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ABSTRACT
◥

Purpose:Anlotinib has achieved good results in clinical trials of a
variety of cancers. However, the effects of anlotinib on the tumor
microenvironment (TME) and systemic immunity have not been
reported. There is an urgent need to identify the underlying
mechanism to reveal new opportunities for its application in
neuroblastoma (NB) and other cancers. Understanding the mech-
anism will hopefully achieve the goal of using the same method to
treat different cancers.

Experimental Design: This study used bioinformatics, NB syn-
geneic mouse models, flow cytometry, RNA-seq, and immunoflu-
orescence staining to explore the mechanisms of anlotinib on the
TME, and further explored anlotinib-containing combination treat-
ment strategies.

Results: We proved that anlotinib facilitates tumor vessel nor-
malization at least partially through CD4þ T cells, reprograms the

immunosuppressive TME into an immunostimulatory TME, sig-
nificantly inhibits tumor growth, and effectively prevents systemic
immunosuppression. Moreover, the combination of anlotinib with
a PD-1 checkpoint inhibitor counteracts the immunosuppression
caused by the upregulation of PD-L1 after monotherapy, extends
the period of vascular normalization, and finally induces NB
regression.

Conclusions: To our knowledge, this study is the first to dynam-
ically evaluate the effect of a multitarget antiangiogenic tyrosine
kinase inhibitor on the TME. These findings have very important
clinical value in guiding the testing of related drugs in NB and other
cancers. Based on these findings, we are conducting a phase II
clinical study (NCT04842526) on the efficacy and safety of anlo-
tinib, irinotecan, and temozolomide in the treatment of refractory or
relapsed NB, and hopefully we will observe patient benefit.

Introduction
Neuroblastoma (NB) is derived from embryonic neural crest cells

and has the characteristics of abundant blood vessels, rapid growth,

and early metastasis. It is the most common extracranial solid tumor
and the second leading cause of death related to malignant tumors in
children (1). The clinical features and outcomes of NB are highly
heterogeneous: a small number of cases resolve spontaneously, but
most of them are already at an advanced stage at the time of diagnosis.
Despite comprehensive treatmentmeasures such as surgery, high-dose
chemotherapy, radiotherapy, autologous stem cell transplantation,
and anti-GD2 therapy, the cure rate is still less than 50%, and there
is an urgent clinical need for new and efficient treatment methods (2).

With the approval of programmed cell death receptor 1 (PD-1)
inhibitors, programmed cell death ligand 1 (PD-L1) inhibitors, cyto-
toxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitors, and
other related drugs, immune-checkpoint inhibitors (ICI) have become
a research hotspot in the field of oncology and have substantially
improved the prognosis of some patients (3). However, 50% to 80% of
patients with cancer, including patients with NB, do not benefit from
these treatments, and many patients will experience adverse reac-
tions (4). Some tumor cells have a low mutation load and lack major
histocompatibility complex I (MHC-I) expression, leading to low
immunogenicity and preventing T cells from recognizing them (5).
However, this alone is insufficient to fully explain the lack of response
to treatment in most patients, nor does the differences in the expres-
sion of immune-checkpoint proteins (6). Indeed, a reliable biomarker
that accurately predicts the clinical response of patients to immuno-
therapy is currently unavailable. The tumor microenvironment
(TME), which is characterized by a low oxygen level, low pH, and
high interstitial pressure, may reduce the effectiveness of almost all
types of anticancer therapies, including immunotherapy (7). The TME
is composed of blood vessels, lymphatic vessels, various stromal cells,
and immune cells, all of which are wrapped in an extracellular matrix.
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Many studies have shown that the various components of the TME are
highly abnormal compared with normal tissues, which aggravates
tumor progression and treatment resistance (8). Therefore, facilitating
TME normalization can improve the effect of anticancer therapies
(such as chemotherapy, radiotherapy, targeted therapy, and immu-
notherapy; ref. 9). Therefore, we focused on tumor blood vessels, which
are an important part of the TME. Vascular abnormalities are a
hallmark of most solid tumors, and these abnormalities stem from
the increased levels of proangiogenic factors such as vascular endo-
thelial growth factor (VEGF) and angiopoietin 2 (ANGPT2). The use
of drugs targeting these factors can improve the immunotherapy
response. One explanation is that these drugs can facilitate vessel
normalization to increase the infiltration of immune effector cells;
namely, they can transform the immunosuppressive TME into an
immune-enhancing TME (6). Notably, ICIs can facilitate vessel nor-
malization in breast cancer models through a mechanismmediated by
CD4þT cells in an IFNg-dependentmanner, andmutual regulation of
tumor vascular normalization and immunostimulatory reprogram-
ming has been observed (10). However, researchers have not yet
determined whether the ICI-mediated vascular normalization theory
is suitable for other cancer models.

Bevacizumab is a humanized VEGF antibody that has been
approved by the Food and Drug Administration (FDA) for the
treatment of a variety of cancers (11). Because it is a single-target
antiangiogenic drug, it has no inhibitory effect on the tumor itself;
bevacizumabmonotherapy does not result in significant improvement
in prognosis, and thus it is often used in combination with other
treatments as an adjuvant therapy. A phase II clinical study of its
combination with irinotecan and temozolomide in the treatment of
patients with refractory and relapsed NB showed that the combination
therapywaswell tolerated, but it didnot improve the response rate (12).
Anlotinib is a new, orally administered small-molecule multitarget
tyrosine kinase inhibitor that was independently developed inChina; it
strongly inhibits vascular endothelial growth factor receptor (VEGFR),
fibroblast growth factor receptor (FGFR), platelet-derived growth
factor receptor (PDGFR), and c-KIT, and thus it acts on both the
TME and the tumor itself (13). The results of a multicenter, random-

ized, double-blind, placebo-controlled phase III clinical study of
anlotinib as a third-line treatment for advanced non–small cell lung
cancer (NSCLC) showed that the overall survival (OS) and progres-
sion-free survival (PFS) times of the anlotinib group were significantly
longer than those of the placebo group (14). Therefore, it was officially
approved by theChina Food andDrugAdministration onMay 9, 2018,
for the third-line treatment of patients with advanced NSCLC. It is
currently the only effective monotherapy among antiangiogenic drugs
approved for advanced NSCLC, and it has controllable adverse reac-
tions that are well tolerated by patients. First-line and second-line
combination strategies, including anlotinib, have broad prospects.
Anlotinib alone has also achieved good results in clinical trials of
advanced soft tissue sarcoma (15), medullary thyroid carcinoma (16),
metastatic renal cell carcinoma (17), and other cancers (13). However,
the effects of anlotinib on the TME and systemic immunity have not
been reported, and it has not been used in patients withNB. There is an
urgent need to identify the underlying mechanism to reveal new
opportunities for its application in NB and other cancers. Under-
standing the mechanism will hopefully achieve the goal of using the
same method to treat different cancers. This study used syngeneic
mouse models to explore the effects and mechanisms of anlotinib on
the NB TME and systemic immunity and further explored anlotinib-
containing combination treatment strategies.

Materials and Methods
Bioinformatic analysis

NB data analyzed in this study were obtained fromGSE62564. Lung
adenocarcinoma (LUAD) data analyzed in this study were obtained
from GSE68465. The bioinformatic analysis process and code were as
described previously (10). Briefly, the pheatmap R package was used to
perform the cluster analysis and draw heatmaps. The survival and
survminer R packages were used for the survival analysis and to
generate Kaplan–Meier curves. The differentially expressed genes
(DEG) were identified in the two groups of patients using the limma
R package (18). Gene set enrichment analysis (GSEA) was performed
using the clusterProfiler R package (19).

