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INTRODUCTION 
 

Breast cancer is the most common malignancy in 

women worldwide in terms of morbidity and mortality, 

with an estimate of more than 2 million new cases and 

more than 600,000 deaths in 2018 [1]. Distant 

metastasis is the leading cause of treatment failure and 

mortality in breast cancer [2]. The survival rate at 

5 years for primary breast cancer is nearly 99%, while 

it sharply declines to 26% for those with de novo 

metastatic breast cancer [3, 4]. The liver is one of the 
major metastatic sites of solid tumor metastasis in 

breast cancer, which occurs in 50–70% of metastatic 

breast cancer cases [5]. Patients with liver metastasis 

www.aging-us.com AGING 2023, Vol. 15, No. 17 

Research Paper 

Euphorbia factor L1 suppresses breast cancer liver metastasis 
via DDR1-mediated immune infiltration 
 

Dongjing Jiang1,*, XiaoQin Gao2, RuLan Tan1, Xun Liu1, Ye Zhu1, Li Zhang2,* 
 
1Traditional Chinese Medicine and Research Office, Suzhou Health College of Technology, Suzhou 215000, China 
2Jiangsu Key Laboratory for High Technology Research of TCM Formulae, National and Local Collaborative 
Engineering Center of Chinese Medicinal Resources Industrialization and Formulae Innovative Medicine and 
Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization, Nanjing University 
of Chinese Medicine, Nanjing 210023, China 
*Equal contribution 
 
Correspondence to: Dongjing Jiang, Li Zhang; email: jiangdongjing@szhct.edu.cn, zhangli@njucm.edu.cn 
Keywords: Euphorbia factor L1, breast cancer, liver metastasis, immune infiltration, DDR1 
Received: March 20, 2023     Accepted: August 21, 2023 Published: September 14, 2023 
 
Copyright: © 2023 Jiang et al. This is an open access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited. 

 

ABSTRACT 
 

Euphorbia factor L1 (EFL1), a lathyrane-type diterpenoid from the medicinal herb Euphorbia lathyris L., has 
been documented to possess various pharmacologic actives. However, the function of EFL1 on breast 
cancer is not clear. In this study, we explored the effect and mechanism of EFL1 on breast cancer liver 
metastasis. Female BALB/c mice were subjected to breast cancer-surgical hepatic implantation (SHI) to 
establish breast cancer liver metastasis model in vivo. At 10 days post-surgery, mice were administrated 
with EFL1 once daily for a total of 2 weeks. Serum AST and ALT activities, abdominal circumference, 
peritoneal fluid, tumor weight and volume were determined to assess liver and mesenteric re-metastasis 
of breast cancer. H&E staining was used to observe morphology changes in tumor, liver and small intestine 
tissues. ELISA was applied to observe inflammatory levels. Tumor DDR1 expression and immune infiltration 
were determined using western blotting, immunohistochemistry and flow cytometer methods. Our results 
showed that EFL1 administration improved liver function (AST and ALT activities), ascites, liver metastasis 
and mesenteric re-metastasis in SHI mice. Also, SHI-induced inflammatory cell infiltration and IL-1β, IL-6, 
TNF-α generation in ascites were decreased by EFL1 treatment. Mechanism study revealed that EFL1 
intervention enhanced the ratios of CD4+ and CD8+ and CD49b+(NK) T lymphocytes and decreased Treg 
cells through downregulating DDR1 in the tumor of SHI mice. Furthermore, overexpression of DDR1 
abolished the anti-liver metastasis effect and pro-immune infiltration action of EFL1 in SHI mice. Together, 
our findings suggested that EFL1 protects against breast cancer liver metastasis in vivo by targeting DDR1-
mediated immune infiltration. 
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display hepatic dysfunction, ascites, portal vein 

thrombosis, nutritional compromise, etc., [5]. 

