
O R I G I N A L  R E S E A R C H

Anlotinib Combined with Programmed Death-1/ 
Programmed Death-Ligand 1 Inhibitor 9 
Hydrochloride Suppresses Colorectal Cancer 
Progression by Inducing Neovascularization and 
Reprogramming the Tumor Immune 
Microenvironment in MSS Murine Model
Junpeng Ma1–4,*, Mingkun Wang4,5,*, Kunnan Wang4,5,*, Juyi Wen6, Xiaoya Liu5, Xiangfei Zhao4,6

1Department of Hepatobiliary and Pancreatic Surgery, Beijing Tsinghua Changgung Hospital, School of Clinical Medicine, Tsinghua Medicine, Tsinghua 
University, Beijing, People’s Republic of China; 2Department of Hepatobiliary Intervention, Beijing Tsinghua Changgung Hospital, School of Clinical 
Medicine, Tsinghua Medicine, Tsinghua University, Beijing, People’s Republic of China; 3Yttrium-90 Precision Interventional Radiotherapy Center, 
School of Clinical Medicine, Tsinghua Medicine, Tsinghua Changgung Hospital, Tsinghua University, Beijing, People’s Republic of China; 4Navy Clinical 
College, the Fifth School of Clinical Medicine, Anhui Medical University, Hefei, Anhui, People’s Republic of China; 5Department of General Surgery, 
The Sixth Medical Center of Chinese PLA General Hospital, Beijing, People’s Republic of China; 6Senior Department of Oncology, Chinese PLA 
General Hospital, Beijing, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Xiangfei Zhao, Senior Department of Oncology, Chinese PLA General Hospital, Beijing, People’s Republic of China, 
Email article1977@163.com

Background: Anlotinib, a novel multi-target tyrosine kinase inhibitor, has demonstrated promising antitumor efficacy by inhibiting 
angiogenesis. However, the potential therapeutic benefits and underlying mechanisms of combining anlotinib with immune checkpoint 
inhibitors in colorectal cancer remain unclear.
Methods: Syngeneic models of colorectal cancer were established and treated with anlotinib, PD-1/PD-L1-IN-9 hydrochloride, or 
their combination. Tumor tissues were analyzed using immunohistochemistry, and Western blotting to assess angiogenesis-associated 
markers, tissue hypoxia, and key molecular markers. Flow cytometry, ELISA, and immunostaining were performed to evaluate 
immune cell infiltration, cytokine expression, and the tumor immune microenvironment.
Results: The combination of anlotinib and PD-1/PD-L1-IN-9 hydrochloride significantly inhibited tumor growth compared to mono
therapy, associated with improved neovascularization and alleviated hypoxia. Combined therapy increased CD8+ T cell infiltration, reduced 
immunosuppressive cell populations, and partially modulated cytokine profiles, thereby enhancing the antitumor immune response.
Conclusion: Anlotinib combined with PD-1/PD-L1-IN-9 hydrochloride exhibits superior antitumor efficacy in colorectal cancer 
compared to either agent alone, potentially by reshaping the tumor microenvironment. These findings support further exploration of 
combined anti-angiogenic and immune checkpoint therapy as a promising strategy for colorectal cancer treatment.
Keywords: anlotinib, PD-1/PD-L1-IN-9 hydrochloride, colorectal cancer, tumor immune microenvironment, MSS Murine Model

Introduction
Colorectal cancer (CRC) is a common malignancy of the gastrointestinal tract, with a high incidence and mortality rate 
worldwide.1 Despite significant advances in early screening and adjuvant therapies, the 5-year survival rate for patients 
diagnosed with advanced metastatic colorectal cancer remains only 10%.2 Although surgical, chemotherapeutic, 
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radiotherapeutic, and molecular-targeted treatments have improved survival, the prognosis of metastatic CRC remains 
poor, and palliative chemotherapy is still the mainstay treatment.3

With the approval of drugs such as inhibitors of programmed cell death receptor 1 (PD-1), programmed cell death 
ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), immune checkpoint inhibitors (ICI) has 
become a hot topic in cancer research and has shown success in several malignancies.4 However, most CRC patients do 
not benefit, and clinical responses are largely restricted to the small subset with mismatch repair deficiency/microsatellite 
instability-high (dMMR/MSI-H) tumors. In contrast, the vast majority of CRC patients have microsatellite-stable (MSS) 
tumors, which generally respond poorly to immune checkpoint blockade.5,6 Thus, expanding the proportion of CRC 
patients who benefit from immunotherapy is an urgent issue to be addressed. Overcoming immunotherapy resistance in 
MSS CRC represents a critical clinical dilemma.

The tumor microenvironment (TME), composed of blood vessels, stromal cells, and immune cells, is characterized by 
abnormal vasculature, hypoxia, and immunosuppression, which significantly reduces the effectiveness of cancer treatment 
including immunotherapy.7,8 In particular, abnormal tumor vasculature not only impairs drug and immune cell delivery but 
also exacerbates hypoxia, which in turn promotes the recruitment of immunosuppressive cells and induces resistance to 
immune checkpoint blockade. These interconnected features of the TME are critically involved in the poor response of 
MSS CRC to immunotherapy. Therefore, strategies that normalize the TME may improve therapeutic efficacy.