Cell lines and cell culture
975A2 and 9464D cells (gifts from Dr. Rimas Orentas at Seattle

Children’s Research Institute) were cultured in high-glucose DMEM
(Gibco) containing 10% FBS (BI) and 100 IU/mL penicillin/strepto-
mycin (Gibco). Both cell lines were grown in a humidified incubator at
37�C with 5% CO2 and confirmed to be negative for mycoplasma
contamination every month by PCR. Cell lines were used within 20
passages of thawing and continuously cultured for less than six
months. Both cell lines were derived from spontaneous NB in the
adrenal glands of TH-MYCN transgenic mice on a C57BL/6 back-
ground. TH-MYCN transgenic mice spontaneously develop NB, and
these NB tumors have strong histologic and genetic similarities to
human NB (20). The TH-MYCN mouse model closely recapitulates
the human disease and mainly resembles high-risk MYCN-amplified
NB tumors (21). The transplantable TH-MYCN model represents a
relevant model for the development of novel immunocombinatorial
approaches for patients with NB (22, 23).

Construction of OVA-flag-GFP-975A2/9464D cell lines
The recombinant lentiviral vector pLV-OVA-Flag-IRES-GFP was

obtained from Dr. Deqing Hu at Tianjin Medical University. The
EndoFree Plasmid Kit (12362, Qiagen) was used to prepare the
packaging plasmid psPAX2 and the envelope plasmid pMD2.G (both

Translational Relevance

The findings of multiple preclinical studies have provided
evidence for the efficacy of combining antiangiogenic therapy with
immune-checkpoint inhibitors. A phase I clinical study
(NCT03628521) of anlotinib combined with sintilimab as the
first-line treatment of advanced non–small cell lung cancer
(NSCLC) showed encouraging efficacy, tolerability, and safety.
Here, we proved that anlotinib facilitates tumor vessel normali-
zation at least partially through CD4þ T cells, reprograms the
immunosuppressive tumor microenvironment (TME) into an
immunostimulatory TME, significantly inhibits tumor growth,
and effectively prevents systemic immunosuppression. Moreover,
the combination of anlotinib with a PD-1 checkpoint inhibitor
counteracts the immunosuppression caused by the upregulation of
PD-L1 after monotherapy, extends the period of vascular normal-
ization, and finally induces neuroblastoma (NB) regression. Based
on these findings, we are conducting a phase II clinical study
(NCT04842526) on the efficacy and safety of anlotinib, irinotecan,
and temozolomide in the treatment of refractory or relapsed NB,
and hopefully we will observe patient benefit.
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from Addgene). The three plasmids were cotransfected into 293T cells
with polyethylenimine (PEI; 23966, Polysciences) to prepare the virus,
and then 975A2/9464D cells were infected with the virus. Monoclonal
cells expressing OVA-Flag-GFP were collected by fluorescence acti-
vated cell sorting and expanded into cell lines. The expression of the
OVA protein was confirmed by western blot, and the expression of
GFP was confirmed by observing cells with an OLYMPUS CKX53
microscope.

NB syngeneic mouse models
Female C57BL/6 mice and athymic nude mice (6 to 8 weeks old)

were purchased from SPF (Beijing) Biotechnology Co., Ltd. 975A2/
975A2-OVA (2� 106) and 9464D/9464D-OVA (1� 106) tumor cells
were subcutaneously implanted into the right back of C57BL/6 and
nudemice.When themean tumor volume (TV) reached 30 to 50mm3,
the mice were randomized into treatment groups (n ¼ 5–10 mice per
group). At the time point of the dynamic analysis, threemice from each
group were used for mechanistic analyses. TV was calculated as TV
(mm3)¼ p/6� length � width� height. We measured the TV every
three days. For survival experiments, the animals were sacrificed when
the TV exceeded 2,500 mm3 or it was expected to surpass 2,500 mm3

before the next measurement.

Drugs and antibodies
Anlotinib was provided by Chia Tai Tianqing Pharmaceutical

Group Co., Ltd. The murine PD-1 antibody (clone RMP1-14) and
its isotype-matched control antibody (clone 2A3), CD4 antibody
(clone GK1.5), and isotype-matched control antibody (clone LTF-
2), CD8 antibody (clone 53-6.7) and isotype-matched control antibody
(clone 2A3) were all purchased from Bio X Cell.

In vivo treatment
Anlotinib was intragastrically administered to mice for 9 or 21

consecutive days, and the PD-1 antibody or its isotype-matched
control antibody (both 10 mg/kg) was injected intraperitoneally every
three days. To deplete CD4þ or CD8þ T cells, mice carrying early
established tumors were injected intraperitoneally with the corre-
sponding antibody or isotype-matched control antibody (all 10mg/kg)
every three days starting six days before anlotinib treatment.

RNA-seq analysis
After nine days of anlotinib treatment, three mice each from the

treatment group and the vehicle group were sacrificed, and the tumors
were snap-frozen in liquid nitrogen immediately after resection. RNA
extraction and RNA-seq analysis were performed by BeijingNovogene
Co., Ltd. One microgram of total RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries were
generated using the NEBNext UltraTM RNA Library Prep Kit for
Illumina (NEB,USA) following themanufacturer’s recommendations.
The library fragments were purified with the AMPure XP system
(Beckman Coulter), and library quality was assessed using the Agilent
Bioanalyzer 2100 system. The library preparations were sequenced on
an Illumina NovaSeq platform, and 150 bp paired-end reads were
generated. The index of the reference genome was built using Hisat2
v2.0.5 andpaired-end clean readswere aligned to the reference genome
using Hisat2 v2.0.5. Next, featureCounts v1.5.0-p3 was used to count
the read numbers mapped to each gene. Then, fragments per kilobase
permillion (FPKM) of each genewere calculated based on the length of
the gene and read count mapped to this gene. The differential
expression analysis was performed using the DESeq2 R package
(1.16.1). The resulting P values were adjusted using the Benjamini

and Hochberg’s approach for controlling the false discovery rate.
Genes with an adjusted P < 0.05 and |log2 (fold change)| > 0.5
identified by DESeq2 were considered differentially expressed. Gene
Ontology (GO) enrichment analysis of DEGs was implemented using
the clusterProfiler R package. GO terms with corrected P less than 0.05
were considered significantly enriched in DEGs. The local version of
the GSEA tool http://www.broadinstitute.org/gsea/index.jsp was used
for GSEA.

Flow cytometry
Tumors were cut into small fragments (approximately 1 mm3),

incubated for 1 hour with Hank’s solution containing 0.5 mg/mL
collagenase type III, 0.1 mg/mL dispase II, and 0.1 mg/mL DNase at
37�Con a constant temperature shaker, and then filtered through a 70-
mm cell strainer to obtain a single-cell suspension. A 30% Percoll
separation solution was used for density gradient centrifugation to
remove fibrous tissue, and then ACK lysis buffer was used to lyse red
blood cells. The cells were incubated for 10minutes at 4�Cwith fixable
viability dye (423106, BioLegend, 1:1,000) and then incubated for 15
minutes at 4�Cwith anti-mouse Fc-blockCD16/32 antibody (clone 93,
BioLegend, 1:200). Cell membrane proteins were subsequently ana-
lyzed by staining with antibodies for 40 minutes at 4�C. For intracel-
lular staining, the cells were fixed, permeabilized, and then incubated
with the antibodies at 4�C for 40 minutes. For cytokine staining, the
cells were incubated for 5 hours with a cell activation cocktail
(BioLegend, 1:500) in DMEM containing 10% FBS at 37�C and then
stained as described above. The following antibodies against mouse
antigens were used: anti-CD45 (clone 30-F11), anti-CD3 (clone 145-
2C11), anti-CD4 (clone GK1.5), anti-CD8 (clone 53-6.7), anti-CD11b
(clone M1/70), anti-CD11c (clone N418), anti-CD19 (clone 1D3/
CD19), anti-CD25 (clone PC61), anti-CD31 (clone 390), anti-NK1.1
(clone PK136), anti-Gr1 (clone RB6-8C5), anti-F4/80 (clone BM8),
anti-CD206 (clone C068C2), anti-CD80 (clone 16-10A1), anti-CD86
(clone GL-1), anti-Arg1 (clone A1exF5), anti-Foxp3 (clone 150D),
anti-Ki67 (clone 11F6), anti-TNFa (clone MP6-XT22), anti-IFNg
(clone XMG1.2), anti-GzmB (clone QA16A02), anti–PD-1 (clone
29F.1A12), anti-Lag3 (clone C9B7W), anti-Tim3 (clone B8.2C12),
anti–PD-L1 (clone 10F.9G2), anti-MHC-II (clone M5/114.15.2), anti-
H-2 (clone M1/42), and anti-H-2Kb bound to SIINFEKL (clone 25-
D1.16; all from BioLegend); anti-iNOS (clone CXNFT, eBioscience);
and anti-b2M (clone S19.8, BD Biosciences). Data were acquired using
a BD LSRFortessa cytometer (BD Biosciences) and analyzed with
FlowJo v10.4 software.

