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Abstract

Cluster of Differentiation 47 (CD47) counteracts immune activity upon binding with Signal-Regulatory
Protein alpha (SIRP-a) in various malignancies. Exosomes derived from M1 Macrophage (M1-Exo)
represent a potential immunotherapeutic strategy to combat malignancy through tumor cell interaction.
Here, the inheritance of SIRP-a on M1-Exo was revealed, and Doxorubicin loaded M1-Exo was
constructed to antagonize CD47 and enhance chemotherapy delivery. Western blotting confirmed the
presence of SIRP-a on M1-Exo, which interacts with cancer cells through binding and endocytosis.
Delivered Doxorubicin further potentiates cancer apoptosis. The delivered doxorubicin further
potentiates cancer cell apoptosis. These exhibited properties of M1-Exo set the stage for future re-
engineering to reinforce targeting and delivery platforms.

1. Introduction

Extracellular vesicles (EVs) are heterogeneous liposomes that facilitate the transport of intercellular
cargo and intercellular signals, and reflect cell status. EVs are categorized based on size and origin, as
well as by surface marker proteins that suggest their functions. However, due to their high heterogeneity,
these classifications remain largely uncertain and require further investigation [1]. Based on size, EVs are
divided into exosomes (30-200 nm), microvesicles (MVs) (200-1000 nm), ectosomes (often
synonymous with MVs), and apoptotic bodies (ABs) (1-5 pm). Exomeres (< 30 nm) and oncosomes (1-
10 um) were identified in 2018, but their functional overlaps with other EVs remains unknown [1].
Exosomes, due to its high biocompatibility, immunogenicity, flexibility, and innate targeting and
transporting functions is a promising tool for drug delivery [2]. The formation and secretion of exosomes,
in contrast to ectosomes (which bud outward from the cell membrane), occur through inward budding to
form early sorting endosomes (ESE) via clathrin-mediated endocytosis (CME), clathrin-independent
endocytosis (CIE), and clathrin-caveolin-independent endocytosis. These processes all depend on
signaling related to the final functional goal of the exosome [3]. Proteins such as CD63, which belongs to
the tetraspanin superfamily, are thus incorporated into exosomes and serve as important markers [4].

Immune checkpoint inhibitors (ICI) function by targeting specific, overexpressed markers on cancer cells
that facilitate immune evasion. Inhibition of such checkpoints recruits immune cells that ultimately
induce cancer destruction [5]. Traditionally, ICI inhibition is approached through the chemical synthesis
of monoclonal and bispecific antibodies (mAbs and biAbs), acting as antagonists for single or dual
immune checkpoints, such as PD-1 via Nivolumab, and Cemiplimab. However, issues with traditional ICls
include lack of specificity due to tumor heterogeneity, poor tumor penetration, and the risk of immune-
related adverse events (irAEs) [6]. Utilizing immune cell-derived ICI protein along with smart nanocarriers
is an effective and comparatively non-intrusive approach, addressing the issues of traditional ICls.
Followed by recent developments in smart nanocarriers, such as photodynamic Exosomes [7], Immune
cell derived nanocarriers thus is a novel and diversely compatible system for Immunotherapy.