Unfortunately, current therapies for breast cancer liver 

metastasis are primarily hormonal therapy and 

chemotherapy, which only extend the survival of 

patients to approximately 18–24 months [3]. Thus, it is 

urgent to find innovative and effective therapeutic 

agents for breast cancer liver metastasis.  

 

In the past decade, breast cancer immunotherapies 

have attracted a great deal of attention for yielding 

striking responses, but only in a small subset of 

patients [6]. Effective immunotherapy promotes the 

killing of cancer cells by activating T cells. This 

requires the infiltration of cancer-specific T cells such 

as CD4+, CD8+, and NK1.1+ T lymphocytes [7]. A 

study found that the occurrence of “immune 

exclusion” in the tumor microenvironment greatly held 

back its therapeutic response to immunotherapy [6]. 

Discoidin domain receptor 1 (DDR1), a collagen 

receptor and tyrosine kinase, has been identified as a 

critical element in immune exclusion by working as a 

central extracellular matrix sensor to modulate cell 

adhesion [8]. Sun et al. discovered that the extra-

cellular domain of DDR1 regulates isotropic collagen 

fiber alignment, building up a physical barrier around 

breast tumors, which leads to T cell exclusion. 

Furthermore, deletion of DDR1, a collagen activated 

receptor tyrosine kinase, can promote intratumoral 

penetration of T cells and suppress tumor growth in 

mouse models of breast cancer [9]. A study conducted 

by Han et al. found enhanced DDR1 expression in 

breast cancer tissues, which negatively affected the 

prognosis of patients; silencing DDR1 weakened the 

migrative and invasive abilities of breast cancer, while 

overexpression of DDR1 facilitated the migration of 

breast cancer cells [10]. 

 

Euphorbia factor L1 (EFL1) is a lathyrane-type 

diterpenoid isolated from the medicinal herb Euphorbia 

lathyris L. (Euphorbiaceae) that has a variety of 

pharmacological activities [11]. EFL1 protects against 

intestinal barrier impairment and defecation dysfunction 

in Caenorhabditis elegans [12]. EFL1 also decreases 

osteoclast differentiation by mediating cellular redox 

status and induces Fas-mediated apoptosis in osteoclasts 

[13]. Additionally, EFL1 was demonstrated to enhance 

the efficacy of conventional chemotherapeutic agents in 

multidrug resistant K562/ADR cells over-expressing 

ABCB1 [14]. However, the effect of EFL1 on breast 

cancer remains unclear. 

 

In the present study, we performed breast cancer-

surgical hepatic implantation (SHI) in female BALB/c 

mice to assess the effect of EFL1 on breast cancer liver 

metastasis and explored the potential mechanism. 

RESULTS 
 

EFL1 suppresses liver metastasis in breast cancer-

SHI mice 

 

We first determined if EFL1 prevents breast cancer liver 

metastasis using breast cancer (4T1 cell line)-surgical 

hepatic implantation (SHI) murine models. Compared 

to control, mice in the model group had enhanced AST 

and ALT activities, increased abdominal circumference 

and peritoneal fluid, and evident liver metastasis and 

mesenteric re-metastasis, suggesting the development of 

liver metastasis after SHI (Figure 1A–1F). Nonetheless, 

these were all reversed by EFL1 or doxorubicin (DOX) 

treatment. Moreover, SHI mice had lower body weight 

relative to the control group, which might attribute to 

cancer-induced anorexia-cachexia syndrome. However, 

EFL1 or DOX intervention further reduced body weight 

and increased tumor weight and volume (Figure 1G–1I), 

which might be related to the inhibition of ascites and 

solid tumor metastasis in SHI mice after EFL1 or DOX 

intervention (Supplementary Figure 1A–1F). 

