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Abstract
Background  Colorectal cancer (CRC) commonly exhibits tolerance to cisplatin treatment, but the underlying 
mechanisms remain unclear. Within the tumor microenvironment, macrophages play a role in resisting the cytotoxic 
effects of chemotherapy by engaging in efferocytosis to clear apoptotic cells induced by chemotherapeutic agents. 
The involvement of extracellular vesicles (EVs), an intercellular communicator within the tumor microenvironment, in 
regulating the efferocytosis for the promotion of drug resistance has not been thoroughly investigated.

Methods  We constructed GFP fluorescent-expressing CRC cell lines (including GFP-CT26 and GFP-MC38) to detect 
macrophage efferocytosis through flow cytometric analysis. We isolated and purified CRC-secreted EVs using a 
multi-step ultracentrifugation method and identified them through electron microscopy and nanoflow cytometry. 
Proteomic analysis was conducted to identify the protein molecules carried by CRC-EVs. MFGE8 knockout CRC cell 
lines were constructed using CRISPR-Cas9, and their effects were validated through in vitro and in vivo experiments 
using Western blotting, immunofluorescence, and flow cytometric analysis, confirming that these EVs activate the 
macrophage αvβ3-Src-FAK-STAT3 signaling pathway, thereby promoting efferocytosis.

Results  In this study, we found that CRC-derived EVs (CRC-EVs) enhanced macrophage efferocytosis of cisplatin-
induced apoptotic CRC cells. Analysis of The Cancer Genome Atlas (TCGA) database revealed a high expression 
of the efferocytosis-associated gene MFGE8 in CRC patients, suggesting a poorer prognosis. Additionally, mass 
spectrometry-based proteomic analysis identified a high abundance of MFGE8 protein in CRC-EVs. Utilizing CRISPR-
Cas9 gene edition system, we generated MFGE8-knockout CRC cells, demonstrating that their EVs fail to upregulate 
macrophage efferocytosis in vitro and in vivo. Furthermore, we demonstrated that MFGE8 in CRC-EVs stimulated 
macrophage efferocytosis by increasing the expression of αvβ3 on the cell surface, thereby activating the intracellular 
Src-FAK-STAT3 signaling pathway.

Conclusions  Therefore, this study highlighted a mechanism in CRC-EVs carrying MFGE8 activated the macrophage 
efferocytosis. This activation promoted the clearance of cisplatin-induced apoptotic CRC cells, contributing to 
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Background
According to recent cancer statistics, colorectal can-
cer (CRC) is the third most prevalent and second most 
lethal cancer in the world [1]. Despite the advance-
ments in surgical procedures and the widespread use of 
adjuvant chemotherapy, the 5-year survival rate of CRC 
patients stands at 65% on average [2]. However, the out-
look remains grim for patients with distant metastases or 
inoperable tumors, who have a 5-year survival rate of just 
15% [2]. Cisplatin is a chemotherapy drug used to treat 
various types of cancer, such as bladder, ovarian, and tes-
ticular cancers [3]. However, its therapeutic efficacy in 
CRC is not pronounced, as many CRC patients exhibit 
the resistance to cisplatin. Therefore, the combination of 
cisplatin with other drugs proves effective in the treat-
ment of CRC. For example, the combined application of 
curcumin with cisplatin effectively inhibits CRC through 
MicroRNA-137-Glutaminase axis [4]; Arctigenin 
increased the sensitivity of CRC resistant to cisplatin 
through the activation of autophagy [5]; And metfor-
min up-regulated the sensitivity of CRC to cisplatin by 
activating PI3K/Akt pathway [6]. However, it remains 
unknown how CRC regulates macrophage clearance of 
cisplatin-induced apoptotic cells within the tumor micro-
environment, consequently promoting its progression.

Extracellular vesicles (EVs), which act as intercellu-
lar mediators between tumor and immune cells, are a 
type of nanoparticle with bilayer lipid membranes [7, 8]. 
These vesicles are classified into exosomes (50–150 nm), 
microvesicles (200–800  nm), and large EVs (≥ 1000  nm, 
such as apoptotic bodies) based on their diameter differ-
ences [9]. EVs contain a rich mixture of molecular com-
ponents, including miRNAs, lncRNAs, proteins, and 
lipids [10]. Once EVs are taken up by target cells, these 
biologically active substances can trigger the activation 
of related signaling pathways [11]. Thus, EVs play a cru-
cial role in intercellular communication. In the tumor 
microenvironment (TME), tumor-derived EVs (TDEVs) 
can induce changes in macrophages, such as M2 polar-
ization, increased PD-L1 expression, and the release of 
inflammatory factors [12–14]. On the other hand, EVs 
derived from tumor-associated macrophages (TAMs) 
can enhance tumor cell metastasis, resistance to chemo-
therapy, and angiogenesis [15–17]. Overall, the biological 
effects of EVs between tumor cells and macrophages are 
mainly immunosuppressive and tumor-promoting.

It has been established that TAMs play an impor-
tant role in the process of efferocytosis, which is the 
removal of apoptotic tumor cells. When chemotherapy, 

radiotherapy, or targeted therapy causes tumor cells to 
undergo apoptosis, a large number of chemokines are 
released, which attract macrophages to the site. Mean-
while, apoptotic tumor cells display “eat-me” signals 
such as phosphatidylserine and calreticulin, which are 
recognized by receptors in macrophages responsible for 
efferocytosis, such as milk fat globule-epidermal growth 
factor-factor  8 (MFGE8), MerTK, Axl, and Tyro3 [18–
21]. The interaction between these ligands and receptors 
leads to the engulfment of the apoptotic cells. Efferocy-
tosis helps to reduce the release of chemotactic factors, 
establish a tumor-tolerant immunosuppressive environ-
ment, and prevent secondary necrosis [22]. Previous 
studies have shown that efferocytosis is associated with 
resistance to chemotherapy and affects clinical out-
comes in multiple cancers [23–26]. However, the impact 
of TDEVs on the regulation of macrophage efferocytosis 
remains unclear.

In this study, we demonstrated that EVs derived from 
colorectal cancer (CRC-EVs) have the ability to enhance 
the efferocytosis of apoptotic tumor cells by macro-
phages. Our findings showed that MFGE8, a component 
present in the CRC-EVs, was responsible for enhanc-
ing macrophage efferocytosis. MFGE8 is a glycoprotein 
known for its role in regulating immune tolerance, par-
ticularly through promoting the phagocytosis of apop-
totic cells [27]. Its structure is comprised of a mucin-like 
domain, two repetitive discoidin-like structural domains 
(C domains), and two repetitive EGF-like structural 
domains. A specific integrin-binding motif in the EGF-
like domain binds to MFGE8, enabling integrin-mediated 
signaling and enhancing cell adhesion of αvβ3 and αvβ5 
integrin heterodimers [28]. MFGE8 binds phosphatidyl-
serine present on apoptotic cells to the αvβ3 integrins on 
phagocytes, thus enhancing the clearance of these cells 
[29]. Besides efferocytosis, MFGE8 can also promote 
angiogenesis and intestinal mucosal repair [30, 31]. Pre-
vious studies indicated that high levels of MFGE8 have 
been linked to poor prognosis and overexpression of 
MFGE8 has been shown to drive CRC progression [32, 
33]. Our findings revealed that MFGE8 in the CRC-EVs 
increased macrophage efferocytosis of cisplatin-induced 
apoptotic tumor cells through the αvβ3-Src-FAK-STAT3 
signaling pathway. This study sheds light on a novel 
mechanism wherein CRC-EVs participate in macrophage 
efferocytosis, contributing to cisplatin-induced CRC 
apoptosis.

