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ABSTRACT
Background: Anlotinib has been demonstrated in clinical trials to be effective in prolonging the
progression-free survival (PFS) and overall survival (OS) of refractory advanced nonsmall cell lung cancer
(NSCLC) patients. However, the underlying molecular mechanisms and predictive biomarkers of anlotinib
are still unclear.
Methods: A retrospective analysis of anlotinib administered to 294 NSCLC patients was performed to
screen for underlying biomarkers of anlotinib-responsive patients. Transcriptome and functional assays
were performed to understand the antitumour molecular mechanisms of anlotinib. Changes in serum
CCL2 levels were analysed to examine the correlation of the anlotinib response between responders and
nonresponders.
Results: Anlotinib therapy was beneficial for prolonging OS in NSCLC patients harbouring positive driver
gene mutations, especially patients harbouring the epithelial growth factor receptor (EGFR)T790M

mutation. Moreover, anlotinib inhibited angiogenesis in an NCI-H1975-derived xenograft model via
inhibiting CCL2. Finally, anlotinib-induced serum CCL2 level decreases were associated with the benefits
of PFS and OS in refractory advanced NSCLC patients.
Conclusions: Our study reports a novel anti-angiogenesis mechanism of anlotinib via inhibiting CCL2 in
an NCI-H1975-derived xenograft model and suggests that changes in serum CCL2 levels may be used to
monitor and predict clinical outcomes in anlotinib-administered refractory advanced NSCLC patients
using third-line therapy or beyond.
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This article has supplementary material available from erj.ersjournals.com

Received: April 10 2018 | Accepted after revision: Nov 29 2018

Copyright ©ERS 2019

https://doi.org/10.1183/13993003.01562-2018 Eur Respir J 2019; 53: 1801562

ORIGINAL ARTICLE
LUNG CANCER

http://ow.ly/YZL930mXlfV
http://ow.ly/YZL930mXlfV
https://doi.org/10.1183/13993003.01562-2018
erj.ersjournals.com
https://crossmark.crossref.org/dialog/?doi=10.1183/13993003.01562-2018&domain=pdf&date_stamp=


Introduction
Lung cancer is the leading cause of cancer-related death worldwide. The incidence of nonsmall cell lung
cancer (NSCLC) is reported to be 39.05 per 10000 people, accounting for ∼85% of all lung cancer patients
[1]. ∼75% of patients have advanced NSCLC that is unresectable at first diagnosis and has a 5-year
survival rate of <15% [2, 3]. Histologically, NSCLC consists mainly of squamous-cell carcinoma (LUSC)
and adenocarcinoma (LUAD) [4]. First- and second-line therapies for advanced NSCLC include the
inhibition of driver genes and systemic chemotherapy. For third-line therapy, there is no consolidated
regimen [5]. Systemic chemotherapy for NSCLC includes conventional chemotherapeutic agents,
inhibitors of angiogenesis and inhibitors of metastasis [6]. Although advanced NSCLC patients have
obtained great benefits from first- and second-line therapies, drugs that potently prolong progression-free
survival (PFS) and overall survival (OS) at third-line or over third-line therapy are still limited.
Multitargeted drugs could introduce a new opportunity for prolonging PFS and OS in refractory advanced
NSCLC patients who are receiving third-line or beyond third-line therapies [7–10].

Anlotinib is a multitargeted receptor tyrosine kinase inhibitor (TKI) with demonstrated antitumour effects
in various cancers [8–12]. Previous studies have indicated that anlotinib inhibits tumour growth by
inhibiting signalling pathways involving angiogenesis and cell proliferation [8, 13, 14]. Recombinant
enzyme assays in vitro have indicated that anlotinib selectively inhibits vascular epidermal growth factor
receptor (VEGFR)-1, -2 and -3, platelet-derived growth factor receptor (PDGFR)-α and -β and fibroblast
growth factor receptor (FGFR)-1, -2, -3 and -4, among others. Furthermore, anlotinib suppresses tumour
cell growth via the inhibition of c-Kit, Ret, Aurora-B, c-FMS and DDR1 [15–17].

