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1.1. Reagents and cells
C3G (HPLC ≥ 98.0%) was obtained from Standard Technology (Shanghai, China) and dissolved in PBS (Procell, Wuhan, China). The human myeloma cell lines MM.1S and RPMI-8226 were sourced from ATCC (Manassas, VA, USA), and the murine myeloma cell line SP2/0 was acquired from the Cell Bank, Chinese Academy of Sciences. The cells were cultured in RPMI-1640 medium containing 10% FBS at 37°C in 5% CO2.
1.2. Construction and treatment of MM-bearing mouse model
Female BALB/c mice, aged 6 to 8 weeks, were purchased from Vital River Laboratory Animal Technology (Beijing, China). The study protocol was approved by the Animal Ethics Committee of the Affiliated Hospital of Qingdao University (NO. AHQ-MAL20230331CHX). The mice were randomly divided into a healthy control group (n=10) and a MM tumor bearing group (n=10). After injecting 2 ×10 ^ 5 SP2/0 cells into the right axilla of tumor bearing mice, they were randomly divided into MM group (n=5) and MM+C3G group (n=5). The control group mice were also randomly divided into HC group and HC+C3G group. On the third day after tumor inoculation, mice in the MM and MM+C3G group were injected with PBS or 25 mg/kg C3G via tail vein injection, once every other day, for a total of 6 injections; At the same time, the HC group and HC+C3G group were also given the same PBS or C3G intervention as controls. At the end of the experiment, mice were euthanized using excessive anesthesia with isoflurane, and peripheral blood and subcutaneous tumor specimens were collected.
1.3. Isolation of Naive CD4+ T cells from human peripheral blood
Peripheral blood samples were collected from 100 healthy volunteers (HVs) who visited the Health Examination Center of the Affiliated Hospital of Qingdao University with approval from the Ethics Committee (NO. QYFYWZLL29142). All participants provided informed consent. Peripheral blood mononuclear cells (PBMCs) from HVs were separated using the Ficoll density gradient centrifugation method (TBD, Tianjin, China). Naive CD4+ T cells were isolated from PBMCs of HVs using the Naive CD4+ T Cell Isolation Kit II, human ( Miltenyi Biotec, Bergisch - Gladbach, Germany). After incubation of PBMCs with a biotin-antibody cocktail and microbead cocktail, negative selection was performed using LS separation columns to obtain Naive CD4+ T cells. Subsequently, the sorted Naive CD4+ T cells were cultured overnight in a 6-well plate coated with anti-human CD3 mAb and anti-human CD28 mAb (T&L Biotechnology Ltd., Beijing, China) to activate them for subsequent experiments.
1.4. Cell viability assay
Cell Counting Kit-8 (CCK-8) reagent (MedChemExpress, Shanghai, China) was used to evaluate the viability of Naive CD4+ T cells. The cells were seeded into 96-well plates at a density of 1 × 10^4 cells/100 μL per well. C3G at various concentration gradients was added to the cells. After 48h, 10 μL of CCK-8 was added to each well and incubated at 37 ℃ for 4h in the dark. The absorbance at 450 nm was measured using a spectrophotometric plate reader. And the final concentration of C3G for subsequent experiments was selected based on the results.
1.5. Culture of human Naive CD4+ T cells
The density of activated CD4+ T cells was adjusted to 5 × 10^5 cells/mL, and then seeded into a 24-well plate. Recombinant human IL-2 was added to achieve a final concentration of 50 IU/mL. After treatment with different concentrations of C3G for 48 hours, the proportion of Tregs was detected by flow cytometry to determine the effect of C3G.
The density of activated CD4+ T cells was adjusted to 5 × 10^5 cells/mL, and seeded in a 12-well plate. MM.1S or RPMI-8226 cells at a density of 1 × 10^6 cells/mL or 1640 culture medium as a control were also added. Recombinant human IL-2 at a final concentration of 50 IU/mL was added, with or without C3G treatment. After 48 hours of culture, cells were collected and detected by flow cytometry.
1.6. Detection of peripheral blood lymphocyte subsets in mice
Peripheral blood samples were collected from mice in appropriate volumes. After treatment with red blood cell lysis buffer to remove erythrocytes, the cells were resuspended in PBS. For the identification of CD3+ T cells and CD3−CD19+ B cells, cells were stained with PerCP-conjugated anti-CD45, APC-conjugated anti-CD3e, and PE-conjugated anti-CD19 antibodies. For the identification of CD3−CD49b+ NK cells, cells were stained with PerCP-conjugated anti-CD45, APC-conjugated anti-CD3e, and PE-conjugated anti-CD49b antibodies. Flow cytometry was then performed to determine the proportion of these immune cell subsets among lymphocytes.
1.7. The detection of the proportion of Tregs among CD4+ T cells
The proportions of Tregs to CD4+ T cells in peripheral blood samples from mice or human cell culture samples was detected by mouse or human regulatory T cell staining kit (Multi Sciences, Hangzhou, China). FITC-conjugated anti-CD4 antibody and APC-conjugated anti-CD25 antibody were added to 70uL of samples to be tested and incubated for 15min in the dark. Mouse peripheral blood samples were treated with lysing solution to lyse red blood cells. After the supernatant was removed via centrifugation, the remaining cell pellet was fixed and permeabilized. PE-conjugated anti-FoxP3 antibody was added, and the cells were incubated in the dark at room temperature for 1 h. The proportion of Tregs (CD4+CD25+FoxP3+) in CD4+ T cells was detected using flow cytometry.