Tumor angiogenesis is a key process in cancer development and metastasis, with vascular endothelial growth factor 
(VEGF) and its receptor VEGFR2 playing significant roles and being associated with cancer immune evasion.9 Anti- 
angiogenic therapy can normalize abnormal tumor vessels, improve oxygenation, and enhance immune cell infiltration, 
thereby potentially synergizing with immunotherapy.10,11 Anlotinib, a multi-target tyrosine kinase inhibitor of VEGFR, 
FGFR, PDGFR, and c-kit, has been approved in China for the treatment of several solid tumors.12 However, anlotinib 
monotherapy has shown limited efficacy in controlling tumor progression, which may be attributed to its inability to durably 
reverse the immunosuppressive TME or fully overcome vascular abnormalities and hypoxia. Preclinical studies have shown 
that combining anti-angiogenic therapy with PD-1/PD-L1 blockade can improve T-cell infiltration and antitumor efficacy in 
various cancers,13,14 and anlotinib has also been reported to transiently normalize vasculature and augment PD-1 blockade.15 

Nevertheless, whether anlotinib combined with PD-1 inhibition can effectively reverse the vascular, hypoxic, and immuno
suppressive features of the TME and thereby enhance antitumor immunity in MSS CRC remains unknown. In this study, we 
investigated the effects of this combination in a murine MSS CRC model, focusing on tumor growth, survival, vascular 
remodeling, and immune microenvironment reprogramming, to provide experimental evidence for new therapeutic strategies.

Materials and Methods
Cell Culture and Heterotopic Tumor Transplantation Model
The colorectal cancer cell line CT26 was acquired from the American Type Culture Collection (ATCC). CT26 is a widely 
used immunocompetent murine colorectal cancer model in BALB/c mice and allows evaluation of tumor–immune 
interactions in a syngeneic setting with an intact immune system. The cells were maintained in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 μg/mL penicillin/ 
streptomycin) and cultured at 37°C in a 5% CO2 atmosphere. Cells were passaged upon reaching 80–90% confluence 
using 0.25% trypsin-EDTA. Cells in the exponential growth phase were used in subsequent experiments. For subcuta
neous injection, CT26 cells were harvested, washed twice with sterile PBS, and resuspended in sterile PBS (pH 7.4) as 
the injection buffer. CT26 cells were injected subcutaneously into the right flank of BALB/c mice.

The animal use protocol listed below was reviewed and approved by the Animal Ethics Committee of Zhongyan 
Zichuang (Beijing) Biotechnology Co., Ltd. (Ethics number ZYZC202402011S). In this study, we purchased a total of 48 
BALB/c mice (male, 18~20 g, 5 weeks old) from Spefor Biotechnology Co., Ltd. (Beijing, China). In particular, 24 mice 
for endpoint tumor harvesting and tissue analyses and 24 mice for survival analysis. All animals were acclimatized under 
specific pathogen-free conditions for 1 week, provided with sterilized food and water. The mice were randomly divided 
into four groups (n=6): a control group receiving vehicle treatment with PBS, an anlotinib-only treatment group, a PD-1/ 
PD-L1-IN-9 hydrochloride-only treatment group, and a combination of anlotinib and PD-1/PD-L1-IN-9 hydrochloride 
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treatment group. A heterotopic colorectal cancer model was established by subcutaneous injection of 5 × 10^5 CT26 cells 
resuspended in 100 μL sterile PBS into the right flank of BALB/c mice on day 0. The control group (NC) received 
vehicle treatment with PBS under the same injection schedule as the treatment groups. The Anlotinib group received 
3 mg/kg anlotinib (Chia Tai Tianqing Pharmaceutical Group Co., Ltd.) by gavage from day 1 to day 10 (d1-d10), the PD- 
1/PD-L1-IN-9 hydrochloride group received intraperitoneal injections of PD-1/PD-L1-IN-9 hydrochloride (PD-1/PD-L1- 
IN-9, HY-132192, Med Chem Express). The dosage of 10 mg/kg administered intraperitoneally every three days (d1, d4, 
d7, d10) was selected according to the manufacturer’s recommendation and has been validated in previous preclinical 
studies.16 The Combination group received daily gavage of 3 mg/kg anlotinib from day 1 to day 10 (d1-d10), and anti-PD 
-1 inhibitor treatment (intraperitoneal injection of 10 mg/kg PD-1/PD-L1-IN-9 hydrochloride) on days 1, 4, 7, and 10, 
identical to the monotherapy group. Tumor volume was measured on days 1, 4, 7, 11, and 15 (calculation formula: tumor 
volume = (length × width^2) /2). On day 15, mice were injected intraperitoneally with sodium pentobarbital solution (50  
mg/kg, i.p),17 following profound anesthesia, tumors were surgically excised, weighed, and appropriately preserved for 
further examination.

For flow cytometric analysis of tumor-infiltrating immune cells, fresh tumor tissues were finely minced and digested 
in RPMI 1640 medium containing 1 mg/mL collagenase IV and 0.1 mg/mL DNase I for 30 minutes at 37°C with gentle 
shaking. The digested tissue was then passed through a 70 μm cell strainer to obtain a single-cell suspension. After 
washing with PBS containing 2% FBS, red blood cells were lysed using ACK lysis buffer. Cells were washed twice and 
resuspended in staining buffer. Viable cells were counted using trypan blue exclusion. To exclude doublets and dead 
cells, single cells were gated by FSC-H vs FSC-A, and dead cells were excluded using Zombie NIR™ according to the 
manufacturer’s instructions. Cells were then incubated with Fc block for 10 minutes, followed by surface antibody 
staining for 30 minutes at 4°C. After staining, cells were washed and fixed with 1% paraformaldehyde before acquisition 
on a flow cytometer. Data were analyzed using FlowJo software.

