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Abstract
Background Many anti-angiogenic agents have the potential to modulate the tumor microenvironment and improve immu-
notherapy. Anlotinib has demonstrated anti-tumor efficacy in non-small cell lung cancer (NSCLC) in third-line clinical 
trials. However, its roles in immune regulation and potentially synergistic anti-tumor effect in combination with immune 
checkpoint inhibition remain unclear.
Methods Here, based on a syngeneic lung cancer mouse model, the intratumoral immunological changes post-anlotinib 
treatment in the model were assessed. Furthermore, it was tested whether anlotinib could enhance the anti-tumor effect of 
αPD-1 in vivo.
Results This study shows that anlotinib increased infiltration of the innate immune cells, including natural killer (NK) cells, 
and antigen-presenting cells (APC), which include M1-like tumor-associated macrophages (TAM) and dendritic cells (DC), 
whereas the percentage of M2-like TAM was dramatically reduced. Subsequently, when combined with PD-1/PD-L1 (pro-
grammed cell death 1/PD-1 ligand 1) blockade, anlotinib conferred significantly synergistic therapeutic benefits.
Conclusions Overall, these findings describe a role for anlotinib in the innate immune cells in the tumor microenvironment 
and a potentially synergistic anti-tumor combination with immune checkpoint inhibition.
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Abbreviations
APC  Antigen-presenting cells
DCs  Dendritic cells
ICB  Immune checkpoint blockade
IHC  Immunohistochemistry
MDSC  Myeloid-derived suppressor cells
TAM  Tumor-associated macrophage

TIME  Tumor immune microenvironment
TKI  Tyrosine kinase receptor inhibitor

Introduction

Lung cancer is the leading cause of cancer-related death 
worldwide, and non-small cell lung cancer (NSCLC) 
accounts for 80–85% of all cases [1, 2]. Approximately 75% 
of NSCLC cases are diagnosed at an advanced stage, result-
ing in a 5-year survival rate of < 15% [3]. The identification 
of tumor oncogenic gene alterations and immunotherapy 
have revolutionized the treatment paradigm of advanced 
NSCLC [4, 5]. Although first- and second-line therapy regi-
mens confer great survival benefit to patients with NSCLC, 
drugs that strongly prolong progression-free survival (PFS) 
and overall survival (OS) in third-line therapy or third-line 
therapy and above remain limited.

Anlotinib is an oral multi-targeted tyrosine kinase receptor 
inhibitor (TKI) that selectively inhibits vascular endothelial 
growth factor receptor (VEGFR) 1–3, fibroblast growth factor 
receptor (FGFR) 1–4, platelet-derived growth factor receptor 
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(PDGFR) α/β, c-KIT, and MET [6, 7]. Clinical trials have 
indicated that anlotinib significantly prolongs the PFS and OS 
of patients with NSCLC at third-line treatment or third-line 
treatment and above [8, 9]. Increasing data indicate that anti-
angiogenic treatment has beneficial effects on tumor growth 
but also has favorable effects on reprogramming the immu-
nosuppressive tumor microenvironment, which is due to the 
fact that angiogenic factors play important roles in immune 
regulation [10–13]. However, if anlotinib has an effect on the 
tumor immune microenvironment (TIME), it has yet to be 
characterized.

Currently, immunotherapy is a very promising therapeutic 
strategy for cancer. Since the first US Food and Drug Admin-
istration (FDA) approval of ipilimumab (anti-CTLA4 [cyto-
toxic T-lymphocyte–associated protein 4]) for melanoma, 
several such immune checkpoint blockade (ICB) agents have 
been approved for patients with advanced cancer, including 
NSCLC. The recent demonstration of ICB activity of the 
CTLA4 and PD-1 (programmed cell death 1) pathways in 
NSCLC have already shown excellent survival benefits, with 
long-term efficacy and less toxicity [14–17]. Despite the suc-
cess of immune-based therapies, there is an urgent need for 
efforts to develop new therapeutic strategy combinations for 
enhancing the anti-tumor efficacy of ICB in lung cancer, as 
only about 20% of patients with NSCLC benefit from mono-
therapy overall [14, 18]. In recent years, the efficacy of anti-
PD-1/PD-L1 (PD-1 ligand 1) blockade in combination with 
anti-angiogenesis has attracted much interest; several preclini-
cal studies have reported promising anti-tumor effects follow-
ing these combinations [10, 13, 19]. Trials investigating these 
combinations in patients with advanced NSCLC are ongoing, 
and the existing data are preliminary but promising [20, 21]. 
However, there remain challenges to be overcome before the 
full potential of combined anti-angiogenesis and immuno-
therapy can be achieved.

