a 24-well plate
and engineered by incubating with PBS, MIX, BLZ@MFUL,
PLGA@MFUL-aCD47, ARMNOEFUL, and ARMFUL for 4 hours
in a serum-free medium. After treatment, the cells of all groups
were washed with PBS and cultured in a serum-containing
medium for 24 hours. Afterward, cells were collected and washed
with PBS, resuspended in 4% paraformaldehyde containing 1%
bovine serum albumin (BSA), and stained by APC-conjugated
anti-mouse F4/80, PerCP/Cy5.5-conjugated anti-mouse CD11b,
PE-conjugated anti-mouse TLR2, and PE-conjugated anti-mouse
TLR4 for pattern recognition receptor activation analysis or PE-
conjugated anti-mouse iNOS and FITC- conjugated anti-mouse
HIF-1a for metabolism profile analysis using a flow cytometer.

In vitro anti-M2 polarization assay

M1 polarized macrophages (2 x 10°) were seeded in a 24-well plate
and engineered by incubating with PBS, MIX, ARMNOFUL, and
ARMFUL for 4 hours in a serum-free medium. After treatment,
the cells of all groups were washed with PBS and cultured in M2
polarization medium [DMEM containing 10% FBS and IL-4 (20
ng/ml)] or tumor cell conditioned medium (supernatant medium
of B16F10 cells after incubation for 24 hours) for 24 hours. M1 po-
larized macrophages were set as the positive control. Afterward,
cells were collected and washed with PBS, resuspended in 4% para-
formaldehyde containing 1% BSA, and stained by APC-conjugated
anti-mouse F4/80, PerCP/Cy5.5-conjugated anti-mouse CD11b,
and PE-conjugated anti-mouse CD80 for M1 phenotype analysis
or FITC-conjugated anti-mouse CD206 for M2 phenotype analysis
using a flow cytometer.

Western blot analysis against aCD47

M1 polarized macrophages (1 x 10°) were seeded in 6 cm dishes and
engineered by incubating with PBS, MIX, ARMNOFUL, and
ARMFUL for 4 hours in a serum-free medium. After treatment,
the cells of all groups were collected and washed with PBS. Subse-
quently, the cell membrane protein of engineered M1 macrophages
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was extracted via the Membrane Protein Extraction Kit as the pro-
tocol. Then, the proteins were heated to 95°C for 20 min before ~15
ug of each sample was loaded onto a 4 to 20% PAGE gel (Beyotime)
and treated for ~120 min (80 V). Sample proteins were then trans-
ferred to polyvinylidene difluoride (PVDF) membranes (0.45 pm)
and subsequently blocked with buffer [tris-buffered saline with
Tween 20 (TBST)] containing 5% BSA for 1 hour at room temper-
ature. PVDF membranes were then bathed in a buffer containing
HRP-conjugated IgG antibody for 2 hours at room temperature.
Then, the membrane was washed with TBST and detected using
an enhanced chemiluminescence kit.

In vitro phagocytosis assay

Phagocytosis was determined by coculturing Cy5-labeled macro-
phages and CFSE-labeled B16F10 tumor cells and subsequently de-
tected using FACS. M1 polarized macrophages were engineered by
incubating with PBS, MIX, BLZ@MFUL, ARMNOFUL, and
ARMFUL for 4 hours in serum-free DMEM. Afterward, the cells
of all groups were stained with DSPE-PEG-Cy5 (50 pg/ml) for 0.5
hours and washed with PBS three times. B16F10 tumor cells were
stained with CFSE (Yeasen). B16F10 tumor cells were seeded in 12-
well plates at 1 x 10° cells per well and allowed to adhere for 2 hours.
Then, 2 x 10° macrophages were added and cocultured with the
cancer cells for 4 hours at 37°C with a serum-containing medium.
Afterward, cells were collected and washed with PBS and resus-
pended in 4% paraformaldehyde that contained 1% BSA. Phagocy-
tosis was analyzed with a flow cytometer and calculated as the
percentage of CFSE" cells gated from Cy5" macrophages.

