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FCHO1 sustains mitochondrial oxidative phosphorylation in T cells and predicts61

response to cancer immunotherapy62

Abstract63

Rationale: Immunotherapy has transformed the clinical management of cancer;64

however, only a minority of patients achieve durable responses, underscoring the need65

for reliable predictive biomarkers and novel therapeutic targets. Here, we identify66

FCH domain only protein 1 (FCHO1) as a critical regulator of T-cell-mediated anti-67

tumor immunity.68

Methods: Integrative analysis of single-cell and bulk transcriptomic data across69

multiple cancer types was performed to characterize FCHO1 expression and immune70

correlations. Functional studies of FCHO1 depletion, mechanistic investigations of71

endocytic and metabolic signaling, in vivo tumor models, and clinical analysis of72

immunotherapy cohorts and gastrointestinal cancer patients receiving neoadjuvant73

chemoimmunotherapy were conducted.74

Results: FCHO1 is predominantly expressed in tumor-infiltrating immune cells,75

particularly T cells, and is positively correlated with immune activation and T-cell76

infiltration in the tumor microenvironment (TME). FCHO1 depletion impaired T-cell77

proliferation, activation, and cytotoxicity while promoting exhaustion.78

Mechanistically, FCHO1 facilitates clathrin-mediated endocytosis (CME) of the79

TCR/CD3 complex, sustaining downstream mTOR signaling and mitochondrial80

oxidative phosphorylation (OXPHOS), thereby maintaining the metabolic fitness81

required for effective T-cell anti-tumor responses. In vivo, FCHO1 overexpression82

enhanced T-cell-mediated tumor killing and potentiated the efficacy of immune83

checkpoint blockade. Clinically, high FCHO1 expression was associated with84

improved overall survival and progression-free survival across multiple85



4

immunotherapy cohorts and with objective responses to neoadjuvant86

chemoimmunotherapy in gastrointestinal cancer patients.87

Conclusions: These findings establish FCHO1 as a promising predictive88

biomarker and therapeutic target for enhancing anti-tumor immunity in cancer89

immunotherapy.90

Keywords: FCHO1, T cells, Tumor microenvironment, Cancer Immunotherapy.91

92

Introduction93

Cancer remains one of the leading causes of mortality worldwide[1], despite94

significant advancements in traditional treatments such as surgery, chemotherapy, and95

radiotherapy. The emergence of immunotherapy in recent years has revolutionized96

cancer treatment, offering promising therapeutic strategies with the potential for long-97

lasting clinical benefits[2]. Immune checkpoint inhibitors (ICIs), adoptive T-cell98

therapies, and cancer vaccines have been shown to have efficacy in a variety of99

cancers, including melanoma, non-small cell lung cancer, and bladder cancer[3-5].100

However, the efficacy of immunotherapy is often limited by resistance, immune-101

related adverse events, and a lack of predictive biomarkers for therapeutic response[6-102

8]. Consequently, identifying reliable biomarkers to predict immunotherapy efficacy103

remains a critical objective for improving treatment outcomes and decrease adverse104

effects.105

The tumor microenvironment (TME) is a complex and dynamic milieu,106

consisting of a variety of cell types, including malignant cells, immune cells,107

fibroblasts, endothelial cells, and extracellular matrix components[9]. The immune108

component of the TME plays a crucial role in determining tumor progression and109

therapeutic response[10]. Tumor-infiltrating lymphocytes (TILs), particularly CD4+110
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and CD8+ T cells, have been shown to be correlated with a better prognosis and111

response to immunotherapy[11,12]. However, within the TME, T-cell function is112

frequently suppressed, causing T-cell exhaustion, characterized by the upregulation of113

inhibitory receptors, such as programmed cell death 1 receptor (PD-1), cytotoxic T-114

lymphocyte antigen 4 (CTLA-4), and T-cell immunoglobulin and mucin-containing115

protein 3 (TIM-3)[13]. Elucidating the molecular mechanisms that govern immune116

cell infiltration and function within the TME is therefore essential for developing117