Survival Analysis
For survival analysis, 6 mice were randomly selected from each of the four experimental groups. The experiment 
commenced from the first day of medication, marked as day 1, and continued until a reasonable end to the experiment. 
For survival analysis, humane endpoints were defined as tumor volume ≥ 2000 mm3or severe distress. Mice reaching 
these criteria were euthanized immediately.

Antibodies and Reagents
Antibodies used for Western blot and flow cytometry analyses are listed in Supplementary Table S1. Goat anti-rabbit 
secondary antibody was purchased from AFFINITY (1:10,000, S0001, Affinity Biosciences).

Flow Cytometry Analysis
Colorectal cancer cells were harvested and centrifuged at 400 × g (or 1,500 rpm) for 5 minutes. For cell surface staining, 
the resulting cell suspension was washed twice in PBS, stained with specified fluorescently-labeled antibodies on ice for 
30 minutes, and then subjected to additional PBS washes. For intracellular staining, cells were fixed and permeabilized 
using the Cytofix/CytoPerm BUF KIT (BD Pharmingen, catalog number 554714). For analyzing tumor immune cell 
infiltration, a similar staining protocol was followed: at day 15, tumors were excised from mice, weighed, mechanically 
disrupted, and digested with collagenase IV (17104019, Thermo Fisher) to generate single-cell suspensions. All samples 
were analyzed by flow cytometry using either an LSRFortessa (BD Biosciences) or Navios and Gallios instruments 
(Beckman Coulter), with data processed using FlowJo software version 10.8.1 according to the manufacturer’s instruc
tions. After excluding doublets and dead cells, analyses focused on CD45+ leukocytes, within which CD4+ and CD8+ 

T cells were identified as CD45+CD4+ and CD45+CD8+ subsets, respectively, regulatory T cells (Tregs) were defined as 
CD45+CD4+CD25+FOXP3+ cells, tumor-associated macrophages (TAMs) as CD45+CD11b+F4/80+CD163+ cells, and 
myeloid-derived suppressor cells (MDSCs) as CD45+CD11b+Ly6C+/Ly6G+ subsets.
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Western Blot Analysis
Following different treatments, tumor tissues were collected and lysed in RIPA lysis buffer containing phosphatase and 
protease inhibitors (MedChemExpress, Monmouth Junction, NJ, USA) for total protein extraction. Protein concentration 
was determined using the BCA Protein Assay Kit (P0010, Beyotime, Shanghai, China) according to the manufacturer’s 
instructions. Samples were boiled for 5 minutes in loading buffer. The lysates were separated by 10% SDS-PAGE and 
transferred onto polyvinylidene difluoride membranes (IPVH00010, Millipore, Burlington, MA, USA). Membranes were 
blocked with 5% bovine serum albumin at room temperature for 2 hours, then incubated with primary antibodies 
overnight at 4°C. After washing with TBST, membranes were incubated with secondary antibodies (1:10,000, S0001, 
Affinity Biosciences) at room temperature for 1 hour. Following another round of washing with TBST, protein bands 
were detected using ECL detection reagent (P0018S, Beyotime). Images were quantified using Image J software 
(National Institutes of Health, Bethesda, MD, USA) based on three independent biological replicates and normalized 
to GAPDH (Supplementary Figure S1–S7).

Immunohistochemistry Analysis
Tumor tissue samples fixed in 4% paraformaldehyde were embedded in 4% paraffin, and continuous sections (3 μm 
thick) were prepared. After deparaffinization and hydration, antigen retrieval was performed using 10 mM Citrate Buffer 
(pH 6.0). Sections were then incubated with 5% bovine serum albumin at room temperature for 45 minutes to block 
nonspecific binding sites. Apoptosis was detected using the TUNEL Assay Kit (Beyotime Biotech Inc, Shanghai, China) 
following the manufacturer’s instructions. Tumor sections were incubated with primary antibodies (anti-CD31, 1:200, 
AF6191, Affinity, anti-CD34, 1:200, AF5149, Affinity, anti-IL-17A, 1:200, DF6127, Affinity, anti-VEGFA, 1:200, 
AF5131, Affinity) overnight at 4°C, followed by incubation with biotinylated secondary antibodies. Before microscopic 
analysis, streptavidin-biotin-peroxidase complex was added, and sections were incubated with 3,3’-diaminobenzidine 
(Maishin Bio, Fuzhou, China) at room temperature for 2 hours. Additionally, images were quantified using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). For microvascular density (MVD) quantification, CD31- 
and CD34-positive microvessels were counted in representative high-power fields from each tumor section. MVD was 
calculated as the number of positively stained microvessels per field or per analyzed area using ImageJ. The same 
thresholding and quantification criteria were applied across all groups.