Recent clinical trials have indicated that anlotinib therapy prolongs PFS and OS in refractory advanced NSCLC
subjected to third-line or beyond third-line therapy [7, 9, 10]. The underlying mechanism might be attributed
to anlotinib-induced block of angiogenesis. However, the molecular mechanisms of the angiogenesis blocking
are yet to be fully characterised. Furthermore, identifying a biomarker that can be used to monitor and predict
the clinical response of advanced NSCLC patients to anlotinib is an urgent problem to be solved to improve
clinical outcomes. Therefore, in the present study, we sought to explore the underlying anti-angiogenesis
mechanism of anlotinib and identify possible biomarkers for monitoring and predicting the clinical outcomes
of anlotinib therapy in advanced NSCLC patients receiving third-line or beyond third-line therapies.

Methods
Patients and samples
The clinical trials and sample preparations were performed according to our previous studies [7, 9]. The
trial (ALTER-0303) is registered at ClinicalTrials.gov with identifier number NCT02388919.

Anlotinib response stratification by subgroups
According to the histopathological classification, all NSCLC patients were classified as LUSC or LUAD.
Analysis of PFS and OS was performed based on the histopathological classification of all registered
anlotinib-administered NSCLC patients. Classification of the positive and negative driver gene mutation
(epithelial growth factor receptor (EGFR), ROS1 or ALK) was used to evaluate the response to anlotinib in
LUAD patients. Furthermore, the subtypes of positive driver gene mutations were assessed to analyse
correlations with PFS and OS. Finally, the number of metastases (stratified as more than three metastases
and three or fewer metastases) in registered LUAD patients at the initial assessment was used to evaluate
the response to anlotinib in LUAD patients.

Cell experiments
Cell culture procedures were performed according to our previous studies [18, 19]. For detailed methods
on the cell viability analysis, flow cytometric analysis, cell invasion analysis, the wound-healing scratch
assay and the cell immunofluorescence assay, refer to the supplementary materials.
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RNA-seq
RNA-seq and bioinformatics analysis assays were performed according to our previous studies [18, 19].
Detailed information is provided in the supplementary materials. The raw data for this study are available
in the EMBL database under accession number E-MTAB-5997: www.ebi.ac.uk/arrayexpress/.

Animal experiments
Experiments using Balb/c nude mice (Shanghai Laboratory Animals Center, Shanghai, China) were
performed according to national guidelines for welfare. Procedures for the NCI-H1975-derived xenograft
model induction, grouping, drug administration, tumour volume measurements and sample collection are
described in the supplementary materials.

Quantitative analysis
Histology analysis (including hematoxylin and eosin (H&E) staining and immunofluorescent
histochemistry analysis), mRNA expression analysis and ELISA analysis were performed as conventional
procedures. Detailed information is provided in the supplementary materials.

Anlotinib responder analysis prediction
We aimed to understand whether the changes in serum CCL2 levels could be used to predict the clinical
response of NSCLC patients treated with anlotinib. 437 NSCLC patients enrolled in ALTER-0303 study, and
294 patients received anlotinib therapy. Of the 294 patients, there were 14 anlotinib responders (PFS
>80 days) with qualified blood samples at baseline, best response and progressive disease, simultaneously.
For comparing the differences between responders and nonresponders, we picked out randomly 14
anlotinib nonresponders (PFS ⩽80 days) with qualified blood samples at the baseline and progressive
disease time points. The driver gene mutation status of NSCLC patients at their first biopsy is shown in
supplementary table S1. Serum was isolated from blood according to standard methods. CCL2 levels were
detected via ELISA as previously described. CCL2 levels in NSCLC patients were compared at different time
points. Changes in CCL2 levels after anlotinib treatment were calculated based on CCL2 levels at different
time points. Anlotinib responder analysis prediction was performed based on changes in CCL2 levels.