Page 2/16



Macrophages are phagocytic immune cells classified in the mononuclear phagocyte system (MPS).
During the embryonic stage, tissue-resident macrophages differentiate from hematopoietic stem cells
(HSCs), bone marrow-derived progenitors, or local embryonic precursors [8]. They are one of the primary
immune cells that differentiate from local stem cells during embryonic stage [9], whereas monocyte
derived macrophage first circulates in the blood and then implant themselves into tissues after cytokine,
PAMPs/DAMPs, or environmental cues [8]. Classically activated macrophage and alternatively activated
macrophage are respectively called M1 and M2 Macrophages. M1 macrophages are induced by LPS,
IFN-y, TNF-q, etc.; they possess pro-inflammatory characteristics and are mainly characterized by CD86,
TNF-a, MHC-II, and SOCS3. It secretes proinflammatory cytokines such as interleukin-18 (IL-1B), IL-6, and
TNF-a. M2 Macrophage performs anti-inflammatory and tissue repair tasks; It is induced by IL-4, IL-13,
and TGF-B, and is furthermore characterized into M2a, M2b, M2c, and M2d (TAMs) under different
circumstances [1]. Macrophages are highly plastic; they dynamically alter their phenotypes based on the
local microenvironment [10]. This versatility exists as a continuum between the M1 and M2 states, driven
by metabolic reprogramming and Epigenic regulations [11-12]. This property is vital for tissue
homeostasis, inflammation/anti-inflammation, etc. Pathologically, maladaptive macrophage phenotypes
display direct or auxiliary support to pathogenesis, such as carcinogenesis, tissue fibrosis, and
autoinflammatory diseases [13].

The SIRP-a/CDA47 axis, or the “do not eat me” signal is a critical ICl in Immunotherapy. Structurally, CD47
is a five transmembrane domain protein with an extracellular IgV domain; SIRP-a is a receptor with three
Ig-like extracellular domains. This signal was first found on circulating HSCs and red blood cells to evade
phagocytosis [14]. Cancer cells utilize the same mechanism. Thus, blockade of SIRP-a/CD47 axis by ICI
is significant. Additionally, an increase in Cancer endocytosis and Macrophage antibody dependent
cellular phagocytosis (ADCP) is observed [15-16].

In this study, we therefore propose and investigate a novel bifunctional platform utilizing M1
Macrophage-derived Exosomes (M1-Exo) for the delivery of a CD47 immune checkpoint inhibitors and a
chemotherapeutic agent (e.g., Doxorubicin). We hypothesize that this M1-Exo system can: (i) achieve
immune checkpoint blockade specifically and stably; and (ii) synergize with the delivered chemotherapy
to directly kill cancer cells and enhance anti-tumor immune responses. By integrating these therapeutic
mechanisms, this study aims to establish a safe and effective nanoplatform that overcomes the
limitations of conventional ICI therapeutics and advances the field of cancer immunotherapy (Fig. 1).

Figure 1. Schematic illustration of the formation of M1-Exo from M1 Raw 264.7 cells, electroporation-
mediated drug loading of M1-Exo, and the interaction of M1-Exo/DOX with B16F10 cells.

2. Materials and Methods
2.1 Cell culture
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Raw 264.7 cells were cultured in Dulbecco’'s modified Eagle’s medium (DMEM) supplemented with 15%
fetal bovine serum (FBS) and 0.83 U/mL lipopolysaccharide (LPS). B16F10 cells were cultured in DMEM
supplemented with 15% FBS. The cells were incubated at 37°C with 5% CO,. Both cell lines were
obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). DMEM and FBS
were ordered from Gibco.

2.2 Cells immunofluorescent assay

Raw 264.7 cells were gently washed with phosphate-buffered saline (PBS) two to three times and then
fixed with 4% paraformaldehyde. Then the cells were permeabilized using 3% BSA containing 0.05%
Triton X-100. After that, the cells were incubated with antibodies against CD16 and SIRP-a for 4 h at
room temperature (RT). After being washed with PBS for 15 min, the cells were then incubated with
Alexa Fluor 647-conjugated anti-rabbit secondary antibodies for 2 h at RT. Finally, the cells were
observed using super-resolution microscopy (Nikon).

2.3 Isolation of M1-Exo from Raw 264.7 cells

Exosome Isolation protocol refers to previously well-established methods [26, 27]. M1-Exo is isolated
from cell culture medium. The cells are cultured through previous steps and transferred into Exosome
free medium and cultured for 72 h. Afterwards, the cell culture medium was collected and first
centrifuged at 800g for 10 min and then at 2,000g for 10 min. The pellets were discarded. Then, the
supernatant is centrifuged at 10000g for 30 min to remove Microvesicles. Finally, the supernatant is
centrifuged at 100000g for 90 min to pellet Exosomes. All the centrifugation is done at 4°C. Exosomes
were suspended in exosome freezing medium and stored at -20°C for short-term storage or at -80°C for
long-term storage.