Immunofluorescence
MDSC cells were stained using immunofluorescence staining methods. Following deparaffinization and hydration, 
antigen retrieval was performed using 10 mM Citrate Buffer (pH 6.0). Sections were then incubated with 5% bovine 
serum albumin at room temperature for 45 minutes. ITGAM antibody (1:200, DF2911, Proteintech, Affinity Biosciences) 
and Gr-1 antibody (1:100, #68590, CST) were incubated overnight. After washing, sections were incubated with 
corresponding fluorescently-labeled secondary antibodies (1:200, S0011, Affinity) for 60 minutes, followed by DAPI 
staining (D9542, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) for 10 minutes, and then washed with PBS and 
dried. Images were captured using a fluorescence microscope (Olympus, Tokyo, Japan) and analyzed with Image 
J software (National Institutes of Health).

Enzyme-Linked Immunosorbent Assay (ELISA)
Cytokine levels were measured using ELISA kits (IFN-γ, EK280HS-96, IL-10, EK310HS, iNOS, TNF-α, EK382HS, IL- 
17A, EK217, Arg-1, VEGFA, EK283) according to the manufacturer’s guidelines. For serum samples, blood was 
collected from mice and centrifuged at 3000 rpm for 10 minutes at 4 °C to separate the serum, which was aliquoted 
and stored at −80 °C until analysis. Briefly, 100 μL of diluted antibody was added to each well of the ELISA plate and 
incubated at 37 °C for 1 hour. Then, 100 μL of biotinylated antibody was added and incubated in a 5% CO2 incubator at 
37 °C for another hour. The enzyme conjugate (100 μL) and substrate (100 μL) were mixed and incubated together in the 
incubator with 5% CO2 at 37 °C for 30 minutes and 15 minutes, respectively. The reaction was terminated with 100 μL 
of stop solution, and the OD450 value was measured using an ELISA reader (model 680, Bio-Rad, Hercules, CA, USA).
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In addition, frozen tumor tissues stored at –80 °C were homogenized in cold PBS containing protease inhibitors, 
followed by centrifugation at 12,000 × g for 15 minutes at 4 °C to collect supernatants. Cytokine concentrations (IFN-γ, 
TNF-α, IL-10, Arg-1, iNOS, IL-17A, VEGF) were determined using the same ELISA kits as above, according to the 
manufacturer’s instructions. Total protein concentrations were measured using the BCA assay, and cytokine levels were 
normalized to protein content (pg/mg protein).

Statistical Analysis
Data were presented as mean ± standard deviation (SD) and analyzed using SPSS 20.0 (IBM Corp, Armonk, NY, USA) 
and GraphPad Prism 9.0 (GraphPad Software, Inc., San Diego, CA, USA). For comparisons among four groups, one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test was used. Tumor growth curves were analyzed using 
two-way repeated-measures ANOVA. The Kaplan-Meier method was used to estimate survival curves, and the Log rank 
test was applied to compare differences between groups. A P-value < 0.05 was considered statistically significant.

Results
Anlotinib Combined with PD-1/PD-L1-IN-9 Hydrochloride Suppresses Tumor 
Growth
To investigate the effects of anlotinib combined with a PD-1/PD-L1-IN-9 hydrochloride, we first assessed tumor growth 
and progression in CT26 tumor-bearing mice. The specific administration schemes for anlotinib and PD-1/PD-L1-IN 
-9 hydrochloride injections are shown in Figure 1A. We compared four groups: vehicle control, anlotinib monotherapy, 
PD-1/PD-L1-IN-9 hydrochloride monotherapy, and combination therapy. Initially, by measuring the terminal body 
weight of mice, we found that there were no significant changes in the terminal body weight of mice under different 
treatments (Figure 1B). Subsequently, by statistically analyzing the tumor weight and volume at the endpoint, we found 
that the combined treatment significantly reduced the tumor size and volume compared to the NC group and the 
individual treatment groups (Figures 1C–1E). At the same time, we measured and recorded tumor volume changes 
every 3 days during the treatment period (from day 1 to day 10). The statistics showed that the combined treatment group 
significantly inhibited tumor growth (Figure 1F). In addition, we monitored the survival of tumor-bearing mice receiving 
different treatments from day 0 to day 100. The treatment period lasted from day 1 to day 10, and after treatment, the 
survival cohort was followed until mice reached the end of observation, and euthanasia/death time and endpoint are listed 
in Supplementary Table S2. The statistics showed that the survival time of mice in the combined treatment group was 
significantly prolonged (Figure 1G). Additionally, we examined apoptosis in mouse tumor tissues. Western Blot results 
suggested that the combined treatment group had downregulated expression of Bcl-2 and increased expression of cleaved 
caspase-3 and Bax (Figure 1H), and the rate of TUNEL-positive staining increased in the combined treatment group 
(Figure 1I). These results indicate that anlotinib can enhance the antitumor effect of PD-1 inhibitors in CT26 tumor- 
bearing mice.