Immunofluorescence staining
The excised tumor tissue blocks were embedded in optimal cutting

temperature (OCT) compound and quickly frozen in liquid nitrogen.
Sections with thicknesses of 5 mm were cut on a Leica CM1850
cryotome. The slides were fixed with 4% paraformaldehyde solution
for 15 minutes and then blocked with PBS containing 5% goat serum
(Sangon Biotech), 1% BSA (BI), and 0.3% Triton X-100 (Solarbio) for
1 hour at 20�C. Primary antibodies in blocking solution were added
and incubated overnight at 4�C. Secondary antibodies in blocking
solution were added and incubated for 1 hour at 20�C. Sections were
then washed and mounted with DAPI. The primary antibodies
included anti-CD31, anti-a-smooth muscle actin (a-SMA), and
anti-carbonic anhydrase IX (CA-IX; all from Abcam). The secondary
antibodies included Alexa Fluor 488–conjugated goat anti-rabbit and
Alexa Fluor 555–conjugated goat anti-rat (both from Cell Signaling
Technology). Stained sections were stored at �20�C and visualized
using a Carl Zeiss Axio imager A2 microscope. For the quantification
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of pericyte coverage, vessels were counted manually in five indepen-
dent fields at �400 magnification, and the percentage of vessels
covered by pericytes was calculated as the number of CD31þ cells
attached by a-SMAþ cells divided by the number of CD31þ cells.
Perfusion efficiency was quantified as the number of CD31þlectinþ

cells divided by the number of CD31þ cells. The degree of vascular
leakage was quantified as the number of CD31þdextranþ cells divided
by the number of CD31þ cells. Hypoxia levels were quantified as the
number of CA-IXþ cells divided by the number of DAPIþ cells.
Fluorescence photos were analyzed with ImageJ (US NIH) and Photo-
shop (Adobe Systems Inc) software.

Tumor vascular perfusion and leakage evaluation
For the evaluation of vessel perfusion and leakiness, mice were

administered 1mg of 70-kDa lysine fixable fluorescein-labeled dextran
(Thermo Fisher) and 50 mg of DyLight 649-labeled tomato lectin
(Lycopersicon esculentum; Vector Labs) via tail-vein injection. After
10 minutes (to allow the dye to circulate), the mice were euthanized,
and a vertical inline incision along the sternumwasmade to expose the
heart and lungs. Whole-animal perfusion was performed. An incision
was made in the right atrium, and 10 mL of PBS containing 2 mmol/L
EDTA (Solarbio) was injected through the left ventricle to remove
intravascular dye. The tumors were embedded in OCT compound
after resection, and the immunofluorescence staining procedure was
performed as described above.

Study approval
All mouse experimental procedures were performed in accor-

dance with the guidelines of the NIH Guide for Care and Use of
Animals, and the experimental protocol was approved by the
Institutional Animal Care and Research Advisory Committee of
Tianjin Medical University.

Statistical methods
Sample sizes are indicated infigures orfigure legends and refer to the

number of mice. The data were analyzed with Prism 8 software
(GraphPad) or the R programming language (v4.0.3) supported by
the R Foundation for Statistical Computing. For experiments with two
groups, the statistical analysis was performed using two-tailed Student
t test. In some experiments involving multiple groups, statistical
significance was determined using two-way analysis of variance
(ANOVA). Survival analyses were evaluated by constructing
Kaplan–Meier curves and using the log-rank (Mantel–Cox) test. The
Pearson correlation coefficient was calculated to analyze the correla-
tion between tumor weight and the proportion of immune cells.
Differences with P values less than 0.05 were considered statistically
significant.

Data availability
All data in this study are available upon reasonable request. The

RNA-seq data have been submitted to the Gene-Expression Omnibus
(GEO) under accession number GSE179550.

Results
Good prognosis-related angiogenesis genes (GPAG) are
associated with vessel normalization and T-cell activation in
patients with NB

The GEO database was used to explore the genes related to the
angiogenesis in NB patients. Among 377 genes, 156 were positively
correlated with OS, and 52 were negatively correlated with OS; these

geneswere defined asGPAGs and poor prognosis-related angiogenesis
genes (PPAG), respectively (Supplementary Table S1A and S1B),
which can be used to stratify patients according to prognosis
(Fig. 1A and B). The results indicate that angiogenesis may play
different roles in NB tumor development depending on molecular
backgrounds. TheGPAGsweremostly related to positive regulation of
vascular-associated smooth muscle cell proliferation, migration, con-
traction, and regulation of leukocyte adhesion to vascular endothelial
cells (EC) and other pathways associated with vascular normalization
(Fig. 1C; Supplementary Table S2A and S2B). Pericytes and smooth
muscle cells have similar gene-expression programs and are consid-
ered to be developmentally related (24). Pericyte recruitment and
proliferation are highly regulated processes that are essential to
vascular normalization (10). Therefore, GPAGs may be a molecular
marker for vascular normalization. In contrast, the PPAGs were
mostly related to negative regulation of smooth muscle cell differen-
tiation and positive regulation of the VEGFR signaling pathway and
other pathways opposite to vascular normalization (Fig. 1C; Supple-
mentary Table S2A and S2C). GSEA showed that GPAGs are asso-
ciated with the adaptive immune response, especially T-cell activation
(Fig. 1D; Supplementary Table S3). The above results showed that
GPAGs are associated with vessel normalization and T-cell activa-
tion in patients with NB. An analysis of patients with LUAD also
supported the conclusions described above (Supplementary Fig. S1;
Supplementary Tables S4–S6).

Anlotinib significantly inhibits tumor growth in 975A2 and
9464D syngeneic mouse models and reprograms the NB
immunostimulatory microenvironment

A reasonable dose and administration time of antiangiogenic drugs
induce the normalization of tumor vessels by inhibiting tumor angio-
genesis, improving the coverage of pericytes and promoting vessel
maturation. The normal vascular network directly promotes the
delivery of antitumor drugs and the adhesion, infiltration and activity
of immune cells (6). Therefore, the dose and exposure time of anlotinib
that normalizes tumor vessels must be determined. We first tested the
therapeutic effect of different doses of anlotinib in NB syngeneic
mousemodels. Comparedwith vehicle treatment, both 6 and 12mg/kg
anlotinib treatments significantly inhibited tumor growth and pro-
longed survival, but no significant difference was observed between the
two anlotinib groups (Fig. 2A–D). Then, we performed RNA-seq of
tumor tissues treated with vehicle� anlotinib (6mg/kg) for 9 days and
analyzed the DEGs by GO analysis and GSEA to explore the mech-
anism of anlotinib in the treatment of NB. The 6 mg/kg treatment
significantly upregulated genes involved in immune-related pathways
such as adaptive immune response, T-cell activation, regulation of
IFNg production, lymphocyte chemotaxis, migration and adhesion,
and cytokine receptor activity and significantly downregulated genes
involved in angiogenesis-related pathways such as cellular response to
VEGF stimulus and blood vessel EC proliferation involved in sprout-
ing angiogenesis (Fig. 2E–H; Supplementary Fig. S2A–S2D). The
heatmaps of DEGs showed that genes related to T-cell activation,
immune cell adhesion (Selp, Madcam1, and Icam1), and immune cell
migration (Cxcl9, Cxcl10, and Cxcr3) were significantly upregulated,
whereas genes related to angiogenesis (Angpt2, Pdgfa, and Pdgfb) were
significantly downregulated in the 6mg/kg treatment group (Fig. 2I–L;
Supplementary Fig. S2E–S2H). We further confirmed the key role of
T-cell activation in the therapeutic effect of anlotinib on NB by
conducting experiments with nude mice. The therapeutic effect of
anlotinib on nude mice was obviously not as good as that on C57BL/6
mice with normal immunity (Fig. 2M–P).
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Anlotinib significantly impairs tumor angiogenesis and
normalizes the remaining blood vessels, but a concomitant
period of vascular normalization occurs