more effective immunotherapy strategies.118

Clathrin-mediated endocytosis (CME) is essential for the internalization of119

membrane proteins involved in cellular signaling, development, and immune120

regulation[14]. The dysregulation of CME-related proteins has been implicated in121

tumorigenesis and metastasis[15]. For example, disabled homolog 2 (DAB2), a CME122

adaptor protein, is frequently downregulated in various cancers and is involved in123

mediating key oncogenic processes, such as apoptosis, migration, and epithelial–124

mesenchymal transition (EMT)[16]. FCH only domain 1 (FCHO1), a defined coat125

nucleator in CME[17], is a modulator of innate and adaptive immunity[18].126

Autosomal recessive FCHO1 deficiency has been reported in combined127

immunodeficiency, characterized by lymphoproliferation, malignancy susceptibility,128

growth failure, and autoimmune manifestations, including Guillain–Barré129

syndrome[19,20]. These clinical observations implicate FCHO1 as a critical regulator130

of T-cell biology; however, its role in T-cell-mediated anti-tumor immunity within the131

TME remains unexplored.132

In this study, we investigated the role of FCHO1 in the TME, with a focus on its133

effect on T-cell function and anti-tumor immunity. Using a comprehensive multi-134

omics approach, we demonstrated that FCHO1 is predominantly expressed in immune135
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cells within the TME across multiple cancer types, particularly in gastrointestinal136

cancers, and is closely associated with T-cell infiltration and immune activation.137

Functional assays revealed that FCHO1 modulates T-cell activation, exhaustion, and138

cytotoxicity through clathrin-mediated endocytosis of the TCR/CD3 complex and139

downstream regulation of mitochondrial oxidative phosphorylation via mTOR140

signaling. In vivo experiments showed that FCHO1 depletion impaired T-cell-141

mediated tumor killing, whereas FCHO1 overexpression enhanced anti-tumor142

immunity and potentiated the efficacy of immune checkpoint blockade. Importantly,143

high FCHO1 expression in T cells correlated with improved clinical outcomes144

following immunotherapy across multiple human cohorts, supporting its potential as a145

predictive biomarker for patient selection and treatment response.146

147

Materials and methods148

Data sources149

We collected 28 pan-cancer single-cell RNA sequencing (scRNA-seq) datasets,150

consisting of 327 individual samples and 710,030 cells, to evaluate the expression of151

FCHO1 within the TME. The Seurat R package, a widely utilized tool for scRNA-seq152

data analysis, was used to process these extensive datasets, which contained 16153

different cancer types. Raw data were obtained from public repositories, including the154

Gene Expression Omnibus (GEO), Array Express and the European Genome-155

phenome Archive (EGA). To ensure data integrity, cells having fewer than 500156

detected genes or those with mitochondrial gene expression exceeding 5%, were157

excluded from the analysis. Principal Component Analysis (PCA) was conducted for158

dimensionality reduction, with the optimal number of principal components159

determined using the elbow plot method. These components were subsequently used160
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for cell clustering, followed by t-distributed Stochastic Neighbor Embedding (t-SNE)161

for further dimensional reduction. Cells were annotated using known marker genes or162

by retrieving annotations from their respective original datasets. Differential gene163

expression was assessed using the FindAllMarkers function with default thresholds of164

logFC > 0.25 and a minimum percentage of cells expressing the gene (min.pct) > 0.1.165

See detailed information in Table S1. The Cancer Genome Atlas (TCGA) database is166

currently the largest cancer gene information database, including gene expression data,167

copy number variation and clinicopathological data[21]. The original mRNA168

expression data of 33 tumors were downloaded for subsequent analyses. The gene169

expression data of different tissues were downloaded from the Genotype-Tissue170

Expression (GTEx) database and merged with the TCGA data, and they were171

corrected by the log2 method to calculate the difference in gene expression in172

different cancers using the Kruskal-Wallis test. The data from each tumor cell line173

were downloaded from the Cancer Cell Line Encyclopedia (CCLE) database, and the174

gene expression level in these tumor cells was analyzed according to the source. The175

