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A B S T R A C T   

Background: Immunosuppressive M2 macrophages in the tumor microenvironment (TME) can mediate the 
therapeutic resistance of tumors, and seriously affect the clinical efficacy and prognosis of tumor patients. This 
study aims to develop a novel drug delivery system for dual-targeting tumor and macrophages to inhibit tumor 
and induce macrophage polarization. 
Methods: The anti-tumor effects of methyltransferase like 14 (METTL14) were investigated both in vitro and in 
vivo. The underlying mechanisms of METTL14 regulating macrophages were also explored in this study. We 
further constructed the cyclic (Arg-Gly-Asp) (cRGD) peptide modified macrophage membrane-coated nano-
vesicles to co-deliver METTL14 and the TLR4 agonist. 
Results: We found that METTL14 significantly inhibits the growth of tumor in vitro. METTL14 might down-
regulate TICAM2 and inhibit the Toll-like receptor 4 (TLR4) pathway of macrophages, meanwhile, the combi-
nation of METTL14 and the TLR4 agonist could induce M1 polarization of macrophages. Macrophage membrane- 
coated nanovesicles are characterized by easy modification, drug loading, and dual-targeting tumor and mac-
rophages, and cRGD modification can further enhance its targeting ability. It showed that the nanovesicles could 
improve the in vivo stability of METTL14, and dual-target tumor and macrophages to inhibit tumor and induce 
M1 polarization of macrophages. 
Conclusions: This study anticipates achieving the dual purposes of tumor inhibition and macrophage polarization, 
and providing a new therapeutic strategy for tumors.   

1. Introduction 

Tumor microenvironment (TME) refers to the surrounding micro-
environment of tumor cells, including surrounding cells, signaling 
molecules, and extracellular matrix [1]. A large number of immune cells 
infiltrate the TME, but tumor cells achieve immune escape and change 
the surrounding microenvironment. Therefore, it is necessary to reveal 
the characteristics of TME in tumors, and further develop novel targeted 
anti-tumor strategies to remodel immunosuppressive TME and improve 
the efficacy of tumor treatment. It is of great significance to improve the 
cure and survival rates of tumor patients. So far, there is no effective 
anti-tumor therapy that can both inhibit tumor and regulate TME 
synergistically. 

Tumor associated macrophages (TAM) serve as an important 

participant in tumor immunosuppression [2]. TAMs can be divided into 
two subtypes: M1 type TAMs mainly play an anti-tumor role, while M2 
could promote tumor progression. Based on the functional characteris-
tics of TAMs, inducing polarization of M2 to M1 type is an important 
strategy to remodel TME for tumor therapy [3]. Toll-like receptor (TLR) 
is the most widely studied pattern recognition receptor in the natural 
immune system. TLR4 exists on a variety of cell surfaces, such as mac-
rophages, endothelial cells, epithelial cells, and so on, which plays an 
important role in infiltrating immune cells or tumor cells in TME. The 
intracellular domain of TLR4 is responsible for the recruitment of 
downstream adaptor proteins including myeloid differentiation factor 
88 (MyD88), β interferon-TIR domain adaptor protein (TRIF), and 
TRIF-associated adaptor molecules (TRAM/TICAM2). M1 polarization 
of TAMs could be induced by interferon-γ (IFN-γ) or lipopolysaccharides 
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(LPS) and participate in a series of inflammatory responses [2]. It has 
been reported that TLR agonists might induce M1 polarization of TAMs 
to play an anti-tumor role [4]. Paclitaxel inhibits tumor growth by 
activating the TLR4 signaling pathway to reprogram TAMs into M1 type 
[5]. Therefore, the TLR4 signaling pathway is involved in regulating M1 
polarization of macrophages. However, TLR4 agonists alone have poor 
therapeutic effects on tumors, so it should be used in combination with 
other anti-tumor agents. 

N6-methyladenosine (m6A) has been proved to be one of the most 
common internal chemical modifications in mRNA [6]. The abundance 
and distribution of m6A are regulated by methyltransferases (writers), 
demethylases (erasers), and RNA binding proteins (readers) [7,8]. 
Writers mainly consist of METTL3 and METTL14, and erasers include 
FTO and ALKBH5. Readers include YTHDC1/2, YTHDF1/2/3, 
IGF2BP1/2/3, and HNRNPC [9]. Nowadays, it is indicated that aberrant 
expressions of m6A regulators get involved in the progression of tumors 
[10–13]. Whereas, the expressions of m6A regulators, as well as the 
immune, infiltrates and macrophage polarization in tumor have not 
been explored thoroughly. It is reported that the loss of METTL14 in 
TAMs promotes CD8+ T cell dysfunction and tumor growth [14]. 
Ablation of METTL14 in myeloid cells might lead to the overactivation 
of TLR4/NF-κB signaling, and exacerbate macrophage responses to 
acute bacterial infection in mice [15]. 