We then dynamically analyzed the features of the tumor vessels after
anlotinib treatment (6 mg/kg) by performing immunofluorescence
staining (days 9 and 21) as described in Supplementary Fig. S3A. To
assess vascular maturation, we visualized pericytes by a-SMA immu-
nostaining, evaluated vascular leakiness by fluorescein-labeled dex-
tran, detected vascular perfusion by fluorescein-labeled lectin, and
observed hypoxia of the TME by CA-IX immunostaining in NB
syngeneic mouse models. After 9 days of anlotinib treatment, (i) the
tumor vessel length was longer than that in the vehicle group; (ii) the
number ofmicrovessels was reduced; (iii) the coverage of pericytes and
vascular perfusion was significantly increased; (iv) vascular leakage
was reduced; and (v) hypoxia was alleviated (Fig. 3A–J). The RNA-seq
results showed that anlotinib treatment significantly upregulated
smooth muscle cell proliferation-related genes (Supplementary
Fig. S3B) and enriched vascular normalization-related pathways such
as myofilament, a-actinin binding, myosin filament, and structural
constituent of muscle on day 9 (Supplementary Fig. S3C). Notably,
compared with that in the day 9 treatment group, no significant
difference in the number and length of tumor vessels was observed,
but the coverage of pericytes and vascular perfusionwas decreased, and

vascular leakage was increased.We found that hypoxia was aggravated
in the day 21 monotherapy group (Fig. 3A–J) as well. Based on these
results, anlotinib significantly impairs tumor angiogenesis and nor-
malizes the remaining blood vessels, but a concomitant period of
vascular normalization is observed.

Anlotinib significantly reprograms the NB immunostimulatory
microenvironment, but it is affected by the concomitant period
of vascular normalization

Then, we dynamically compared the number and function of
tumor-infiltrating immune cells between the 6mg/kg treatment group
and the vehicle group by flow cytometry (days 9 and 21). The
proportions and densities of tumor-infiltrating CD45þ immune cells
as well as CD4þ and CD8þ T cells were significantly increased; the
proportions of TAMs and neutrophils decreased significantly
(Fig. 4A–C); the abilities of CD4þ and CD8þ T cells to secrete IFNg ,
TNFa, and GzmB were significantly enhanced (Fig. 4D–H); the
proportion of M1 tumor-associated macrophages (TAM) increased;
and the proportion of M2 TAMs decreased in the treatment group on
day 9 (Fig. 4I and J). The density of TAMs, their secretion of TNFa,
and expression of costimulatory molecules (CD80 and CD86) were
significantly increased, and the expression of Arginase 1 (Arg1) was
significantly reduced (Fig. 4C andK–N). RNA-seq results also showed
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Figure 1.

GPAGs are associated with vessel normalization and T-cell activation in patients with NB.A and B, The hierarchical clustering analysis of angiogenesis-related genes
(GO: 0001525) associated with the prognosis showed two clusters of patients with differences in OS. The color scale represents row z-scores (A). C, GO terms that
associated with GPAGs and PPAGs. The GPAGs were mostly related to positive regulation of vascular-associated smooth muscle cell proliferation, migration,
contraction, and regulation of leukocyte adhesion to vascular EC and other pathways associated with vascular normalization. The PPAGs were mostly related to
negative regulation of smooth muscle cell differentiation and positive regulation of the VEGFR signaling pathway and other pathways opposite to vascular
normalization. The number of pathways is shown in parentheses. D, T-cell activation, activation of immune response, and adaptive immune response and other
pathways analyzed by GSEA of GPAGs were significantly upregulated. Log-rank test (B).
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Figure 2.

Anlotinib significantly inhibits tumor growth in 975A2 and 9464D syngeneic mouse models and reprograms the NB immunostimulatory microenvironment.
A–D, Tumor growth curves and survival curves of 975A2 and 9464D syngeneic mouse models treated with different doses of anlotinib for 21 days as described in
Supplementary Fig. S3A (n¼ 5 per group). Median (50%) survival (after treatment): vehicle, 27 days; 3mg/kg, 51 days; 6mg/kg, 69 days; and 12 mg/kg, 69 days (B).
Median (50%) survival (after treatment): vehicle, 21 days; 3mg/kg, 42 days; 6mg/kg, 60 days; and 12mg/kg, 60 days (D). E–L,RNA-seq expression analysis of tumor
tissues from NB syngeneic mouse models treated with vehicle � anlotinib (6 mg/kg) for 9 days as described in Supplementary Fig. S3A and genes differentially
expressed were selected based on the following criteria: adjusted P < 0.05 and |log2 (fold change)| > 0.5. The top 10 GO terms of DEGs are shown with �log10
(P value) (n¼ 3 per group, E–H). Heatmaps of DEGs related to T-cell activation (GO: 0042110) and angiogenesis (GO: 0001525) and the color scale represents row
z-scores (n¼ 3 per group, I–L).M–P, Tumor growth curves and survival curves of vehicle� anlotinib (6 mg/kg) in nude mouse and C57BL/6 mouse tumor-bearing
models (n¼ 5 per group). Median (50%) survival (after treatment): nude-vehicle, 27 days; C57BL/6-vehicle, 27 days;Nude-Anlo, 45 days; and C57BL/6-Anlo, 69 days
(N). Median (50%) survival (after treatment): nude-vehicle, 21 days; C57BL/6-vehicle, 21 days; nude-Anlo, 30 days; and C57BL/6-Anlo, 60 days (P). Error bars
represent the mean � SEM; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, two-way ANOVA (A, C, M, and O), log-rank test (B, D, N, and P).
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that the DEGs related to macrophage activation, chemotaxis, migra-
tion, and antigen processing and presentation were significantly
upregulated in the treatment group on day 9 (Supplementary
Fig. S3D and S3E). The density of dendritic cells (DC) and their

expression ofMHC-II and costimulatorymolecules (CD80 andCD86)
were increased significantly (Fig. 4C andO–Q). The expression levels
of MHC-I and MHC-II in NB cells were significantly increased in the
treatment group on day 9 (Fig. 4R–T). However, we did not detect
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Figure 3.

Anlotinib significantly impairs tumor angiogenesis and normalizes the remaining blood vessels, but a concomitant period of vascular normalization occurs.
A–D, Representative immunofluorescence images of CD31 (red), a-SMA, lectin, dextran and CA-IX (green), and DAPI (blue) staining in tumor tissues from NB
syngeneic mouse models treated with vehicle � anlotinib (6 mg/kg) for 9 days and 21 days as described in Supplementary Fig. S3A. Scale bars, 100 mm.
E–J, Quantitation results of immunofluorescent images (A–D). Relative proportions of a-SMAþ pericyte-covered blood vessels (E), lectinþ blood vessels (F),
dextranþ blood vessels (G), and CA-IXþ cells (H) in NB syngeneic mouse models treated with vehicle � anlotinib (6 mg/kg) for 9 and 21 days as described in
Supplementary Fig. S3A. Relative tumor vessel length (I) and number of CD31þ cells (J) in NB syngeneicmousemodels treatedwith vehicle� anlotinib (6mg/kg) for
9 days and 21 days as described in Supplementary Fig. S3A. Each dot indicates one tumor and represents the average of five images. n¼ 6 per group, including 975A2
(n ¼ 3) and 9464D (n ¼ 3). Error bars represent the mean � SEM; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, two-way ANOVA (E–J).
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Figure 4.