PD-1/PD-L1-IN-9 Hydrochloride Combined with Anlotinib Induces 
Neovascularization and Alleviates Hypoxia
Substantial evidence indicates that anti-angiogenic drugs can normalize the tumor vasculature system, alleviate tissue 
hypoxia, and thus improve the tumor immune microenvironment.18 Given that anlotinib has previously been proven to 
exert strong anti-angiogenic effects in various tumor models,19,20 we investigated the impact of anlotinib in both 
monotherapy and combined with PD-1/PD-L1-IN-9 hydrochloride on the progression of colorectal tumors. Studies 
have shown that IL-17A can promote neovascularization by activating the NF-κB signaling pathway, inducing the 
expression of vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs), as well as modulating 
the activity of endothelial and stromal cells.21 We conducted immunohistochemical analysis to measure and quantify the 
levels of IL-17A and VEGF, finding that their expression levels significantly decreased after combined treatment 
(Figures 2A–2E). CD31 and CD34 are two common cell surface markers that play important roles in vasculogenesis, 
and the detection of CD31 and CD34 expression can assess the extent and activity of angiogenesis. Therefore, we 

ImmunoTargets and Therapy 2026:15                                                                                               https://doi.org/10.2147/ITT.S597338                                                                                                                                                                                                                                                                                                                                                                                                       5

Ma et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/597338/597338_Supplementary%20Material_1_1.docx


dynamically analyzed the expression of CD31 and CD34 through immunohistochemistry and calculated the ratio of 
microvessel density (MVD) to the area of the image using ImageJ software (Figures 2C–2F). Additionally, given the 
chronic hypoxia condition in the TME and literature indicating that HIF1-α promotes the formation of new blood vessels 
by upregulating the expression of various angiogenesis-related genes such as VEGF, thereby promoting endothelial cell 

Figure 1 Anlotinib Combined with PD-1/PD-L1-IN-9 hydrochloride Significantly Suppresses Tumor Growth. (A) Schematic of the study design. The red bar indicates the 
duration of Anlotinib treatment (Days 1–10). Blue symbols indicate PD-1/PD-L1-IN-9 hydrochloride injection time points (Days 1, 4, 7, and 10), different shapes (star, 
triangle, diamond) are used only for visual distinction of injection days. (B). Changes in mouse body weight following different treatments (n=6). (C). Tumor weights in mice 
following different treatments (n=6). (D). Gross images of mouse tumors following different treatments. (E). Statistical chart of tumor volumes shown in panel D (n=6). (F). 
Growth curve of tumor volume, measured every 3 days (n=6). (G). Kaplan–Meier survival analysis of mice following different treatments (n=6). Survival was analyzed using 
the Kaplan–Meier method and compared with the Log rank test (P < 0.001 for combination vs control). (H). Western Blot analysis of apoptotic protein expression in tumor 
tissues under different treatments (n=3). (I). TUNEL staining results and statistical chart of tumor tissues from different treatment groups (scale = 40 μm), The areas 
indicated by the red arrows represent TUNEL-positive staining. 
Notes: Data are presented as mean ± SD. Two-group comparisons were performed with Student’s t-test. Multi-group comparisons were analyzed by one-way ANOVA 
followed by Tukey’s post hoc test. Tumor growth curves were analyzed by two-way ANOVA. Survival curves were analyzed by the Kaplan–Meier method with Log rank test. 
(ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs control unless otherwise indicated).
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proliferation and migration,22,23 we examined the levels of HIF-α and VEGF in tumor tissues through Western Blot. We 
found that combined treatment significantly alleviated tissue hypoxia and suppressed the expression of VEGF 
(Figures 2G). Based on these results, it can be concluded that the combined treatment of anlotinib with a PD-1/PD-L1- 
IN-9 hydrochloride significantly alleviates tissue hypoxia, inhibits tumor angiogenesis, and induces the normalization of 
the remaining vessels.

Figure 2 PD-1/PD-L1-IN-9 hydrochloride combined with anlotinib induces neovascularization and alleviates hypoxia (scale = 40 μm).(A). Immunohistochemical analysis of 
VEGF expression under different treatments. (B). Immunohistochemical detection of IL-17A expression. (C). Immunohistochemical analysis of the expression levels of 
vascular markers CD31 and CD34. The areas indicated by the red arrows represent TUNEL-positive staining. (D and E). Quantitative analysis of the expression levels of 
VEGF and IL-17A. F. Assessment of CD31+ and CD34+ numbers using ImageJ software to calculate MVD (*P < 0.05, **P < 0.01, ***P < 0.001 vs control unless otherwise 
indicated, n=3). (G). Western Blot analysis of VEGF and HIF1-α protein expression in tumor tissues under different treatments (n=3). Statistical analysis was performed using 
one-way ANOVA followed by Tukey’s post hoc test.
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PD-1/PD-L1-IN-9 Hydrochloride Combined with Anlotinib Reduces the Proportion of 
Immunosuppressive Cells
To explore the specific mechanisms through which the combined treatment suppresses tumor progression, we analyzed 
changes in immune cells within the tumor tissue. Initially, we examined the expression of MDSCs (Myeloid-Derived 
Suppressor Cells) through immunofluorescence. The results indicated that compared to monotherapy groups, the 
combined treatment group showed significantly reduced fluorescence intensity of MDSCs (Figures 3A–3E). Moreover, 
increasing evidence suggests that myeloid cells, namely Tumor-Associated Macrophages (TAMs), and lymphoid cells, 
such as FoxP3+ Regulatory T cells (Tregs), are major sources of immunosuppression within the Tumor 
Microenvironment(TME).24,25 To further explore the impact of combined treatment on the tumor’s immunosuppressive 
microenvironment, we assessed the levels of MDSCs, M2-type macrophages, and Tregs in the TME using flow 
cytometry. The results showed that the proportions of MDSCs, M2-type macrophages, and Tregs were significantly 
reduced in tumors treated with the combined therapy (Figures 3B–3F). These findings suggest that anlotinib may enhance 
the response to PD-1/PD-L1-IN-9 hydrochloride treatment by reducing the proportion of immunosuppressive cells within 
the TME, thereby inhibiting the progression of colorectal cancer.