 

EFL1 elicits morphology changes in the tumor, liver 

and small intestine 

 

Results of H&E staining revealed that tumor cells in 

EFL1 or DOX groups were more scattered than the model 

group (Figure 2A). Figure 2B shows that tumor-bearing 

mice had different sizes of tumor tissues in the outer 

membrane of the small intestines, among which the model 

group had the largest. EFL1 or DOX administration 

reduced the migration of tumor cells to small intestine to a 

certain degree. In Figure 2C, tumor-bearing mice had 

noticeable inflammatory cell infiltration in liver tissues as 

compared to control, especially the model group. 

Nevertheless, EFL1 or DOX intervention ameliorated 

inflammatory cell infiltration to a certain degree. 

 

EFL1 decreases proinflammatory cytokine production 

in ascites 

 

ELISA assays were applied to measure the levels of 

proinflammatory cytokines in ascites. As indicated in 

Figure 3A–3C, ascites proinflammatory cytokines 

IL-1β, IL-6, TNF-α were increased in model mice, but 

were significantly reduced following EFL1 or DOX 

administration, which demonstrates that EFL1 is able to 

decrease the generation of proinflammatory cytokines 

caused by breast cancer liver metastasis. 

 

EFL1 downregulates DDR1 and promotes immune 

infiltration in the tumor 

 

We then explored whether EFL1 represses breast cancer 

liver metastasis by targeting DDR1-regulated immune 
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Figure 1. Protective effect of EFL1 in mice underwent breast cancer-surgical hepatic implantation (SHI). (A, B) Serum levels of 

liver enzymes aspartate aminotransferase. (AST) and alanine aminotransferase (ALT) were determined using commercial kits. n = 6. 
(C) Abdominal circumference from surgical hepatic implantation (SHI) mice after 2 weeks of EFL treatment. n = 9. (D) Peritoneal fluid 
volume was measured after 2 weeks of EFL1 treatment. n = 9. (E) Representative images of liver metastasis and mesenteric re-metastasis in 
SHI mice. White arrows denote SHI tumor and red arrows denote mesenteric re-metastasis. (F) Representative images of tumor growth in 
mice received SHI. (G) Body weights recorded right before SHI surgery (Time A) and after 2 weeks of EFL1 administration (Time B). n = 9. 
(H) Liver tumor weight at the end of the experiment. n = 9. (I) Liver tumor volume recorded right before SHI surgery (Time A) and after 
2 weeks of EFL1 administration (Time B). n = 9. Data were compared using one-way ANOVA with Dunnett’s post hoc (A–D, H) or two-way 
ANOVA with Tukey’s post hoc (G, I). ##P < 0.01 vs. Control; *P < 0.05, **P < 0.01 vs. Model. 

 

 
 

Figure 2. Representative histology sections stained with H&E. (A) Representative pictures of liver tumor sections. Scale bars: 100 μm. 

(B) Representative pictures of small intestine sections. Yellow double arrows denote tumor size. Scale bars: 200 μm. (C) Representative 
pictures of liver sections. Green arrows denote inflammatory cells. Scale bars: 200 μm. 
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infiltration (Supplementary Figure 2). As depicted in 

Figure 3D–3G and Figure 4A–4D, treatment with EFL1 

downregulated DDR1 protein expression and immuno-

reactivity in SHI mice, leading to the surge of CD4+, 

CD8+, and CD49b+ (NK) T cells, as well as the 

reduction of Tregs. This suggested that DDR1-regulated 

immune infiltration was involved in the inhibitory effect 

of EFL1 in breast cancer liver metastasis.  

 

DDR1 overexpression blocks EFL1-induced immune 

infiltration in the tumor 

 

To further investigate the role of DDR1 in EFL1-

produced protection against breast cancer liver 

metastasis, 4T1 cells were transfected with DDR1 

overexpressing plasmids before being injected to the 

mice (Figure 5A). As shown in Figure 5B, 5C, no 

significant differences were detected in CD4+, CD8+, 

CD49b+ T cells, and Tregs between the DDR1-OE 

group and DDR1-OE+EFL1 group, indicating the 

abolishment of EFL1-produced immune infiltration in 

SHI mice.  