In the present study, the effect of anlotinib on the TIME in 
murine Lewis lung carcinoma (LLC) models, as well as its 
combination with an anti–PD-1 monoclonal antibody (mAb), 
was evaluated. It was observed that anlotinib could reprogram 
the immunosuppressive tumor microenvironment in a man-
ner that augmented anti-cancer innate immune cells, including 
natural killer (NK) cells, dendritic cells (DC), and non-M2-like 
macrophages (MΦ). Moreover, potential additive or synergis-
tic anti-tumor efficacy was observed when anlotinib was com-
bined with anti-PD-1 mAb (αPD-1) in the in vivo experiment.

Materials and methods

Cell lines and reagents

LLC (Lewis lung carcinoma) cells were cultured with Dul-
becco’s modified Eagle’s medium (Gibco, Waltham, MA, 

USA) supplemented with 10% fetal bovine serum (Gibco), 
100 μg/mL penicillin, and 0.1 mg/mL streptomycin, and 
were maintained in a humidified chamber at 37 ℃ in a 5% 
 CO2 atmosphere.

Anlotinib was provided by Chia Tai Tianqing Pharma-
ceutical Group (Nanjing, China). Anti-PD-1 (clone RMP1-
14; 10 mg/kg) and isotype control antibodies (clone 2A3; 
10 mg/kg) were purchased from Bioxcell (West Lebanon, 
NH, USA).

Cell proliferation analysis

Cell proliferation was determined using the MTT assay. 
LLC cells (10,000/well) were cultured in 96-well plates 
overnight and then treated with anlotinib. After MTT (Alfa 
Aesar, Haverhill, MA, USA) had been added at the indicated 
time points and incubated for 4 h, 200 μL dimethyl sulfoxide 
(DMSO) was added to resuspend the formazan. The absorb-
ance was measured at 490 nm using a spectrometer (Synergy 
2; BioTek, Winooski, VT, USA).

Animal experiments

Female C57BL/6 mice (6–8 weeks old) were maintained 
in an animal facility under pathogen-free conditions. 
After acclimatization, a total of 1 × 106 LLC cells were 
injected subcutaneously into the right flanks of the mice. 
Tumor dimensions were measured by calipers every 3 or 
4 days, and tumor volume  (mm3) was calculated as follows: 
(length × width2)/2. Anlotinib (1.5 mg/kg or 2.25 mg/kg) 
treatment was initiated 7 days after tumor cell inoculation 
and administered by oral gavage every day for 2 weeks. The 
αPD-1 was administered 11 days after tumor cell inoculation 
at 200 μg/mouse by intraperitoneal injection every 5 days. At 
the indicated days post-inoculation, the tumor-bearing mice 
were anesthetized, and the serum and tissues were harvested 
for analysis.

Immunohistochemistry (IHC) analysis

IHC staining was conducted according to the manufacturer’s 
protocol (Zhongshan Golden Bridge, Beijing, China). For-
malin-fixed, paraffin-embedded tissue sections were depar-
affinized, and after antigen retrieval, the slides were stained 
with hematoxylin and eosin (H&E) or with mouse mAbs 
against Ki67 (#ab16667, 1:500), CD31 (#ab9498, 1:50), 
VEGFA (#ab52917, 1:100), CXCR4 (#ab181020, 1:500), 
PD-1 (#ab214421, 1:200), PD-L1 (#ab238697, 1:500), and 
TIGIT (immunoreceptor tyrosine-based inhibition motif 
[ITIM] domains, #ab233404, 1:200). All antibodies were 
purchased from Abcam (Cambridge, UK).
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Preparation of tumors for flow cytometry