PD-1/PD-L1-IN-9 Hydrochloride Combined with Anlotinib Increases Immune 
Lymphocyte Infiltration in Tumors
A recent study demonstrates that Anlotinib partially facilitates tumor neovascularization by upregulating CD4+ T cells, 
thereby reprogramming the immunosuppressive tumor microenvironment into an immunostimulatory one and signifi
cantly inhibiting tumor growth [18]. Additionally, the infiltration of CD8+ T lymphocytes within tumors serves as 
a prognostic factor for the efficacy of immunotherapy. To assess the changes in CD4+ and CD8+ T cells within tumor 
tissues following various treatments, we prepared single-cell suspensions of the tumors and analyzed them using flow 
cytometry. The results revealed that, compared to monotherapy, the combination therapy enhanced the infiltration of 
CD8+ T cells at the tumor site and improved the tumor microenvironment. Compared with the control group, the 
percentage of CD4+ T cells in the combination group was significantly increased; however, when compared with the PD- 
1/PD-L1-IN-9 hydrochloride monotherapy group, it was significantly decreased. Notably, no obvious synergistic effect 
was observed in the combination group (Figure 4A–4E). Moreover, we examined the expression of PD-1 on the surface 
of CD4+ and CD8+ T cells. The findings showed that, relative to the control group, combination therapy significantly 
reduced PD-1 expression on both CD4+ and CD8+ T cells (Figure 4C–4E). These findings suggest that anlotinib may 
enhance the efficacy of PD-1/PD-L1-IN-9 hydrochloride treatment by upregulating the proportion of immune effector 
cells in the TME.

PD-1/PD-L1-IN-9 Hydrochloride Combined with Anlotinib Jointly Improves the 
Immune Microenvironment
Cytokines play a crucial role in the crosstalk between immune cells and tumor cells.26 To determine the activity and 
function of immune cells, we first evaluated the levels of immune stimulatory factors (IFN-γ, TNF-α) and immune 
suppressive factors (IL-17, IL-10, ARG1, VEGF, and iNOS) in the peripheral blood through ELISA (Figure 5A and 5B). 
The results showed that in the combination treatment group, IL-10, ARG1, IL-17, VEGF, and iNOS were downregulated, 
whereas IFN-γ and TNF-α were upregulated. To further validate whether these systemic changes reflect the local tumor 
microenvironment, we additionally measured cytokine levels in tumor tissue homogenates by ELISA. Consistently, IFN- 
γ and TNF-α were elevated, while IL-10, ARG1, IL-17, VEGF, and iNOS were reduced in tumor tissues of the 
combination group, confirming that anlotinib plus PD-1/PD-L1-IN-9 hydrochloride remodels both systemic and intratu
moral immune profiles. Together, these findings suggest that the combination therapy improves the immune microenvir
onment at multiple levels, thereby enhancing the efficacy of PD-1 blockade.
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Discussion
Given the established fact that immune evasion promotes tumor progression, active immunotherapy has emerged as the 
third major pillar alongside chemotherapy and targeted therapy. Cancer immunotherapy aims to activate the host immune 
system to selectively eliminate malignant cells without harming normal body tissues. However, most immunotherapies 
have not achieved their expected antitumor effects clinically, with relatively low benefit rates.27 Previous data have 
shown that anti-angiogenic therapy targets the tumor vascular system to inhibit tumor growth and alleviate tumor 
burden.28 Despite certain clinical effects of anti-angiogenic targeted drugs and immunotherapy in tumor treatment, 
neither has shown a strong and durable clinical response when used as a single agent for colorectal cancer. Moreover, an 
increasing number of studies have indicated that anti-angiogenic targeted drugs can induce tumor neovascularization, 
reduce vascular density to alleviate tumor burden, and increase the infiltration of immune effector cells to transform the 
immunosuppressive TME, thereby enhancing the efficacy of cancer immunotherapy.29

In this study, we demonstrated the effects of combined administration of anlotinib and PD-1 inhibitors on vascular 
structure and function, antitumor immunity, tumor growth, and survival rates in a subcutaneous tumor model in BALB/c 

Figure 3 PD-1/PD-L1-IN-9 hydrochloride Combined with Anlotinib Reduces the Proportion of Immunosuppressive Cells. (A). Expression differences of MDSCs under 
different treatments detected using immunofluorescence technology and labeled with ITGAM and Gr-1. DAPI (blue), ITGAM (red), Gr-1 (green). (scale = 40 μm). (B). The 
percentage of MDSCs within the tumor using flow cytometry. (C). The percentage of M2-type macrophages within the tumor using flow cytometry. (D). The percentage of 
Tregs within the tumor using flow cytometry. (E). Quantitative analysis of the immunofluorescence images from (A). (F). Quantitative analysis of the flow cytometry results 
from (B–D). (*P < 0.05, **P < 0.01, ***P < 0.001 vs control unless otherwise indicated, n=3). Statistical analysis was performed using one-way ANOVA followed by Tukey’s 
post hoc test.
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mice. PD-1 inhibitors was a small-molecule inhibitor that selectively blocks the PD-1/PD-L1 interaction, thereby 
preventing inhibitory signaling and restoring effector T-cell function. This compound has been reported in preclinical 
studies to effectively disrupt PD-1/PD-L1 binding and enhance antitumor immune responses.30 Several basic studies 
have found that after effectively inhibiting the classical VEGFA pathway, tumor cells often activate a variety of 
compensatory “bypass activation” pathways, such as VEGFC, TGF, and FGF pathways, worsening the biological 
behavior of tumor cells and leading to rapid “rebound” of tumors and even increased invasiveness and metastatic 
potential post-treatment.31–34 Therefore, the activation of bypass pathways in tumor vascular endothelial cells (ECs) after 
inhibiting the main angiogenesis signaling pathways has become an important cause of resistance. The new generation of 
anti-angiogenic drug anlotinib targets angiogenesis pathways including VEGFR, FGFR, and PDGFR, as well as the stem 