CRC resistance against cisplatin. These findings provide novel insights into the potential synergistic application of 
chemotherapy drugs, EVs inhibitors, and efferocytosis antagonists for CRC treatment.
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Methods
Cell lines and cell culture
CT26 mouse colorectal cancer cells were obtained from 
Procell Life & Technology Co., Ltd., while MC38 mouse 
colorectal cancer cells were sourced from the Chinese 
Academy of Sciences. The cells were cultured in a 5% 
CO2 incubator at 37  °C, in DMEM (Biochannel, BC-M-
005) supplemented with 10% fetal bovine serum (Bio-
channel, BC-SE-FBS01) and 1% penicillin/streptomycin 
(Biosharp, BL505A).

Bone marrow-derived macrophage culture
The isolation and cultivation of bone marrow-derived 
macrophages (BMDMs) followed a previously described 
method [34]. Briefly, C57BL/6 mice (8–12 weeks) were 
euthanized, and the thigh muscle was removed to access 
the bone marrow in the femur and tibia, which was then 
flushed with DMEM. After centrifugation, the super-
natant was discarded and the cells were lysed using red 
blood cell lysis buffer. The remaining cells were re-sus-
pended in DMEM containing 10% FBS, 1% penicillin/
streptomycin, and 20 ng/ml M-CSF (Sino Biological, 
51,112-MNAH) and seeded in 12-well plates at a concen-
tration of 0.3 × 106/ml (1 ml per well). After 3 days, a half 
volume of MCSF medium was added, and the BMDMs 
were fully differentiated and ready for use by day 7. 
The animal procedures were approved by the Institu-
tional Animal Care and Use Committees of Sun Yat-sen 
University.

Construction of apoptotic tumor cells
In the study, cisplatin (Med Chem Express, HY-17,394) 
was used to trigger apoptosis in CT26 and MC38 cells. 
After the tumor cells reached 60-70% confluence, they 
were exposed to 0–45 µM cisplatin for a period of 48 h. 
To confirm the presence of apoptosis, the tumor cells 
were then stained using the FITC-Annexin V/APC-PI 
Apoptosis Detection Kit (YEASEN, 40302ES60). Once 
the apoptosis rate reached more than 80%, the cells were 
deemed suitable for use in experiments. Therefore, a rou-
tine dose of 45 µM cisplatin was used for 48 h to induce 
apoptosis in the tumor cells.

To facilitate experimental observation, we constructed 
CT26 and MC38 cells stably expressing green fluores-
cent protein (GFP-CT26 and GFP-MC38). Briefly, the 
cells were infected with GFP-containing lentiviruses, 
and after 48 h, a single-cell clone was selected based on 
fluorescence microscopy and amplified in culture. The 
morphology and growth of the GFP cells were found to 
be identical to those of the wild-type cells, so the same 
amount of cisplatin was used to construct apoptotic GFP 
cells for further analysis.

Extracellular vesicle isolation and characterization
The isolation of EVs from CT26 and MC38 cells was per-
formed using multi-step ultracentrifugation [35]. The 
procedure involved growing the cells to 60–70% conflu-
ency, replacing the medium with serum-free DMEM for 
24  h, and collecting the culture medium. The medium 
was then centrifuged at 3000 × g for 15  min at 4  °C to 
remove cellular debris, followed by another centrifuga-
tion at 10,000 × g for 30 min to remove larger microves-
icles and apoptotic bodies. The supernatant was then 
subjected to ultra-centrifugation at 100,000 × g for 3 h at 
4 °C to obtain the EV pellets. The EV pellets were resus-
pended in PBS and used for further analysis. The EV 
identity was confirmed through various methods includ-
ing electron microscopy, western blot, and nano-flow 
cytometry. Electron microscopy was used to observe 
the morphology of the EVs, while western blot was used 
to detect EV marker proteins such as CD9, CD81, and 
TSG101. Nano-flow cytometry was used to measure 
the size and concentration of the EVs. The quantity of 
EVs was also measured using the BCA Protein Assay Kit 
(Solarbio, PC0020).

Western blot
The cells underwent lysis using RIPA buffer (25 mM Tris-
Cl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 1% 
NP-40) supplemented with protease inhibitor cocktail 
and PMSF. Protein concentrations were determined using 
a BCA protein assay kit. Equal amounts of protein from 
each sample were loaded onto a 10% SDS-PAGE gel and 
separated. The proteins were then transferred from the 
gel to a PVDF membrane using electrotransfer in a trans-
fer buffer (25 mM Tris, 192 mM glycine, 20% methanol). 
After blocking with 5% nonfat milk for 1 h at room tem-
perature, the membrane was incubated overnight at 4 °C 
with primary antibodies targeting CD9 (Santa Cruz Bio-
technology, sc-13,118), CD63 (Santa Cruz Biotechnology, 
sc-5275), TSG101 (Santa Cruz Biotechnology, sc-7964), 
Mitofilin (Proteintech, 10179-1-AP), MFGE8 (Santa Cruz 
Biotechnology, sc-271,574), p-Src (Cell Signaling Tech-
nology, 6943 S), t-Src (Cell Signaling Technology, 2109 S), 
p-FAK (Cell Signaling Technology, 3283  S), t-FAK (Cell 
Signaling Technology, 3285  S), p-STAT3 (Cell Signaling 
Technology, 9145), t-STAT3 (Cell Signaling Technol-
ogy, 9139), and GAPDH (Abbkine, ABL1025). Following 
washing in TBST (TBS with 0.1% Tween-20), the mem-
brane was incubated with appropriate HRP-conjugated 
secondary antibodies for 1  h. Protein bands were visu-
alized using a ChemiDoc Imaging System from Bio-Rad 
and quantified using ImageJ version 1.50i. All uncropped 
Western Blot images can be found in the supplementary 
file “Uncropped Western Blot”.
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Mass spectrometry-based proteomic analysis
The CT26-EVs samples were extracted through the 
multi-step ultracentrifugation method. These samples 
were then processed for label-free mass spectrometry 
analysis using the EasyPep™ MS Sample Prep Kits (Ther-
moFisher Scientific, A40006). The steps involved in the 
preparation of the samples included dilution of the EV 
samples in Lysis Solution, determination of protein con-
centration using the BCA kit, addition of Reduction Solu-
tion and Alkylation Solution to the samples, incubation 
of the samples at 95 °C for 10 min to reduce and alkalize 
the protein, addition of reconstituted enzyme solution to 
digest the protein, and a “clean-up peptides” procedure. 
The resulting samples were sent for LC-MS/MS-based 
label-free quantitation detection (Agilent 6460 Triple 
Quadrupole LC/MS), and three biological replicates were 
performed. The proteins were identified by searching the 
human UniProt database using MaxQuant software, and 
the Label-Free Quantitation (LFQ) algorithm was used 
for quantitative analysis.

Flow cytometry
Flow cytometry was performed to assess efferocyto-
sis, as described in previous studies [36]. The procedure 
involved the pre-incubation of BMDMs with 10  µg/ml 
CT26-EVs or MC38-EVs for 24 h, while the control group 
was treated with PBS. Then, both the control and EVs-
treated BMDMs were incubated with apoptotic tumor 
cells in a 1:3 ratio for 4 h. After being washed with PBS, 
the cells were collected and stained with APC-F4/80 anti-
body (Multi Sciences, AM048005) for 30 min to label the 
BMDMs. The APC and GFP double-positive BMDMs 
were then analyzed using flow cytometry. The percentage 
of GFP-positive cells within the APC-positive population 
was calculated using FlowJo v10.6.2 software.