Anlotinib significantly reprograms the NB immunostimulatory microenvironment, but it is affected by the concomitant period of vascular normalization. A–V, Flow
cytometry analysis of tumor-infiltrating immune cells and tumor cells in the 975A2 syngeneic mouse model treated with vehicle � anlotinib (6 mg/kg) for 9 and
21 days as described in Supplementary Fig. S3A, shown by the percentage of parent gates (A–B,D–M, and P–V). MFI indicates themean fluorescence intensity of the
indicated marker (N–O). Major immune cell panel, including leukocytes, CD3þ T cells, CD4þ T cells, CD8þ T cells, Tregs, B cells, NK cells, TAMs, neutrophils, and DCs
(A–B). Fold change relative to the vehicle mean (D9 or D21) in total cell abundance (cells/mg, C). T-cell function panel, including the expression of IFNg , TNFa, and
GzmB on T cells (D–H). TAM function panel, including the expression of CD206, MHC-II, iNOS, TNFa, costimulatory molecules (CD80 and CD86), and Arg1 on TAMs
(I–N). DC function panel, including the expression ofMHC-II and costimulatorymolecules (CD80 andCD86) onDCs (O–Q). Tumor cell panel, including the expression
of b2M, H-2, and MHC-II on tumor cells (R–T). Antigen cross-presentation panel, including the expression of H-2Kb/SIINFEKL on TAMs and DCs (U–V). Each dot
represents one mouse. n ¼ 3 per group. Error bars, mean � SEM; �, P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, two-way ANOVA (A–V).
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increased expression of MHC-I and MHC-II in NB cells cultured
in vitro (Supplementary Fig. S3F). The expression of these genes may
be induced by IFNg secreted by T cells after activation (22, 25).
Namely, both the numbers and functions of T cells, TAMs, and DCs
were significantly improved, and the antigen processing and presen-
tation of tumor cells were also significantly enhanced. To analyze
antigen-specific immune responses after anlotinib treatment, we
established 975A2-OVA and 9464D-OVA NB models. After treat-

ment with anlotinib, the proportions of TAMs and DCs that cross-
presented theMHCI-restricted, OVA-derived SIINFEKL peptide were
increased, which may be conducive to the activation of tumor-specific
CD8þ T cells (Fig. 4U and V). TAMs and DCs primarily stimulate
CD4þ T-cell functions through MHC-II–mediated antigen presenta-
tion (26). These results here showed that anlotinib reprograms the
intratumor immune cell compartment toward increased tumor anti-
gen presentation and T cell activation. Notably, the proportions and
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Figure 5.

Efficacy of anlotinib combined with PD-1 checkpoint blockade in the treatment of NB models. A–H, Flow cytometry analysis of PD-1 and Ki67 expression on tumor-
infiltrating T cells and PD-L1 expression on tumor cells, ECs, and immune cells in the 975A2 syngeneic mouse model treated with vehicle � anlotinib (6 mg/kg) for
9 days and 21 days as described in Supplementary Fig. S3A, shown by the percentage of parent gates (A–F). MFI indicates the mean fluorescence intensity of the
indicated marker (G–H). Each dot represents one tumor. n¼ 3 per group. I, Schematic of the experimental design in NB syngeneic mouse models, n¼ 6 per group.
J andK,Mean tumor volume growth curves and survival curves. Median (50%) survival (after treatment): Isotype control, 31.5 days;a-PD1, 37.5 days; Anlo, 64.5 days;
and Anloþ a-PD1, 86 days (K). L, Change in tumor volume compared with baseline.M–P, Individual tumor volume growth curves. Error bars represent the mean�
SEM; �, P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, two-way ANOVA (A–H and J), log-rank test (K).
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densities of tumor-infiltrating CD45þ immune cells including CD4þ

and CD8þ T cells, their abilities to secrete IFNg , TNFa, GzmB, the
proportion of M1 TAMs, the expression levels of H-2Kb/SIINFEKL
(antigen cross-presentation),MHC-II and costimulatorymolecules on
TAMs and DCs, and the expression levels of MHC-I and MHC-II in
NB cells were all significantly reduced, but the proportions of M2
TAMs and neutrophils were both increased significantly on day 21
compared with day 9 in the treatment group (Fig. 4A–V). Consistent
results were obtained in the 975A2 (Fig. 4) and 9464D (Supplementary
Fig. S4) syngeneic mouse models, indicating that anlotinib signifi-
cantly reprograms the NB immunostimulatory microenvironment,
but it is affected by the concomitant period of vascular normalization.
The main flow cytometry gating scheme is shown in Supplementary
Fig. S5.

Treatment of NB with anlotinib effectively prevents systemic
immunosuppression, but it is also affected by the period of
vascular normalization

Tumor cells in the TME release immunosuppressive factors such as
VEGF, transforming growth factor b (TGFb), and prostaglandin E2
(PGE2) into the circulation, resulting in systemic immunosuppres-
sion (6). Therefore, we dynamically detected the changes in the total
number and proportion of immune cells in the spleen of the tumor-
bearing mice (days 9 and 21) and found that the number of total
splenocytes of mice in the vehicle group increased significantly on day
21 compared with day 9 (Supplementary Figs. S6A and S7A), poten-
tially reflecting increased tumor burden (Supplementary Figs. S6B and
S7B). The proportions of CD4þ and CD8þ T cells in the spleen and
peripheral blood were significantly reduced, and the proportion of
CD11bþ cells increased, indicating that systemic immunity was sup-
pressed in these mice (Supplementary Fig. S6C and S6D; Supplemen-
tary Fig. S7C and S7D). We also analyzed the function of CD4þ and
CD8þ T cells in the spleen of mice, namely, their abilities to secrete
IFNg , TNFa, and GzmB. Compared with the treatment group on day
9, the abilities of CD4þ T cells to secrete IFNg and CD8þ T cells to
secrete IFNg and GzmB in the treatment group were significantly
decreased on day 21 (Supplementary Fig. S6E–S6I; Supplementary
Fig. S7E–S7I), which was consistent with the results of dynamic
observations in the TME and may also be affected by the period of
vascular normalization. We included a total of 10 mice in the vehicle
group on days 9 and 21, analyzed the correlation between the tumor
weight and the proportions of CD4þ, CD8þ, and CD11bþ cells
infiltrated in the TME and spleen, and found that the suppression of
the tumor immune microenvironment and systemic immunity by NB
was closely related to the tumor size, that is, the larger the tumor was,
the lower the proportions of CD4þ and CD8þ T cells, and the higher
the proportion of CD11bþ cells (Supplementary Fig. S6N–S6S; Sup-
plementary Fig. S7N–S7S). Further analysis revealed that the propor-
tions of splenic and peripheral blood CD4þ and CD8þ T cells in the
treatment groups were significantly higher than that in the vehicle
group on day 21, and the proportion of CD11bþ cells decreased
(Supplementary Fig. S6C and S6D; Supplementary Fig. S7C and
S7D). Thus, it is tempting to speculate that anlotinib effectively
prevented systemic immunosuppression possibly by reducing the
tumor burden.