More effective drug delivery systems are in great demand for anti- 
tumor strategies [16]. Most of conventional nanoparticles (NPs) are 
easily recognized and cleared by the immune system, and the functional 
design of NPs is complicated and laborious [17]. In this situation, bio-
mimetic NPs coated with cell membranes have received growing interest 
[18,19]. Because of the reserved antigens and cell membrane structure, 
membrane-coated nanovesicles could obtain the following advantages: 
effective targeting, prolonged circulation, immune escaping, and so on 
[20,21]. Moreover, the membranes of red blood cells, macrophages, 
platelets, and even tumor cells, could be utilized for different functional 
requirements [22–24]. Macrophage membrane-coated nanovesicles 
show the same characteristic antigenic properties as macrophages, 
indicating their potential for obtaining homologous targeting ability 
[25]. Cyclic (Arg-Gly-Asp) (cRGD) peptide as both a tumor-targeting 
and penetrating peptide, could be modified on the surface of nano-
vesicles, which might promote drug accumulation in tumor [26,27]. 

In this study, we found that METTL14 significantly inhibits the 
growth of tumor in vitro, but METTL14 is easily degraded in vivo and 
difficult to be used for the treatment of tumor in vivo. METTL14 
downregulates TICAM2 and inhibits the TLR4 pathway of macrophages. 
Accordingly, we developed macrophage membrane-coated nanovesicles 
to co-deliver METTL14 and the TLR4 agonist. We further investigated 
that the nanovesicles might improve the in vivo stability of drugs, inhibit 
tumor, and induce macrophage polarization. This study intends to 
clarify the therapeutic roles of the nanovesicles in dual-targeting tumor 
and macrophages and achieve the dual purposes of tumor inhibition and 
TME remodeling, which provides a new therapeutic strategy for tumors. 

2. Materials and methods 

2.1. Patient samples 

This study was approved by the institutional review board and the 
medical ethics committee of Wuhan Union Hospital, Huazhong Uni-
versity of Science and Technology. Each participant provided written 
informed consent. We collected the medical data and samples of three 
patients with osteosarcoma in our hospital. 

2.2. GEPIA and TIMER database analysis 

The database GEPIA (http://gepia.cancer-pku.cn/index.html) was 
used for exploring the expression of m6A regulators in tumor. In the 
TIMER database (https://cistrome.shinyapps.io/timer/), the 

correlations between METTL14 and the abundance of immune infiltrates 
were conducted by “Gene module”. Moreover, the correlations between 
METTL14 and gene markers were detected by “Correlation module”. 

2.3. Cell culture and treatment 

Tumor cell line (MNNG/HOS, osteosarcoma cell line) and macro-
phage (RAW264.7) were obtained from the Cell Bank of the China 
Academy of Sciences (Shanghai, China). Tumor cells were cultured in 
α-MEM medium and macrophages were cultured in DMEM medium with 
high glucose with 10% FBS. The METTL14 sequence was synthesized 
and subcloned into the pCDNA3.1 vector (GeneChem, Shanghai, China). 
Cells were transfected with pMETTL14 using Lipofectamine 3000 re-
agent (Invitrogen, USA). The fluorescence images in cells were recorded 
by a fluorescence microscope (Olympus Corporation, Tokyo, Japan). 

2.4. Cell viability and proliferation assay 

Cells were seeded onto 96-well plates with 100 μl medium. Cells 
were then treated and incubated in 90 μl medium with 10 μl CCK-8 
solution (Dojindo Laboratories Co. Ltd, Kumamoto, Japan). After incu-
bation for 4 h, the absorbance was recorded at 450 nm. 

Cells (1 × 103 cells/well) were seeded into 6-well plates and cultured 
for two weeks. Then cells were fixed with 4% paraformaldehyde and 
stained with 1% crystal violet. 

2.5. Single-cell RNA sequencing and bioinformatic analysis 

The raw scRNA-seq data of GSE152048 and GSE162454 (osteosar-
coma tissues) were utilized for bioinformatic analysis. The identified 
clusters were visualized on the 2D map with the t-distributed t-SNE or 
UMAP method. The Louvain approach was used to compute a shared 
nearest-neighbor graph for further clustering analysis. Differentially 
expressed genes (DEGs) with strong group-level discrimination were 
found in Seurat using the standard non-parametric Wilcoxon rank sum 
test. Based on the DEGs and well-known cellular markers from the 
literature, the cell clusters were annotated [28]. 