Confocal immunofluorescence
The BMDMs were cultured in 12-well glass-bottomed 
dishes for 7 days. Prior to the efferocytosis assay, the 
BMDMs were pre-incubated for 24  h with 10  µg/ml of 
either CT26-EVs or MC38-EVs, while the control group 
was given PBS. Afterwards, the control and EVs-treated 
BMDMs were incubated with apoptotic tumor cells in a 
1:3 ratio for 4 h. The cells were then washed three times 
with PBS and fixed with 4% paraformaldehyde for 15 min 
at room temperature. The cells were permeabilized with 
0.3% Triton X-100 in PBS for 15 min, followed by block-
ing with 3% BSA in PBS for 0.5 h at room temperature. 
The BMDMs were then incubated with F4/80 antibody 
(Santa Cruz Biotechnology, sc-377,009) overnight at 
4 °C and later with APC-conjugated secondary antibody 
(HuaAn Biotechnology, HA1127) for 2  h at room tem-
perature. The cells were finally mounted with a mounting 
medium containing DAPI (Solarbio, S2110) and imaged 

using confocal fluorescence microscopy. The efferocy-
tosis rate of apoptotic tumor cells in the BMDMs was 
quantified using Zen Pro and ImageJ software.

To confirm the internalization of the CRC-EVs into 
the BMDMs, the CT26-EVs and MC38-EVs were labeled 
with PKH67 Green Fluorescent Cell Linker Mini Kit (flu-
orescence, PKH67). The EVs were stained for 20 min as 
per the instructions and then added to the BMDMs for 
30  min. The cells were permeabilized with 0.3% Triton 
X-100 in PBS for 15 min, followed by blocking with 3% 
BSA in PBS for 0.5 h. The BMDMs were incubated with 
the F4/80 antibody overnight at 4 °C, followed by incuba-
tion with APC-conjugated secondary antibody for 2 h at 
room temperature. Finally, the cells were mounted with 
a mounting medium containing DAPI and imaged using 
confocal fluorescence microscopy.

RNA extraction and quantitative real-time PCR
To extract RNA, the treated cells were lysed with Trlquick 
reagent (R1100, Solarbio), and total RNA was obtained 
through a series of centrifugations according to the speci-
fied protocol. The concentration of the extracted RNA 
was determined by measuring the spectrophotometric 
absorption at 260/280 nm. The RNA was then reverse-
transcribed into cDNA using the 5 × Evo M-MLV RT 
Master Mix (AG11706, Accurate Biology), with reaction 
conditions of 37°C for 15 minutes and 85°C for 5 seconds. 
The resulting cDNA was diluted in water, and 10 ng was 
used for each quantitative RT-PCR (qRT-PCR) analysis. 
The qRT-PCR was carried out using a 2x Taq Pro Uni-
versal SYBR qPCR Master Mix (Q712-02, Vazyme) under 
the following conditions: 95°C for 30 seconds, followed 
by 95°C for 10 seconds and 60°C for 30 seconds, repeated 
for 40 cycles. The primers used for gene amplification 
were: MFGE8, forward 5’- ​A​G​A​T​G​C​G​G​G​T​A​T​C​A​G​G​T​
G​T​G​A-3’ and reverse 5’- ​G​G​G​G​C​T​C​A​G​A​A​C​A​T​C​C​G​T​
G-3’; and GAPDH, forward 5’- ​C​A​T​C​A​C​T​G​C​C​A​C​C​C​A​
G​A​A​G​A​C​T​G-3’ and reverse 5’- ​A​T​G​C​C​A​G​T​G​A​G​C​T​T​C​
C​C​G​T​T​C​A​G-3’. The fold change was calculated using the 
ΔΔ threshold cycle method, normalized to the control 
group.

CRISPR-Cas9 RNP nucleofection for Mfge8 knockout
In this study, we employed CRISPR-Cas9 ribonucleopro-
tein (RNP) nucleofection to knock out Mfge8 in CT26 
and MC38 cells, following a previously established pro-
tocol [37]. To achieve this, we obtained two guide RNAs 
(gRNAs) from the GenScript Company (Nanjing, China), 
which were designed to target the mouse Mfge8 gene. 
The sequences for the gRNAs were Mfge8-gRNA1: ​T​G​
G​C​T​C​G​T​C​T​G​T​A​C​C​G​C​A​C​A​G​G, and Mfge8-gRNA2: ​T​
A​C​C​C​T​G​T​T​T​C​G​T​G​C​C​A​C​C​G​C​G​G. Prior to nucleo-
fection, 0.5  µl of gRNA1 and 0.5  µl of gRNA2 (3.2  µg/
µl) were mixed with 0.5  µl of spCas9 protein (from 
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Integrated DNA Technologies, Iowa, USA) and allowed 
to form an RNP complex at room temperature for 10 min 
(up to 1 h). A control group was included, in which the 
gRNA mixture was nucleofected without the spCas9 
protein.

We utilized the P3 Primary Cell 4D-Nucleofector™ X 
Kit (Lonza, Switzerland) to perform nucleofection as 
per the manufacturer’s instructions. The cells were tryp-
sinized, washed with PBS twice, and 200,000 cells were 
collected and suspended in 20 µl of Nucleofector™ Solu-
tion. The cell suspension was then mixed with the RNP 
complex. The nucleofection was carried out using the 
Lonza 4D-nucleofector, and the cells were transferred to 
a 12-well plate containing pre-warmed culture medium. 
All cells were harvested 48 hours after nucleofection for 
further analysis, which included DNA genotyping and 
qPCR. The primers used for Mfge8 genotyping after the 
knockout were Mfge8-scr-F: 5’-​G​A​T​G​G​T​C​A​C​T​G​T​C​T​C​
C​C​T​G​C-3’ and Mfge8-scr-R: 5’-​C​A​T​G​G​C​A​G​A​C​A​G​C​A​
C​A​T​A​A​C​T​G-3’.

In vivo study of peritoneal macrophage efferocytosis
In this study, we measured the percentage of tumor cells 
phagocytosed by peritoneal macrophages in mice, fol-
lowing intraperitoneal injection of apoptotic CT26 or 
MC38 cells. The method used was previously described 
[38]. Mice of 12 weeks old were given intraperitoneal 
injections of CT26-EVs or MC38-EVs at a dose of 50 µg 
per mouse in 200 µl of PBS for a period of 24 h. The con-
trol group received injections of PBS without EVs. Later, 
2 × 106 apoptotic CT26 or MC38 cells in 1 ml PBS were 
intraperitoneally injected into the mice. After 4  h, the 
mice were humanely euthanized, and a peritoneal lavage 
was performed using 50  ml of sterile PBS. The isolated 
cells were then stained with an APC-F4/80 antibody. The 
final step involved analysis of the percentage of peritoneal 
macrophage phagocytosis of the apoptotic tumor cells by 
flow cytometry. All animal procedures were approved by 
the Institutional Animal Care and Use Committees of 
Sun Yat-sen University.

Statistical analysis
The statistical analysis was conducted using Graph-
Pad Prism v.8.0. The results were presented as the 
mean ± standard error of mean (SEM) from a specified 
number of experiments. Statistical comparison was car-
ried out using a one-way analysis of variance (ANOVA) 
with Tukey post-hoc test or an unpaired two-tailed Stu-
dent’s t-test, and a P-value less than 0.05 was considered 
statistically significant.

Results
Macrophage efferocytosis of cisplatin-induced apoptotic 
CRC cells
We exposed the colorectal cancer (CRC) cells including 
CT26 and MC38 cells to cisplatin doses ranging from 0 
to 45 µM for 48 h, and as seen in Fig. 1A and B, cisplatin 
induced apoptosis in the CT26 and MC38 cells in a dose-
dependent manner. When treated with 45 µM cisplatin, 
the apoptosis rate was approximately 83.3% and 84.8% for 
the CT26 and MC38 cells, respectively. To further inves-
tigate the efferocytotic rate, we established CT26 and 
MC38 cell lines with stable GFP expression. By select-
ing GFP-positive monoclonal cells for expansion culture, 
over 90% of GFP-CT26 and GFP-MC38 cells displayed 
green fluorescence as seen in Figures S1A and S1B. Flow 
cytometry showed that the green fluorescence percent-
age of GFP-CT26 and GFP-MC38 cells was about 90% 
(Fig. 1C and D). We found that the growth status of GFP 
cells was identical to that of wild-type cells, so we treated 
the GFP cells with 45 µM cisplatin for 48 h to construct 
apoptotic tumor cells for later experiments.