Human Protein Atlas (HPA) is a program for mapping human proteins in cells, tissues,176

and organs using the integration of various omics technologies[22,23]. Therefore, we177

used the HPA database to illustrate the distribution of FCHO1 protein in normal178

tissues. The datasets (GSE10950, GSE35834, GSE62932, GSE74602, GSE26899,179

GSE172032, GSE29272, and GSE66229) containing clinical samples with both180

normal and tumor tissues from CRC and GC were downloaded from the GEO.181

To verify the prognostic value of the FCHO1 for immunotherapy sensitivity, we182

further selected 11 immunotherapy data sets from patients with urothelial cancer183

(IMvigor210; GSE176307; ccRcc), melanoma (Nathanson; PRJEB23709,184

SRP067586; GSE100797), non-small cell lung cancer (GSE91061; GSE126044;185
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GSE135222), gastric cancer (GSE179351) and colorectal and pancreatic cancer186

(GSE179351), to analyze the OS, PFS and different immunotherapy responses.187

Analyses of Immune Cell Infiltration188

The ESTIMATE algorithm and the "immunedeconv" R package (integrating189

TIMER, xCell, MCP-counter, CIBERSORT, EPIC, and quanTIseq) were used to190

evaluate the immune cell infiltration landscape across cancers. GSVA enrichment191

analyses were conducted using gene sets downloaded from the MSigDB (v7.0), and192

implemented through the “GSVA”, “clusterProfiler”, and “enrichplot” packages to193

infer biological pathway changes between high and low expression groups.194

Cell culture and transfection195

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood,196

using density gradient centrifugation with Ficoll-Paque™. To isolate CD3+ T cells,197

the BD IMag™ Human T Lymphocyte Enrichment Set-DM (BD, 557874) was used198

for negative selection. This method uses a biotinylated cocktail of monoclonal199

antibodies that specifically target non-T lymphocytes, including antigens on200

erythrocytes, platelets and peripheral leukocytes. Following antibody incubation, BD201

IMag™ Streptavidin Particles Plus-DM, which are magnetic nanoparticles, were used202

to label non-T cells. The labeled cells were then removed, using the BD IMag™ Cell203

Separation Magnet, leaving the unlabeled T lymphocytes in suspension. The T cells204

were then further concentrated through a two-step negative selection process.205

The isolated CD3+ T cells were then resuspended in serum-free medium206

(SuperCulture), supplemented with 0.5‰ IL-2 (STEMCELL,78036), and stimulated207

for 48 hours in 12-well plates (approximately 5×10⁶ cells per well) pre-coated with T208

cell activators, including anti-CD3 and anti-CD28 antibodies (STEMCELL, 10971).209