2.6. Xenograft tumor model 

Nude mice (BALB/c-nu, 5–6 weeks, females) were injected subcu-
taneously with 5 × 106 MNNG/HOS cells. Tumor volume (mm3) = ab2/ 
2, the length (a) and the width (b). Subsequently, mice were divided into 
different groups randomly and prepared for treatment with 1.5 mg/kg 
bodyweight pMETTL14, RS09, pMETTL14+RS09, pMETTL14@cRGD- 
M, and (pMETTL14+RS09)@cRGD-M or the same volume of PBS 
(control group) via caudal vein when the subcutaneous tumor volume 
reached 50 mm3. After three weeks, the animals were sacrificed and the 
tumors were harvested. Hematoxylin-eosin (HE) staining was conducted 
to stain tumors and organ tissues. Immunohistochemistry (IHC) staining 
for Ki67 was conducted to stain proliferative cells and TUNEL staining 
was conducted to stain apoptotic cells. Immunofluorescence (IF) stain-
ing of tumor tissues for METTL14, CD163, and iNOS was performed. All 
antibodies were purchased from Proteintech (Wuhan, China). 

2.7. Preparation of (pMETTL14+RS09)@cRGD-M 

The METTL14 sequence was synthesized and subcloned into the 
pCDNA3.1 vector (GeneChem, Shanghai, China), named pMETTL14. 
The drugs RS09 and DSPE-PEG2000-cRGD were purchased from Med-
ChemExpress (MCE, Shanghai, China). The macrophage cell membrane 
was extracted by the process of hypotonic lysis, mechanical membrane 
disruption, and differential centrifugation. Then, pMETTL14 and RS09 
were coated into cell membrane nanovesicles by coextruding through a 
200 nm polycarbonate membrane to form (pMETTL14+RS09)@M. 
Subsequently, cRGD micelle was formed by incubating 1 mg 
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phospholipid (DSPE)-PEG2000-cRGDyK with 1 ml ddH2O at 60 ◦C for 
20 min and then mixed the cRGD micelle with obtained 
(pMETTL14+RS09)@M membrane nanovesicles. The mixture was stir-
red at 40 ◦C for 2 h until the cRGD micelles were inserted into the 
membranes of nanovesicles to form (pMETTL14+RS09)@cRGD-M. 

2.8. Characterization of (pMETTL14+RS09)@cRGD-M 

Transmission electron microscopy (TEM) was performed by JEM- 
2000EXII TEM (JEOL, Tokyo, Japan) to evaluate the morphological 
structures. Dynamic light scattering was conducted by Zetasizer Nano ZS 
(Malvern Zetasizer, Malvern, UK) to test the size of the nanovesicles. 
Zeta potential was conducted to evaluate the stability of colloidal 
dispersions. 

2.9. Drug loading and release study 

A solution containing pMETTL14 or RS09 (0.01–0.2 mg) and 0.1 mg 
of cRGD-M was prepared in 1 ml PBS (pH 7.4) and stirred at 4 ◦C for 8 h 
and sonicated for 0.5 h in dark. pMETTL14@cRGD-M or RS09@cRGD-M 
were collected by ultra-centrifugation and washed several times with 
PBS until the supernatant became color free. The amount of unbound 
pMETTL14 or RS09 in the solution was determined by measuring the 
absorbance using a UV–Vis spectrophotometer (Beckman Coulter, 
Indianapolis, IN, USA), respectively. The drug loading efficiency (%) 
and the drug loading content (mg/mg) were calculated as described 
before [29]:  

Loading Efficiency (%) = MEncapsulated / MUsed × 100%                               

where MEncapsulated is the net weight (mg) of encapsulated agent in-
side the nanoparticles, and MUsed represents the total weight (mg) of 
agents used.  

Loading Content (mg/mg) = MAgent / MTotal                                              

where MAgent is the weight (mg) of pMETTL14 or RS09 encapsulated 
inside the nanoparticles, while the MTotal represents the total weight 
(mg) of agent-laden nanocarriers, including both the encapsulated 
agents and the empty cRGD-M nanovesicles. 

The drug release behavior was investigated with pH = 7.4 or pH =
5.6. The amount of pMETTL14 or RS09 released into the solution was 
determined by measuring the absorbance, respectively. The cumulative 
release percentage (%) was calculated with the formulas:  

Cumulative Release Percentage (%) = MReleased / MLoaded × 100%                

where MReleased represents the total weight (mg) of the released drug 
and MLoaded is the total weight (mg) of the initial loaded drug. 

2.10. In vitro cellular uptake 

pMETTL14 was labeled with FITC (green), the membrane was 
labeled with DiD (red), and the nucleus was stained with DAPI (blue). 
Tumor cells and macrophages were incubated with nanovesicles for 12 
h. The images were obtained via a fluorescence microscope. 