Previous studies have demonstrated that macrophages 
can engulf apoptotic tumor cells during co-culture [36]. 
In this study, we added apoptotic CT26 or MC38 cells 
to BMDMs for 4 h and then collected the cells for F4/80 
staining and flow cytometry analysis. The gating strat-
egy for cell population analysis is shown in Supplemen-
tary Figure S2A, in which the F4/80 positive population 
is represented as macrophages. As seen in Fig. 1E and F, 
BMDMs efferocytosis of approximately 28% of apoptotic 
GFP-CT26 or GFP-MC38 cells after 4  h of co-culture. 
This model effectively showed that macrophages have the 
capability to perform efferocytosis on cisplatin-induced 
apoptotic CRC cells.

CRC-EVs promoted macrophage efferocytosis
CRC cells including CT26 and MC38 -derived extracel-
lular vesicles (represented as CT26-EVs and MC38-EVs) 
were isolated from the culture medium using multi-step 
ultracentrifugation. Electron microscopy images showed 
that the CT26 and MC38 EVs had the typical “cup-sharp” 
shape (Fig. 2A), and their diameters were 80.33 ± 7.87 nm 
and 73.67 ± 6.22  nm respectively (Fig.  2A). Additionally, 
nano-flow cytometry showed the diameters of CT26 and 
MC38 EVs to be 82.94 ± 3.21  nm and 83.08 ± 2.64  nm, 
with concentrations of 2.87 ± 0.59 × 1010/ml and 
2.48 ± 0.12 × 1010/ml respectively (Fig.  2B). Western blot 
analysis demonstrated that CT26 and MC38 EVs were 
enriched with CD9, CD81, and TSG101 (small EV posi-
tive markers), but lacked Mitofilin (a small EV negative 
marker) (Fig.  2C). These results suggest that the CT26 
and MC38 EVs isolated using multi-step ultracentrifuga-
tion were mainly small EVs, also known as exosomes.
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Fig. 1  Macrophage efferocytosis of cisplatin-induced apoptotic CRC cells. (A and B) The apoptosis rates of CT26 and MC38 cells after exposure to cispla-
tin at concentrations of 0, 15, 30, or 45 µM for 48 h were determined by Annexin V and PI double staining and flow cytometry analysis. (C and D) Stable 
expression of GFP in CT26 and MC38 cells was established and verified by flow cytometry analysis of the percentage of the GFP + population. (E) The 
efferocytosis rate was evaluated by staining BMDMs with APC-F4/80 antibody after treatment with cisplatin-induced apoptotic GFP-CT26 cells (1:3 ratio 
for 4 h). The rate was determined by analyzing the percentage of the GFP + population in the APC-F4/80 + population via flow cytometry. (F) The effero-
cytosis rate was calculated by analyzing the percentage of the GFP + population in the APC-F4/80 + population after treatment with cisplatin-induced 
apoptotic GFP-MC38 cells (1:3 ratio for 4 h). Data was shown in mean ± SEM of n = 3 independent experiments per condition. **P < 0.01. Student’s t-test
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Fig. 2 (See legend on next page.)
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To observe the interaction between EVs and macro-
phages, we labeled the EVs with PKH67 and the macro-
phages with F4/80. Confocal fluorescence microscopy 
showed that the EVs were absorbed into the macro-
phages’ cytoplasm, indicating internalization (Fig.  2D). 
To assess the effect of CRC-EVs on macrophage efferocy-
tosis, BMDMs were treated with 10 µg/ml of CT26-EVs 
for 24 h, and then co-cultured with apoptotic CT26 cells 
at a ratio of 1:3 for 4 h. As shown in Fig. 2E, the efferocy-
tosis of apoptotic CT26 cells was significantly increased 
in the CT26-EVs treatment compared to the vehicle 
group. Similarly, MC38-EVs also increased the abil-
ity of BMDMs to efferocytosis of apoptotic MC38 cells 
(Fig.  2F). Confocal fluorescence microscopy revealed 
a significant increase in the number of apoptotic cells 
undergoing efferocytosis in the treatment groups (CT26-
EVs and MC38-EVs), compared to the vehicle group 
where only a few apoptotic cells were observed to be 
undergoing efferocytosis (Fig. 2G and H). Calculating the 
percentage of macrophages involved in efferocytosis con-
firmed that both CT26-EVs and MC38-EVs significantly 
enhanced the macrophage efferocytosis ability (Fig.  2G 
and H). These results demonstrated that CRC-EVs can 
effectively enhance the macrophage efferocytosis of cispl-
atin-induced apoptotic CRC cells.

CRC-EVs carried MFGE8 to promote macrophage 
efferocytosis
To determine the presence of cargo proteins in CRC-EVs 
that promoted macrophage efferocytosis, we conducted 
mass spectrometry-based proteomic analysis of proteins 
isolated from CT26-EVs. The full list of proteins discov-
ered in CT26-EVs can be found in the supplementary 
material “CT26-EVs MS Proteomic Data”. The top 30 
most abundant proteins were displayed in Fig.  3A, and 
among them, we found that MFGE8 was the only mol-
ecule linked to efferocytosis. To verify the expression 
of MFGE8 in CRC-EVs, we performed a western blot 
analysis and found that MFGE8 was expressed not only 
in whole cell lysis but also in CT26-EVs and MC38-EVs 

(Fig.  3B and C). To further study the role of MFGE8 in 
CRC-EVs, we constructed MFGE8-knockout CT26 and 
MC38 cells (represented as CT26-MFGE8KO and MC38-
MFGE8KO) using the CRISPR-Cas9 gene editing system. 
We then amplified the culture of monoclonal cells, which 
was confirmed by PCR (Fig. S3A). The mRNA and pro-
tein expression of MFGE8 were then determined using 
western blot and RT-qPCR, and as expected, MFGE8 was 
not detected in CT26-MFGE8KO and MC38-MFGE8KO 
cells (Fig. 3D and E, and S3B).

The EVs isolated from CT26-MFGE8KO and MC38-
MFGE8KO cells were identified by nano-flow cytometry 
and western blot. The diameters of CT26-MFGE8KO-
EVs and MC38-MFGE8KOEVs were around 80 nm, and 
the concentrations of CT26-EVs and MC38-EVs were 
3.03 ± 0.50 × 1010/ml and 3.67 ± 0.74 × 1010/ml, respectively 
(Fig. S3C). Both CT26-EVs and MC38-EVs were found 
to be enriched with CD9, CD81, and TSG101 (small EV 
positive markers), but not Mitofilin (a small EV negative 
marker), indicating that the MFGE8 knockout did not 
affect EV release in CT26 and MC38 cells.

To examine the impact of MFGE8-deficient EVs on 
macrophage efferocytosis, we exposed BMDMs to the 
same concentration (10  µg/ml) of CT26-EVs or CT26-
MFGE8KOEVs for 24  h, followed by the addition of 
apoptotic CT26 cells for 4  h. The efferocytosis rate of 
apoptotic CT26 cells was significantly reduced in the 
CT26-MFGE8KOEVs treatment group compared to the 
CT26-EVs treatment group (Fig.  3F). The efferocytosis 
of apoptotic cells in the CT26-MFGE8KOEVs treatment 
group was also significantly lower than in the CT26-EVs 
treatment group, as demonstrated by immunofluores-
cence images (Fig. 3G). The same results were found for 
the efferocytosis of apoptotic MC38 cells, where MFGE8 
knockout diminished MC38-EVs-mediated macrophage 
efferocytosis (Fig. 3H and I).