Figure 3 Continued.
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cell factor receptor c-KIT.12 Its multi-target mechanism significantly improves clinical treatment effects, prolonging PFS 
and OS in patients with advanced NSCLC, and ending the history of drug-resistant lung cancer patients.13 A study 
showed that patients with advanced LUAD carrying KRAS mutations, after progressing through multiple lines of 
chemotherapy and radiotherapy, received anlotinib treatment, ultimately achieving a PFS of 21 months and an OS of 
5.5 years.35

In our study, anlotinib combined with PD-1/PD-L1-IN-9 hydrochloride treatment significantly inhibited colorectal 
cancer growth, extended the survival period of BALB/c subcutaneous tumor-bearing mice, and improved the tumor 
immune suppressive microenvironment, promoting its response to immunotherapy. Furthermore, studies have shown that 

Figure 4 PD-1/PD-L1-IN-9 hydrochloride Combined with Anlotinib Increases Immune Lymphocyte Infiltration in Tumors.(A and B). Detection of CD4+ T and CD8+ 
T cells in tumors under different treatments using flow cytometry. (C and D). Expression of PD-1 on the surface of CD4+ T cells and CD8+ T cells under different 
treatments. (E). Statistical analysis of the above results (*P < 0.05, **P < 0.01, ***P < 0.001 vs control unless otherwise indicated, n=6). All flow cytometry percentages are 
shown relative to CD45+ leukocytes. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
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VEGF can promote local and systemic immune suppression by targeting angiogenesis to cause hypoxia and low pH 
values in the TME.36 Moreover, an increasing number of preclinical studies have shown that when combined with 
immunotherapy, anti-angiogenic drugs can enhance antitumor efficacy by changing the infiltration of lymphocytes or 
macrophages in a series of tumor immune microenvironments.37,38 The experimental data indicate that the combination 
of anlotinib and PD-1 inhibitors effectively reduces the expression of VEGFA, greatly alleviates tissue hypoxia, and 
increases the percentage of CD8+ T cells within the tumor to improve the immunosuppressive microenvironment. 

Figure 5 PD-1/PD-L1-IN-9 hydrochloride Combined with Anlotinib Jointly Improves the Immune Microenvironment.(A) ELISA analysis of cytokine expression (IFN-γ, IL-10, 
TNF-α, Arg-1, iNOS, IL-17A, VEGF) in mouse serum.(B). ELISA analysis of cytokine expression (IFN-γ, IL-10, TNF-α, Arg-1, iNOS, IL-17A, VEGF) in tumor tissue 
homogenates. 
Notes: (*P < 0.05, **P < 0.01, ***P < 0.001 vs control unless otherwise indicated; n = 6). Statistical analysis was performed using one-way ANOVA followed by Tukey’s post 
hoc test.
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Evidence suggests that activated CD8+ T cells may also promote tumor neovascularization.39 Therefore, anlotinib and 
activated CD8+ T cells are likely to work synergistically to induce tumor neovascularization. More importantly, 
compared to monotherapy, combination therapy significantly reduced the proportion of immunosuppressive cells such 
as MDSCs, M2-type macrophages, and Tregs, indicating its potential to re-activate the immune system and suppress the 
formation of an immunosuppressive microenvironment. Mechanistically, our findings suggest that neovascularization and 
immune remodeling may interact to create a positive feedback loop. By transiently normalizing abnormal tumor 
vasculature, anlotinib alleviates hypoxia and improves perfusion, which facilitates the infiltration and function of effector 
CD8+ T cells. In turn, the increased presence of activated CD8+ T cells, together with the reduction of immunosuppres
sive cells (MDSCs, Tregs, M2 macrophages), may contribute to sustaining neovascularization through cytokine regula
tion. This reciprocal interaction provides a plausible explanation for the synergistic effect observed in our study and 
highlights the therapeutic rationale of combining anti-angiogenic therapy with PD-1 blockade in MSS colorectal 
cancer.14,40