Imaging macrophage phagocytosis

To visualize the phagocytosis, 2 x 10* BI6F10 tumor cells were
seeded in a 24-well plate and allowed to adhere for 2 hours. Then,
2 x 10° macrophages engineered with PBS, MIX, BLZ@MFUL,
ARMNOFUL, and ARMFUL were added and cocultured at 37°C
with a serum-containing medium respectively. The views of each
well in the plate were recorded through a live-cell dynamic
imaging and analysis system (zenCELL owl) every 10 min for 36
hours. In the recorded images, B16F10 tumor cells were fusiform,
and macrophages were round, making them distinguishable. Ob-
serving the video formed by playing the images continuously,
round macrophages were in groups attacking the single fusiform
B16F10 tumor cell, and this cell cluster was regarded as a phagocy-
tosis count. Phagocytosis cell cluster counts of all groups were quan-
tified every 5 hours.

In vitro antitumor assay

Antitumor ability was evaluated by coculturing macrophages and
B16F10 tumor cells followed by detecting cell viability and apopto-
sis. M1 polarized macrophages were engineered by incubating with
PBS, MIX, BLZ@MFUL, PLGA@MFUL-aCD47, ARMNOFUL,
and ARMFUL for 4 hours in serum-free DMEM beforehand.
B16F10 tumor cells were seeded in 12-well plates (2 x 10* cells
per well) or 48-well plates (1 x 10* cells per well) and allowed to
adhere for 2 hours. Then, macrophages were added into plates (1
x 10” cells per well in a 12-well plate and 5 x 10* cells per well in
a48-well plate) and cocultured with tumor cells for 48 hours at 37°C
with serum-containing medium. The group that was treated with
PBS was set as the control. Afterward, the medium in the 48-well
plate was removed, and 300 pl of CCK-8/DMEM [1/9 (v/v)]
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solution was added. After 3 hours of incubation, the absorbance was
measured at the wavelength of 450 nm using a microplate reader,
and cell viability was calculated. Meanwhile, cells in the 12-well
plates were collected and washed with PBS for staining using the
Annexin V-FITC/PI apoptosis detection kit (Yeasen) according
to the manufacturer’s instructions.

Antigen presentation

B16F10-OVA tumor cells (2 x 10*) were seeded in a 12-well plate
and allowed to adhere for 2 hours. Then, 2 x 10°> macrophages en-
gineered with PBS, MIX, BLZ@MFUL, PLGA@MFUL-aCD47,
ARMNOEFUL, and ARMFUL were added and cocultured at 37°C
with serum-containing medium for 3 days. Afterward, cells were
collected and washed with PBS, resuspended in 4% paraformalde-
hyde containing 1% BSA, and stained by PE-conjugated anti-mouse
H-2Kb bound to SIINFEKL and APC-conjugated anti-mouse F4/
80. The antigen presentation capacity of macrophages was assessed
with a flow cytometer and measured as the mean fluorescence in-
tensity of PE within APC* macrophages.

Transcriptome analysis

M1 phenotype BMDMs (2 x 10°%) were seeded in 6 cm dishes and
engineered by incubating with PBS and ARMFUL for 4 hours in a
serum-free medium. After treatment, the cells of all groups were
washed with PBS and cultured in DMEM containing 10% FBS
with/without IL-4 (20 ng/ml) for 48 hours, respectively. Then, the
total RNA of cells was obtained by lysing cells using TRIzol. High-
throughput sequencing and data analysis were performed by LC-
Bio Technologies (Hangzhou, China).