(See figure on previous page.)
Fig. 2  CRC-EVs promoted macrophage efferocytosis. (A) Electron microscopy images represented the morphology of EVs derived from CT26 and MC38 
cells (CT26-EVs and MC38-EVs), and the sizes of CT26-EVs and MC38-EVs were determined using electron microscopy. (B) The size and concentration of 
CT26-EVs and MC38-EVs were analyzed using nano-flow cytometry. (C) Small EV markers (CD9, CD81, and TSG101) and the large EV marker (Mitofilin) were 
identified through western blot analysis in CT26-EVs and MC38-EVs. (D) Immunofluorescence images demonstrating the uptake of PKH67-labeled CRC-
EVs by BMDMs were shown. The statistics represent the mean grayscale values of EVs within cells. (E to H) BMDMs were exposed to Vehicle (PBS), CT26-EVs 
(10 µg/ml), or MC38-EVs (10 µg/ml) for 24 h. Then, BMDMs were treated with cisplatin-induced apoptotic CT26 or MC38 cells in a 1:3 ratio for 4 h. BMDMs 
were stained with APC-F4/80 antibody and the efferocytosis rate was measured by determining the percentage of BMDMs that had efferocytosis of 
apoptotic tumor cells using flow cytometry or confocal fluorescence microscopy. (E) The percentage of BMDMs that had efferocytosis of apoptotic CT26 
cells after exposure to Vehicle or CT26-EVs was analyzed using flow cytometry. (F) The efferocytosis rate of BMDMs after exposure to Vehicle or MC38-EVs 
was determined by flow cytometry. (G) Confocal microscopy was used to analyze the percentage of BMDMs that had efferocytosis of cisplatin-induced 
apoptotic CT26 cells after exposure to Vehicle or CT26-EVs. (H) The efferocytosis rate of BMDMs after exposure to Vehicle or MC38-EVs was analyzed 
using confocal microscopy. The efferocytosis percentage, as measured by the confocal fluorescence microscope described above, refers to the ratio of 
macrophages engulfing green fluorescence to all red-stained macrophages. All statistical graph was generated based on immunofluorescence images 
obtained from three independent replicate experiments, with an average calculated from three random fields for each experimental group. Data was 
shown in mean ± SEM of n = 3–10 independent experiments per condition. *P < 0.05 or **P < 0.01. Student’s t-test
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Fig. 3  CRC-EVs carried MFGE8 to promote macrophage efferocytosis. (A) The histogram demonstrating the top 30 proteins with the highest concentra-
tion in the CT26-EVs proteomic analysis. (B and C) The MFGE8 expression in the whole cell lysates and the released EVs from CT26 and MC38 cells was 
measured by western blotting. (D and E) The protein expression of MFGE8 in CT26 and MC38 cells with MFGE8 knockouts was analyzed using western 
blotting. (F and G) BMDMs were treated with Vehicle (PBS), CT26-EVs (10 µg/ml) or MFGE8 knockout CT26-EVs (10 µg/ml) for 24 h, and then with apoptotic 
CT26 cells in a 1:3 ratio for 4 h. The percent of BMDMs that efferocytosis of the apoptotic CT26 cells was assessed by flow cytometry (F) and confocal 
fluorescence microscopy (G). (H and I) BMDMs were treated with PBS (control), MC38-EVs, or MFGE8 knockout MC38-EVs for 24 h and then with apoptotic 
MC38 cells for 4 h. The percent of BMDMs that efferocytosis of the apoptotic MC38 cells was measured by flow cytometry (H) and confocal fluorescence 
microscopy (I). The efferocytosis percentage, determined using the confocal fluorescence microscope described above, represents the proportion of 
macrophages engulfing green fluorescence to all red-stained macrophages. All statistical graphs were generated from immunofluorescence images 
obtained from three independent replicate experiments, with an average calculated from three random fields for each experimental group. Data was 
shown in mean ± SEM of n = 3–6 independent experiments per condition. *P < 0.05 or **P < 0.01. Student’s t-test or one-way ANOVA with Tukey post-hoc 
comparisons
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High expression of MFGE8 in CRC is associated with poor 
prognosis
The above data demonstrated that MFGE8 carried in 
CRC-EVs can participate in promoting macrophage effe-
rocytosis of cisplatin-induced apoptotic CRC cells. Given 
that enhanced efferocytosis by macrophages is known 
to promote the progression of CRC, we sought to inves-
tigate whether the expression of MFGE8 in CRC is cor-
related with the clinical progression of CRC patients. 
Following an analysis of data from The Cancer Genome 
Atlas (TCGA) database (see Supplementary Materials - 
CRC patients MFGE8), we identified a total of 597 CRC 
patients, of which 473 (79.2%) had deceased, and 124 
(20.8%) were alive (Fig. 4A). Among them, 275 were male 
(46.1%), and 322 were female (53.9%) (Fig. 4B). The best 
expression cutoff for FPKM (Fragments Per Kilobase of 
transcript per Million mapped reads) was determined 
to be 10.75, classifying patients with MFGE8 FPKM 
greater than 10.75 as high-expression CRC patients and 
those with MFGE8 FPKM less than 10.75 as low-expres-
sion CRC patients (Fig. 4C). The distribution of patients 
across different stages was represented in Fig.  4D, with 
the majority being in stage IIa. Survival analysis based on 
the relationship between MFGE8 expression and survival 
rates revealed that CRC patients with high expression of 
MFGE8 exhibited significantly lower survival rates, indi-
cating a pronounced association with poor prognosis 
(Fig. 4E).

MFGE8 in CRC-EVs upregulated macrophage αvβ3 
expression
The protein MFGE8 has been shown to bind to the inte-
grin αvβ3, activating the STAT3 signaling pathway and 
leading to increased macrophage efferocytosis [39]. To 
determine if CRC-EVs modulated macrophage effero-
cytosis through the αvβ3, we pre-treated BMDMs with 
Cyclo(-RGDfK), a specific inhibitor of integrin αvβ3. The 
results showed that only Cyclo(-RGDfK) did not impact 
efferocytosis of apoptotic tumor cells by macrophages, 
but when combined with CT26-EVs or MC38-EVs, it 
reversed the efferocytosis effect induced by the CRC-EVs 
(including CT26-EVs and MC38-EVs) (Fig. 5A and B).

We then determined whether CRC-EVs could affect 
the expression of αvβ3 in macrophages. We found that 
CRC-EVs (including CT26-EVs and MC38-EVs) induced 
macrophages cell surface αvβ3 expression up-regulation 
(Fig. 5C and D). When knock-out of MFGE8 in CRC-EVs 
(including CT26-MFGE8KOEVs and MC38-MFGE8KO-
EVs), the expression of αvβ3 significantly down-regula-
tion compared to CRC-EVs (Fig. 5C and D). We further 
utilized PKH67 labeling to trace CRC-EVs and investi-
gated their co-localization with αvβ3. As shown in Fig. 5E 
and F, we found that CRC-EVs (CT26-EVs and MC38-
EVs) induced an increase in the expression of αvβ3 and 

promoted co-localization of CRC-EVs with αvβ3 in 
macrophages. Furthermore, knock-out of MFGE8 in 
CRC-EVs (including CT26-MFGE8KOEVs and MC38-
MFGE8KOEVs) led to a significant decrease in αvβ3 
expression and reduced co-localization of CRC-EVs with 
αvβ3 in macrophages compared to wild-type CRC-EVs 
(Fig.  5E and F). Thus, we demonstrated that CRC-EVs 
have the capability to bind to αvβ3, while MFGE8-defi-
cient CRC-EVs showed a marked decrease in their 
binding to αvβ3. It suggests that MFGE8 plays a role in 
facilitating CRC-EVs interaction with αvβ3.