https://www.baidu.com/other.php?url=0f0000KNLHv77Vv8Vwp567IQYilpxaFXM-owhYR8poztyiG3ss0wdNehS69ijVCaO8xEoRW1uUBE0tJLgoWRtetlaUljvWEMMeQcoZ1rk7iFx2qweeQH4Q0cazqEvMuHDQRnTlFEINTyuKTcokmrKFncKqZBzcLqyzhLE9k9EOWFRhqXSJxFBWJZBB5fhUSjBkdPbKoqyeuIncVfoApOQX-HXHhx.Db_NR2Ar5Od663rj6tClaIn2pPZb6yFWIvyUSrOFb4X1xzdn84TXGmuCyn-hl_0.TLFWgv-b5HDkrfK1ThPGujYknHb0THd1IANVmvN_U0KYUHd1IANVmvN_U0KdTvNzgLw4TARqn0K9u7qYXgK-5Hm0Ivqzujd1IANVmvN_U0KzmLmqn0KdThkxpyfqnHR3nHR4rjc3rfKVINqGujYkP1R3P1RYn6KVgv-b5HDdn104n16v0AdYTAkxpyfqnHc4n160TZuxpyfqn0KGuAnqiD4a0ZKGujY1PsKWpyfqn0K-XZKxIA-VuHYkP1b1njnsPj0s0APzm1YdnH0vr0&dt=1766026366&wd=stemcell&tpl=tpl_12938_38817_0&l=1581598289&ai=0_429122016_1_0&us=linkVersion=1&compPath=10036.0-10032.0&label=%E4%B8%BB%E6%A0%87%E9%A2%98&linkType=&linkText=
https://www.baidu.com/other.php?url=0f0000KNLHv77Vv8Vwp567IQYilpxaFXM-owhYR8poztyiG3ss0wdNehS69ijVCaO8xEoRW1uUBE0tJLgoWRtetlaUljvWEMMeQcoZ1rk7iFx2qweeQH4Q0cazqEvMuHDQRnTlFEINTyuKTcokmrKFncKqZBzcLqyzhLE9k9EOWFRhqXSJxFBWJZBB5fhUSjBkdPbKoqyeuIncVfoApOQX-HXHhx.Db_NR2Ar5Od663rj6tClaIn2pPZb6yFWIvyUSrOFb4X1xzdn84TXGmuCyn-hl_0.TLFWgv-b5HDkrfK1ThPGujYknHb0THd1IANVmvN_U0KYUHd1IANVmvN_U0KdTvNzgLw4TARqn0K9u7qYXgK-5Hm0Ivqzujd1IANVmvN_U0KzmLmqn0KdThkxpyfqnHR3nHR4rjc3rfKVINqGujYkP1R3P1RYn6KVgv-b5HDdn104n16v0AdYTAkxpyfqnHc4n160TZuxpyfqn0KGuAnqiD4a0ZKGujY1PsKWpyfqn0K-XZKxIA-VuHYkP1b1njnsPj0s0APzm1YdnH0vr0&dt=1766026366&wd=stemcell&tpl=tpl_12938_38817_0&l=1581598289&ai=0_429122016_1_0&us=linkVersion=1&compPath=10036.0-10032.0&label=%E4%B8%BB%E6%A0%87%E9%A2%98&linkType=&linkText=
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The activation process was maintained for 5-7 days, after which activated T cells were210

obtained.211

Jurkat human T-cell leukemia cells were cultured in RPMI-1640 medium212

(Nacalai Tesque) supplemented with 10% fetal bovine serum (Gibco) and 1%213

penicillin-streptomycin-antimycotic solution. Cells were maintained at 37 °C in a214

humidified incubator with 5% CO₂ and 95% air.215

The mouse colorectal cancer cell line CT26-OVA was cultured in RPMI-1640216

medium, while the MC38-OVA cell line was cultured in DMEM medium. Both217

culture media were supplemented with 10% fetal bovine serum (FBS) and 1%218

penicillin-streptomycin. Cells were maintained in a 37 °C incubator with 5% CO2,219

and passaged every 3 days. After passaging, cells were seeded at a density of 2 x 10^6220

cells per 100 mm culture dish. Cells were harvested once they reached approximately221

80% confluence. OT-1 CD8+ T cells were isolated from 6-8 week-old female OT-1222

mice, using the Mouse CD8+ T Cell Isolation Kit (STEMCELL, 19053), following223

the manufacturer’s protocol. RPMI-1640 medium was supplemented with 50 μM β-224

mercaptoethanol, 10 mM of HEPES, 1 mM of sodium pyruvate, and 1% penicillin-225

streptomycin. To activate CD8+ T cells, 24-well plates, pre-coated with anti-CD3 and226

anti-CD28 (STEMCELL, 100-1572) antibodies, were used to stimulate the cells for 2227

days. Following the stimulation, the culture medium was replaced, and recombinant228

mouse IL-2 (BioLegend, 575402) was added to support the proliferation and229

activation of CD8+ T cells.230

The siRNA sequences targeting FCHO1, and Fcho1, with their respective negative231

control sequences, were designed and synthesized. These sequences were synthesized232

by Genomeditech Co., Ltd. A complete list of all sequences is provided in Table S2.233