In vivo anti-M2 polarization ability evaluation

All animal procedures were performed following the Guidelines for
Care and Use of Laboratory Animals of Sun Yat-sen University and
approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University (protocol numbers: SYSU-IACUC-2022-
000363 and SYSU-TACUC-2022-001491). Female C57BL/6 mice
(8-week-old) were inoculated with 1 x 10° B16F10 cells in 100 ul
of PBS by subcutaneous injection into the back of the right lower
limb. Tumors were measured with calipers, and tumor volume
was calculated according to the formula (1/2 x length x width?).
When tumors reached a volume of approximately 200 mm?, mice
intravenously received two dosages of macrophages engineered
with different interventions on the 12th and 13th day after inocula-
tion. Before injection, macrophages were engineered and stained
with dye to distinguish them from endogenous macrophages.
Briefly, M1 polarized BMDMs were engineered by incubating
with PBS, MIX, BLZ@MFUL, PLGA@MFUL-aCD47, ARMNO-
FUL, or ARMFUL for 4 hours in serum-free DMEM beforehand,
and acquired as previously. Then, the macrophages were collected
and washed twice and stained with DiR (Yeasen) according to the
manufacturer’s instructions. Each mouse was administrated with
the same number of cells (i.e., 2 x 10° macrophages in 100 pl of
PBS per mouse per injection). After 24 hours of the second injec-
tion, the mice were euthanized, and tumors were collected, crum-
bled, homogenized using a homogenizer, and fixed using 4%
paraformaldehyde that contained 1% BSA. The tumor suspensions
were separated into two tubes, followed by staining with APC-con-
jugated anti-mouse F4/80, PerCP/Cy5.5-conjugated anti-mouse
CD11b, PE-conjugated anti-mouse CD80, FITC-conjugated anti-
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mouse CD206, PE-conjugated anti-mouse CD309, or FITC-conju-
gated anti-mouse I-Ad. After staining, the suspensions were ana-
lyzed using a flow cytometer for the expression of M1/M2
markers in adoptively transferred macrophages or TAMs.

In vivo antitumor efficacy

Female C57BL/6 mice (8-week-old) were inoculated with 1 x 10°
B16F10-Luc cells in 100 pl of PBS by subcutaneous injection into
the back of the right lower limb. Tumors were measured with cali-
pers, and tumor volume was calculated according to the formula (1/
2 x length x width?). The tumor-bearing mice were randomly allo-
cated to the control and treatment groups on day 5 after implanta-
tion. The mice in the treatment groups received intravenous
injections of 1 x 10° engineered macrophages in 100 pl of PBS
per mouse every 3 days for 12 days. Macrophages were engineered
and acquired before injection. Briefly, M1 polarized BMDMs were
engineered by incubating with PBS, MIX, BLZ@MFUL, PLGA@M-
FUL-aCD47, ARMNOFUL, or ARMFUL for 4 hours in serum-free
DMEM. Then, the macrophages were collected, washed twice, and
suspended in PBS for injection. The mice in the control group were
intravenously injected with 100 pl of PBS. The tumor size and
mouse body weight were monitored. The mice were euthanized
when their tumor sizes reach 2000 mm® or when rapidly lost
weight (15 to 20%).

To monitor tumor growth, the mice received in vivo imaging on
days 3, 7, and 11 after the first injection. Briefly, mice were admin-
istrated with 200 pl of p-luciferin potassium salt bioluminescence
substrate (15 mg/ml; Yeasen) in PBS and 200 pl of pentobarbital
sodium (0.6 wt %) in PBS via intraperitoneal injection. Ten
minutes after injection, mice were imaged under anesthesia using
an in vivo imaging system (AniView600, BLT Photon Technology).

