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Abstract

Background: Anlotinib is a targeted therapy indicated for some malignancies, includ-
ing advanced non-small cell lung cancer (NSCLC). However, noninvasive biomarkers
for identifying patients who will benefit from this disease remain lacking.

Methods: Here, we investigated the potential of small extracellular vesicle (sEV) micro-
RNAs (miRNAs) as predictive biomarkers for anlotinib efficacy. A total of 20 advanced
NSCLC patients were enrolled. Patients were classified as having stable disease (SD)

or progressive disease (PD) after the initial efficacy assessment.

Results: Seven differentially expressed miRNAs (DEMs) were identified. Among them,
miR-941 was significantly upregulated in the PD group, while the others were down-
regulated. Furthermore, these six downregulated miRNAs (miR-30a-3p, miR-150-5p,
miR-122-5p, miR-10b-5p, MiR-92a-3p, and miR-150-3p) were more pronounced in non-
smoking patients.

Conclusions: [t was found that sEV miRNAs have the potential to predict the benefit
of anlotinib.
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Background

Anlotinib is a new small-molecule multitarget tyrosine kinase inhibitor (TKI) that has
been approved for treating advanced NSCLC (Shen et al. 2018). In several clinical tri-
als, anlotinib has shown good efficacy, safety, and significant advantages in treating
advanced NSCLC (Zhang et al. 2020). Anlotinib has become an important third-line
treatment option for advanced NSCLC and has been included in the recommendations
of many national and international guidelines (Zhu et al. 2023). Anlotinib treatment pro-
longs patients’ lives, improves quality of life, reduces symptoms, and improves prognosis
(Kong et al. 2023). However, effective biological markers for evaluating the efficacy of
anlotinib in treating advanced NSCLC remain lacking.
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As a novel type of liquid biopsy technology, EVs have substantial potential in the field
of tumor diagnosis (Li et al. 2023a). EVs are derived from various cells in the body, are
rich in biologically active substances, and can reliably reflect the status of the parent
cells, thus providing valuable biological information (Zhang et al. 2023b). An increas-
ing number of studies have shown that EVs can be used as tumor markers for diagnosis,
disease assessment, and prognosis determination (Guo et al. 2021; Li et al. 2021; Zheng
et al. 2022). EVs can be found in blood, urine, and other body fluids and can be col-
lected and detected in a noninvasive manner, which is important for the early diagnosis
of tumors. sEV miRNAs, which are highly stable and specific and can reflect the biologi-
cal status and function of tumor cells, have been reported to have potential in the assess-
ment of tumor prognosis and in the monitoring of treatment in many cancers, such as
ovarian (Li et al. 2023a, 2021), lung (Zheng et al. 2022), and pancreatic (Guo et al. 2021)
cancer. However, it is unclear whether sSEV miRNAs have a predictive role in the out-
comes of treating advanced NSCLC patients with anlotinib.

In this study, small RNA sequencing was used to assess the expression levels of plasma
sEV miRNAs in NSCLC patients with SD and PD. After integration analysis, we identi-
fied seven sEV miRNAs that were DEMs between SD and PD. Among them, miR-941
expression was upregulated in the PD group. However, the expression of miR-30a-3p,
miR-150-5p, miR-122-5p, miR-10b-5p, miR-92a-3p, and miR-150-3p was significantly
downregulated in the PD group. The signaling pathways associated with these DEMs
were further analyzed. Our results suggest that sEV miRNAs may be novel predictive
biomarkers for selecting patients who will benefit from anlotinib.

Materials and methods

Patient and study approval

The patients enrolled in this study were evaluated according to computed tomography
(CT) examination results obtained 6 weeks after the initial administration of anlotinib.
The classification criteria for SD and PD were based on the RECIST 1.1 assessment.
A patient is classified as having SD if the tumor has shrunk by<30% and increased
by <20%, with no new lesions. PD is defined as an increase in the maximum diameter of
the tumor by >20% or the appearance of new lesions.