Dynamic changes in PD-1 and PD-L1 expression levels during
treatment of NB with anlotinib

Although anlotinib reprogrammed the NB immunostimulatory
microenvironment and inhibited tumor growth to prolong survival,
it did not induce the regression of NB. Therefore, the occurrence of

immunosuppressive mechanisms may restrict complete anlotinib-
induced antitumor immunity. Based on accumulating evidence, mye-
loid cells, namely, macrophages, neutrophils, and their subsets, are a
source of immunosuppression in the TME (27, 28). However, immu-
nosuppressionmay also be due to the mechanism of negative feedback
regulation of activated adaptive immune cells, such as the upregulation
of immune-checkpoint expression (for example, PD-L1) in response to
IFNg secreted by T cells (25, 29, 30). Therefore, we dynamically
observed the expression levels of PD-1 and Ki67 on splenic and
tumor-infiltrating CD4þ and CD8þ T cells and PD-L1 on tumor cells,
immune cells, and tumor ECs. The levels of PD-1 expressed on tumor-
infiltrating CD4þ and CD8þ T cells in the treatment group were
significantly lower than those in the vehicle group, and the expression
levels of Ki67 in these cells were significantly increased on day 9
(Fig. 5A–D; Supplementary Fig. S8A). However, the levels of PD-1
expressed on splenic and tumor-infiltrating CD4þ and CD8þT cells in
the treatment group were increased, and the expression levels of Ki67
in these cells were decreased on day 21 (Fig. 5A–D; Supplementary
Fig. S6J–S6M; Supplementary Fig. S7J–S7M; Supplementary Fig. S8A).
In combination with the aforementioned results, the numbers of
tumor-infiltrating CD4þ and CD8þ T cells and the abilities of
tumor-infiltrating and splenic CD4þ and CD8þ T cells to secrete
IFNg , TNFa, and GzmB were significantly reduced in the treatment
group on day 21 compared with day 9 (Fig. 4B–H; Supplementary
Figs. S4B–S4H, S6E–S6I, and S7E–S7I), indicating that the function of
T cells had begun to be inhibited. No significant differences in the
expression levels of PD-L1 on tumor cells, immune cells, and ECs were
observed between the treatment groups on days 9 and 21, but PD-L1
was expressed at significantly higher levels in the treatment group than
in the vehicle group at both time points (Fig. 5E–H; Supplementary
Fig. S8B and S8C). These results indicate a potentially immunosup-
pressive mechanism, namely, the increase in tumor and nontumor
expression of PD-L1 induced by the activation of T cells mediated by
antiangiogenesis.

Efficacyof anlotinib combinedwithPD-1 checkpoint blockade in
the treatment of NB syngeneic mouse models

We then inferred that blocking PD-L1/PD-1 signaling can prevent
the early exhaustion of T cells promoted by anlotinib through a
counterregulatory mechanism involving enhanced production of
IFNg in the TME. Therefore, we tested anlotinib combined with a
PD-1 checkpoint inhibitor treatment in NB syngeneic mouse models.
Although the addition of an anti–PD-1 monoclonal antibody (mAb)
provided only minimal benefits on top of the substantial antitumoral
activity of anlotinib in NB syngeneic mouse models in terms of tumor
volumes, the combination of the two resulted in complete remission
(CR) rate of 50% in the 975A2 syngeneic mouse model and a partial
remission (PR) rate of 50% in the 9464D syngeneic mouse model and
significantly prolonged survival (Fig. 5I–P; Supplementary Fig. S8D–
S8F). Thus, the magnitude of the therapeutic benefit obtained by
combining anlotinib with PD-1 checkpoint blockade may vary with
the tumor model. Notably, anti–PD-1 monotherapy exerted a very
weak therapeutic effect and did not produce significant survival
benefits in NB syngeneic mouse models. We observed the effect of
combination therapy on tumor-infiltrating immune cells and tumor
cells. The results showed that (i) the proportions and densities of tumor-
infiltrating CD45þ immune cells, including CD4þ and CD8þ T cells,
were significantly increased; (ii) the proportions of TAMs and neutro-
phils decreased significantly (Fig. 6A–C; Supplementary Fig. S8G–S8I);
(iii) the abilities of CD4þ and CD8þ T cells to secrete IFNg , TNFa, and
GzmB were significantly enhanced (Fig. 6D–H; Supplementary Fig. S8J
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Figure 6.

Anlotinib combined with PD-1 checkpoint blockade prolongs the period of vascular normalization. A–M, Flow cytometry analysis of tumor-infiltrating immune cells
and tumor cells in 975A2 syngeneic mousemodel treated as described in Fig. 5I, shown by the percentage of parent gates (A–B and D–M). Major immune cell panel,
including leukocytes, CD3þ T cells, CD4þ T cells, CD8þ T cells, Tregs, B cells, NK cells, TAMs, neutrophils, and DCs (A–B). Fold change relative to the vehiclemean (D9
or D21) in total cell abundance (cells/mg, C). T-cell function panel, including the expression of IFNg , TNFa, and GzmB on T cells (D–H). TAM function panel, including
the expression of CD206, MHC-II, and iNOS on TAMs (I–J). Tumor cell panel, including the expression of MHC-II, b2M, and H-2 on tumor cells (K–M). Each dot
represents one tumor. n¼ 3 per group.N–Q, Representative immunofluorescence images of CD31 (red), a-SMA, lectin, dextran, and CA-IX (green), and DAPI (blue)
staining of tumor tissues in NB syngeneic mouse models treated with anlotinib combined with an anti–PD-1 antibody for 21 days as described in Fig. 5I. Scale bars,
100 mm. R–W, Quantitation results of immunofluorescent images (N–Q). Relative proportions of a-SMAþ pericyte-covered blood vessels (R), lectinþ blood vessels
(S), dextranþ blood vessels (T), and CA-IXþ cells (U) in NB syngeneic mouse models treated as described in Fig. 5I. Relative tumor vessel length (V) and number of
CD31þ cells (W) in NB syngeneic mouse models treated as described in Fig. 5I. Each dot indicates one tumor and represents the average of five images. n ¼ 6
per group, including 975A2 (n¼ 3) and 9464D (n¼ 3). Error bars represent themean� SEM; � , P <0.05; �� , P <0.01; ��� , P <0.001; ���� , P <0.0001, two-wayANOVA
(A–M and R–W).
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and S8K); (iv) the proportion ofM1TAMs increased and the proportion
of M2 TAMs decreased (Fig. 6I and J; Supplementary Fig. S8L); and
(v) the expression levels of MHC-I and MHC-II in NB cells were
significantly increased in the combined treatment group on day 21
(Fig. 6K–M; Supplementary Fig. S8M).Compared with the anlo-
tinib monotherapy group on day 21, the pericyte coverage and
vascular perfusion were significantly increased, vascular leakage
was reduced, and hypoxia was alleviated in the combined treatment
group (Fig. 6N–W). Together, our findings in NB syngeneic mouse
models illustrate the potential benefits of combining anlotinib with
PD-1 checkpoint blockade.

Anlotinib induces tumor vessel normalization at least partially
through CD4þ T cells, and its combination with an anti–PD-1
antibody prolongs the period of vascular normalization

Collectively, our results indicate that innate and adaptive immune
cells, especially T cells, play a role in the antitumor activity of anlotinib.
It is worth noting that a study has shown that CD4þT cells increase the
coverage of pericytes in an IFNg-dependent manner, subsequently
mediating vessel normalization and further increasing the infiltration
of immune cells (10). Therefore, mutual regulation may exist between
tumor vascular normalization and immunostimulatory reprogram-
ming in NB. To formally establish their involvement, we depleted
CD4þ or CD8þ T cells from NB tumor-bearing mice using anti-CD4
or anti-CD8 mAb. Mice bearing early established tumors were treated
with the corresponding antibody every three days starting six days
before anlotinib treatment (Supplementary Fig. S9Q). Anti-CD4 and
anti-CD8 treatments effectively depleted the CD4þ and CD8þ T cells
in the peripheral blood of tumor-bearing mice, respectively, and both
reduced the beneficial effect of anlotinib ondelaying tumor growth and
prolonging survival (Supplementary Fig. S9R and S9S; Fig. 7A–D).
Then, we dynamically observed the effects of depleting CD4þT cells or
CD8þ T cells on the structure and function of tumor vessels by
performing immunofluorescence staining (days 9 and 21). Our results
showed that the depletion of CD4þ T cells shortened the length of
tumor vessels, reduced the coverage of pericytes, decreased vascular
perfusion, increased vascular leakage, and exacerbated hypoxia
(Fig. 7E–N). Notably, the vascular maturity observed after 21 days
of treatment with the anti-CD4 antibody in combination with anlo-
tinib was lower than that observed after 9 days, and it was further lower
than that in the day 21 anlotinib treatment group (Fig. 7I–N),
indicating that there is a shifted kinetics in CD4þ T cell–mediated
vascular normalization. The depletion of CD8þ T cells had no obvious
effect on the structure and function of tumor vessels (Fig. 7E–N),
consistent with previous findings in breast cancer models (10). We
noted, however, it also weakened the efficacy of anlotinib (Fig. 7A–D),
indicating that the antitumor activity of anlotinib was at least partially
CD8þ T cell dependent. Based on these results, we speculate that the
combinationwith PD-1 checkpoint blockade therapy reverses the early
exhaustion of CD4þ T cells and ultimately prolongs the period of
vascular normalization.