MFGE8 promoted macrophage efferocytosis through 
activation of αvβ3-STAT3 signaling pathway
Previous studies have indicated that MFGE8 engages 
with macrophages by bridging integrin αvβ3 on their 
surface with phosphatidylserine (PS) present on apop-
totic cells. This interaction leads to the phosphorylation 
and activation of Src and focal adhesion kinase (FAK). 
Activated FAK further triggers the activation of STAT3, 
facilitating cytoskeletal rearrangement, cell motility, and 
the formation of phagocytic vesicles, thereby complet-
ing the process of efferocytosis [39–41]. Therefore, we 
determined to investigate whether MFGE8 carried by 
CRC-EVs activates the Src-FAK-STAT3 signaling path-
way through αvβ3 in macrophages. The results indicated 
that both CT26-EVs and MC38-EVs upregulated the 
phosphorylation of Src, FAK, and STAT3. Conversely, 
MFGE8-deficient EVs failed to induce phosphorylation of 
Src, FAK, and STAT3 (Fig. 6A and F). Additionally, treat-
ment with Cyclo(-RGDfK), an inhibitor of αvβ3 integrin, 
effectively inhibited the phosphorylation and activation 
of Src, FAK, and STAT3 induced by CT26-EVs or MC38-
EVs (Fig. 6A and F).

To confirm the role of STAT3 in mediating the effe-
rocytosis effect of CRC-EVs on macrophages, we pre-
treated BMDMs with Stattic, a phosphorylation inhibitor 
of STAT3, and found that it blocked the efferocytosis 
enhancement by CT26-EVs or MC38-EVs (Fig.  6G and 
H). To further confirm the role of STAT3 activation in 
promoting CRC-EVs-mediated macrophage efferocyto-
sis, we treated MFGE8-knockout CRC-EVs (including 
CT26-MFGE8KOEVs and MC38-MFGE8KOEVs) with 
the STAT3 agonist Colivelin. As shown in Fig.  6I and J, 
there was a significant increase in the percentage of mac-
rophage efferocytosis. These data suggest that MFGE8 
in CRC-EVs activated the phosphorylation of STAT3 
in macrophages through the αvβ3-Src-FAK signaling 
pathway.

MFGE8 in CRC-EVs enhanced peritoneal macrophage 
efferocytosis
The aforementioned in vitro experiments have pro-
vided comprehensive evidence that CRC-EVs containing 
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Fig. 4  High expression of MFGE8 in CRC is associated with poor prognosis. (A-B) The alive-to-death ratio (A) and gender distribution (B) among a total 
of 597 CRC patients from the TCGA (The Cancer Genome Atlas) database. (C) CRC patients with MFGE8 FPKM values greater than 10.75 were categorized 
as high MFGE8 expression, while those with FPKM values less than 10.75 were categorized as low MFGE8 expression. (D) Distribution of patients across 
different clinical stages, including stages I-IV and N/A (not staged). (E) Survival regression curves were represented for CRC patients with high and low 
MFGE8 expression
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Fig. 5  MFGE8 in CRC-EVs upregulated macrophage αvβ3 expression. (A and B) BMDMs were treated with Vehicle (DMSO), 20 µM Cyclo(-RGDfK), 10 µg/
ml CRC-EVs (CT26-EVs or MC38-EVs), or 10 µg/ml CRC-EVs combined with 20 µM Cyclo(-RGDfK) for 24 h. Then, the BMDMs were exposed to cisplatin-
induced apoptotic tumor cells in a 1:3 ratio for 4 h, and the efferocytosis percentage of the apoptotic tumor cells by the BMDMs was analyzed using 
flow cytometry. (C and D) BMDMs were treated with either Vehicle (PBS), 10 µg/ml CRC-EVs (CT26-EVs or MC38-EVs), or 10 µg/ml CRC-MFGE8KOEVs 
(CT26-MFGE8KOEVs or MC38-MFGE8KOEVs) for 24 h. The cell surface expression of αvβ3 on BMDMs was subsequently assessed using flow cytometry. (E 
and F) BMDMs were exposed to Vehicle (PBS), 10 µg/ml PKH67-labeled CRC-EVs (CT26-EVs or MC38-EVs), or 10 µg/ml PKH67-labeled CRC-MFGE8KOEVs 
(CT26-MFGE8KOEVs or MC38-MFGE8KOEVs) for 24 h. Following treatment, αvβ3 on BMDMs was stained with an αvβ3 antibody, and the co-localization 
of PKH67-labeled EVs and αvβ3 was measured using confocal microscopy. The intensity of αvβ3 fluorescence expression is assessed by computing the 
mean value of each image, while the co-localization ratio of PKH67-labeled EVs and αvβ3 is determined by comparing the overlapping fluorescence areas 
of PKH67-labeled EVs and αvβ3 to the total fluorescence area of αvβ3. All statistical graphs were derived from immunofluorescence images acquired 
from three independent replicate experiments, with averages computed from three random fields for each experimental group. Data was shown in 
mean ± SEM of n = 3–4 independent experiments per condition. *P < 0.05 or **P < 0.01. One-way ANOVA with Tukey post-hoc comparisons
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Fig. 6  MFGE8 in CRC-EVs promoted macrophage efferocytosis through αVβ3-STAT3 signaling pathway. (A to F) BMDMs were treated with PBS (Control), 
10 µg/ml CRC-EVs (CT26-EVs or MC38-EVs), 10 µg/ml MFGE8KOEVs, or 10 µg/ml CRC-EVs combined with 20 µM Cyclo(-RGDfK). The expression of phos-
phorylated Src (p-Src), total Src (t-Src), phosphorylated FAK (p-FAK), total FAK (t-FAK), phosphorylated STAT3 (p-STAT3), total STAT3 (t-STAT3) was measured 
by western blot. (G and H) BMDMs were treated with Vehicle (DMSO), 10 µM Stattic, 10 µg/ml CRC-EVs (CT26-EVs or MC38-EVs), or 10 µg/ml CRC-EVs 
combined with 10 µM Stattic (Stattic was added 30 min before EV treatment) for 24 h, followed by exposure to cisplatin-induced apoptotic tumor cells for 
4 h. The efferocytosis percentage was analyzed by flow cytometry. (I and J) BMDMs were treated with Vehicle (DMSO), 20 µM Colivelin, 10 µg/ml CRC-EVs 
(CT26-EVs or MC38-EVs), or 10 µg/ml CRC-EVs combined with 20 µM Colivelin for 24 h, followed by exposure to cisplatin-induced apoptotic tumor cells 
for 4 h. The efferocytosis percentage was analyzed by flow cytometry. Data was shown in mean ± SEM of n = 3–4 independent experiments per condition. 
*P < 0.05 or **P < 0.01. One-way ANOVA with Tukey post-hoc comparisons
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MFGE8 enhance macrophage efferocytosis by activating 
the αvβ3-STAT3 signaling pathway. To further substan-
tiate these findings, we conducted the in vivo animal 
experiments. Initially, we administered CRC-EVs (includ-
ing CT26-EVs and MC38-EVs) via intraperitoneal injec-
tion to ascertain whether they could prompt activation of 
the macrophage αvβ3-STAT3 signaling pathway in vivo. 
As shown in Fig. 7A and D, we found that intraperitoneal 
injection of CRC-EVs led to an increase in the expression 
of αvβ3 (as indicated by the percentage of APC-αvβ3-
positive population within FITC-F4/80-positive popula-
tion analyzed through flow cytometry, Fig. 7A and B) and 
elevated phosphorylation levels of STAT3 (measured by 
the immunofluorescence intensity of p-STAT3 in F4/80 
staining using confocal microscopy, Fig.  7C and D) in 
peritoneal macrophages of mice. Conversely, administra-
tion of CRC-MFGE8KOEVs (both CT26-MFGE8KOEVs 
and MC38-MFGE8KOEVs) failed to induce upregulation 
of αvβ3 and p-STAT3 levels. This consistent evidence 
suggests that in vivo, CRC-EVs containing MFGE8 acti-
vate the macrophage αvβ3-STAT3 signaling pathway 
(Fig. 7A and D). To further confirm the pro-efferocytosis 
effect of CRC-EVs in vivo, the mice were given an intra-
peritoneal injection of either CRC-EVs or PBS (Vehicle) 
for 24 h, followed by an intraperitoneal injection of apop-
totic CRC cells for 4 h (Fig. 7E). We then collected peri-
toneal lavage cells and stained them with APC-F4/80 to 
identify the peritoneal macrophage population (Fig. 7E). 
As seen in Fig.  7F, compared to the Vehicle group, the 
administration of CT26-EVs significantly increased the 
efferocytosis of cisplatin-induced apoptotic CT26 cells 
by peritoneal macrophages. In addition, the efferocytosis 
percentage of apoptotic cells in the CT26-MFGE8KOEVs 
treatment group was significantly lower compared to the 
CT26-EVs treatment group (Fig. 7F). The same result was 
found in the treatment of MC38-EVs, where the perito-
neal macrophage efferocytosis of cisplatin-induced apop-
totic cells was enhanced, but the effect was diminished 
in the absence of MFGE8 in MC38-EVs (Fig. 7G). These 
results suggest that CRC-EVs enhance the efferocytotic 
ability of peritoneal macrophages in vivo and that the 
pro-efferocytosis effect is due to the presence of MFGE8 
in CRC-EVs. These in vivo results are consistent with our 
in vitro findings.