 

DDR1 ablates EFL1-induced anti-liver metastasis 

effects in breast cancer SHI mice 

 

As expected, DDR1 overexpression compromised 

EFL1-induced pharmacological effects on liver 

dysfunction, ascites, body weight, tumor weight, tumor 

volume and tumor morphology (Figure 5D–5G and 

Figure 6A–6E). Together, these data suggested that 

DDR1 inhibition is required for EFL1 treating breast 

cancer liver metastasis. 

 

DISCUSSION 
 

Liver metastasis is a leading cause of morbidity and 

mortality in cancers, including breast cancer [15]. Thus, 

there has been strong interest in the development of 

agents that can effectively prevent liver metastasis. 

 

 
 

Figure 3. Effect of EFL1 on DDR1-regulated immune infiltration in SHI mice. (A–C) Levels of ascites IL-1β, IL-6, TNF-α were tested 

by ELISA kits. n = 6. (D, E) Western blot analysis of DDR1 protein expression in tumor tissues. n = 6. (F, G) Relative DDR1 expression in tumor 
tissues determined by immunohistochemistry. Scale bars: 100 μm. n = 3. Data were compared using one-way ANOVA with Dunnett’s post 
hoc. ##P < 0.01 vs. Control; **P < 0.01 vs. Model. 
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Figure 4. Measurements of T lymphocytes using flow cytometry. (A, B) Representative images of tumor-infiltrating CD4+, CD8+, 

NK1.1+ T cells and Tregs. (C, D) Statistical results of tumor-infiltrating CD4+, CD8+, CD49b+ T cells and Tregs. n = 3. Data were compared 
using one-way ANOVA with Dunnett’s post hoc. *P < 0.05, **P < 0.01 vs. Model. 

 

 
 

Figure 5. DDR1 overexpression blocked EFL1-induced beneficial effects in SHI mice. (A) Verification of DDR1 overexpression 
transfection using western blot analysis. n = 6. (B, C) Tumor-infiltrating CD4+, CD8+, CD49b+ T cells and Tregs were analyzed by flow 
cytometry. n = 3. (D, E) ALT and ALT activities in mouse serum. n = 6. (F, G) Abdominal circumference and peritoneal fluid volume of mice in 
each group. n = 9. Data were compared using unpaired Student’s t test (A) or two-way ANOVA with Tukey’s post hoc (B–G). **P < 0.01. 
Abbreviation: ns: not significant. 
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Growing evidence suggests that natural products 

possess profound anti-liver metastasis property in breast 

cancer. Crocin, the main bioactive carotenoid of saffron, 

prevents metastasis of triple-negative breast cancer by 

interfering with Wnt/β-Catenin pathway in murine 

models [16]. Compared to the nontreated control group, 

green tea extract significantly decreased liver metastasis 

in BALB/c mice bearing 4T1 tumors by 72.6% [17]. 

Baicalin, a flavonoid compound isolated from the roots 

of Scutellaria lateriflora Georgi, reduces the number of 

breast cancer metastatic nodules on the surface of the 

liver through reversing epithelial-to-mesenchymal 

transition [18]. Emodin, an active anthraquinone 

derivative isolated from Rheum palmatum, inhibits liver 

metastasis of triple negative breast cancer cells in mice 

by decreasing the secretion of CCL5 in serum [19]. In 

our work, EFL1 reduced liver metastasis and mesenteric 

re-metastasis of breast cancer cells, enhanced liver 

function and mitigated ascites in breast cancer SHI 

mice, reflecting the potential of EFL1 in treating breast 

cancer liver metastasis. 