The mechanism of interaction between anlotinib and anti–PD-1
therapy in NB syngeneic mouse models

Anlotinib facilitates tumor vessel normalization by inhibiting
proangiogenic factor receptors (VEGFR, PDGFR, and FGFR) and
reducing the expression of proangiogenic factors (Angpt2, Pdgfa, and
Pdgfb). The pericyte coverage and perfusion of tumor vessels are
increased, and blood vessel leakage and tissue hypoxia are reduced.
The expression levels of immune cell adhesion molecules (Selp,
Madcam1, and Icam1) and chemokines and their receptor (Cxcl9,

Cxcl10, and Cxcr3) are increased. The infiltration of immune effector
cells is increased, and their functions are enhanced. For example, the
infiltration of CD4þ T cells is increased, and their abilities to secrete
IFNg and TNFa are enhanced; the infiltration of CD8þ T cells is also
increased, and their abilities to secrete IFNg , TNFa, and GzmB are
enhanced; the proportion of M1 TAMs is increased, and the propor-
tions ofM2 TAMs and neutrophils are decreased. The densities of DCs
and TAMs are increased, and their antigen presentation function is
also enhanced. T cell–derived IFNg promotes the expression ofMHC-I
and MHC-II in NB cells and improves antigen processing and
presentation. Moreover, IFNg enhances the expression of PD-L1 in
the TME, and combined treatment with an anti–PD-1 antibody
reverses the early exhaustion of T cells. Anti–PD-1 immunotherapy
and antigen presentation enhance the activation of CD4þ T cells,
forming a positive feedback loop of vascular normalization and
immunostimulatory reprogramming, thereby prolonging the period
of vascular normalization (Fig. 8).

Discussion
By performing bioinformatic analysis, Tian and colleagues found

that in breast cancer patients, gene-expression characteristics related
to vascular normalization are closely related to immune activation
pathways, especially the infiltration and activation of T cells. They
proved that CD4þ T cells induce tumor vascular normalization in an
IFNg-dependent manner and further increase the infiltration of
immune cells (10). Our analysis of patients with NB and LUAD
enabled us to draw similar conclusions, and we experimentally verified
the results in NB syngeneic mouse models. We found that after
anlotinib treatment, tumor vessel normalization occurred, the infil-
tration of T cells increased, and immune activity was enhanced.
Moreover, the depletion of CD4þ T cells leads to a decrease in the
degree of vascular normalization, which proves that there is a mutual
regulation loop. We also found that anlotinib combined with a PD-1
checkpoint inhibitor treatment of NB prolongs the period of vascular
normalization and induces NB regression.

An increasing number of studies have shown that lower doses of
single-targeted anti-VEGFA or anti-VEGFR2 drugs may be effective
strategies for vascular normalization, whereas higher doses will over-
prune the vessels to aggravate hypoxia and accelerate the metastasis of
malignant tumors (31–33). However, our results show that the ther-
apeutic effect of anlotinib is dose-dependent, which is different from
the previous conclusions obtained with single-targeted antiangiogenic
drugs. This difference may be due to its inhibitory effects on multiple
kinases with diverse activities. In a previous exploration of bevacizu-
mab combined with chemotherapy in the treatment of triple-negative
breast cancer, this regimen was shown to prolong PFS but not OS. This
means that although it delayed tumor recurrence, there may be
problems such as tumor resistance and accelerated growth. Accord-
ingly, the FDA withdrew its approval for breast cancer indications.
Several basic studies have found that after effectively inhibiting the
activation of the classic VEGFA pathway, the tumor often activates
multiple compensatory “bypass activation” pathways, such as the
VEGFC (34), TGF (35), and FGF (36) pathways, worsening the
biological behavior of tumor cells, as indicated by the invasion of
surrounding tissues, the “hijacking” of vessels to support tumor
growth (37), or the occurrence of vasculogenic mimicry to increase
the supply of blood and oxygen, rendering drugs targeting vascular
ECs useless (38). The abovementioned bypass activation mechanisms
cause the tumor and its blood vessels to rapidly “rebound” and even
lead to an increase in tumor invasiveness and metastasis after
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Figure 7.

Anlotinib induces tumor vessel normalization at least partially through CD4þ T cells. A–D, Tumor growth curves and survival curves of 975A2 and 9464D syngeneic
mouse models treated as described in Supplementary Fig. S9Q (n¼ 5 per group). Median (50%) survival (after treatment): isotype control, 27 days; Anloþ a-CD8,
48 days; Anloþa-CD4, 48 days; and Anlo, not reached (B). Median (50%) survival (after treatment): isotype control, 18 days; Anloþa-CD8, 42 days; Anloþa-CD4,
48 days; and Anlo, not reached (D). E–H, Representative immunofluorescence images of CD31 (red), a-SMA, lectin, dextran and CA-IX (green), and DAPI (blue)
staining of tumor tissues in NB syngeneic mouse models treated as described in Supplementary Fig. S9Q. Scale bars, 100 mm. I–N, Quantitation results of
immunofluorescent images (E–H). Relative proportions ofa-SMAþ pericyte-covered blood vessels (I), lectinþ blood vessels (J), dextranþ blood vessels (K), and CA-
IXþ cells (L) in NB syngeneic mouse models treated as described in Supplementary Fig. S9Q. Relative tumor vessel length (M) and number of CD31þ cells (N) in NB
syngeneicmousemodels treated as described in Supplementary Fig. S9Q. n¼ 6per group, including 975A2 (n¼ 3) and 9464D (n¼ 3). Error bars represent themean
� SEM; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001, two-way ANOVA (A, C and I–N), log-rank test (B and D).
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treatment. Therefore, bypass activation in tumor vascular ECs after
inhibiting the main angiogenesis signaling pathway has become an
important cause of drug resistance. The new generation antiangiogenic
drug anlotinib targets angiogenesis pathways, including those of
VEGFR, FGFR, and PDGFR, and targets the stem cell factor receptor
c-KIT (13). Its multitarget mechanism leads to significant curative
effects, prolongs the PFS and OS of patients with advanced NSCLC,
and ends the history of refractory lung cancer patients with no
medicines available (14). We have reported a patient with advanced
LUAD harboring a KRAS mutation who was treated with anlotinib
after multiline chemotherapy and radiotherapy progression. The PFS
was up to 21 months, and the OS was up to 5.5 years (39).