Statistical analyses
PFS and OS were summarised as median values and two-sided 95% confidence intervals and were
analysed using the Kaplan–Meier method. The Mantel–Cox test was used to perform the Kaplan–Meier
survival analysis in GraphPad Prism 5 (San Diego, CA, USA). All in vitro experiments, excluding
RNA-seq, were performed on at least three biological replicates. Data are presented as mean±SD. The data
were examined using the two-tailed t-test, log-rank test, or one-way ANOVA with post hoc Bonferroni
correction. Differences were considered significant at p<0.05, p<0.01 and p<0.001.

Results
LUAD patients harbouring positive driver gene mutations have a better OS after anlotinib therapy
All NSCLC patients (n=294) received anlotinib therapy for two consecutive weeks and then discontinued
for one week (figure 1a) until progression of disease (PD) was observed. To examine the anlotinib
response of NSCLC patients, we divided the patients into LUSC (n=54) and LUAD (n=240) according to
the histopathologic classification. Kaplan–Meier analysis suggested that there was no difference in the PFS
and OS curves between LUSC and LUAD after anlotinib therapy (supplementary figure S1a). Among the
registered patients, LUAD accounted for the majority of all NSCLC patients. Therefore, we performed a
subgroup analysis of the LUAD patients. Compared with the OS of the driver gene-negative patients
(n=147), that of the driver gene-positive patients (n=93) was significantly longer after anlotinib therapy.
However, there was no significant difference when the PFS analysis was performed (figure 1b and c).
Subsequently, Kaplan–Meier analysis was performed to examine the correlations between mutation types
of the driver gene and PFS or OS. The patients harbouring the ROS1 or EGFRT790M mutation had a better
response to anlotinib than those with other types of driver gene mutation (figure 1d and e). Further
analysis suggested that the OS of patients harbouring the EGFRT790M mutation was significantly longer
than those with other driver gene types, although differences in PFS remained nonsignificant (figure 1f
and g). Furthermore, the NSCLC patients harbouring more than three metastases had a shorter PFS and
OS than the NSCLC patients harbouring three or fewer metastases (supplementary figure S1b).
Interestingly, we found that some LUAD patients without a driver gene mutation also had a good response
to anlotinib therapy (supplementary figure S1c–e), suggesting potential alternative biomarkers for
distinguishing anlotinib responders from nonresponders.
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Anlotinib induces NCI-H1975 cell cytotoxicity in vitro and in vivo
Understanding the underlying molecular mechanisms could be a prerequisite to identify valuable
biomarkers for anlotinib responders. Here, we found that NCI-H1975 cells were the obviously sensitive to
anlotinib in vitro, as demonstrated by cell apoptosis induction, cell invasion inhibition, cell cycle arrest
and cell migration inhibition (supplementary figure S2a–i). These results suggested multiple cytotoxic
effects of anlotinib upon NCI-H1975 cells. To examine whether anlotinib could inhibit tumour growth
in vivo, we administered anlotinib in NCI-H1975-derived xenograft models. The timeline of the in vivo
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FIGURE 1 A retrospective analysis of anlotinib phase III clinical trial indicates that the overall survival of lung adenocarcinoma (LUAD) patients is
associated with the driver gene mutation type. a) Timeline of the anlotinib phase III clinical trial. Kaplan–Meier plots of b) progression-free
survival (PFS) and c) overall survival (OS) in nonsmall cell lung cancer (NSCLC) patients receiving anlotinib therapy by negative (n=147) and
positive (n=93) driver gene mutations. Median (95% CI) PFS 147 (131–163) days versus 166 (143–189) days, median (95% CI) OS 259 (234–284) days
versus 364 (332–396) days. Analysis of d) PFS and e) OS in anlotinib-treated LUAD patients harbouring epidermal growth factor receptor (EGFR)
and other positive mutations. Kaplan–Meier plots of f ) PFS and g) OS in driver gene-positive LUAD patients receiving anlotinib therapy by
EGFRT790M-negative (n=84) and EGFRT790M-positive (n=9) mutations. Median (95% CI) PFS 166 (144–188) days versus 182(53–311) days, median OS
(95% CI) 332 (299–365) days versus undefined. PD: progression of disease.
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experiment is shown in figure 2a. After one cycle of anlotinib treatment, tumour growth was significantly
inhibited, and the survival time was markedly enhanced, with acceptable toxicity at both dosages (figure
2b and c and supplementary figure S2j–l). Extensive tissue necrosis, evaluated by H&E staining, was found
in anlotinib-treated NCI-H1975-derived xenograft models, and the tumour cavity, as evaluated using
computed tomography, revealed refractory advanced NSCLC patients after anlotinib therapy (figure 2d
and supplementary figure S1c and d), indicating that anti-angiogenesis could play an important role in
anlotinib-induced tumour inhibition.