 

Previously, the immune system has been demonstrated 

to play an important role in the development of cancer 

[20, 21]. Malignant cells are captured and eliminated by 

the tumor-infiltrated lymphocytes’ cytotoxic responses 

[22]. Therefore, current immunotherapeutic methods 

mainly focus on T lymphocytes, the major effector cells 

in cellular immunity that produce cytokines in immune 

responses to mediate inflammation and regulate other 

types of immune cells [23, 24]. Natural Killer (NK) T 

cells are the first responders of the immune system and 

have an inherent ability to recognize and lyse cancerous 

cells without prior sensitization or antigen presentation 

[25]. CD8+ T cells suppress tumor proliferation and 

metastasis by directly recognizing and killing tumor 

cells via intracellular antigens [22]. CD4+ T cell help 

has been known to be essential for sustaining CD8+ T 

cell function [26]. Treg cells expressing the 

transcription factor Forkhead Box P3 (FOXP3) are 

immunosuppressive regulators of immune responses 

that suppress self-reactive T cells and other cells [27]. 

The crucial effect of T cells in liver metastasis has been 

documented in previous research. Yu and his colleagues 

reported that liver-directed radiotherapy stops hepatic 

siphoning of CD8+ T cells from systemic circulation, 

reshapes the liver immune microenvironment, and 

restores immunotherapy efficacy in models of liver 

metastases [28]. Treatment that decreases Tregs and 

increases the expression of CD44 in CD4+ and CD8+ 

T cells, is able to suppress liver metastases and improve 

the overall survival rate in rectal cancer [29]. Here, we 

found that EFL1 improved CD4+, CD8+, and CD49b+ 

T cells, and decreased Tregs, leading to reduction of 

inflammation and liver metastasis and mesenteric 

re-metastasis of breast cancer cells, suggesting that 

T lymphocytes infiltration was implicated in EFL1-

conferred protection in breast cancer liver metastasis. 

 

Discoidin domain receptor1 (DDR1) is a tyrosine kinase 

receptor that is activated by fibrillar collagens and 

participates in the progression of liver metastasis and 

breast cancer [30]. Activation of DDR1/STAT3 signaling 

pathway by extracellular matrix remodeling promotes 

liver metastatic colonization (e.g., survival, outgrowth 

and stemness of cancer cells in the metastatic site) 

 

 
 

Figure 6. Body weight and tumor characterization following DDR1 overexpression. (A) Body weights were recorded right before 

SHI surgery (Time A) and after 2 weeks of EFL1 administration (Time B). n = 9. (B) Liver tumor weight at the end of the experiment. n = 9. 
(C) Liver tumor volume was recorded right before SHI surgery (Time A) and after 2 weeks of EFL1 administration (Time B). n = 9. 
(D) Representative images of tumor bearing mice at the end of the experiment. (E) Representative histology of H&E stained tumor sections 
from experimental groups. Data were compared using two-way ANOVA with Tukey’s post hoc. **P < 0.01; Abbreviation: ns: not significant. 
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in uveal melanoma [31]. NSD2 circular RNA 

aggravates liver metastasis of colorectal cancer by 

regulating miR-199b-5p/DDR1/JAG1 axis [32]. DDR1 

depletion inhibits cell growth and cell cycle progression 

and enhances the sensitivity of PIK3CA/AKT1 mutant 

cells to palbociclib in estrogen receptor (ER)-positive, 

HER2-negative breast cancer [33]. Vella et al. observed 

that DDR1 influences metabolic reprogramming in 

breast cancer cells by cross-talking to the Insulin/IGF 

system [34]. In addition, tumor DDR1 promotes 

collagen fiber alignment and contributes to breast 

cancer development by instigating immune exclusion 

[9]. Consistent with these studies, our data indicated 

increased DDR1 expression in breast cancer liver 

metastasis mice, which was decreased after EFL1 

treatment via T lymphocytes infiltration; however, 

overexpression of DDR1 abolished EFL1-induced anti-

liver metastasis function in breast cancer, suggesting 

that EFL1-induced anti-liver metastasis effect relies on 

DDR1 inhibition in mice with breast cancer. 