Next, we determined the levels of cytokines related to the activity and function of immune cells. The combined 
treatment group showed the highest IFN-γ levels. It has been reported that IFN-γ is mainly secreted by activated 
lymphocytes such as CD4+ and CD8+ T cells, γδ-T cells, and NK and NKT cells.41,42 Previous studies have also 
described various antitumor effects of IFN-γ, including regulating antigen presentation, promoting inflammatory and 
chemotactic signals, activating and polarizing responsive leukocytes, recruiting effector leukocytes, as well as direct 
antiproliferative and anti-angiogenic effects.43 Our data demonstrate elevated IFN-γ levels following combination 
therapy, consistent with these known immune-activating functions. In the immune response, especially in cell- 
mediated immunity, activated T cells release TNF-α to regulate and enhance immune responses.44 Furthermore, inducible 
nitric oxide synthase (iNOS) suppresses the function of immune cells by producing nitric oxide (NO), thereby aiding 
tumors in evading immune surveillance.45 We also measured the levels of Arg-1 and IL-10 in mouse tumor tissues, 
finding that Arg-1 was significantly reduced in the combined therapy. IL-10 can inhibit the activity of immune cells, such 
as inhibiting the antigen presentation and pro-inflammatory effects of macrophages and dendritic cells, as well as 
inhibiting the activity of CD4+ and CD8+ T cells, reducing the T cells’ attack on tumors.46 It has been reported that 
increased levels of Arg-1 expressed by MDSCs mediate the depletion of L-arginine in the TME, leading to T cell cycle 
arrest and loss of T cell efficacy, due to the downregulation of TCR zeta chain expression.47 Interestingly, besides its 
immunosuppressive function, IL-17A, like VEGF, also promotes neovascularization.48 In our study, both serum and 
tumor tissue analyses consistently showed increased IFN-γ and TNF-α and decreased IL-10, ARG1, IL-17, VEGF, and 
iNOS in the combination group, indicating that the systemic and local immune environments were improved in parallel. 
In summary, combined therapy mediates the crosstalk between tumor cells and immune cells by affecting different 
cytokine levels, improving the tumor suppressive microenvironment.

In interpreting our flow cytometry data, it is important to note that PD-1 expression on CD8+ T cells can reflect 
distinct biological states. While PD-1 may indicate activation during early priming, sustained high expression within the 
tumor microenvironment is widely associated with T-cell exhaustion, characterized by impaired proliferation and reduced 
cytokine production.49–51 Consistent with this concept, blockade of PD-1 has been shown to reinvigorate exhausted CD8 
+ T cells and restore effector functions.52,53 In our study, the observed decline in PD-1+CD4+ and PD-1+CD8+ subsets 
following combination treatment likely reflects partial reversal of exhaustion rather than a loss of activation. Although 
tumor antigen specificity was not directly tested, the analysis was performed on CD45+ tumor-infiltrating lymphocytes, 
which predominantly represent tumor-reactive T cells. Moreover, the neovascularization induced by anlotinib may 
facilitate the recruitment of peripheral effector T cells into the tumor, potentially in parallel with local clonal expansion. 
These findings together suggest that the combination strategy not only increases effector T-cell abundance but also 
improves their functional quality within the tumor microenvironment.

However, our study has some limitations. First, the relatively small sample size may limit the statistical robustness of 
our findings; this number was chosen based on ethical considerations to minimize animal use and is consistent with many 
previous preclinical studies. Second, we employed a subcutaneous rather than an orthotopic colorectal cancer model, 
which may not fully recapitulate the native tumor microenvironment, particularly with respect to angiogenesis and 
immune cell infiltration54 We acknowledge that the lack of an orthotopic model represents a limitation, and future studies 
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will validate our findings in orthotopically implanted tumors to strengthen their translational relevance. Third, only 
selected immune cell subsets (CD4+, CD8+ T cells, Tregs, MDSCs, and M2 TAMs) were analyzed, whereas other 
relevant populations such as NK cells and dendritic cells were not assessed. Furthermore, the lack of longitudinal body 
weight monitoring represents another limitation; while animals were assessed daily based on humane endpoints, the 
absence of continuous weight data limits the comprehensive evaluation of treatment-related toxicity and distress. Finally, 
we did not evaluate the impact on tumor recurrence, and the precise molecular pathways underlying the observed 
changes in the tumor immune microenvironment remain to be elucidated. Despite these limitations, our data suggest that 
anlotinib combined with PD-1/PD-L1-IN-9 hydrochloride immunotherapy may represent a promising synergistic treat
ment for CRC patients. While our research holds significant clinical relevance, the combination of anti-angiogenic 
therapy with PD-1 inhibition warrants further evaluation in clinical trials.

Conclusion
This study investigated the synergistic antitumor effects of anlotinib in combination with a PD-1 inhibitor using a murine 
subcutaneous tumor model, and the results demonstrated significant suppression of colorectal cancer growth along with 
remarkable improvement of the tumor immune microenvironment. Specifically, the combination therapy notably reduced 
the proportion of key immunosuppressive cell populations, including myeloid-derived suppressor cells (MDSCs), M2- 
type macrophages, and regulatory T cells (Tregs). Moreover, it modulated cytokine levels to mediate the crosstalk 
between tumor cells and immune cells, thereby reshaping the immunosuppressive tumor microenvironment into a more 
immunopermissive state. Collectively, this study provides robust preclinical evidence that the combination of anlotinib 
and PD-1/PD-L1-IN-9 hydrochloride enhances antitumor activity through multiple complementary mechanisms—speci
fically by regulating angiogenesis, alleviating tumor hypoxia, and remodeling the tumor immune microenvironment. 
Nevertheless, further clinical validation is required to confirm these preclinical findings and translate them into potential 
therapeutic strategies for colorectal cancer.
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