The tumors were minced and digested in DMEM with colla-
genase IV (0.5 mg/mL, Sigma, St. Louis, MO, USA), hyalu-
ronidase (1 mg/mL, Sigma), and DNase I (20 mg/mL, Sigma) 
at 200 rpm for 1 h at 37 ℃, and the suspensions were filtered 
through sieves. Erythrocytes were lysed in Red Blood Cell 
Lysis Buffer (Beyotime Biotechnology, Shanghai, China). 
Then, single cells were blocked with CD16/32 Ab (clone 93, 
eBioscience, San Diego, CA, USA, #14–0161-85) and stained 
with the following anti-mouse Abs for 30 min at 4 ℃: CD11b 
(allophycocyanin, clone M1/70, BioLegend (San Diego, CA, 
USA, #101212)), Gr-1 (peridinin chlorophyll protein/cyanine 
5.5 [PerCP/Cy5.5], clone RB6-8C5, BioLegend, #108428), 
F4/80 (fluorescein isothiocyanate [FITC], clone BM8, BioLe-
gend, #123108), CD206 (phycoerythrin [PE], clone C068C2, 
BioLegend, #141706), CD86 (allophycocyanin/Fire™ 750, 
clone GL-1, BioLegend, #105046), CD11c (PE/Cy7, clone 
N418, BioLegend, #117318), CD3e (PerCP, clone 145-2c11, 
BioLegend, #100326), NK1.1 (PE, clone PK136, BioLegend, 
#108708), CD4 (Alexa  Fluor® 488, clone GK1.5, BioLegend, 
#100423), CD8a (allophycocyanin, clone 53–6.7, BioLegend, 
#100712), PD-L1 (PE, clone 10F.9G2, BioLegend, #278302), 
or isotype controls. For intracellular markers, the cells were 
incubated with 10 μg/mL brefeldin A (PeproTech, Rocky Hill, 
NJ, USA) for 4 h. After surface staining, the cells were fixed, 
permeabilized, and stained with the following anti-mouse 
mAbs for 30 min at 4 ℃: CD107a (PE/Cy7, clone 1D4B, Bio-
Legend, #121620), interferon (IFN)-γ (PE or allophycocyanin, 
clone XMG1.2, BioLegend, #505808 or #505810), and inter-
leukin (IL)-4 (PE/Cy7, clone 11B11, BioLegend, #504118).

Data were acquired using a BD FACSAria II instrument 
(BD Biosciences, San Jose, CA, USA) and analyzed using 
FlowJo software (Tree Star Inc., Ashland, OR, USA).

Statistical analysis

The data were analyzed using GraphPad Prism 8 (Graph-
Pad Software, La Jolla, CA, USA). The values are presented 
as the mean ± standard error of the mean (SEM). The data 
were examined using the two-tailed Student’s t test, one-way 
analysis of variance (ANOVA), or two-way ANOVA with 
post hoc Bonferroni correction. Differences were considered 
significant at p < 0.05 and p < 0.01.

Results

Anlotinib induced anti‑tumor effects in the LLC 
tumor models

To study the tumor response to anlotinib in lung cancer, 
anlotinib to LLC-bearing mice were administered 7 days 

after tumor inoculation on the following schedules: 1.5 or 
2.25 mg/kg anlotinib or normal saline (NS) treatment once a 
day for 2 weeks (Fig. 1a). As expected, anlotinib attenuated 
tumor growth significantly compared with the control at both 
dosages (2.25 mg/kg, hereafter referred to as “2.25”, and 
1.5 mg/kg, references the recommended dose based on pre-
liminary data [8], hereafter referred to as “1.5”) (Fig. 1b–d). 
Taken together, these results illustrate the anti-tumor activity 
of anlotinib in a mouse lung cancer model.