 

CONCLUSION 
 

In conclusion, our results suggest that EFL1 protects 

against breast cancer liver metastasis through targeting 

DDR1-regulated immune infiltration. This study 

revealed the suppression effect of EFL1 on breast 

cancer liver metastasis, and highlights the potential role 

of inhibiting DDR1 in treating breast cancer. 

 

MATERIALS AND METHODS 
 

Breast cancer cell lines 

 

Mouse 4T1 breast cancer cell line was obtained from the 

Cell Bank of the Chinese Academy of Sciences (Shanghai, 

China) and grown in DMEM media supplemented with 

10% fetal bovine serum, 100 U/ml penicillin, and 

100 μg/ml streptomycin at 37°C and 5% CO2. 

 

Animals and treatment 

 

Female BALB/c mice aged 4–6 weeks (n = 9 per group) 

were used in animal experiments. Mice were kept under 

a specific pathogen-free facility with a 12 h:12 h light: 

dark cycle at 22 ± 1°C. The animal study was reviewed 

and approved by the Ethics Committee of Nanjing 

University of Chinese Medicine. This research does not 

involve human participants. 

 

The liver metastasis of breast cancer modeling was 

performed as previously described [35]. Briefly, 200 μL 

of 4T1 cell suspension at a concentration of 
2.5 × 107/mL was injected subcutaneously into the back 

of the scapula of female BALB/c mice. When the 

tumors reached 1 cm in diameter, they were harvested 

and cut into approximately a size of 1 mm3. For surgical 

hepatic implantation, mice were anesthetized with 

50 mg/kg sodium pentobarbital. After the left lobe of 

the liver was exposed, the blind end cavity was pierced 

with a 25G syringe needle. Tumor fragment was 

inserted followed by bleeding control with compression. 

Then, the abdominal wall was sutured with a 5-0 silk 

thread. The body weight and abdominal circumference 

of mice were recorded weekly, and drug intervention 

(EFL1: 25, 50 mg/kg, daily gavage; doxorubicin, 

5 mg/kg, tri-weekly intraperitoneal injection) started 

10 days after the operation for a total of 2 weeks. On the 

second day of the last administration, all mice were 

sacrificed and sampling was conducted. 

 

Cell transfection 

 

To generate DDR1-overexpressed 4T1 cells, lentiviral 

plasmids carrying the DDR1 gene (Gene ID: 

NM_007584) were transfected into 4T1 cells at a 

multiplicity of infection (MOI) of 20 and tilter 1.0 × 108 

TU/mL (transfection time, 24 h). 72 h later, cell proteins 

were extracted and the transfection efficiency was 

assessed using western blot assay. The DDR1 over-

expressing lentivirus was provided by OBiO 

Technology (Shanghai) Corp., Ltd. 

 

Biochemical tests 

 

Blood was collected and serum was separated by 

centrifugation at 4°C, 3000 rpm for 10 min. The 

concentrations of serum alanine aminotransferase (ALT, 

C009-3-1) and aspartate aminotransferase (AST, C010-

3-1) were detected using commercially available kits 

(Jiancheng Bioengineering, China) as per the manufac-

turer’s instructions. The absorbance value was measur-

ed by a microplate reader (340PC384, SpectraMax). 

 

The levels of IL-6 (ZC-37988), IL-1β (ZC-37974), 

TNF-α (ZC-39024) in ascitic fluid were determined 

using ELISA kits (Zhuocai Biotechnology, China) 

according to the manufacturer’s instructions. 

 

Hematoxylin and eosin (H&E) staining and 

immunohistochemistry 

 

Tissues were fixed in 10% formalin, embedded in 

paraffin, and sectioned at a thickness of 5 μm. Slices 

were then stained with hematoxylin and eosin (C0105, 

Beyotime) following the manufacturer’s protocol and 

visualized using a light microscope (DM4000B, Leica). 