For the design and synthesis of human FCHO1 (hFCHO1) and mouse Fcho1234

https://www.baidu.com/other.php?url=0f0000KNLHv77Vv8Vwp567IQYilpxaFXM-owhYR8poztyiG3ss0wdNehS69ijVCaO8xEoRW1uUBE0tJLgoWRtetlaUljvWEMMeQcoZ1rk7iFx2qweeQH4Q0cazqEvMuHDQRnTlFEINTyuKTcokmrKFncKqZBzcLqyzhLE9k9EOWFRhqXSJxFBWJZBB5fhUSjBkdPbKoqyeuIncVfoApOQX-HXHhx.Db_NR2Ar5Od663rj6tClaIn2pPZb6yFWIvyUSrOFb4X1xzdn84TXGmuCyn-hl_0.TLFWgv-b5HDkrfK1ThPGujYknHb0THd1IANVmvN_U0KYUHd1IANVmvN_U0KdTvNzgLw4TARqn0K9u7qYXgK-5Hm0Ivqzujd1IANVmvN_U0KzmLmqn0KdThkxpyfqnHR3nHR4rjc3rfKVINqGujYkP1R3P1RYn6KVgv-b5HDdn104n16v0AdYTAkxpyfqnHc4n160TZuxpyfqn0KGuAnqiD4a0ZKGujY1PsKWpyfqn0K-XZKxIA-VuHYkP1b1njnsPj0s0APzm1YdnH0vr0&dt=1766026366&wd=stemcell&tpl=tpl_12938_38817_0&l=1581598289&ai=0_429122016_1_0&us=linkVersion=1&compPath=10036.0-10032.0&label=%E4%B8%BB%E6%A0%87%E9%A2%98&linkType=&linkText=
https://www.baidu.com/other.php?url=0f0000KNLHv77Vv8Vwp567IQYilpxaFXM-owhYR8poztyiG3ss0wdNehS69ijVCaO8xEoRW1uUBE0tJLgoWRtetlaUljvWEMMeQcoZ1rk7iFx2qweeQH4Q0cazqEvMuHDQRnTlFEINTyuKTcokmrKFncKqZBzcLqyzhLE9k9EOWFRhqXSJxFBWJZBB5fhUSjBkdPbKoqyeuIncVfoApOQX-HXHhx.Db_NR2Ar5Od663rj6tClaIn2pPZb6yFWIvyUSrOFb4X1xzdn84TXGmuCyn-hl_0.TLFWgv-b5HDkrfK1ThPGujYknHb0THd1IANVmvN_U0KYUHd1IANVmvN_U0KdTvNzgLw4TARqn0K9u7qYXgK-5Hm0Ivqzujd1IANVmvN_U0KzmLmqn0KdThkxpyfqnHR3nHR4rjc3rfKVINqGujYkP1R3P1RYn6KVgv-b5HDdn104n16v0AdYTAkxpyfqnHc4n160TZuxpyfqn0KGuAnqiD4a0ZKGujY1PsKWpyfqn0K-XZKxIA-VuHYkP1b1njnsPj0s0APzm1YdnH0vr0&dt=1766026366&wd=stemcell&tpl=tpl_12938_38817_0&l=1581598289&ai=0_429122016_1_0&us=linkVersion=1&compPath=10036.0-10032.0&label=%E4%B8%BB%E6%A0%87%E9%A2%98&linkType=&linkText=
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(mFcho1) mRNA, the plasmid DNA template, containing the gene of interest (GOI)235

flanked by the 5' untranslated region (UTR) and a 3' polyA tail, is linearized by236

digestion with SapI. The linearized DNA template was then purified to remove any237

residual contaminants. In vitro transcription (IVT) was carried out using the linearized238

DNA template, T7 RNA polymerase, NTP mixtures, IVT reaction buffer, and the cap239

analog AG for co-transcriptional capping. The transcribed mRNA was subsequently240

purified via LiCl precipitation or magnetic bead-based purification. Following241

purification, the mRNA was dissolved in sodium citrate buffer and stored at242

temperatures ≤ -65 °C to maintain stability. This method ensures the production of243

high-quality mRNA for transfection into primary T cells. Transfection was performed244

using the Transfection kit (ProteanFect™) following the manufacturer’s instructions.245

Western blot246

Total protein was extracted from T cells using RIPA lysis buffer (Beyotime) for247

western blot analysis. Protein samples were separated by SDS-PAGE, according to248

their molecular weights and transferred to a PVDF membrane for antibody incubation.249