2.4 Characterization of Exosomes

M1-Exo were diluted 1:100 in phosphate-buffered saline (PBS), and the size was measured via
nanoparticle tracking analysis (NTA). The Zeta Potential of M1-Exo was analyzed by electrophoretic light
scattering (ELS). The morphology of M1-Exo was examined by transmission electron microscope (TEM).
M1-Exo were added onto a glow-discharged carbon-coated grid for 15 min and then covered with 3%
uranyl acetate stain.

2.5 Exosome Drug loading

Exosomes were loaded with doxorubicin using a Bio-Rad electroporator at 300 V, with a final doxorubicin
concentration of 0.15 pg/mL. The loading concentration was determined by lysing M1-Exo/DOX with
RIPA buffer and comparing the autofluorescence to an established standard curve. The loaded
exosomes were then separated from free doxorubicin using a 100 nm pore size centrifugal filter
(Millipore) at 1,500g for 15 min, twice.

2.6 Western Blot

Page 4/16



The Cell and Exosome are lysed using RIPA buffer (Beyotime). Then the protein was heated at 100°C for
10 min for complete denaturation and separated on 15% or 10% SDS-PAGE gels at 60—90 V. Then, the
proteins were transferred to the polyvinylidene fluoride (PVDF) membranes. Then the protein was
transferred at 80 V for 2.5 hours with constant cooling. The transferred membrane was blocked with 5%
milk at room temperature (RT) for 1 hour. Primary antibodies against SIRP-a (Abcam, ab53721), CD16
(Abcam, ab203883), PD-1 (Abcam, ab214421), CD63 (Abcam, ab217345), caspase 3 (Abcam, ab2787),
Na*/K*-ATPase (Abcam, ab76020), and B-actin (Santa Cruz, 2Q1055) were applied to the membranes
overnight at 4°C. HRP-conjugated secondary antibodies were applied to membranes for 1 h at RT. Finally,
chemiluminescence was detected using a Tanon image analysis system with enhanced
chemiluminescence substrate (Thermo Fisher Scientific) .

2.7 In vitro binding assay

M1-Exo were previous labeled with Alexa Flour 647. Then M1-Exo (100 pg/mL) were incubated with
B16F10 cells, which had been seeded in confocal imaging dishes, at 37°C for 15 min. Afterwards, the
cells were observed by confocal microscope (Nikon).

2.8 In vitro cytotoxicity of M1-Exo and M1-ExoDOX

The cytotoxic effect of M1-Exo on tumor cells was evaluated using the Cell Counting Kit-8 (CCK-8) assay
(Beyotime, C0038). B16F10 cells were seeded into 96-well plates at a density of 1 x 10* cells per well
and allowed to adhere overnight. The cells were then treated with varying concentrations of M1-Exo (5,
10, 20, and 40 pug/mL) for 24 h at 37°C. Subsequently, the culture medium was replaced with fresh
medium containing 10% CCK-8 solution, and the plates were incubated for an additional 2 h at 37°C.
Absorbance was measured at 450 nm using a microplate reader (e.g., Thermo Scientific Varioskan LUX
or equivalent). Cell viability was calculated as the percentage relative to untreated control cells.

Apoptosis induced by DOX-loaded M1-Exo (M1-ExoDOX) was assessed using the APC Annexin V
Apoptosis Detection Kit with Pl (BioLegend, 640932). B16F10 cells were cultured in 12-well plates until
reaching approximately 80% confluence and then treated with M1-ExoDOX (100 pug/mL) for 24 h at 37°C.
After treatment, cells were harvested, washed, and stained with Annexin V-APC and PI according to the
manufacturer’s instructions. Stained cells were immediately analyzed by flow cytometry using a
Beckman Coulter CytoFLEX system. Data were processed using CytExpert software (Beckman Coulter).