 

Immunohistochemistry for DDR1 was performed as 
previously described [36, 37]. Tissue sections were heated 

with 1X sodium citrate buffer for antigen retrieval in a 

microwave, incubated with 3% hydrogen peroxide for 10 
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min to inhibit endogenous peroxidase activity, and 

blocked in 3% normal goat serum for 1 hour at room 

temperature. Next, the antibody against DDR1 (ab150506, 

Abcam, 1:200) was added and incubated overnight at 4°C, 

followed by the incubation of a secondary antibody 

(BL003A, Biosharp, 1:1000) at room temperature for 1 h. 

Sections were then covered with DAB, counterstained 

with hematoxylin, and mounted. Immunostaining sections 

were imaged using a light microscope (DM4000B, Leica). 

Results of immunohistochemistry were quantified by 

ImageJ software. 

 

Western blot 

 

Western blotting was conducted following a previously 

published protocol [38]. In brief, tumor tissues were 

lysed in RIPA lysis buffer supplemented with 1% 

PMSF and 2% phosphatase inhibitors. Lysates were 

centrifuged and protein concentrations were measured 

using BCA assay. An equal amount of protein was 

separated by 12% SDS-polyacrylamide gel, and 

transferred to polyvinylirdenediflouride (PVDF) 

membranes. After being blocked in 3% BSA for 1 hour, 

the membranes were incubated with the primary 

antibodies against DDR1 (CY2924, Abways, 1:1000) 

and GAPDH (5174, Cell Signaling Technology, 1:5000) 

followed by the HRP-conjugated anti-rabbit IgG 

(14708, Cell Signaling Technology, 1:3000). Bands 

were visualized using an enhanced chemiluminescence 

detection kit and Tanon 4600 chemiluminescent 

imaging system, and analyzed by ImageJ. 

 

Flow cytometry 

 

CD4, CD8 and NK cell staining (surface antigen 

staining): Fresh tumor tissues were minced and then 

digested in serum-free medium containing 1 mg/mL 

collagenase D and 10 U/mL DNase I for 1 hour. After 

adding serum to stop digestion, cells were transferred to a 

cell mesh with a pore size of 100 μm and grounded to 

prepare a single-cell suspension. Cells were then 

transferred to a 15 mL centrifuge tube, centrifuged at 

3000 rpm for 5 minutes, and the supernatant was 

discarded. Subsequently, cells were resuspended in 50 μL 

of antibody blocking solution (1:100 anti-mouse 

CD16/CD32 Fc block) prepared in FACS solution, and 

incubated at room temperature for 10 minutes. 50 μL of 

2× membrane surface antibody mixture prepared in FACS 

solution was added and incubated at 4°C for 1 hour. After 

two washes in FACS solution, cells were tested on the 

flow cytometry machine (CytoFlex, Beckman, USA). 

 

Treg cell staining (intracellular antigen staining): After 

adding CD4 and CD25 antibodies for staining 

according to the surface antigen staining protocol 

above, Foxp3 Fix/Perm Buffer (4×, 421401, 

Biolegend) was added for fixing and breaking 

membrane. Cells were then incubated with Foxp3 

antibody and tested on the flow cytometry machine. 

The antibodies used in this study were CD3 (100236, 

Biolegend, 1:100), CD4 (100406, Biolegend, 1:200), 

CD8 (100706, Biolegend, 1:100), CD49b (108913, 

Biolegend, 1:100), CD25 (101910, Biolegend, 1:100), 

Foxp3 (320008, Biolegend, 1:100). 

 

Statistical analysis 
 

Data is expressed as mean ± standard deviation (SD) 

and analyzed using GraphPad Prism 7 software. Three 

and more groups of data were compared using one-way 

or two-way analysis of variance (ANOVA), followed by 

Dunnet or Tukey’s post test. Two groups of data were 

compared using unpaired Student’s t test. Only p values 

< 0.05 were considered significant. 