Blood samples were collected at Shanghai Chest Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine. This study was approved by the Ethics Committee of Shanghai
Chest Hospital (IS22010) and was registered on Clinical Trials.gov (https://clinicaltrials.
gov/) under the registration number NCT05218759. All participants in this study pro-
vided informed medical consent (Additional file 1: Table S1). Analyses and experiments
involving human blood samples were performed in accordance with the tenets of the
Declaration of Helsinki and Good Clinical Practice and in compliance with applicable
regulations.

sEV isolation

sEV isolation methods have been reported previously (Li et al. 2023a). Briefly, plasma
samples were centrifuged (12,000 x g, 4 °C, 10 min) after incubation in a water bath at
37 °C for 5 min. The collected supernatants were filtered through 0.45 pm filters. Follow-
ing centrifugation (12,000 x g, 4 °C, 5 min), the samples were filtered through 0.22 um
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tubular filters. After centrifugation (12,000 x g, 4 °C, 5 min), the supernatant was col-
lected and transferred to new tubes. A 25% volume of sEV isolation reagent (L3525;
3DMed, Shanghai) was added to the supernatant. After careful mixing and incubation at
4 °C for 30 min, the samples were centrifuged at 4700 x g for 30 min at 4 °C. The result-
ing pellet containing the sEVs was resuspended in PBS.

Nanoparticle tracking analysis (NTA)

A NanoSight NS 300 system (NanoSight Technology, Malvern) was used to character-
ize and track the size and number of sEVs. SEVs were resuspended at a concentration of
5 pg/mL in PBS. The final concentration of sEVs was diluted to achieve 20-100 objects
per frame. The sEV samples were placed in sample chambers and irradiated with a
488 nm laser using a scientific complementary metal oxide camera. NTA analytical soft-
ware (version 2.3) was used to analyze the nanoparticle tracking data.

Transmission electron microscopy (TEM)

The sEV samples were resuspended in PBS and fixed with a 4% paraformaldehyde solu-
tion. The sEVs were then transferred to carbon-coated electron microscopy grids. After
two rinses with PBS, the sEV samples were washed with glycine-containing PBS and
then treated with 0.5% BSA in PBS for 10 min. The sEVs were then stained with 2% ura-
nyl acetate, and a Hitachi H-7650 transmission electron microscope was used for exami-

nation and image collection.

Nanoview analysis

ExoView Tetraspanin Chips were used to identify plasma sEVs. Antibodies against CD63
(Alexa 647), CD81 (Alexa 555), and CD9 (Alexa 488) were generated and incubated
with sEVs on the chips for 16 h. The chips containing sEVs were then washed with PBS
containing Tween (PBST) and PBS. After washing, antibody colocalization analysis was
performed using ExoView Tetraspanin kits. Plasma sEVs were then imaged and charac-
terized using an ExoView R100 scanner. NanoViewer software was used to analyze the
results further.