2.9 Statistical analysis

All data presented represent the results from multiple independent experiments and are shown as mean
+ SD unless otherwise stated. GraphPad Prism (GraphPad Software) was used for all calculations. Data
comparisons were performed with one-way analysis of variance (ANOVA). A difference of p < 0.05 was
considered statistically significant; ns: not significant (p > 0.05).

3. Results
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3.1 The polarization and characterization of M1
Macrophage

To derive M1-Exo that inheritably expressed SIRP-a and exhibited inflammatory characteristics, M1
macrophages were successfully derived from M0 macrophages. Lipopolysaccharide (LPS) was
incubated with MO Raw 264.7 cells for 24 h prior to exosome isolation. A morphological change from the
“disk-like” MO Raw 264.7 cells to slightly elongated M1 Raw 264.7 cells was initially observed (Fig. 2a).
Then, the optimal LPS concentration for polarizing M1 Raw 264.7 cells was determined via flow
cytometry analysis of M1 macrophage markers CD80 and CD86 (Fig. 2b). Furthermore, super-resolution
imaging revealed membrane expression of CD16 and SIRP-a on pseudopods of M1 Raw 264.7 cells.
Clear nanoclusters of CD16 and SIRP-a on pseudopods, which are high-frequency sites of endocytosis,
suggest inward budding and inclusion of high-density protein nanoclusters (Fig. 2c and 2d). Together,
these data suggest the successful polarization of M1 macrophages from M0 macrophages.

3.2 The Isolation and characterization of M1-Exo

M1-Exo were isolated by differential centrifugation from incubation medium of M1 macrophages. M1-
Exo exhibited a round and cup-like morphology with varying sizes (Fig. 3a and 3d). The M1-Exo were
approximately 180 nm in size and exhibited a negative zeta potential (Fig. 3b and 3c). The concentration
of M1-Exo was determined using a BCA assay after exosome collection (Fig. 3e). Next, we verified the
presence of CD16 and SIRP-a on M1-Exo; CD63 was also identified on M1-Exo, consistent with its role in
ESCRT recruitment during ILV formation (Fig. 3f). Because ILV formation involves inward budding of the
cell membrane, the membrane-bound forms of CD16 and SIRP-a are incorporated into exosomes.
Notably, PD-1 was also observed on M1-Exo (Fig. 3f). Together, these data demonstrate the successful
isolation of M1-Exo with the desired immune checkpoint proteins and exosomal characteristics.

3.3 The initial biological attributes of M1-Exo

To observe the initial characteristics of M1-Exo in a tumor environment, B16F10 cells that express CD47
were used. We then incubated M1-Exo with B16F10 for 15 min, and intense binding of M1-Exo was
initially observed (Fig. 4a). However, M1-Exo demonstrated minimal cytotoxicity as assessed by the Cell
Counting Kit-8 (CCK-8) assay (Fig. 4b). Interestingly, caspase-3 was expressed in B16F10 cells after 24 h
(Fig. 4c). Together, these data demonstrated the binding and biocompatibility of M1-Exo, while also
indicating the necessity of combined chemotherapy delivery.

3.4 The doxorubicin loading and biological attributes of
M1-Exo/DOX

To study doxorubicin loading into M1-Exo via electroporation and validate chemotherapy delivery,
suitable loading voltage and doxorubicin concentration were determined by measuring autofluorescence
at 560—-595 nm upon blue light excitation (Fig. 5a and 5b). After 24 h of incubation, B16F10 cells treated
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with M1-Exo/DOX showed significantly higher nuclear doxorubicin accumulation than those treated with
free doxorubicin, due to exosome-mediated endocytosis and subsequent nuclear translocation (Fig. 5c).
Furthermore, M1-Exo/DOX induced a significant increase in apoptosis of B16F10 cells, as analyzed by
APC Annexin-V/PI flow cytometry, with the majority of cells in early-stage apoptosis (Fig. 5d). Together,
these results reveal the successful construction and function of M1-Exo/DOX.