2.11. In vivo imaging and biodistribution analysis 

When the tumor volumes of the xenograft tumor model reached 
100–200 mm3, the mice were injected with nanovesicles via the tail 
vein. After injection for 24 h, the in vivo imaging system (IVIS, CRI 
Maestro, USA) was performed to investigate the accumulation site of 
nanovesicles. 

2.12. Statistical analysis 

All experiments were repeated at least three times. The results were 

presented as mean ± standard deviation (SD) via GraphPad 6.0 soft-
ware. P values were calculated using one-way analysis of variance. A p- 
value of <0.05 was considered as a statistically significant result (*p <
0.05 and **p < 0.01). 

3. Results 

3.1. The anti-tumor effects of METTL14 in vitro and in vivo 

We firstly investigated the dysregulated expression levels of m6A 
regulators in tumors. Fig. 1A showed the expression levels of m6A reg-
ulators in sarcoma via the GEPIA database. Compared with normal tis-
sues, METTL14 was one of the most significantly decreased m6A 
regulators in tumor tissues (Fig. 1B), which might play a vital role in 
tumor progression. Furthermore, METTL14 was remarkably down-
regulated in most types of tumors via the TIMER database (Fig. 1C). 
Immunofluorescence (IF) staining of METTL14 in tumor tissues was 
consistent with the above results (Fig. 1D). Therefore, we aimed to 
reveal the effects of dysregulated METTL14 in tumor in the following 
experiments. 

METTL14 was overexpressed by transfecting tumor cells with 
pCDNA-METTL14 (pMETTL14). The fluorescence analysis indicated 
that pMETTL14 was successfully transfected in tumor cells (Fig. 1E), and 
METTL14 was significantly upregulated in tumor cells of pMETTL14 
group (Fig. 1F). Then we detected the anti-tumor effects of METTL14. In 
the CCK-8 assay, the cell viability of tumor cells reduced significantly in 
pMETTL14 group (Fig. 1G). In the xenograft tumor model, the tumor 
growth of pMETTL14 group was significantly inhibited compared with 
control group (Fig. 1H). Furthermore, the number of Ki67 positive cells 
via immunohistochemistry (IHC) staining was remarkably decreased 
(Fig. 1I and 1K), and the number of TUNEL positive cells was remarkably 
increased (Fig. 1J and 1L) in pMETTL14 group. However, we observed 
that METTL14 significantly inhibits the growth of tumor in vitro, but the 
anti-tumor effect of METTL14 in vivo was unsatisfactory. The underly-
ing mechanism was not yet clear. 

3.2. The characteristics of TME and METTL14 might regulate 
immunosuppressive states of TME 

To reveal the characteristics of TME, we conducted single-cell RNA 
sequencing and bioinformatic analysis to investigate the cellular 
constitution of tumor lesions by using GSE152048 and GSE162454 (data 
sets of osteosarcoma patients) according to our previous study [28]. 
After quality control, the cells of GSE152048 and GSE162454 were 
clustered into 14 major clusters via the T-distributed stochastic neighbor 
embedding (t-SNE) method (Fig. 2A). To further confirm the above re-
sults, we utilized IF staining and a significantly increased number of M2 
macrophages (CD163) was observed in tumor tissues when compared 
with normal tissues (Fig. 2B and 2C). No significant change in the 
number of M1 macrophages in these tissues was shown (Fig. 2D). It 
suggested that immunosuppressive M2 macrophages in TME might 
contribute to the unsatisfactory anti-tumor effects of METTL14 in vivo. 

Moreover, METTL14 had significant negative associations with 
infiltrating levels of CD4+ T cells (r = − 0.294, p = 3.83e-06) and 
macrophages (r = − 0.232, p = 3.26e-04) in sarcoma via the TIMER 
database (Fig. 2E). METTL14 showed a significantly positive association 
with IL1A (r = 0.138, p = 2.55e-02) of M1 type and negative correla-
tions with CD163 (r = − 0.261, p = 2.17e-05) and VSIG4 (r = − 0.352, p 
= 6.88e-09) of M2 type of macrophages (Fig. 2F and 2G). Accordingly, 
METTL14 was correlated with immune infiltration levels and immuno-
suppressive states of TEM in tumor, which might be a novel therapeutic 
target for tumor. 
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Fig. 1. The anti-tumor effects of METTL14 in vitro and in vivo. (A) The expression levels of m6A regulators in sarcoma via GEPIA database. (B) qPCR showed the 
expression levels of m6A regulators in normal tissues and tumor tissues (n.s.: no significance; **p < 0.01; *p < 0.05). (C) METTL14 was remarkably downregulated in 
most types of tumors via TIMER database (***p < 0.001; **p < 0.01; *p < 0.05). (D) IF staining of METTL14 in normal tissues and tumor tissues. (E) The fluorescence 
analysis indicated that pMETTL14 was successfully transfected in tumor cells. (F) qPCR showed that METTL14 was significantly upregulated in tumor cells of 
pMETTL14 group (**p < 0.01). (G) The CCK-8 assay indicated that the cell viability of tumor cells reduced significantly in pMETTL14 group (**p < 0.01). (H) The 
tumor growth pMETTL14 group was remarkably inhibited compared with control group (*p < 0.05). (I, K) The number of Ki67 positive cells via IHC staining in 
pMETTL14 group (scale bar: 50 μm; *p < 0.05). (J, L) The number of TUNEL positive cells in pMETTL14 group (scale bar: 50 μm; **p < 0.01). 
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3.3. METTL14 combined with TLR4 agonist inhibit tumor and regulate 
macrophage polarization 