For cancer immunotherapy studies, mice were euthanized 14
days after the first injection, and the tumors were collected. One
part of every tumor was used for FACS analysis and determination
of cytokine expressions, and the other part was used for tissue
section. For FACS and cytokine analysis, the tumors were crumbled,
homogenized using a homogenizer, and diluted with PBS at a
weight ratio of 1:10 (tumor:PBS). After centrifugation at 2500¢ for
10 min, the supernatant of the homogenates was collected for deter-
mination of cytokine expressions, while the cell sediment was fixed
using 4% paraformaldehyde that contained 1% BSA to obtain tumor
suspensions for FACS analysis. For FACS analysis, the tumor sus-
pensions were stained with PE/Cy7-conjugated anti-mouse CD45,
APC-conjugated anti-mouse F4/80, PerCP/Cy5.5-conjugated anti-
mouse CD11b, PE-conjugated anti-mouse CD80, FITC-conjugated
anti-mouse CD206, PE-conjugated anti-mouse CD309, and FITC-
conjugated anti-mouse I-Ad for expression of M1/M2 markers. To
investigate the T cells in the tumor, the suspensions were stained
with PE/Cy7-conjugated anti-mouse CD45, Percy/Cy5.5-conjugat-
ed anti-mouse CD3, APC-conjugated anti-mouse CD4, and FITC-
conjugated anti-mouse CD8. After staining, the suspensions were
analyzed using a flow cytometer. For the determination of tumor-
associated cytokine expressions (Arg' and TGF-p), the tumor su-
pernatant was detected using the ELISA kits (Anoric Biotechnol-
ogy) according to the manufacturer's protocol. For tissue
staining, the tumors were fixed with 4% paraformaldehyde and
sliced for a frozen section. The sections were stained with H&E,
TUNEL, and fluorescently labeled antibodies of CD31 and Ki67, re-
spectively. The fluorescently labeled slices were imaged using a
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Nikon A1R-SIMe confocal microscope, and analyses were per-
formed using NIS Elements 4.6 software. H&E-stained slices were
scanned using a slide scanner microscope (Zeiss AxioScan.Z1).

To study the immune memory effect, mice were euthanized 14
days after the first injection, and the spleens were collected. The
spleens were triturated using frosted slides and fixed using 4% para-
formaldehyde that contained 1% BSA. The spleen suspensions were
stained with PE/Cy7-conjugated anti-mouse CD45, Percy/Cy5.5-
conjugated anti-mouse CD3, and APC-conjugated anti-mouse
CD4 for T cell activation analysis or PE-conjugated anti-mouse
CD62L and FITC-conjugated anti-mouse CD44 for immune
memory T cell analysis. After staining, the suspensions were ana-
lyzed using a flow cytometer.

In addition, when survival rate observation was completed, the
spleens of one cured mouse (ARMFUL group) and two healthy
mice (the same age as a cured mouse) as donors were collected. T
cells were isolated from the spleen via magnetic bead separation
(MojoSort Mouse CD8 T Cell Isolation Kit, BioLegend, no.
480031), followed by culturing in the primary T cell culture
system (iCell, no. PriMed-iCell-026). Further investigation of the
immune memory effect was evaluated by coculturing T cells and
B16F10 tumor cells as follows. B16F10 tumor cells were seeded in
48-well plates (2.5 x 10* cells per well) and allowed to adhere for 2
hours. Then, 2.5 x 10° T cells were added and cocultured at 37°C
with a primary T cell culture system. The group that was treated
with PBS rather than T cells was set as the control. After 24 hours
of incubation, suspending T cells were collected, and adhesive
cancer cells were left in plates. Then, 500 pl of CCK-8/DMEM [1/
9 (v/v)] solution was added. After 3 hours of incubation, the absor-
bance was measured at the wavelength of 450 nm using a microplate
reader, and cell viability was calculated. Meanwhile, the collected T
cells were washed twice and fixed using 4% paraformaldehyde that
contained 1% BSA. The cells were stained with PE-conjugated anti-
mouse TNF-a, FITC-conjugated anti-mouse IFN-y, or PE-conju-
gated anti-mouse perforin and FITC-conjugated anti-mouse gran-
zyme B. After staining, the suspensions were analyzed using a flow
cytometer.

For safety evaluation, the blood and major organs of mice were
collected 14 days after the first injection. The serum of blood was
separated by centrifugation at 2500g for 10 min, followed by the de-
tection of alanine aminotransferase, aspartate aminotransferase,
albumin, alkaline phosphatase, urea, creatinine, uric acid, and cre-
atine phosphokinase-MB. The organs (heart, liver, spleen, lung, and
kidney) were fixed in 4% paraformaldehyde and sliced for H&E
staining. The stained slices were scanned using a slide scanner mi-
croscope (Zeiss AxioScan.Z1).