Anlotinib activated tumor‑infiltrating NK cells

Various published studies have demonstrated that anti-
angiogenic agents reprogram the immunosuppressive tumor 
microenvironment by facilitating immune cell trafficking and 
function [10, 13, 22]. Accordingly, the intratumoral immu-
nological changes post-anlotinib treatment in the models via 
flow cytometry were assessed (Fig. 1a). First, lymphocyte, 
T cell, and NK cell infiltration and activation in the tumors 
were analyzed. Neither high- nor low-dose anlotinib treat-
ment altered the proportion of  CD4+ and  CD8+ T cells in 
the tumors (Fig. 2a). It was noted, however, that anlotinib 
upregulated IFN-γ expression in  CD4+ T cells but not in 
 CD8+ T cells (Fig. 2b). Moreover, consistent with the inhi-
bition of tumor growth, anlotinib significantly increased 
tumor-infiltrating NK cells (Fig. 3a), accompanied by an 
increase in the degranulation molecule CD107a and IFN-γ 
expression (Fig. 3b). These data suggest that, in comparison 
with the nuanced changes of T cells, NK cells appear to be 
more sensitive to anlotinib treatment.

Anlotinib increased tumor antigen presentation

The effects of anlotinib on myeloid cells were analyzed, 
which could potentially enhance or inhibit the anti-tumor 
immune response in the TIME, and the myeloid-derived 
suppressor cells (MDSC), DC, and MΦ were included. It 
was found that there were significantly increased myeloid 
cells (measured by  CD11b+) in the anlotinib groups com-
pared to the control group (Fig. 4a). Simultaneously, it was 
observed that the intratumoral MDSC levels in the anlotinib 
groups remained comparable to that of the control group. 
However, the anlotinib-treated tumors had relative expansion 
of  CD11c+  CD86+ antigen-presenting cells (APC), which 
included M1-like tumor-associated macrophages (TAM) and 
DCs (Fig. 4b). Next,  CD206+ (marker of M2-like TAM) 
cells in the tumors were examined and dramatically reduced 
percentages of M2-like TAM in the anlotinib groups were 
found (Fig. 4c). These findings indicate that anlotinib can 
reprogram the intratumoral immune cell compartment 
toward increased tumor antigen presentation.
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Fig. 1  Anlotinib delays tumor 
progression. a Timeline of 
the animal experiments. b 
Photographs of tumors from 
each group. c The tumor growth 
curves in the mice. d Meas-
urement of the tumor volume 
and weight. Results are the 
means ± SEM, n = 5. A two-
tailed unpaired Student’s t-test 
was used for comparisons. For 
tumor growth curves, statistical 
analysis was performed using 
two-way ANOVA with Sidak 
correction for multiple compari-
sons. *p < 0.05, **p < 0.01

Fig. 2  No difference was observed in the percentages and activation 
of T cells in each anlotinib treatment group. a Representative dot 
plots showing T cell  (CD3e+),  CD4+ T cell  (CD3e+CD4+), and  CD8+ 
T cell  (CD3e+CD8a+) tumor infiltration (top) and their percentages 

in the tumor-infiltrating lymphocytes (TIL) (bottom). b Flow cytom-
etry analysis of IFN-γ in  CD8+ and  CD4+ T cells. Results are the 
means ± SEM, n = 5; one-way ANOVA. *p < 0.05
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Fig. 3  Anlotinib activates intratumoral NK cells. a Representative dot 
plots showing NK cell  (CD3−NK1.1+) tumor infiltration (left) and 
the percentages in TIL (right). b Expression of CD107a and IFN-γ 

in NK cells. Results are the means ± SEM, n = 5, one-way ANOVA. 
*p < 0.05, **p < 0.01

Fig. 4  Anlotinib increases the 
intratumoral myeloid cells, 
including DC and non–M2-like 
macrophages. a Representative 
images of the gating strategy for 
defining myeloid cell  (CD11b+) 
tumor infiltration (left) and 
the percentages in TIL (right). 
b Flow cytometry analysis of 
MDSC  (CD11b+Gr-1+) and 
APC  (CD11b+CD11c+CD86+) 
in TIL. c Percentages of 
M2-like TAM  (CD206+). 
Results are the means ± SEM, 
n = 5, one-way ANOVA. 
*p < 0.05, **p < 0.01
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Anlotinib improved the anti‑tumor activity of PD‑1 
blockade