Discussion
It is well known that the cytotoxic effects of chemother-
apy induce apoptosis in CRC cells, leading to the release 
of a significant amount of pro-inflammatory factors. Mac-
rophages play a crucial role in engulfing apoptotic cells 
and maintaining tissue balance [42]. These approaching 
macrophages recognize the chemoattractants, such as 
lipids, proteins, and peptides, that are released by apop-
totic cells [43]. The “eat-me” signals in apoptotic cells 

are identified by the efferocytosis-related receptors on 
macrophages, enabling them to carry out their phago-
cytic function [43]. This leads to cytoskeletal rearrange-
ment in phagocytes, cell mobilization, and the formation 
of phagosomes to complete the phagocytic process [44]. 
Efferocytosis is accompanied by the secretion of anti-
inflammatory cytokines such as TGF-β, IL-10, and PGE2, 
while the production of pro-inflammatory cytokines 
such as IL-1β, TNF-α, and IL-12 is suppressed [19]. It is 
worth noting that efferocytosis promotes the polariza-
tion of macrophages towards the tumor-promoting M2 
phenotype [36]. Efferocytosis-related receptors, such as 
MerTK and AXL, have been found to play a role in pro-
moting tumor progression. Such as Yan et al. discovered 
that MerTK activation was responsible for osimertinib 
resistance in EGFR-mutant non-small cell lung cancer 
[45]. Lin et al. reported that MerTK-mediated efferocy-
tosis promoted immune tolerance and tumor progres-
sion in osteosarcoma by enhancing M2 polarization and 
PD-L1 expression [25]. Zdżalik-Bielecka et al. found 
that the GAS6-AXL signaling pathway triggered actin 
remodeling that drove membrane ruffling, macropino-
cytosis, and cancer-cell invasion [46]. In conclusion, effe-
rocytosis dampens chemotherapy-induced inflammatory 
responses, hastens injury healing, and promotes tumor 
progression.

In the tumor microenvironment (TME), macrophages 
constitute one of the most abundant immune cell types. 
Within solid tumors, cell death is a prevalent occurrence 
that escalates with cytotoxic treatments like cisplatin. 
The process of macrophages engulfing and clearing dead 
cells, known as efferocytosis, exerts an immunosuppres-
sive influence. Conversely, the uncleared apoptotic cells 
can promote anti-tumor immunity [47]. As efferocytosis 
progresses, macrophages adopt an M2-like phenotype 
[48]. This transition prompts the production of immu-
nosuppressive cytokines such as IL-4, IL-10, IL-13, and 
TGF-β, which recruit FOXP3 + regulatory T cells, effec-
tively suppressing the effector functions of CD4 + and 
CD8 + T cells within the TME [49]. Consequently, effe-
rocytosis contributes to immune tolerance in the TME, 
thus facilitating tumor progression. However, the role 
of macrophages in tumors may exhibit dual character-
istics. Studies have shown that M1 polarization in CRC 
promotes the expression of galectin-3, enhancing mac-
rophage infiltration and sensitizing immune responses 
against tumor cells [50]. Furthermore, M1 macrophage 
polarization induces the production of pro-inflamma-
tory cytokines such as TNF, IFN, and IL-1 in the TME 
of CRC, recruiting cytotoxic immune cells like CD8 + T 
cells and natural killer cells, thereby exerting anti-tumor 
effects [51]. Recently, we have known that extracellular 
vesicles (EVs) as a crucial intercellular communicator in 
TME [52]. Despite macrophages primarily assuming an 
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Fig. 7  MFGE8 in CRC-EVs enhanced peritoneal macrophage efferocytosis. (A-D) 12-week-old C57BL/6 mice were intraperitoneally administered Vehicle 
(200 µl PBS), CT26-EVs (50 µg per mouse in 200 µl PBS), or CT26-MFGE8KOEVs (50 µg per mouse in 200 µl PBS) for 24 h. The animal experiment was divided 
into three groups, with each group representing an independent replicate experiment using one mouse per group. (A-B) Peritoneal cells were obtained 
from peritoneal lavage and stained with FITC-F4/80 and APC-αvβ3. Flow cytometry was employed to analyze the percentage of APC-αvβ3 positive 
population in the FITC-F4/80 positive peritoneal macrophage population. (C-D) Peritoneal cells were obtained from peritoneal lavage and stained with 
p-STAT3 and F4/80. Confocal microscopy was used to measure the intensity levels of p-STAT3 fluorescence in peritoneal macrophages expressing F4/80 
fluorescence. All immunofluorescence images were acquired from three to four independent replicate experiments, with averages computed from three 
random fields for each experimental group. (E) Schematic illustration of how CRC-EVs enhance the efferocytosis of apoptotic tumor cells by peritoneal 
macrophages in mice. This experiment is divided into four groups, with one mouse per group, and a total of three independent repeated experiments 
are conducted. (F) C57BL/6 mice, aged 12 weeks, were intraperitoneally administered Vehicle (200 µl PBS), CT26-EVs (50 µg per mouse in 200 µl PBS), or 
CT26-MFGE8KOEVs (50 µg per mouse 200 µl PBS) for 24 h. After that, they were injected intraperitoneally with 2 × 106 cisplatin-induced apoptotic GFP-
CT26 cells for 4 h. The peritoneal cells were obtained from the peritoneal lavage and stained with APC-F4/80 antibody. The flow cytometry was used to 
analyze the proportion of peritoneal macrophages that efferocytosis of apoptotic GFP-CT26 cells (the percentage of GFP + cells in the APC + cell popula-
tion). (G) C57BL/6 mice were intraperitoneally given Vehicle (200 µl PBS), MC38-EVs (50 µg per mouse in 200 µl PBS), or MC38-MFGE8KOEVs (50 µg per 
mouse in 200 µl PBS), followed by an intraperitoneal injection of cisplatin-induced apoptotic GFP-MC38 cells. The efferocytosis rate was determined by 
flow cytometry. Data was shown in mean ± SEM of n = 3–4 independent experiments per condition. *P < 0.05 or **P < 0.01. One-way ANOVA with Tukey 
post-hoc comparisons
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immunosuppressive role, EVs derived from macrophages 
exhibit similar anti-tumor properties to their parent cells. 
For instance, CRC-EVs carrying miRNA induce mac-
rophage M2 polarization via activation of the PI3K/Akt 
signaling pathway [53]. Moreover, CRC-EVs induce pro-
grammed death-ligand 1 (PD-L1) expression in tumor-
associated macrophages, facilitating tumor evasion [54]. 
Additionally, EVs from CRC stem cells promote tumor 
initiation by upregulating IL-1β expression to enhance 
neutrophil survival [55]. These findings underscore the 
regulatory impact of CRC-EVs on immune cells within 
the TEM, thereby exerting pro-tumorigenic effects.