Systemic antitumor effect in vivo

To investigate the systemic antitumor effect, the female C57BL/6
mice (8-week-old) were inoculated with 1 x 10° B16F10 cells in
100 pl of PBS by subcutaneous injection into the back of the
lower right flanks as the primary tumor. Three days later, mice
were inoculated with 1 x 10° BI6F10 cells in 100 pl of PBS by sub-
cutaneous injection into the back of the lower left flanks as the
distant tumor. Tumors of two sides were measured with calipers,
and the tumor volume was calculated according to the formula
(1/2 x length x width®). The tumor-bearing mice were randomly
allocated to control and treatment groups on day 7 after the first
implantation. The primary tumors of mice in the treatment
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groups received intratumor injected 1 x 10° macrophages in 100
ul of PBS per mouse per injection every 3 days for 12 days. Macro-
phages were engineered before injection. Briefly, M1 polarized
BMDMs were engineered by incubating with PBS and ARMFUL
for 4 hours in serum-free DMEM. Then, cells were collected and
washed with PBS for further injection. The primary tumors of
mice in control were intratumorally injected with 100 pl of PBS.
The tumor size and mice weight were monitored. The mice were
euthanized when their tumor size reach 2000 mm® or when
rapidly lost weight (15 to 20%). Fifteen days after the first injection,
mice were euthanized, and the tumors of two sides and spleens were
collected for immune effects analysis as previously.

In vivo antitumor effect combined with aPD-1

Female BALB/c mice (8-week-old) were inoculated with 1 x 10°
4T1-Luc cells in 100 pl of PBS by subcutaneous injection into the
upper right mammary fat pad. Tumors were measured with cali-
pers, and tumor volume was calculated according to the formula
(1/2 x length x width?). The tumor-bearing mice were randomly
allocated to the control and treatment groups on day 6 after implan-
tation. For the cell treatment groups, the mice received intravenous
injected 1 x 10° engineered macrophages in 100 ul of PBS per mouse
per injection every 3 days for 12 days. The day after cell injection, the
mice in antibody treatment groups received intraperitoneal injected
50 pg of aPD-1 (InVivoMab anti-mouse PD-1, Bio X Cell) per
mouse per injection. Engineering BMDMs were acquired from
BALB/c mice as previously described, and M1-polarized macro-
phages were engineered by incubating with ARMFUL for 4 hours
in serum-free DMEM. To monitor tumor growth, the mice received
in vivo imaging on days 2, 7, and 12 after the first injection. Briefly,
mice were administrated with 200 pl of p-luciferin potassium salt
bioluminescence substrate (15 mg/ml; Yeasen) in PBS and 200 pl
of pentobarbital sodium (0.6 wt %) in PBS via intraperitoneal injec-
tion. Ten minutes after injection, mice were imaged under anesthe-
sia using an in vivo imaging system (AniView600, BLT Photon
Technology).

Data analysis

CLSM images were analyzed by Leica Application Suite X (Leica),
and immunofluorescence staining images were modulated by NIS-
Elements Viewer (Nikon). H&E staining images were present with
K-Viewer (K-Tron International). Flow cytometry analysis was per-
formed in CytExpert (Beckman). Gray values and Spearman'’s cor-
relation value were analyzed by Image] software. Live-cell dynamic
images and videos were conducted with zenCELL owl (innoME). In
vivo images of mice burdened with tumors were captured by
AniView supplied by BLT Photon Technology. Transcriptome anal-
yses were performed in the cloud platform of LC-Bio Technology
(www.omicstudio.cn). Columns and line graphs were drawn
through GraphPad Prism 9. Optimization of images and typogra-
phy of figures were performed using Photoshop and Illustrator,
and video editing was conducted using Premiere Pro (Adobe).

Statistical analysis

The data were represented as means + SD using GraphPad Prism 9.
Statistical significance is calculated by ¢ test, one-way analysis of var-
iance (ANOVA) with Dunnett's multiple comparison test, two-way
ANOVA with Turkey’s multiple comparison tests, and log-rank
(Mantel-Cox) test for survival.
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