Immunodetection was performed with primary antibodies, and the target proteins are250

listed in Table S3. Protein blots were visualized using the iBright imaging system251

(Invitrogen).252

RNA Purification and RT-PCR Analyses253

RNA was extracted using Trizol, according to the manufacturer’s instructions254

and then reverse-transcribed with the RT SuperMix kit for qPCR (Vazyme). RT-255

qPCR was performed using SYBR Green PCR Master Mix (Biorad). The 2-ΔΔCT256

method was used to quantify relative gene expression. Relevant sequencing primers257

are listed in Table S4.258

RNA Sequencing Analysis259
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RNA quality was assessed using the A260/A280 ratio on a Nanodrop ND-2000260

system (Thermo Scientific), and RNA integrity number (RIN) was determined on an261

Agilent Bioanalyzer 4150 system (Agilent Technologies). Only RNA samples with262

satisfactory quality were used for library preparation. Paired-end libraries were263

prepared using the ABclonal mRNA-seq Library Prep Kit (ABclonal), following the264

manufacturer's instructions. mRNA was isolated from 1 μg total RNA using oligo(dT)265

magnetic beads, fragmented, and converted into cDNA. The library was amplified by266

PCR, purified using the AMPure XP system, and quality was assessed on an Agilent267

Bioanalyzer 4150 system. Sequencing was performed on the Illumina Novaseq 6000268

platform. The data were processed and analyzed using an in-house bioinformatics269

pipeline at Shanghai Applied Protein Technology. To investigate the transcriptional270

changes induced by FCHO1 knockdown, RNA-seq data were clustered using the271

“Mfuzz” and “pheatmap” R packages to identify distinct gene expression patterns.272

Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes273

(KEGG) pathway enrichment analyses were performed to explore the biological274

functions and signaling pathways associated with the differentially expressed genes.275

Gene Set Enrichment Analysis (GSEA) was also conducted to further identify key276

pathways affected by FCHO1 deficiency.277

Flow cytometric analyses278

Cells were harvested, centrifuged, washed and resuspended in 100 μL of pre-279

cooled 1% BSA solution dissolved in PBS. The cells were then stained in the dark,280

according to the manufacturer's instructions, with a flowing antibody bound to a281

specific fluorescent dye, at the recommended concentration for 30 min. The specific282

antibodies used are listed in Table S3. After unbound antibodies were discarded,283

corresponding fluorescence signals were recorded using the CytoFLEX S flow284
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cytometer (Beckman). Various groups, including a blank group, a single antibody-285

stained group and a sample group, were used for voltage adjustment and286

compensation.287

Immunofluorescence staining of cells288

Cells were seeded onto coverslips in 24-well plates and allowed to adhere289

overnight. After appropriate treatment, cells were washed with phosphate-buffered290

saline (PBS) and fixed with 4% paraformaldehyde for 15 minutes at room temperature.291

Subsequently, cells were permeabilized with 0.1% Triton X-100 in PBS for 10292

minutes and blocked with 5% bovine serum albumin (BSA) for 1 hour at room293

temperature. to prevent nonspecific binding. Cells were incubated with primary294

antibodies diluted in blocking buffer at 4 °C overnight. The specific antibodies used295

are listed in Table S3. After washing with PBS, cells were incubated with species-296

appropriate fluorophore-conjugated secondary antibodies for 1 hour, at room297

temperature, in the dark. Nuclei were counterstained with DAPI for 5 minutes.298

Coverslips were mounted using antifade mounting medium. Fluorescent images were299

captured using a confocal laser scanning microscope (Zeiss LSM 880), and image300

processing was performed using ImageJ software.301

Transferrin uptake assay302

Jurkat cells and T cells were detached using PBS containing 10 mM EDTA and303

subsequently serum-starved in DMEM at 37 °C for 30 minutes. After washing with304

glucose buffer (PBS supplemented with 20 mM glucose and 1% BSA), both the cells305

and AlexaFluor 488-labeled transferrin (Thermo Fisher Scientific) were chilled on ice.306