1.8. Proportion detection of the of Th1/Th2/Th17 cells in CD4+ T cells
The proportion of Th1, Th2, and Th17 cells was detected using the Human Th1/Th2/Th17 Staining Kit (Multi Sciences, Hangzhou, China). PMA/Ionomycin Mixture and BFA/Monensin Mixture were added to the sample and incubated at 37℃ in the dark for 4-6h. Subsequently, cells were fixed and permeabilized. PE-conjugated Anti-Human IL-17A, FITC-conjugated Anti-Human IFN-γ, and APC-conjugated Anti-Human IL-4 antibodies were added to the cell suspension. After mixing, the cells were incubated in the dark at room temperature for 15 min. The proportions of Th17, Th1, and Th2 cells were then analyzed by flow cytometry.
1.9. Immunofluorescence staining
Tumor tissues were fixed, dehydrated, and paraffin-embedded. After dewaxing, antigen retrieval, and blocking, sections were incubated overnight at 4℃ with anti-FoxP3 mouse antibody (GB155746, 1:1500, Servicebio, Wuhan, China)and anti-CD4 rabbit antibody (GB15064, 1:200, Servicebio), washed, and then incubated for 50 min at room temperature with FITC-conjugated goat anti-mouse IgG (GB22301, 1:100, Servicebio) and Cy3-conjugated goat anti-rabbit IgG (GB21303, 1:400, Servicebio). After DAPI counterstaining, images were acquired on a Case Viewer system (Servicebio). For each tumor, CD4⁺FoxP3⁺ Tregs were enumerated in at least five non-overlapping fields (40×) and expressed as a percentage of total CD4⁺ T cells.
1.10. Network pharmacology analysis
The 2D structure file and SMILES sequence of C3G were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) using the keywords “cyanidin-3-O-glucoside” or its CAS number (7084-24-4). To further predict the potential targets of C3G, we utilized several databases and tools, including BATMAN-TCM (http://bionet.ncpsb.org.cn/batman-tcm/)[1], SwissTargetPrediction (http://www.swisstargetprediction.ch/)[2], TCMSP (https://old.tcmsp-e.com/index.php)[3], the Comparative Toxicogenomics Database (CTD, http://ctdbase.org/)[4], PharmMapper (http://www.lilab-ecust.cn/pharmmapper/index.html)[5], and Super-PRED (https://prediction.charite.de/subpages/target_prediction.php)[6].
To identify targets related to Tregs, we conducted searches using keywords such as “Tregs,” “regulatory T cell,” and “Treg cells” in the Online Mendelian Inheritance in Man (OMIM, https://omim.org/)[7] and GeneCards (https://www.genecards.org/)[8] databases.
To identify the potential targets of C3G acting on Tregs, we used the OEBiotech Cloud Platform (https://cloud.oebiotech.com/#/home) to create a Venn diagram and obtain the intersection of the predicted targets of C3G and the targets related to Treg cells. The resulting potential targets were then imported into the STRING database (https://string-db.org/cgi/input.pl) to generate a protein-protein interaction (PPI) network in tsv format. This file was subsequently imported into Cytoscape 3.9.1 for visualization and construction of the PPI network. Core targets were identified using the CentiScape plugin. For functional enrichment analysis, the targets were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses using the “clusterProfiler,” “org.Hs.eg.db,” and “enrichplot” packages in R (v4.4.1). The results were visualized using the OEBiotech Cloud Platform.
1.11. RNA sequencing and analysis of CD4+ T cells
[bookmark: _GoBack]Total RNA was extracted from cells using the FreeZol Reagent (Vazyme, Nanjing, China). RNA purity and quantification were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Transcriptomic libraries were constructed using the VAHTS Universal V5 RNA-seq Library Prep Kit according to the manufacturer's instructions. Sequencing was performed on an Illumina Novaseq 6000 platform. Differential expression analysis was conducted using the DESeq2 software, with genes exhibiting a q-value < 0.05 and an absolute fold change > 2 defined as differentially expressed genes (DEGs). GO enrichment analysis, KEGG pathway enrichment analysis and gene set enrichment analysis (GSEA) of the DEGs were performed using R (v4.4.1) to identify significantly enriched functional terms. The RNA sequencing (RNA-seq) and analysis were carried out by OEBiotech Co., Ltd. (Shanghai, China).
1.12. Real-time PCR
Real-time PCR was utilized to detect the transcription levels of target genes GZMB, HMOX1, and CD38 in cells, with β-ACTIN as the housekeeping gene. For CD4+ T cells with or without C3G treatment, total RNA was extracted using FreeZol Reagent (Vazyme Biotech, Nanjing, China). After determining the RNA concentration and purity, it was reverse-transcribed into cDNA via HiScript III RT SuperMix (Vazyme Biotech) and stored at -20 °C. The cDNA, ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech), and specific primers for the target genes were combined. The mixture was amplified and detected within a PCR analysis system. Relative expression levels were normalized to the housekeeping gene and calculated using the 2−∆∆CT method. The human primers used, synthesized by Sangon Biotech, had the following sequences: GZMB: AGCCTGCACCAAAGTCTCAA (F), TTTCATTACAGCGGGGGCTT (R); HMOX1: ATTTCAGAAGGGCCAGGTGA (F), GGAAGTAGACAGGGGCGAAGA (R); CD38: AGACTGCCAAAGTGTATGGGA (F), GCAAGGTACGGTCTGAGTTCC (R).
1.13. Statistical analysis
[bookmark: OLE_LINK29][bookmark: OLE_LINK34]All statistical analysis was performed with GraphPad Prism 8.0 software. For pairwise comparisons, a Student's t-test or Mann-Whitney U test was used based on the results of the normality test. One-way ANOVA was used to assess significance among multiple groups. Two-way ANOVA was used if there were two nominal variables in addition to a measurement variable. The data were shown as the mean ± SEM. Statistical significance was set at P < 0.05.
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