Small RNA library preparation and sequencing

RNA isolation from sEVs was performed using the silica gel membrane adsorption col-
umn method (217184, QIAGEN, Shanghai, China), which included sEV cleavage, extrac-
tion, incubation, centrifugation, enrichment of sEV RNA by an adsorption column, and
washing 3 times. Finally, sSEV RNA was obtained by elution with 15 pl of enzyme-free
water. We used an Agilent Small RNA Kit (5067-1548, Agilent, USA) to determine the
quality of the sEV RNA. Total RNA was greater than 0.55 ng (concentration greater than
36.7 pg/ul), and the proportion of miRNA was greater than 20%, which was sufficient for
small RNA library construction. A total of 6 ul of RNA per sample was used for miRNA
library construction following the manufacturer’s guidelines using the NEBNext Mul-
tiplexed Illumina RNA Isolation Kit (E7300L, NEB, USA). Briefly, the library was gen-
erated by ligation of the 3’ adaptor, hybridization with reverse transcription primers,
ligation of the 5’ adaptor, reverse transcription, and PCR amplification. A NucleoSpin
Gel and PCR Clean-up Kit (MACHEREY-NAGEL, Germany) was then used to purify
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the DNA libraries. Library quality and distribution were assessed using an Agilent 2100
Bioanalyzer and a Highly Sensitive DNA Kit (5067-4626, Agilent, USA). The libraries
were sequenced on an Illumina NovaSeq 6000 analyzer. The supplementary quality con-
trol results for the libraries are presented in Additional file 1, which includes Figures S1,
S2 for visual data representation, as well as Tables S2, S3 for detailed numerical data. The
library sizes ranged from 140 to 150 base pairs. After adapter clipping and quality filter-
ing, the sequencing reads were aligned and mapped to the human genome. The input
read count for each sample ranged from 18.5 to 104.9 million reads. Most of the sam-
ples achieved an alignment rate of more than 95% to the human genome. Additionally,
the mapping rates for protein-coding genes, introns, long intergenic noncoding RNAs
(lincRNAs), ribosomal RNAs (rRNAs), and miRNAs are detailed in Additional file 2:
Table S4.

Bioinformatics analysis of small RNA sequencing data

Cutadapt (https://doi.org/10.14806/ej.17.1.200) was used to trim the 3’ adapters for
small RNA sequencing. After trimming, all the retained reads were aligned to the human
genome (GRCh37) and annotated using Gencode (version 25) and miRBase (version 21).
The miRNA counts were aligned and quantified using the voom function in the limma
package (v3.40.6) and normalized using the trimmed mean of M-values (TMM) function
in the edgeR package (v3.26.8). miRNA expression was then converted to log2 counts per
million (log2CPM). The edgeR software package was used to assess differential miRNA
expression. Pathway and Gene Ontology (GO) enrichment of the experimental miRNAs
was performed using mirPath (v.3.0), which provided EASE scores and false discovery
rates using Fisher’s exact test and unbiased empirical distribution. Predicted interactions
for the seven DEMs, the comprehensive list of predicted miRNA targets, as well as the
GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, are
systematically presented in Additional file 3: Table S5, Additional file 4: Table S6, and
Additional file 5: Table S7, respectively.

Statistical analysis

The identification criteria for DEMs between the SD and PD groups were P<0.05 and
abs (log2FC)>log2(1.5) and log2 (AveExpr)>5. Ultimately, the predictive potential of
seven DEMs was used for subsequent analyses (Additional file 1: Table $2-S3).

Results

Clinical characteristics of patients with advanced NSCLC

The clinical characteristics of the patients, including sex, smoking history, histology, ini-
tial treatment, drug, and efficacy assessment, are shown in Additional file 1: Table S1.
In brief, 60% of the patients were male, and 40% had ever smoked (Additional file 1:
Table S1). All patients had lung adenocarcinoma and were receiving anlotinib mono-
therapy. Eighty-five percent of patients received the initial anlotinib treatment as the
third or fourth line. In addition, according to the drug evaluation, 14 patients had SD
and 6 had PD (Additional file 1: Table S1).
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Representative imaging and pathological information

We included representative pathology and CT images to further analyze the SD and PD
subgroups. As one of the best antibody combinations for the diagnosis of lung adenocar-
cinoma, TTF-1 and napsin A were used for a staining analysis of samples from enrolled
patients, and the results were positive (Fig. 1A). The immunohistochemical staining
results for P40, a commonly used immunohistochemical marker for lung squamous cell
carcinoma, were negative (Fig. 1A). Typical hematoxylin and eosin (HE) images from
three patients are also shown in Fig. 1A. Patients were divided into the SD and PDs
group according to changes in tumor size in response to anlotinib treatment. Figure 1B
shows typical CT images for tumor size assessment at different time points after patients
in the SD and PD groups received anlotinib. Moreover, the percentage of tumor size
changes based on CT scan images are shown in Fig. 1C.