To further investigate the role of METTL14 in macrophage polari-
zation, we conducted the cluster analysis of differentially expressed 
genes in pMETTL14 and normal groups of macrophages (Fig. 3A) and 
found that METTL14 significantly downregulated TICAM2 expression of 
macrophages. The GO enrichment analysis showed that METTL14 was 
remarkably associated with the Toll-like receptor 4 (TLR4) signaling 
pathway of macrophages (Fig. 3B). Therefore, METTL14 might down-
regulate TICAM2 expression and inhibit the TLR4 pathway of 
macrophages. 

We further confirmed whether METTL14 could inhibit tumor and 
regulate macrophage polarization via the TLR4 pathway. RS09 is one of 
the most common TLR4 agonists. The clone formation assay showed that 
pMETTL14+RS09 group remarkably decreased tumor cell proliferation 
than other groups (Fig. 3C and 3D). It suggested that METTL14 com-
bined with TLR4 agonist exerted high anti-tumor efficacy in vitro. The 
anti-tumor effects of pMETTL14+RS09 in vivo were further explored. 
pMETTL14+RS09 significantly reduced the tumor volume when 
compared with other groups (Fig. 3E). By TIMER database, TLR4 
showed a remarkably positive association with NOS2/iNOS (r = 0.222, 
p = 3.27e-04) of M1 type of macrophages (Fig. 3F). To further confirm 
the above results, a significantly increased number of M1 macrophages 
(iNOS) and a decreased number of M2 macrophages (CD163) were 
observed in tumor tissues of pMETTL14+RS09 group via IF staining 
(Fig. 3G and 3H). It suggested that METTL14 combined with TLR4 
agonist might inhibit tumor and induce macrophage polarization. 

3.4. Fabrication and characteristics of (pMETTL14+RS09)@cRGD-M 
nanovesicles 

The fabrication of (pMETTL14+RS09)@cRGD-M mainly consists of 
three steps (Fig. 4A and 4B): (a) extracting macrophage cell membranes; 

(b) coating pMETTL14 and RS09 into cell membrane nanovesicles by co- 
extrusion to form (pMETTL14+RS09)@M; (c) forming cRGD modified 
cell membrane nanovesicles, which were named (pMETTL14+RS09) 
@cRGD-M. The morphology of the nanovesicles was conducted by TEM, 
respectively (Fig. 4C). The (pMETTL14+RS09)@cRGD-M nanovesicle 
had a diameter of around 200 nm (Fig. 4D). Because of the biomimetic 
cell membrane, the Zeta potential of (pMETTL14+RS09)@cRGD-M was 
only about − 18 mV (Fig. 4E). 

The drug loading efficiency and the drug loading content of 
(pMETTL14+RS09)@cRGD-M nanovesicle were further investigated 
[29]. Reacting 0.08 mg RS09 with 0.1 mg cRGD-M (RS09/cRGD-M =
0.8) was deemed to be the best condition for preparing RS09@cRGD-M, 
considering both loading efficiency and loading content of the drug, 
with the former being 32.0% and the latter being 0.21 mg/mg. Similarly, 
pMETTL14/cRGD-M = 0.8 was determined to be the best condition for 
preparing pMETTL14@cRGD-M with 46.2% loading efficiency and 0.27 
mg/mg loading content. It showed that cRGD-M nanovesicle is an 
effective nanovesicle for the loading and delivery of RS09 and 
pMETTL14 to finally prepare (pMETTL14+RS09)@cRGD-M (Supple-
mentary Fig. 1). 

Furthermore, the drug release behaviors of (pMETTL14+RS09) 
@cRGD-M nanovesicles were investigated with pH = 7.4 or pH = 5.6. 
With pH = 7.4, the nanoparticles exhibited less than 35% release of 
RS09 and pMETTL14 within 100 h. In contrast, RS09 and pMETTL14 
exhibited a staggered release within 24 h with pH = 5.6 (Supplementary 
Fig. 2). 