The cells were incubated with 25 µg/ml of the fluorescently labeled transferrin on ice307

for 10 minutes. Following this, the cells were shifted to 37 °C for various durations to308

allow internalization. At the designated time points, surface-bound transferrin was309
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removed using an acid wash solution (PBS with 0.1 M glycine and 150 mM NaCl, pH310

3), and internalized fluorescent transferrin was quantified by confocal fluorescent311

microscopy.312

Oxygen consumption rate analysis313

The oxygen consumption rate of T cells and Jurkat cells were assessed using the314

Seahorse XF96 Flux Analyzer (Seahorse Biosciences, USA), in conjunction with the315

XF Cell Mito Stress Test Kit and XF96 FluxPak reagents (Agilent Technologies,316

USA). Cells (2 × 10⁴ per well) were seeded into XF96 microplates and incubated317

overnight. Baseline OCR was recorded prior to the sequential administration of318

oligomycin, FCCP (an uncoupler of mitochondrial membrane potential[24]), and a319

combination of rotenone and antimycin A (Rote/AA), which inhibit mitochondrial320

complexes I and III[25], respectively. Final OCR values were normalized to the total321

protein content of each well.322

TCR internalisation assays323

To assess TCR internalization, FCHO1-sufficient, -deficient, T cells and Jurkat324

cells, were seeded onto poly-D-lysine (0.1 mg/mL) and anti-CD3 and anti-clathrin325

coated glass coverslips. After incubation for the indicated time, cells were fixed with326

3% formaldehyde, and autofluorescence was quenched using 50 mM of NH₄Cl. Cells327

were permeabilized and blocked in PBS with 0.1% BSA and 0.05% saponin, followed328

by staining with mouse anti-CD3 and Alexa Fluor 594-conjugated goat anti-mouse329

IgG, rabbit anti-clathrin and Alexa Fluor 488-conjugated goat anti- IgG. Nuclei were330

counterstained with DAPI. Coverslips were mounted using Fluoromount-G and dried331

in the dark overnight. Imaging was performed on a ZEISS LSM800 confocal332
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microscope. We used Fiji software to quantify the number of CD3 and clathrin co-333

localization in Jurkat cells and T cells from the NC and si-FCHO1 groups.334

Intracellular ATP Detection335

Intracellular ATP levels were assessed using the pCMV-AT1.03 ATP fluorescent336

probe (Beyotime, D2604), a FRET-based biosensor in which intracellular ATP337

binding induces conformational changes that alter the ratio of FRET emission (527338

nm) to donor emission (475 nm). Jurkat cells were transfected with the pCMV-339

AT1.03 plasmid and, at 24–48 h post-transfection, subjected to the indicated340

treatments. Fluorescence was acquired by confocal microscopy (excitation 435 nm),341

and the FRET ratio (527 nm / 475 nm) was quantified using ImageJ as a surrogate342

index of intracellular ATP concentration.343

Mitochondrial membrane potential assessment by JC-1344

Mitochondrial membrane potential (ΔΨm) was assessed using the JC-1345

Mitochondrial Membrane Potential Assay Kit (Beyotime, C2006) according to the346

manufacturer's instructions. Jurkat cells were incubated with JC-1 working solution at347

37 °C for 20 min in the dark, washed, and imaged by confocal microscopy. CCCP (10348

µM, 20 min) was used as a positive control for membrane depolarization. The ratio of349

red J-aggregate (excitation 525 nm, emission 590 nm) to green monomer (excitation350

490 nm, emission 530 nm) fluorescence was quantified using ImageJ as an index of351

ΔΨm.352

Mitochondrial membrane potential assessment by TMRE353

Mitochondrial membrane potential was independently validated using the TMRE354

Mitochondrial Membrane Potential Assay Kit (Beyotime, C2001S) according to the355
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manufacturer's instructions. Jurkat cells were incubated with TMRE working solution356