4. Discussion

The successful polarization of M1 macrophages from MO macrophages using LPS was confirmed by
morphological changes and upregulation of CD80/CD86. Super-resolution imaging further revealed
nanoclusters of CD16 and SIRP-a on pseudopods, which are high-frequency sites of endocytosis,
suggesting that these membrane proteins are incorporated into exosomes during their formation
through inward budding. This observation supports the rationale for using M1 macrophages as a source
of exosomes with inherited immune checkpoint proteins.

Building on these findings, the isolated M1-Exo exhibited typical exosome characteristics, including
round/cup-like morphology, a size of approximately 180 nm, and a negative zeta potential, a negative
zeta potential, which may favor tissue penetration and reduce hemolysis in vivo. Western blotting
confirmed the presence of CD16, SIRP-a, and notably PD-1 on M1-Exo. The identification of PD-1 on M1-
Exo raises the possibility of PD-1:PD-L1 axis immune checkpoint blockade. Li et al. (2022) demonstrated
that engineered T cell extracellular vesicles displaying PD-1 boost anti-tumor immunity [17]. The
cooperation of multiple ICIs could constitute a platform with greater specificity through binding affinity
adjustments, involving both strong and weak ligands that eventually eliminate each respective non-
specific binding for each ICI. Therefore, the PD-1 expressed on M1-Exo suggests initial opportunities for
developing this multi-ICI platform.

Next, we examined the functional interaction of M1-Exo with cancer cells. The intense binding of M1-Exo
to B16F10 cells within 15 min indicates efficient recognition of CD47. However, the minimal cytotoxicity
of M1-Exo alone (Fig. 4b) suggests that the innate pro-apoptotic effect of M1-Exo is weak, justifying the
need for doxorubicin loading. The observed expression of caspase-3 in B16F10 after 24 h incubation
with M1-Exo may be attributed to potential death ligands identified in the proteomics of M1-Exo [18].
Classically, caspase-3 plays a role during the execution phase of apoptosis and necrosis, activated by
either the intrinsic pathway (via caspase-9) or the extrinsic pathway (via caspase-8), and functions as the
main executor of apoptotic body formation [19]. More recently, Nano et al. (2023) characterized caspase-
3-induced apoptosis as a heterogeneous response, with no specific caspase-3 concentration threshold
that guarantees apoptosis; cell state variability can thus lead to conditional survival or apoptosis [20].
This complexity may be reflected in the expression of caspase-3 in B16F10 cells, which could be induced
by M1-Exo but may also pre-exist. Furthermore, caspase-3 has demonstrated partially tumor-beneficial
characteristics, including angiogenesis, proliferation, and migration [21]. These findings further
underscore the goal of this study: to induce robust tumor cell death by utilizing the innate properties of
exosomes to achieve effective chemotherapy delivery.
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To address this goal, we loaded doxorubicin into M1-Exo via electroporation, which successfully
achieved loading without disrupting exosome integrity. The enhanced nuclear accumulation of
doxorubicin delivered via M1-Exo, compared to free doxorubicin, suggests efficient endocytosis and
intracellular trafficking. The significant increase in early-stage apoptosis (Annexin V-positive/Pl-negative)
induced by M1-Exo/DOX confirms the synergistic effect of immune checkpoint blockade and
chemotherapy. In vivo investigations in tumor-bearing mice would further demonstrate the specificity of
M1-Exo/DOX. However, due to the presence of CD47 on red blood cells and hematopoietic stem cells,
the innate functioning of the SIRP-a:CD47 axis poses potential challenges for in vivo administration of
M1-Exo/DOX [22, 23]. Nevertheless, this system can be further enhanced by implementing pH-
responsive release mechanisms, overexpressing ICls, or using ICls with improved binding affinity [17, 24,
25].