We further explored the dual-targeting effects of (pMETTL14+RS09) 
@cRGD-M. pMETTL14 was labeled with FITC (green) and the mem-
brane was labeled with DiD (red). After incubated with 
(pMETTL14+RS09)@M and (pMETTL14+RS09)@cRGD-M, we detec-
ted remarkably stronger fluorescence intensity (both green and red) in 
tumor cells incubated with (pMETTL14+RS09)@cRGD-M than that with 
(pMETTL14+RS09)@M group (Fig. 5A and 5C). The results indicated 
that cRGD modification significantly enhanced the tumor-targeting 

Fig. 2. The characteristics of TME and METTL14 might regulate immunosuppressive states in TME. (A) The t-SNE plot of 14 identified cell types in tumor lesions. (B, 
C, D) The relative proportion of macrophages in tumor tissues and normal tissues was shown by IF staining (CD163: M2 type of macrophages; iNOS: M1 type of 
macrophages; scale bars: 50 μm; **p < 0.01; n.s.: no significance). (E) METTL14 showed significant negative associations with infiltrating levels of CD4+ T cells (r =
− 0.294, p = 3.83e-06) and macrophages (r = − 0.232, p = 3.26e-04) in sarcoma via the TIMER database. (F, G) METTL14 had a significantly positive association with 
IL1A (r = 0.138, p = 2.55e-02) of M1 type and negative correlations with CD163 (r = − 0.261, p = 2.17e-05) and VSIG4 (r = − 0.352, p = 6.88e-09) of M2 type of 
macrophages. 
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Fig. 3. METTL14 combined with TLR4 agonist inhibit tumor and regulate macrophage polarization. (A) The cluster analysis of differentially expressed genes in 
pMETTL14 and normal groups of macrophages. (B) The GO enrichment analysis showed that METTL14 was remarkably correlated with the TLR4 signaling pathway 
of macrophages. (C, D) RS09 is one of the most common TLR4 agonists. The clone formation assay indicated that pMETTL14+RS09 group remarkably decreased 
tumor cell proliferation than other groups (**p < 0.01). (E) pMETTL14+RS09 significantly reduced the tumor volume when compared with other groups (**p <
0.01). (F) TLR4 showed a remarkably positive association with NOS2/iNOS (r = 0.222, p = 3.27e-04) of M1 type of macrophages via TIMER database. (G, H) The 
relative proportion of M1 (iNOS) and M2 macrophages (CD163) were observed in tumor tissues of control, pMETTL14, RS09, and pMETTL14+RS09 groups via IF 
staining (scale bar: 50 μm; **p < 0.01). 
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ability of the nanovesicles in vitro. In the xenograft tumor model, 
(pMETTL14+RS09)@M and (pMETTL14+RS09)@cRGD-M were intra-
venously injected into nude mice. The fluorescence signal in the tumor 
sites of (pMETTL14+RS09)@cRGD-M group was remarkably higher 
than (pMETTL14+RS09)@M group (Fig. 5B and 5D). No organ accu-
mulation of nanovesicles (pMETTL14+RS09)@cRGD-M in vivo was 
observed (Supplementary Fig. 3). (pMETTL14+RS09)@cRGD-M 
showed effective tumor-targeting ability both in vitro and in vivo. 
Moreover, (pMETTL14+RS09)@M and (pMETTL14+RS09)@cRGD-M 
could also target macrophages in vitro, and no significant difference in 
the fluorescence signal between these two groups was observed (Fig. 5E 
and 5F). To sum up, (pMETTL14+RS09)@cRGD-M nanovesicle had the 
ability of dual-targeting tumor and macrophages. Additionally, cRGD 
could significantly enhance the tumor-targeting ability of macrophage 
membrane-coated nanovesicles but have no influence on their 
macrophage-targeting ability. Macrophage membrane-coated nano-
vesicles showed homologous targeting ability. 

In the xenograft tumor model, pMETTL14 was labeled with FITC 
(green), and pMETTL14 and pMETTL14@cRGD-M were intravenously 
injected into nude mice. The fluorescence signal decreased rapidly over 
time in the pMETTL14 group. In contrast, pMETTL14@cRGD-M grad-
ually cumulated in tumor sites and no significant change in the fluo-
rescence signal was observed over time. It showed that the nanovesicles 
could improve the in vivo stability of METTL14 (Supplementary Fig. 4). 

HE staining of the control, pMETTL14, cRGD-M, and 
(pMETTL14+RS09)@cRGD-M groups did not show obvious cardiac 
damage, pulmonary toxicity, inflammatory infiltrates in the spleen, or 
liver and kidney injury (Supplementary Fig. 5). Accordingly, 
(pMETTL14+RS09)@cRGD-M could function as a promising drug de-
livery system for biomedical applications because of its low organ 
toxicity. 