 

Data availability 
 

The original contributions presented in the study are 

included in the Article/Supplementary Materials; further 

inquiries can be directed to the corresponding authors. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Methods 

 
Establishment of in situ model of breast cancer 

 

200 μL of 4T1-LUC cell suspension at a concentration 

of 2.5 × 107/mL was injected subcutaneously into the 

back of the scapula of female BALB/c mice. Drug 

interventions (EFL1 50 mg/kg, daily gavage; doxorubicin, 

5 mg/kg, tri-weekly intraperitoneal injection) were 

given at 7 days after tumor implantation for a total of 

2 weeks. An AniView600 animal imaging system was 

applied to monitor the metastasis of tumor cells in mice 

after 7 and 14 days of drug administration. On the 

second day of the last administration, all mice were 

sacrificed and sampling was conducted. 

 

Preparation of EFL1 containing serum 

 

Female BALB/c mice were treated with EFL1 (25, 

50 mg/kg/day) by gavage for 10 days. Two hours after 

the last administration, the blood was collected from the 

retrobulbar venous plexus and serum was extracted by 

centrifugation. The serum was then inactivated by 

heating in a 56℃ water bath for 30 min, then stored at 

−20℃ for future use. 

 

CD3+ T cell sorting 

 

(1) Resuspend the single-cell suspension of mouse 

tumor tissue in PEB solution at a concentration of 

107–108 cells/mL. 

(2) Block with FcR blocking reagent at 4°C for 

10 min. 

(3) Add 10 uL of CD3 antibody magnetic bead 

complex to every 100 μL of cells, and incubate at 

room temperature for 15 min in the dark. 

(4) Resuspend the cells co-incubated with magnetic 

beads in 1 mL PEB solution. 

(5) Put the MS Separation column on the matching 

magnetic stand, and add the cell suspension for 

adsorption. 

(6) Wash the column with PEB solution until the 

effluent is clear. Remove unadsorbed negative 

cells. 

(7) Add 1mL of PEB solution to the column, remove 

the column from the magnetic stand, use the 

matching syringe to push out the cells, and collect 

CD3 positive T cells for subsequent experiments.  

 

Detection of migration ability of 4T1 cells co-cultured 

with CD3+ T cells  

 

(1) Plant 4T1 cells in a transwell chamber at 1 × 105 

cells/well. Medium volume, 100 μL. 

(2) Put the cell-added chamber into a 24-well plate 

seeded with CD3+ T cells, and incubate for 48 h 

with or without EFL1-containing serum. 

(3) Take out the chamber and wash it with PBS; 

(4) Add 4% paraformaldehyde to fix 4T1 cells for 

15 min at room temperature. 

(5) Wash with PBS 3 times. 

(6) Add crystal violet staining solution for 30 min at 

room temperature. 

(7) Discard the crystal violet staining solution and 

wash 3 times with PBS. 

(8) Gently wipe off the inner cells of the transwell 

chamber with a cotton ball. 

(9) Observe the tumor cells migrating to the other side 

of the chamber under a microscope. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. EFL1 alleviates liver metastasis of in situ breast cancer. Treatment with EFL1 or DOX for 2 weeks 

significantly decreased metastatic luciferase signals (A–C, n = 3), peritoneal fluid (D, n = 9), liver weight (E, n = 9) and body weight (F, n = 9) 
of mice with 4T1-LUC breast cancer. Data were compared using two-way ANOVA with Tukey’s post hoc (B, F) or one-way ANOVA with 
Dunnett’s post hoc (C–E). **P < 0.01. Abbreviations: ns: not significant. *P < 0.05, **P < 0.01 vs. Model. 

 

 

 
 

Supplementary Figure 2. EFL1 decreases the migration of 4T1 cells co-cultured with CD3+ T cells. 4T1 cells were co-cultured 

with CD3+ T cells for 48 h with or without EFL1-containing serum. Cell mitigation was observed under a microscope. Treatment with EFL1-
containing serum greatly decreased the number of mitigating 4T1 cells. n = 3. Data were compared using one-way ANOVA with Dunnett’s 
post hoc. **P < 0.01 vs. Control. 

 

 