Representative morphology and protein expression characteristics of plasma sEVs

To confirm the presence of purified sEVs isolated from advanced NSCLC patients,
we conducted NTA (Fig. 2A), TEM (Fig. 2B), and immunofluorescence imaging
(Fig. 2C). Briefly, the diameters of the sEVs ranged from 30 to 150 nm (Fig. 2A). The
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Fig. 1 Representative imaging and pathological information. A Typical pathology images of HE and IHC
staining. B Examples of CT images after treatment with anlotinib. C The percentage of tumor size changes in
different groups
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Fig. 2 Representative morphological and protein expression features of plasma-derived sEVs. A Diameter
distribution of sEVs according to the NTA analysis. B TEM images of sEVs. Scale bar, 100 nm. C Single-particle
interferometric reflectance imaging analysis of the expression surface markers of plasma sEVs

morphology of the isolated sEVs was similar to a cup or bowl shape, as shown in
Fig. 2B. In addition, the isolated sEVs were further characterized via immunopheno-
typic analysis using single-particle interferometric reflectance imaging staining for
CD63, CD81, and CD9 (Fig. 2C).

Unsupervised clustering and differential expression of sEV miRNAs in SD and PD patients
Small RNA sequencing was performed to investigate the differential expression of
miRNAs in sEVs from SD and PD patients. The bioinformatic data derived from the
sEV miRNAs in plasma were normalized to obtain counts per million. The differ-
ences between SD and PD patients are clearly visualized in Additional file 1: Fig-
ure S3A. The differentially expressed sEV miRNAs identified in the preliminary
screening are shown in Fig. 3A (Additional file 6: Table S10). Patients with advanced
NSCLC in the PD group were differentiated from those in the SD group according to
the sEV miRNA expression signature, as shown in Fig. 3A. To further focus on valu-
able DEMs, we set P<0.05 and abs (log2FC) >log2(1.5) and log2(AveExpr)>5 and
finally focused on seven sEV miRNAs. The analysis results showed that miR-30a-3p,
miR-150-5p, miR-122-5p, miR-10b-5p, miR-92a-3p, and miR-150-3p expression was
significantly downregulated in the PD group (Fig. 3B—H, Additional file 1: Figure
S3B). In addition, miR-941 expression was significantly upregulated in the PD group
(Fig. 3D).
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Fig. 3 Unsupervised clustering and differential expression of sSEV miRNAs in SD and PD patients. A
Unsupervised hierarchical clustering of sEV miRNA profiles clearly separated into SD and PD samples. B-H
Analysis of the miR-30a-3p, miR-150-5p, miR-941, miR-122-5p, miR-10b-5p, miR-92a-3p, and miR-150-3p levels
in sEVs derived from SD and PD patients

Unsupervised clustering and differential expression of sEV miRNAs in nonsmoking SD

and PD patients

To further verify the effect of clinical characteristics, such as smoking status, on the
differential expression of miRNAs between the SD and PD groups, we further ana-
lyzed the data shown in Fig. 3. In nonsmoking patients, a heatmap showed that SD
and PD could also be effectively distinguished according to the differential expression
of sEV miRNAs (Additional file 1: Figure S4A, Fig. 4A, Additional file 7: Table S11).
Furthermore, the seven DEMs showed the same change trend in nonsmoking patients
(Fig. 4B—H). In comparison with the findings shown in Fig. 3, the discrepancies in the
DEMs, including miR-150-5p, miR-941, miR-122-5p, miR-10b-5p, and miR-92a-3p,
are more pronounced between the SD and PD groups in Fig. 4.
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Fig. 4 Unsupervised clustering and differential expression of sEV miRNAs in nonsmoking SD and PD patients.
A Unsupervised hierarchical clustering of sEV miRNA profiles clearly separated into nonsmoking SD and PD
samples. B-H Analysis of the miR-30a-3p, miR-150-5p, miR-941, miR-122-5p, miR-10b-5p, miR-92a-3p, and
miR-150-3p levels in sEVs derived from nonsmoking SD and PD patients