As reported above, anlotinib could convert the TIME from 
an immune-suppressive to immune-supportive phenotype 
by stimulating infiltration of the innate immune cells (NK 
cells and APC). Then, it was tested whether anlotinib could 
enhance the anti-tumor effect of αPD-1 in vivo. Anlotinib 
and αPD-1 to LLC-bearing mice were administered on the 
following schedules: anlotinib treatment, followed by the 
administration of αPD-1 or immunoglobulin G (IgG) con-
trol started on day 11 (Fig. 5a). It was observed that anlo-
tinib plus αPD-1 treatment attenuated tumor growth signifi-
cantly compared with the αPD-1 or anlotinib monotherapy 

group, and control group. Moreover, high-dose anlotinib 
plus αPD-1 treatment caused apparently significantly 
greater inhibition of tumor growth than low-dose anlotinib 
(Fig. 5b, c), which differs from the findings of other studies 
on other anti-angiogenesis agents [10, 13]. The body weight 
among all groups was not statistically different (data not 
shown), suggesting that there was no overt toxicity. Sub-
sequently, the intratumoral proliferation and angiogenesis 
changes post-anlotinib treatment via IHC staining in the 
models were assessed. Consistent with the observation of 
tumor inhibition, intratumoral Ki67 and CD31 expressions 
were markedly decreased in the anlotinib plus αPD-1 group 
(Fig. 6a, b). Together, these results demonstrate that anlo-
tinib enhances the therapeutic benefit of PD-1 blockade.

Fig. 5  Anlotinib enhances the anti-tumor activity of PD-1 blockade. 
a Timeline of the animal experiments; blue arrows indicate injections 
of αPD-1. b (left) Photographs of tumors from each group; (right) 
tumor growth curves in the mice. (c)The tumor weights and volumes. 

Results are the means ± SEM, n = 5. A two-tailed unpaired Student’s 
t test was used for comparisons. For tumor growth curves, statistical 
analysis was performed using two-way ANOVA with Sidak correc-
tion for multiple comparisons. *p < 0.05, **p < 0.01
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Discussion

Various published findings position immune cells as key 
effectors of anti-angiogenic therapy and support the ration-
ale for co-targeting angiogenesis and immune checkpoints 
in cancer therapy [10, 13, 19, 22]. Although clinical trials 
have suggested that anlotinib potentially has an anti-angi-
ogenesis effect for inhibiting disease progression [8, 9], its 
roles in immune regulation have not been characterized. 
In the present study, anlotinib promoted the development 
and deployment of anti-tumor innate immunity in mouse 
models of lung cancer, increasing intratumoral active NK 
cell and APC infiltration (Figs. 2, 3, 4). Based on these 
immune-stimulatory properties, anlotinib potentiated anti-
tumor activity when used in combination with PD-1 block-
ade in the LLC mouse models (Figs. 5, 6).

More precisely, various immune components in the TIME 
after anlotinib monotherapy were compared, and it was 
observed that anlotinib could increase active NK cell infil-
tration, accelerate APC recruitment, and reduce the percent-
age of M2-like TAM in the TIME (Figs. 3, 4), exhibiting a 
bona fide innate immune-modulating effect. These immune-
stimulatory properties seemed to correlate positively with 
the anlotinib dose, which differs from the findings of others 
regarding other anti-angiogenesis agents [10, 13].

Angiogenesis inhibitors are conventionally intended to 
prune tumor vessels and starve cancer cells using high, tol-
erable doses in the clinic, which paradoxically may result in 
aggravating hypoxia and promoting tumor immunosuppres-
sion [23]. Previous research has suggested that pericyte cov-
erage and vessel perfusion may be favorable for tumor vessel 
normalization [23, 24]. Subsequently, an increasing number 
of studies have suggested that a lower vascular normalization 

Fig. 6  Combining anlotinib and PD-1 blockade inhibiting tumor pro-
liferation and angiogenesis. a Representative images of H&E, Ki67, 
and CD31 staining in LLC-derived xenograft tumors. Images all 
were obtained at × 400 magnification; scale bar = 100 μm. b Quanti-

fication of CD31-positive vessels and Ki67-positive cells in the pri-
mary tumors. Results are the means ± SEM, n = 5, one-way ANOVA. 
*p < 0.05, **p < 0.01
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dose, rather than a high anti-vascular/anti-angiogenic dose, 
could be an effective strategy for tumor vessel normaliza-
tion [10, 25]. Furthermore, based on the mutual regulation 
between tumor vessel normalization and the immune-stimu-
latory pathways [26], lower doses are superior to high doses 
for eliciting a relatively immune-supportive tumor microen-
vironment and reengineering the tumor microenvironment 
for active immunotherapies in the clinical setting [10, 13].