Transcriptome analysis indicates that anlotinib-induced CCL2 blockade is involved in
anlotinib-induced angiogenesis block
Based on the observations of cytotoxicity and tissue necrosis induced by anlotinib, we next sought to
understand the underlying molecular mechanisms via transcriptome-wide differential gene expression
analysis (figure 2e). The results suggested that multiple biological processes or signalling pathways are
involved in anlotinib-induced cytotoxicity (figure 2f and supplementary figure S3). Interestingly, among
the downregulated genes, we found that certain angiogenesis-related biological processes (including
angiogenesis, positive regulation of endothelial cell differentiation and microtubule processes) were the
most enriched (figure 2f).

CCL2 is an important angiogenesis target for tumour therapy [20]. Here, we found that CCL2
transcription was downregulated more than 17-fold after anlotinib treatment in vitro (figure 2g and h).
Analysis of the TCGA cohort suggested that high CCL2 expression significantly correlated with reduced
survival in NSCLC patients (supplementary figure S4a and b). However, the gene coexpressed with CCL2
in LUAD, IL6, was not associated with anlotinib-induced anti-angiogenesis (supplementary figure S4c–g).
Therefore, we performed a series of assays to characterise CCL2 expression in vitro and in vivo. CCL2
levels in the medium were significantly decreased after exposure of NSCLC cell lines (NCI-H1975,
NCI-H2228, A549, NCI-H1650 and NCI-H2228) to anlotinib (figure 2i and supplementary figure S5).
CCL2 levels both in serum and tumour tissue also markedly decreased after anlotinib administration
(figure 2j and k). Based on these observations, we hypothesised that anlotinib-induced anti-angiogenesis
might be mainly attributed to the reduced CCL2 content.

Anlotinib inhibits MMP9 expression in vitro and in vivo
Previous studies have reported that the downregulation of CCL2 inhibits protein expression of
angiogenesis-related signalling pathway in vitro and in vivo [20, 21]. In the present study, we found that
among the matrix metalloproteins (MMPs) (including MMP1, MMP2, MMP3, MMP9 and MMP19), the
mRNA expression of MMP9 was nearly blocked after anlotinib treatment in vitro and in vivo (figure 3a).
Moreover, MMP9 protein was markedly decreased after anlotinib treatment (figure 3b and c). Thus,
proliferation and vascularisation were significantly inhibited after anlotinib administration (figure 3d–g).
Because high MMP9 levels contribute to tumour vascularisation [22], our results suggest that
anlotinib-induced anti-angiogenesis possibly attributed to the inhibition of the CCL2–MMP9 axis.

Anlotinib inhibits angiogenesis via the CCL2–MMP9 axis
To further understand the role of CCL2 in anlotinib-induced anti-angiogenesis, human recombinant
CCL2 was added to anlotinib-treated NCI-H1975 cells or injected into NCI-H1975-derived xenograft
models. We found that exogenous CCL2 dramatically offset anlotinib-induced cytotoxicity (including cell
apoptosis induction, cell invasion inhibition, cell cycle arrest and inhibition of cell migration) in vitro
(supplementary figure S6). Moreover, we evaluated the effect of replenished exogenous CCL2 on
angiogenesis-related and proliferation-related proteins in NCI-H1975 in vitro, and we found that extrinsic
CCL2 markedly recovered the expression levels of MMP9, CD31 and Ki67 (figure 4a and b).