KEGG/GO analysis of the differentially expressed sEV miRNAs

Bioinformatic analyses were then performed on the sEV miRNAs to identify molecu-
lar regulatory mechanisms. Analysis of differentially expressed SEV miRNAs between
the PD and SD groups revealed the involvement of several cancer-related path-
ways identified in the KEGG database. Several signaling pathways in biological pro-
cesses (Fig. 5A) were enriched according to an analysis of the KEGG database. These
included processes such as biosynthesis, small molecule metabolism, and the immune
system (Fig. 5A). Several pathways related to cellular components and molecular
functions were also implicated according to the analysis of a bioinformatics miRNA
target database (Fig. 5B). In addition, signaling pathways related to cellular processes,
human diseases, environmental information processing, and genetic information
processing were identified (Fig. 5C). The involvement of several cancer-related path-
ways, such as the TGF-, PI3K-Akt, MAPK, and p53 signaling pathways, highlights
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the complex network of signaling events that contribute to cancer progression and
response to therapy. For instance, the TGF-f signaling pathway plays a dual role in
cancer by acting as a tumor suppressor in the early stages and promoting metasta-
sis in the later stages. As such, understanding how anlotinib modulates this path-
way can provide insights into the drug’s therapeutic efficacy and potential resistance
mechanisms.

Pathway analysis in lung adenocarcinoma patients treated with anlotinib is crucial
for understanding the underlying molecular mechanisms and potential therapeutic tar-
gets. Anlotinib is a multitarget TKI that has shown efficacy in treating various cancers,
including lung adenocarcinoma. By analyzing the differentially expressed sEV miRNAs,
researchers can identify key pathways altered in response to anlotinib treatment. In
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summary, pathway analysis provides a comprehensive view of the molecular alterations
induced by anlotinib in lung adenocarcinoma. This information is invaluable for iden-
tifying potential biomarkers of treatment responses, understanding resistance mecha-
nisms, and developing combination therapies to improve clinical outcomes.

Discussion

Anlotinib is a novel multitarget TKI that has been widely used to treat advanced NSCLC
(Huang et al. 2022). Several clinical trials have shown that anlotinib can significantly pro-
long the survival and progression-free survival rates of patients with advanced NSCLC
and demonstrates good tolerability and safety (Jiang et al. 2022; Wang et al. 2023). As a
result, anlotinib has become one of the main options for the second-line treatment of
advanced NSCLC. However, the therapeutic effects of anlotinib vary from person to per-
son, and not all patients may benefit from it. In addition, the adverse effects of anlotinib,
such as hypertension, hypotension, bleeding, myocardial infarction, and abnormal liver
and kidney function (Si et al. 2019), need to be considered. Therefore, before anlotinib is
used, adequate assessment and preparation are required to ensure that patients can use
the drug safely. However, there is currently a lack of liquid biopsy biomarkers for assess-
ing the efficacy of anlotinib in treating patients with advanced NSCLC.

EVs can be released from cells and taken up by other tissues, carrying large amounts of
genetic information (Dai et al. 2020). Many studies have shown that EVs have substantial
potential in tumor diagnosis and therapeutic efficacy assessment (Tan et al. 2023). In
tumor treatment, drug efficacy can be assessed by analyzing microRNA levels in sEVs
produced by tumor cells (Mao et al. 2023). In addition, the detection of sEVs in blood or
other body fluids can be an effective tool for early diagnosis, as they can appear in the
body’s circulation at an early stage of tumor development and growth (Wang et al. 2021).
Thus, investigating sEVs will undoubtedly provide us with more valuable information to
improve the prevention and treatment of tumors. Therefore, in this study, we explored
the potential of EV miRNAs as biomarkers to evaluate the efficacy of anlotinib treatment
in advanced NSCLC patients. To the best of our knowledge, this is the first report focus-
ing on plasma sEV miRNAs as biomarkers for evaluating the efficacy of anlotinib.