3.5. Effects of (pMETTL14+RS09)@cRGD-M on tumor inhibition and 
macrophage polarization 

We explored the anti-tumor effects of (pMETTL14+RS09)@cRGD-M 
in vitro. Tumor cells were incubated with control, pMETTL14, 
pMETTL14@cRGD-M, and (pMETTL14+RS09)@cRGD-M. The CCK-8 
assay showed that (pMETTL14+RS09)@cRGD-M remarkably 
decreased tumor cell viability than other groups (Fig. 6A). The clone 
formation assay showed that (pMETTL14+RS09)@cRGD-M remarkably 
decreased cell proliferation when compared with other groups (Fig. 6B 
and 6C). It suggested that (pMETTL14+RS09)@cRGD-M exerted high 
anti-tumor efficacy in vitro. 

The anti-tumor effects of (pMETTL14+RS09)@cRGD-M in vivo were 
also explored. Mice were treated with control, pMETTL14, 
pMETTL14@cRGD-M, and (pMETTL14+RS09)@cRGD-M for 21 days. 
Compared with other groups, (pMETTL14+RS09)@cRGD-M signifi-
cantly reduced the tumor volume (Fig. 6D). The number of TUNEL 
positive cells was remarkably increased (Fig. 6E and 6G) in 
(pMETTL14+RS09)@cRGD-M group. It indicated that 
(pMETTL14+RS09)@cRGD-M had stronger anti-tumor effects in vivo. 

More importantly, a significantly increased number of M1 macro-
phages (iNOS) and a decreased number of M2 macrophages (CD163) 
were observed in tumor tissues of (pMETTL14+RS09)@cRGD-M group 
(Fig. 6F and 6H). With the help of macrophage membrane-coated 
nanovesicles, (pMETTL14+RS09)@cRGD-M could dual-target tumor 
and macrophages, and further release pMETTL14 and RS09 in TME. 
METTL14 inhibited tumor and regulate macrophage polarization via the 
TLR4 pathway. Accordingly, METTL14 combined with the TLR4 agonist 
(RS09) could induce M1 polarization of macrophages in TME, thereby 
remodeling immunosuppressive TME. To sum up, (pMETTL14+RS09) 
@cRGD-M could efficiently inhibit tumor and induce macrophage 
polarization. 

Fig. 4. Fabrication and characteristics of nanovesicles. (A, B) Fabrication procedure of (pMETTL14+RS09)@cRGD-M nanovesicles. (C) The morphology of 
macrophage membrane nanovesicle, (pMETTL14+RS09)@M, and (pMETTL14+RS09)@cRGD-M was characterized by TEM, respectively (scale bar: 100 nm and 200 
nm). (D) The three types of nanovesicles had an approximate diameter of 200 nm (n.s.: no significance). (E) The Zeta potential of three types of nanovesicles (n.s.: no 
significance). 
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4. Discussion 

By investigating the dysregulated expressions of m6A regulators in 
tumors, this study revealed that METTL14 was one of the most 

significantly decreased m6A regulators in tumor tissues, which might 
play a vital role in tumor progression. Therefore, we aimed to reveal the 
effects of dysregulated METTL14 in tumor in the following experiments. 
We observed that METTL14 significantly inhibits the growth of tumor in 

Fig. 5. The dual-targeting effects of (pMETTL14+RS09)@cRGD-M. (A, C) pMETTL14 was labeled with FITC (green) and the membrane was labeled with DiD (red). 
Tumor cell-targeting ability of (pMETTL14+RS09)@M and (pMETTL14+RS09)@cRGD-M was investigated in vitro (scale bar: 20 μm; **p < 0.01). (B, D) The tumor 
accumulation ability of (pMETTL14+RS09)@cRGD-M was investigated in vivo (**p < 0.01). (E, F) Macrophage-targeting ability of (pMETTL14+RS09)@M and 
(pMETTL14+RS09)@cRGD-M was investigated in vitro (scale bar: 20 μm; n.s.: no significance). 
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vitro, but the anti-tumor effect of METTL14 in vivo was not ideal. The 
underlying mechanism is not yet clear. To sum up, the unsatisfied anti- 
tumor effect of METTL14 in vivo might due to the following two aspects: 
(a) METTL14 was easily degraded in vivo and difficult to be used for the 
treatment of tumor in vivo; (b) immunosuppressive states of TME could 

mediate the therapeutic resistance of tumor. Accordingly, we aimed to 
develop new strategies to (a) improve the in vivo stability of METTL14, 
and (b) achieve the dual purposes of tumor inhibition and TME 
remodeling. 