For the in vivo assessments, we found that both the tumour volume and fold change of tumour volume
increased significantly in the anlotinib-treated models injected with CCL2 (figure 4c). Moreover, the
survival time declined dramatically after CCL2 administration (figure 4d). Consistent with the observations
in vitro, intratumoural MMP9 expression was significantly recovered (figure 4e). Importantly, extrinsic
CCL2 significantly neutralised anlotinib-induced anti-angiogenesis (figure 4f and g). These results indicate
that high CCL2 levels not only correlate with vascularisation, but also contribute to offsetting the
anlotinib-induced angiogenesis block. Collectively, these results demonstrated that anlotinib had an
anti-angiogenesis effect via the inhibition of the CCL2–MMP9 axis (figure 4h) and suggested that
anlotinib-induced CCL2 blockade could be associated with the response to anlotinib in refractory
advanced NSCLC patients.
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Changes in serum CCL2 levels reflect and predict the anlotinib response in refractory advanced
NSCLC patients
Given the active involvement of CCL2 in anlotinib treatment, we next asked whether the CCL2 levels
could be used to predict the response to anlotinib. Among 28 NSCLC patients treated with anlotinib, we
found that serum CCL2 levels in responsive patients (n=14) decreased significantly at best response and
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FIGURE 3 Anlotinib inhibits NCI-H1975 cell-derived angiogenesis in vitro and in vivo. a) Matrix metalloproteinase (MMP) mRNA expressions in
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f ) Magnification 10×; scale bars=100 µm; g) magnification 20×; scale bars=25 µm. Ctrl: control. **: p<0.01; ***: p<0.001.
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increased at progressive disease, with 13 responders showing decreased serum CCL2 levels at best
response. In nonresponders (n=14), serum CCL2 levels increased at progressive disease, with 11
nonresponders showing increased CCL2 levels (figure 5a–c). Moreover, we observed the serum CCL2
levels in responders were markedly high compared with those in nonresponders at baseline
(supplementary figure S7a). Kaplan–Meier analysis suggested that serum CCL2 levels at baseline
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potentially predict tumour response in refractory advanced NSCLC patients during treatment with
anlotinib (supplementary figure S7b and c).

As mentioned above, in NSCLC cell lines (figure 2g–i and supplementary figure S5), the
NCI-H1975-derived xenograft model (figure 2j and k) and NSCLC patients (figure 5b), we observed the
remarkable decrease of CCL2 levels upon anotinib treatment. In addition to serum CCL2 levels at baseline,
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we ask whether the change of CCL2 levels could be used to predict anlotinib response. Thus, we examined
the changes in serum CCL2 levels after anlotinib therapy. Surprisingly, we found that early changes in
CCL2 levels were clearly associated with the response to anlotinib (figure 5d). Subsequently, we used a
median cut-off point to assess the anlotinib response. PFS was dramatically longer in NSCLC patients with
early decreases in serum CCL2 levels than in those with early increases (figure 5e). Similar results were
observed when OS analysis was performed in the cohort using this stratification. Compared with NSCLC
patients with increased CCL2 levels after anlotinib therapy, the OS of patients with decreased CCL2 levels
was significantly longer (figure 5f).

Discussion
As an oral multitargeted TKI, anlotinib exhibits efficacy in various cancers [7, 9–12]. Our clinical evidence
suggests that anlotinib prolongs PFS and OS in patients with refractory advanced NSCLC [7, 9, 10].
Although the clinical trial results suggest that anlotinib potentially has an anti-angiogenesis effect to
inhibit disease progression, the underlying molecular mechanism is still unclear. In addition, traditional
stratification methods for evaluating or predicting responses to new inhibitors are less efficient for
identifying the best responders from NSCLC patients. To address these issues, we sought herein to
understand the mechanisms of the anlotinib-induced anti-angiogenesis effect and identify a biomarker
that could be used to screen anlotinib responders.