5. Conclusions

Utilizing the inflammatory properties of LPS-polarized M1 macrophages, we revealed nanoclusters of ICI
proteins on pseudopods, which are regions with intense endocytosis, thus leading to the inheritance of
these properties onto derived exosomes. Then we specifically found SIRP-a, CD16, and additionally PD-1
on stable and biocompatible M1-Exo. These ICIs undergo specific binding to CD47 and PD-L1 immune
checkpoints on cancer cells, leading to blockade. There was a significant amount of binding to
melanoma cancer cells after a short incubation. Furthermore, we validated the possibility of loading
doxorubicin and other hydrophilic chemotherapeutics into exosomes while maintaining their functions,
and furthermore added induced apoptosis to the M1-Exo platform. This research validated the
theoretical functions of immune cell-derived exosomes as a nuanced multifunctional platform for
immune checkpoint inhibition and drug delivery.
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Figure 1

Schematic illustration of the formation of M1-Exo from M1 Raw 264.7 cells, electroporation-mediated
drug loading of M1-Exo, and the interaction of M1-Exo/DOX with B16F10 cells.
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Figure 2

Characterization of polarized M1 macrophages. (a) Morphology of MO Raw 264.7 cells (left) and M1
Raw 264.7 cells (right). Scale bar: 10 pm. (b) Flow cytometry analysis of M1 polarization markers CD80
and CD86 at different LPS concentrations (control, 100 ng/mL, 200 ng/mL, 300 ng/mL). (c, d) Super-
resolution images (scale bar: 10 pm) and close-up views of pseudopods (scale bar: (¢) 5 um, (d) 2.5 um)
of (c) CD16 on M1 Raw 264.7 cells and (d) SIRP-a on M1 Raw 264.7 cells.
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Figure 3

Characterization of M1 Raw 264.7-derived exosomes. (a) TEM image of M1-Exo. Scale bar: 200 nm. (b)
Size distribution of M1-Exo analyzed by nanoparticle tracking analysis (180.1 + 7.3 nm). (c) Zeta
potential of M1-Exo analyzed by electrophoretic light scattering. (d) Confocal image of M1-Exo. Scale
bar: 1 pm. (e) Standard curve for M1-Exo concentration determined by BCA assay. (f) Western blot
analysis of CD16, SIRP-q, PD-1, and the surface marker CD63 in M1 Raw 264.7 cells and M1-Exo.Western
blot analysis of CD16, SIRP-a, PD-1, and the surface marker CD63 in M1 Raw 264.7 cells and M1-Exo.
Blots were obtained from different gels (indicated by dashed borders). Full-length blots are provided in
Supplementary Fig. S1.
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Figure 4

Biological attributes of M1-Exo. (a) Confocal images of B16F10 cells incubated with M1-Exo for 15 min
in vitro. Scale bar: 20 um. (b) Cell viability of B16F10 cells incubated with the indicated concentrations of
M1-Exo for 24 h in vitro (n = 9). PBS-treated cells served as the control group. Data are shown as mean +
SEM. (c) Western blot analysis of caspase-3 in B16F10 cells incubated with M1-Exo (100 pug/mL) for 24 h
in vitro. Blots were obtained from different gels (indicated by dashed borders). Full-length blots are
provided in Supplementary Fig. S2.
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Figure 5

Biological attributes of M1-Exo/DOX. (a) Standard curve for DOX loading efficiency via DOX
autofluorescence. (b) Percentage loading efficiency of M1-Exo/DOX under different loading conditions
as indicated (n = 3). (c) Confocal images of B16F10 cells after 3 h in vitro incubation with DOX and M1-
Exo/DOX. Scale bar: 20 pm. (d) Representative Annexin V/PI flow cytometry plots of B16F10 cells after
24 h incubation with PBS (control), 100 pg/mL M1-Exo, 25.5 pg/mL DOX, or M1-Exo/DOX.
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