Inducing polarization of M2 type to M1 type is an effective strategy 

Fig. 6. Effects of (pMETTL14+RS09)@cRGD-M on tumor inhibition and macrophage polarization. (A) The CCK-8 assay indicated the role of (pMETTL14+RS09) 
@cRGD-M in tumor cell validity (**p < 0.01). (B, C) The clone formation assay indicated the role of (pMETTL14+RS09)@cRGD-M in tumor cell proliferation (**p <
0.01). (D) Nude mice were divided into four groups of control, pMETTL14, pMETTL14@cRGD-M, and (pMETTL14+RS09)@cRGD-M, and the tumor volumes were 
calculated (**p < 0.01). (E, G) TUNEL staining indicated cell apoptosis in tumor tissues (scale bar: 20 μm; **p < 0.01). (F, H) The numbers of M1 (iNOS) and M2 
macrophages (CD163) were observed in tumor tissues of control, pMETTL14, pMETTL14@cRGD-M, and (pMETTL14+RS09)@cRGD-M groups via IF staining (scale 
bar: 20 μm; **p < 0.01). 
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to remodel TME, which might be a key target for tumor therapy. In this 
study, the GO enrichment analysis indicated that METTL14 was signif-
icantly related with the TLR4 signaling pathway of macrophages. 
METTL14 might downregulate TICAM2 and inhibit the TLR4 pathway of 
macrophages, which reduced the anti-tumor effects of METTL14 in vivo. 
Accordingly, it is necessary to combine the TLR4 agonist to induce M1 
polarization of macrophages and remodel the TME. In our study, we 
further confirmed that METTL14 combined with the TLR4 agonist 
(RS09) could induce M1 polarization of macrophages and enhance the 
anti-tumor effects in vivo. 

Macrophage membranes carry adhesion molecules, therefore, 
coating nanoparticles with macrophage membrane could actively target 
tumor tissues and avoid immune recognition [30]. Macrophage 
membrane-coated nanovesicles are characterized by easy modification, 
drug loading, and dual-targeting tumor and macrophage, and cRGD 
modification can further enhance its targeting ability. Accordingly, our 
study further constructed cRGD modified macrophage 
membrane-coated nanovesicles to co-deliver METTL14 and the TLR4 
agonist. The results confirmed that (pMETTL14+RS09)@cRGD-M 
nanovesicles had the ability of dual-targeting tumor and macrophages 
(Fig. 7A). This study further showed that (pMETTL14+RS09)@cRGD-M 
nanovesicles could improve the in vivo stability of METTL14, target to 
inhibit tumor and induce M1 polarization of macrophages (Fig. 7B). 
Therefore, this study achieved the dual purposes of tumor inhibition and 
macrophage polarization via macrophage membrane-coated 
nanovesicles. 

Whereas, these limitations are warranted to be solved before 
membrane-coated nanovesicles could be used in the clinic. Firstly, from 
an economic perspective, the membrane preparation needs to be 

simplified and optimized thoroughly. At the same time, the standardized 
process should be designed to control the quality and enable the 
repeatability of membrane preparation [31]. Moreover, protein loss 
during the process of cell membrane extraction might result in decreased 
tumor targeting ability of membrane-coated nanovesicles [32], which 
might influence its anti-tumor effects. Finally, owing to the unsatisfied 
tumor targeting ability, the membrane structure of the nanovesicle is 
changed and its biocompatibility is reduced during the modification of 
targeting ligands. Therefore, membrane hybridization has been regar-
ded as a novel approach to resolving the above obstacles [18]. Hybrid 
membranes might combine the membrane properties and functions of 
different cells. The most important biological activities of hybrid 
membranes include (a) enhanced targeting ability and (b) inherent 
properties conferred by the membranes of the source cells. For example, 
the membranes of RAW264.7 cells show a high expression level of 
integrin α4β1. Therefore, a hybrid membrane composed of macrophages 
and tumor cells might have the ability to target homologous tumor cells 
and improve the potential of targeting metastases [33]. 

5. Conclusions 

In this study, we developed macrophage membrane-coated nano-
vesicles to co-deliver METTL14 and the TLR4 agonist for dual purposes 
of tumor inhibition and macrophage polarization. It showed that the 
nanovesicles could improve the in vivo stability of drugs, inhibit tumor, 
and induce M1 polarization of macrophages. This study intends to 
clarify the therapeutic roles of the nanovesicles in dual-targeting tumor 
and macrophages and achieve the dual purposes of tumor inhibition and 
TME remodeling, which provides a novel therapeutic strategy for 

Fig. 7. Overview of (pMETTL14+RS09)@cRGD-M in dual-targeted tumor therapy. (A) (pMETTL14+RS09)@cRGD-M nanovesicles had the ability of dual-targeting 
tumor and macrophages. (B) (pMETTL14+RS09)@cRGD-M nanovesicles could target to inhibit tumor and induce M1 polarization of macrophages, thereby achieving 
the dual purposes of tumor inhibition and macrophage polarization. 
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tumors. 
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