Standard therapeutic regimens have been recommended to advanced NSCLC patients as first-line and
second-line agents. Third-line and beyond third-line therapy for refractory advanced NSCLC lack a uniform
standard, which has been regarded as an intractable problem for the lung cancer research community.
Recently, the National Comprehensive Cancer Network has provided third-line therapy regimens, including
chemotherapy and immunotherapy, for refractory advanced NSCLC [5]. However, multitargeted TKIs are
still worth pursuing. We found that anlotinib could be used as an oral multitarget TKI for third-line or
beyond third-line therapy in refractory advanced NSCLC patients [7, 9, 10]. Biomarkers play an important
role in drug development for lung cancer therapy. First-generation TKIs provide great benefits to LUAD
patients harbouring EGFR mutations (19 deletion or L858R) [23, 24]. Advanced NSCLC patients
harbouring 50% positive PD1/PDL1 expression or a higher tumour mutation burden acquire more benefits
from checkpoint inhibitors (such as pembrolizumab, nivolumab and atezolizumab) [25–27]. In this study,
we found that LUAD patients harbouring driver gene-positive mutations, especially patients harbouring the
EGFRT790M mutation, obtained more benefit from anlotinib therapy based on OS analysis rather than PFS
analysis. The underlying cause of this phenomenon may be attributed to the administration of
third-generation TKIs (such as AZD9291) or recovering sensitivity to first-generation TKIs [28, 29].
Although intense efforts have been exerted to identify biomarkers based on known molecular characteristics,
it is still difficult to distinguish anlotinib responders from all advanced NSCLC patients.

Understanding the molecular mechanisms of anlotinib could facilitate biomarker identification. Previous
studies have indicated that anlotinib selectively inhibits growth factor receptor, including VEGFR (1, 2 and
3), PDGFR (α and β) and FGFR (1, 2, 3 and 4), among others [8–10, 13, 14]. Anlotinib exerts its
antitumour effects in tumour cell line-derived xenograft animal models [8]. Furthermore, anlotinib
suppresses tumour cell growth through the inhibition of c-Kit, Ret, Aurora-B, c-FMS and DDR1 [15–17].
Elevated CCL2 levels in the tumour microenvironment or blood are associated with tumour angiogenesis
[22, 30, 31]. CCL2 activation contributes to angiogenesis and metastasis in lung cancer, breast cancer and
pancreatic cancer, among others [20, 21, 32]. The majority of tumours secrete CCL2, a key
pro-angiogenesis factor, to stimulate tumour vascularisation and provide nutrition for tumour growth and
metastasis [33, 34]. Here, we observed that anlotinib inhibited NCI-H1975 cell proliferation via CCL2
blockade in vitro and in vivo. Moreover, anlotinib-induced tumour necrosis was attributed to angiogenesis
inhibition by blocking the CCL2–MMP9 axis in NCI-H1975-derived xenografts models.

Valuable biomarkers contribute to the prediction of responders to new drugs [23–27]. Thus, the
identification of a proper biomarker for distinguishing responders from nonresponders to anlotinib is
urgent. Here, we observed herein that alterations of serum CCL2 levels were associated with the response
to anlotinib therapy in advanced NSCLC. Moreover, we reported that changes in serum CCL2 levels could
predict anlotinib responders among refractory advanced NSCLC patients, although serum CCL2 levels at
baseline could be used to predict anlotinib responders in this study. However, it is reported that plasma
CCL2 levels vary in different cohorts of race, age and smoking [35, 36]. Considering anlotinib induces a
remarkable change of CCL2 levels in NSCLC cell lines (figure 2g–i and supplementary figure S5), the
NCI-H1975-derived xenograft model (figure 2j and k) and NSCLC patients (figure 5b), we found that the
change of CCL2 levels, rather than CCL2 levels themselves, could be used to more effectively predict
anlotinib response. And a large-scale prospective study should be performed to evaluate its potential as a
biomarker for anlotinib therapy.
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Conclusions
The present study not only reveals an important molecular mechanism of anlotinib-induced
anti-angiogenesis via inhibition of the CCL2–MMP9 axis, but also offers insights that serum CCL2 levels
could serve as a predictive biomarker for distinguishing anlotinib responders from nonresponders in
refractory advanced NSCLC patients receiving third-line or beyond third-line therapies.
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