Different from the above anti-VEGF/VEGFR2 mAbs and 
VEGFR2 TKI, it was found that lower-dose anlotinib was 
not superior to high-dose anlotinib in tumor microenviron-
ment modulation (Figs. 3, 4). This might be because anlo-
tinib is a multi-targeted TKI; besides VEGFR1–3, it also 
targets FGFR1–4, PDGFRα/β, c-KIT, MET, RET, aurora-
B, and DDR1 (discoidin domain receptor tyrosine kinase 
1) [6, 7]. Notably, Tian et al. [26] showed a crucial role of 
IFN-γ–producing type 1 helper (Th1) cells rather than  CD8+ 
T cells in tumor vessel normalization, where the changes are 
consistent with these findings (Fig. 2). Therefore, further 
studies should clarify tumor angiogenic vasculature, such 
as pericyte coverage and vessel perfusion.

There is growing evidence from preclinical studies that 
anti-angiogenic agents can enhance anti-tumor efficacy when 
combined with immunotherapy by altering lymphocyte or 
macrophage infiltration in a range of tumor types [10, 13, 
21, 22]. Here, it was observed that anlotinib potentiated anti-
tumor activity when used in combination with PD-1 block-
ade in LLC mouse models, and that high-dose anlotinib had 
a more significantly synergistic anti-tumor effect (Figs. 5, 6). 
In addition, evidence indicating that PD-1 blockade elicits 
an anti-tumor innate response directly through PD-1 expres-
sion on NK cells and myeloid cells (TAM and DCs) have 
emerged [27–29]. Hence, it appears that coactivation of the 
innate immune cells was due to the synergistic anti-tumor 
effects of anlotinib and αPD-1. However, further studies are 
needed to provide detailed mechanistic evidence.

Aside from PD-1, TIGIT has displayed the potential to 
reverse NK cell dysfunction in tumors and to boost anti-
tumor immunity [30]. No statistically significant differences 
were found in PD-1 and TIGIT expression after anlotinib 
treatment (Fig. S1). However, other innate immune check-
point receptors, such as NKG2A, T cell immunoglobulin- 
and mucin domain-containing molecule 3 (TIM-3), and lym-
phocyte activation gene 3 (LAG-3), should to be analyzed 
further.

Otherwise, PD-L1 expression may upregulated in 
response to  CD4+ T and NK cell-derived IFN-γ (Figs. 2, 
3). As the impact of anlotinib on LLC cell PD-L1 expres-
sion was not observed in vitro and in vivo (Fig. S2), it is 
speculated many other intracellular and extracellular signals 
potentially regulate the changes in PD-L1 expression.

This study has some limitations. Although CCL2, 
VEGFA, and CXCR4 can modulate the innate immune 

response [31–34], it was found that they were decreased 
in the anlotinib treatment groups (Fig. S3), and the pre-
sent work does not illustrate more detailed mechanisms 
for the anlotinib-modulated TIME in lung cancer. In addi-
tion, other possible regulatory mechanisms, including the 
innate immune response modulators TLRs and STING, or 
the induced NK cell ligands [35–37], also warrant further 
investigation.

In summary, as an oral multi-targeted TKI, anlotinib 
exhibits efficacy, prolonging PFS and OS in patients with 
refractory advanced NSCLC [8, 9]. The present results 
reveal its innate immune-stimulatory properties, especially 
in stimulating intratumoral active NK cell and APC infiltra-
tion. These data provide preclinical evidence that anlotinib 
reprograms the tumor microenvironment from immuno-sup-
pressive to immune-supportive and broadens the benefit of 
anti-PD-1 therapy. It should be noted that this work is lim-
ited by the capacity of animal models to mimic the human 
TIME and the hypothesis-generating nature of the study, 
suggesting that further evaluation in more mouse experimen-
tal systems and relative clinical trials are warranted.
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