In this study, we identified seven sEV miRNAs (miR-30a-3p, miR-150-5p, miR-941,
miR-122-5p, miR-10b-5p, miR-92a-3p, and miR-150-3p) that exhibited significant dif-
ferences in expression between NSCLC patients with SD and PD. Our results showed
that high miR-941 expression was correlated with poor response to anlotinib. Patients
with low expression of miR-30a-3p, miR-150-5p, miR-122-5p, miR-10b-5p, miR-92a-3p,
and miR-150-3p may respond better to anlotinib treatment. Therefore, SEV miRNAs
show substantial potential for evaluating the efficacy of anlotinib for treating advanced
NSCLC patients.

Previous studies have shown the role of miR-30a-3p in treating arteriosclerosis oblit-
erans (Zhang et al. 2023a). Conrad et al. reported that high expression of miR-30a-3p is
associated with improved prognosis in HNSCC patients (Conrad et al. 2023). Niemira
et al. investigated the potential of miR-150-5p as a prognostic marker for high-grade
serous ovarian cancer (Niemira et al. 2023). miR-150-5p also showed good promise in
prostate cancer diagnostics (Cruz-Burgos et al. 2023). Surapaneni et al. reported that
the proliferation of breast cancer cells is regulated by miR-941 (Surapaneni et al. 2020).



Huang et al. Cancer Nanotechnology (2024) 15:35 Page 11 of 13

miR-941 may function as an oncogenic biomarker in laryngeal squamous cell carci-
noma (Zhao et al. 2020). miR-122-5p plays a role in inducing apoptosis and inhibiting
pancreatic cancer cell growth by targeting ASCT2 (Ren et al. 2023). Tao et al. reported
that miR-122-5p may be associated with the regulation of the metastasis and invasion of
intrahepatic cholangiocarcinoma (Tao et al. 2023). In glioblastoma, Du et al. reported
that PD-L1-driven immune evasion is regulated by the miR-10b-5p-mediated regression
of TET2 (Du et al. 2023). The role of miR-10b-5p as a target for mediating sarcoma pro-
gression has also been reported (Yoshida et al. 2023). Dai et al. reported that miR-92a-3p
could be a prognostic biomarker for lung adenocarcinoma (Dai et al. 2023). In patients
with metastatic colorectal cancer, high miR-92a-3p expression is associated with a poor
prognosis (Gherman et al. 2023). In 2023, Li et al. reported that colon cancer growth is
promoted by the miR-150-3p/SRCIN1/Wnt axis (Li et al. 2023b). In lung squamous cell
carcinoma, miR-150-3p may be a critical oncogenic target in regulating the malignant
phenotype (Mizuno et al. 2021). However, this study is the first to report the regulatory
relationship between these seven miRNAs and anlotinib.

This study had some limitations. First, future research into regulatory mechanisms
should consider the need for validation by in vitro cell experiments and in vivo animal
experiments. Second, further patient recruitment is required for prospective clinical
validation with a larger sample size before implementing the model in clinical practice.
Third, we identified only seven plasma sEVmiRNAs as the most promising biomarkers
for identifying patients who would benefit from anlotinib, and other sEVmiRNAs need
to be tested.

Conclusions

In this study, we investigated the ability of plasma sEV miRNAs to serve as biomarkers
to identify true responders to anlotinib. After comprehensively examining sEV miRNA
expression in advanced NSCLC patients treated with anlotinib, we identified seven dif-
ferentially expressed sEV miRNAs. Interestingly, all of these small extracellular miRNAs
showed an excellent ability to identify true responders. The different biological pathways
involved in this process were analyzed. The results suggested that plasma sEV miRNAs
had potential as noninvasive biomarkers for identifying true responders to anlotinib.
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