Among a variety of angiogenic molecules, the roles of VEGF in
systemic and local immunosuppression have been extensively studied
in tumor models. Increased VEGF levels in the TME directly inhibit
the trafficking, proliferation, and effector function of T cells by altering
the expression of adhesion molecules, such as intercellular adhesion
molecule-1 (ICAM1) and vascular cell adhesionmolecule-1 (VCAM1;
refs. 40, 41). VEGF also inhibits the maturation and antigen presen-
tation function of DCs, thereby preventing T-cell activation and
reducing the T cell–mediated anticancer immune response (42, 43).
High levels of VEGF can also promote the recruitment and prolifer-
ation of immunosuppressive cells, such as Tregs, MDSCs, and pro-

tumor,M2-like TAMs (44, 45). VEGF also promotes angiogenesis that
results in an abnormal tumor vasculature, leading to hypoxia and a low
pH in the TME that in turn promotes local and systemic immuno-
suppression (6, 46). First, anlotinib inhibited proangiogenic factor
receptors (VEGFR, PDGFR, and FGFR), reduced the expression of
proangiogenic factors (Angpt2, Pdgfa, and Pdgfb), and enhanced the
expression of immune cell adhesion molecules (Selp, Madcam1, and
Icam1) and chemokines and their receptor (Cxcl9, Cxcl10, and Cxcr3).
It inhibited tumor angiogenesis and normalized the remaining blood
vessels as well, which was related to increased immune cell extrava-
sation into the TME. Second, anlotinib reprogrammed protumor,
M2-like TAMs toward an anticancer M1 phenotype, increased the
numbers of DCs and TAMs, and enhanced the antigen presentation
function. These changes may enhance the uptake, processing, and
presentation of tumor-associated antigens to CD4þ and CD8þ T cells,
thereby enhancing their activation and expansion. Collectively, anlo-
tinib promotes antitumor immunity throughmultidimensional effects
on both innate and adaptive immune cells and complementary effects
on tumor blood vessels. Notably, Allen and colleagues found that the
systemic immunosuppression caused by the tumor can be reversed by
surgical removal (47). We also observed a similar phenomenon in NB
syngeneic mouse models; namely, the suppression of the tumor
immune microenvironment and systemic immunity were both closely
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Schematic of themechanism of interaction between anlotinib and anti–PD-1 therapy in NB syngeneicmousemodels. Anlotinib facilitates tumor vessel normalization
by inhibiting proangiogenic factor receptors (VEGFR, PDGFR, and FGFR) and reducing the expression of proangiogenic factors (Angpt2, Pdgfa, and Pdgfb). The
pericyte coverage and perfusion of tumor vessels are increased, and blood vessel leakage and tissue hypoxia are reduced. The expression levels of immune cell
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PD-L1 in the TME, and combined treatment with an anti–PD-1 antibody reverses the early exhaustion of T cells. Anti–PD-1 immunotherapy and antigen presentation
enhance the activation of CD4þ T cells, forming a positive feedback loop of vascular normalization and immunostimulatory reprogramming, thereby prolonging the
period of vascular normalization.
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related to the tumor size. Thus, it is tempting to speculate that anlotinib
effectively prevented systemic immunosuppression, possibly by reduc-
ing tumor burden.

A series of preclinical studies have identified a period of vessel
normalization induced by antiangiogenic therapy, but how to define
this period is still inconclusive. Studies have shown that the normal-
ization of tumor vesselsmay occurwithin one day inmice and humans,
lasting approximately 2–10 days in mice and several months in
humans, depending on the type of tumor and the application dose,
time, and type of antiangiogenic drugs (48–50). There are cases in
which antiangiogenic drugs excessively destroy tumor vessels in a
dose- and time-dependent manner, leading to hypoxia and immuno-
suppression. Therefore, we dynamically observed TME changes at a
dose of 6mg/kg, fully considered the dose and time of anlotinib, looked
for its resistance mechanism, and further explored its combined
treatment strategies. We dynamically analyzed the features of the
tumor vessels after anlotinib treatment using immunofluorescence
staining. Compared with the treatment group on day 9, the coverage of
pericytes and vascular perfusion were decreased, vascular leakage was
increased, and hypoxia was aggravated in the monotherapy group on
day 21. The results of dynamic observation of the TME using flow
cytometry further confirmed the existence of the period of vessel
normalization. Interestingly, we detected increased expression levels of
PD-1 on splenic and tumor-infiltrating CD4þ and CD8þ T cells and
decreased expression levels of Ki67 in these cells on day 21 compared
with day 9 in the anlotinib treatment group. Simultaneously, the
numbers of tumor-infiltratingCD4þ andCD8þT cells and the abilities
of tumor-infiltrating and splenic CD4þ and CD8þ T cells to secrete
IFNg , TNFa, and GzmB were significantly reduced on day 21 com-
pared with day 9 in the anlotinib treatment group, indicating that
T cells had begun to be inhibited. After anlotinib treatment, the
upregulation of PD-L1 was observed on tumor cells, ECs, and immune
cells. Therefore, although high PD-1 expression is a marker of T-cell
activation, it is also of the “exhausted” phenotype of effector T cells.

In fact, the findings of multiple preclinical studies have provided
evidence of the efficacy of combining antiangiogenic therapy with
ICIs (6, 41). For example, in various cancer models, an anti–PD-1
antibody combined with anti–ANG2-VEGF antibody improved the
degree of tumor control. The findings reported by Schmittnaegel and
colleagues are consistent with our observation that effective antian-
giogenic therapy increases the number of activated T cells but also
induces PD-L1 expression in the TME, likely through T cell–derived
IFNg (30). Collectively, strong reasons exist to support the combina-
tion of anlotinib and PD-1 checkpoint blockade. We found that
anlotinib combined with PD-1 checkpoint blockade reversed the early
exhaustion of T cells, extended the period of vascular normalization,
and finally inducedNB regression. An important factor is to determine
whether this preclinical research will translate into patient benefits.
Currently, immunotherapy is only effective for a small number of
patients with lung cancer, and the overall effective rate is less than
20% (51). A phase I clinical study (NCT03628521) on the efficacy and
safety of anlotinib combined with sintilimab as the first-line treatment
of advanced NSCLC included 22 patients with unresectable stage IIIB/
C or stage IV NSCLC who did not receive treatment and did not have
EGFR/ALK/ROS1mutations; 16 patients achieved PR, and six patients
reached stable disease; the objective response rate was 72.7%, the
disease control rate was 100%, and the median PFS was 15 months. A
subgroup analysis based on PD-L1 expression and the tumormutation
burden of patients at baseline showed that the combination therapy
displayed consistent efficacy in each subgroup (52). Based on the
encouraging efficacy, tolerability, and safety, phase II clinical trials

with expanded sample sizes were successively conducted. Anlotinib
combined with sintilimab may become a new choice for the first-line
chemotherapy-free treatment of advanced NSCLC. The new clinical
data and the results of this study show that the combined use of anlotinib
and PD-1 checkpoint blockade therapy may transform “cold tumors”
into “hot tumors.” It may represent a new treatment option not only for
lung cancer but also for other malignant tumors, including NB.

Conclusions
In summary, we proved that GPAGs are associated with vessel

normalization and T-cell activation in patients withNB. Then, we used
NB syngeneic mouse models to prove that anlotinib induces tumor
vessel normalization at least partially through CD4þ T cells, repro-
grams the immunosuppressive TME into an immunostimulatory
TME, significantly inhibits tumor growth, and effectively prevents
systemic immunosuppression. Moreover, anlotinib improves the
response to immunotherapy. The combination of anlotinib with a
PD-1 checkpoint inhibitor counteracts the immunosuppression
caused by the upregulation of PD-L1 in the TME after monotherapy,
thereby reversing the early exhaustion of CD4þ T cells, prolonging the
period of vascular normalization, and finally inducing NB regression.
To our knowledge, this study is the first to dynamically evaluate the
effect of a multitarget antiangiogenic tyrosine kinase inhibitor on the
tumor immune microenvironment. These findings have important
clinical value in guiding the testing of related drugs in patients withNB
and other cancers. Based on the aforementioned basic research find-
ings, we are conducting a phase II clinical study (NCT04842526) on the
efficacy and safety of anlotinib, irinotecan, and temozolomide in the
treatment of refractory or relapsed NB, and we hope to observe patient
benefit. Anlotinib, which was first developed in China, is a promising
agent that provides hope for themedical community around the world
and the field of oncology. We anticipate that it will be applied to treat
more cancers in the future.
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