An increasing number of studies are showing that EVs 
have pro-efferocytosis and anti-inflammatory effects in 
various diseases. For instance, Mentkowski et al. found 
that EVs from cardiosphere-derived cells enhanced 
efferocytosis and stimulated Arg1-dependent angio-
genesis, making them an immunomodulatory and car-
dioprotective factor in cardiovascular disease [56]. 
Similarly, Gomez-Ferrer et al. found that EVs from HIF-
overexpressed mesenchymal stem cells increased effe-
rocytotic capacity in Crohn’s disease [57]. Zhang et al. 
demonstrated that exosomal miR-16 and miR-21 from 
bone marrow-derived mesenchymal stem cells helped 
alleviate systemic lupus erythematosus by promoting 
efferocytosis [58]. However, there is limited study focused 
on how tumor-derived EVs affect macrophage efferocyto-
sis and then consequently influence tumor progression. 
Wolf-Dennen et al. reported that EVs from metastatic 
osteosarcoma decreased efferocytosis in alveolar macro-
phages [59]. Our previous study has shown that CRC-EVs 
containing HSP70 enhance macrophage phagocytosis by 
upregulating MARCO expression [60]. In this study, we 
found that EVs isolated from CRC (including CT26 and 
MC38) cells enhanced macrophage efferocytosis, which 
is different from the findings of Wolf-Dennen et al. This 
discrepancy might be attributed to variations in the 
tumor type and the conditions under which the EVs were 
isolated.

Efferocytosis, the process of engulfing and clearing 
apoptotic cells, relies on the recognition of “eat me” sig-
nals by engulfing receptors or through bridging mol-
ecules such as MFGE8 [61]. MFGE8 serves as a crucial 
link between apoptotic cells and phagocytes, as dem-
onstrated in a study by Kranich et al. where MFGE8 
secreted by follicular dendritic cells promoted macro-
phage clearance of apoptotic B cells, while MFGE8 dele-
tion resulted in impaired clearance of apoptotic cells and 
accumulation of apoptotic cell debris in germinal centers 
[62]. Another study by Fens et al. showed that MFGE8 
induced angiogenic endothelial cells in tumors to phago-
cytose apoptotic melanoma cells [63]. Soki et al. reported 
that MFGE8 from prostate cancer promoted macro-
phage efferocytosis and also induced an up-regulation 

of MFGE8 in macrophages undergoing efferocytosis 
[36]. Additionally, a recent study on myocardial infarc-
tion revealed that exosomal delivery of MFGE8 from 
mesenchymal stem cells played an opsonizing effect on 
apoptotic cells and enhanced the efferocytotic activity 
of macrophages [38]. Zhao et al. have demonstrated that 
poorer prognosis in colorectal cancer patients with high 
MFGE8 expression. Additionally, the effect of MFGE8 
on colorectal cancer cell migration, invasion, and epithe-
lial-to-mesenchymal transition was found to be partially 
dependent on the PI3K/AKT signaling pathway [33]. 
Another study by Jia et al. indicated a significant increase 
in MFGE8 expression in colorectal cancer compared to 
normal mucosa tissues, with patients exhibiting high 
levels of MFGE8 protein showing shortened overall sur-
vival [32]. Both clinical studies underscored the upregu-
lation of MFGE8 expression in colorectal cancer tumor 
tissues, and patients with high MFGE8 expression had 
poorer prognoses. This is consistent with the findings 
of our study, which further suggests that MFGE8 car-
ried in CRC-EVs may exacerbate the prognosis of CRC 
by enhancing cisplatin resistance through macrophage 
efferocytosis.

In our study, we conducted a mass spectrometry-based 
proteomic analysis of CT26-EVs and found that MFGE8 
had a high abundance. This finding was confirmed by 
immunoblotting, which showed high expression of 
MFGE8 in CRC-EVs. We then used the CRISPR-Cas9 
system to create MFGE8-knockout CRC (CT26 and 
MC38) cells, resulting in MFGE8-deficient CRC-EVs. 
Compared to wild-type CRC-EVs, the MFGE8-deficient 
CRC-EVs did not effectively activate BMDMs to effero-
cytosis of apoptotic tumor cells, a result that was repli-
cated in vivo. MFGE8 knockout significantly reduced 
CRC-EVs-mediated efferocytosis in peritoneal macro-
phages. To understand the molecular mechanism behind 
CRC-EVs regulation of macrophage efferocytosis, we 
focused on the αvβ3-STAT3 signaling pathway. Ren et al. 
reported that the αvβ3-FAK-STAT3 pathway was respon-
sible for activating efferocytosis in acute pancreatitis [39]. 
In our study, we found that MFGE8 carried within CRC-
EVs up-regulated the expression of cell surface αvβ3 on 
macrophages. Subsequent blockade of the αvβ3 receptor 
on macrophages using Cyclo(-RGDfK) effectively inhib-
ited CRC-EVs-induced phosphorylation of Src, FAK, 
and STAT3 in macrophages. This inhibition further pre-
vented CRC-EVs-induced efferocytosis in macrophages. 
The application of Stattic, a specific inhibitor of STAT3 
phosphorylation, also hindered the promotion of mac-
rophage efferocytosis by CRC-EVs, indicating that phos-
phorylated STAT3 mediates this efferocytic process. In 
addition, CRC-EVs lacking MFGE8 failed to activate the 
αvβ3-Src-FAK-STAT3 signaling pathway in macrophages. 
However, treatment with Colivelin, a STAT3 activator, 
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restored the efferocytic function of macrophages, high-
lighting the pivotal role of phosphorylated STAT3 in 
mediating efferocytosis.

It is widely recognized that cisplatin, a type of chemo-
therapy drug, can cause tumor cell death through DNA 
damage [64]. Cisplatin also has anti-tumor immune 
effects, such as increasing the expression of MHC Class 
I molecules, reducing Treg lymphocytes, and attract-
ing immune cells [64]. Although cisplatin has proven 
successful in treating various tumor entities, CRC has 
been shown to be unresponsive to cisplatin, limiting the 
success of treatment [65]. Resistance to cisplatin is fre-
quently observed in tumor cells, and this resistance may 
be intrinsic to certain tumors, such as pancreatic and 
colorectal cancer, or it may develop during the course 
of treatment, as seen in ovarian cancer [65]. The pres-
ence of cisplatin resistance poses a significant challenge 
in achieving therapeutic success in CRC. Understand-
ing the mechanisms underlying this resistance is crucial 
for developing strategies to overcome or circumvent it, 
thereby improving the efficacy of cisplatin-based treat-
ments in CRC. In this study, we elucidated a novel molec-
ular mechanism of cisplatin resistance in CRC. This 
mechanism involves non-apoptotic CRC cells delivering 
MFGE8 through EVs to macrophages. Subsequently, this 
process activates macrophage efferocytosis, leading to 
the clearance of apoptotic tumor cells induced by cispla-
tin. Therefore, this study has revealed a novel mechanism 
by which CRC exhibits resistance to cisplatin treatment 
through the secretion of EVs.

Conclusions
In conclusion, our study highlights the pro-efferocyto-
sis role of MFGE8 in CRC-EVs and demonstrates that 
MFGE8 facilitates macrophage efferocytosis through the 
αvβ3-Src-FAK-STAT3 signaling pathway (Fig.  8). This 
provides new insight into the regulation of macrophage 
function during cisplatin chemotherapy by CRC-EVs. 
The combination of chemotherapy and efferocytotic inhi-
bition may be a promising approach for CRC treatment.
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