(1×) at 37 °C for 15–30 min in the dark, washed, and imaged by fluorescence357

microscopy (excitation 550 nm, emission 575 nm). CCCP (10 µM, 20 min) was used358

as a positive control. Fluorescence intensity was quantified using ImageJ and359

normalized to the vehicle-treated control.360

Mitochondrial superoxide detection361

Mitochondrial superoxide levels were measured using the MitoSO™ Red362

Mitochondrial Superoxide Assay Kit (Beyotime, S0061) according to the363

manufacturer's instructions. Jurkat cells were incubated with MitoSO™ Red working364

solution (5 µM) at 37 °C for 30 min in the dark, washed, and imaged by confocal365

microscopy (excitation 510 nm, emission 580 nm). mSoxUp (1×, 4 h) was used as a366

positive control for mitochondrial superoxide accumulation. Mean fluorescence367

intensity was quantified using ImageJ and normalized to the untreated control.368

In vitro cytotoxicity assay369

CT26-OVA and MC38-OVA cells were cultured in 96-well plates until they370

reached approximately 70% confluency. To investigate the cytotoxic effect of OT-1371

CD8+ T cells on tumor cells, tumor cells were co-cultured with activated OT-1 CD8+372

T cells for 24 hours. IncuCyte™ Cytotox Reagents (Sartorius) were added to the373

culture (5:1 ratio) to assess cytotoxicity. Cytotox Red Reagent was added at the 24-374

hour mark to indicate dead cells. Importantly, these reagents do not interfere with the375

growth of normal cells. When cells undergo apoptosis or necrosis, the loss of plasma376

membrane integrity allows the reagent to bind to DNA, resulting in increased red377

fluorescence. Cells were then analyzed using a confocal laser scanning microscope,378

where cells displaying red fluorescence were classified as dead.379
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In a parallel experiment, tumor cells and OT-1 CD8+ T cells were co-cultured in380

six-well plates under the same conditions for 24 hours. After co-culture, T cells were381

carefully washed away using PBS, and the remaining adherent tumor cells were fixed382

with 4% paraformaldehyde for 15 minutes. Following fixation, the tumor cells were383

stained with crystal violet for 30 minutes to visualize and quantify the remaining384

viable cells.385

ELISA386

The supernatant from the co-cultured cells was collected and analyzed to measure387

the levels of interferon-gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), and388

granzyme B (GZMB), using ELISA kits (Table S3). The supernatant was centrifuged389

at 4,000 rpm for 20 minutes at 4 °C to remove any debris, and the cleared390

supernatants were then stored at -80 °C until they were used for the ELISA assay. The391

ELISA kits were used following the manufacturer’s instructions to ensure accurate392

measurements of the cytokine and enzyme levels in the supernatant.393

Patient-derived organoid construction394

Colorectal tumor tissues were obtained from patients at the Seventh Affiliated395

Hospital of Sun Yat-sen University. The study protocol was approved by the Research396

Ethics Committee of the Seventh Affiliated Hospital of Sun Yat-sen University, and397

all participants provided written informed consent. The acquisition of biological398

specimens strictly followed the principles of the Declaration of Helsinki.399

Fresh sterile tumor tissues were placed in phosphate-buffered saline (PBS)400

supplemented with penicillin-streptomycin and maintained on ice. Under a biosafety401

cabinet, tissues were minced into small fragments on ice and transferred to a 15-mL402

tube. Digestion was performed in DMEM containing 10% fetal bovine serum and403

collagenase V (1 mg/mL) at 37 °C for 1 h, with intermittent shaking every 15 min.404
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Digestion was terminated by addition of cold PBS, followed by centrifugation at 300405

x g for 10 min at 4 °C. The pellet was further digested with TrypLE (Thermo Fisher)406

at 37 °C for 5 min, and the reaction was stopped with cold PBS. The cell suspension407

was filtered through a 40-um nylon mesh strainer and centrifuged at 1000 rpm for 5408

min. The resulting cells were resuspended in DMEM, mixed with pre-chilled Matrigel409

(BioCoat) at a 1:1 ratio, and seeded as 10-uL droplets in 6-well plates. After Matrigel410

polymerization at 37 °C for 30 min, complete human colorectal cancer organoid411

culture medium (Solarbio) was added, and organoids were maintained at 37 °C in a412

5% CO2 humidified incubator.413

For passaging, organoids were washed with PBS, dissociated with TrypLE at414

37 °C for 15 min, and centrifuged at 7000 rpm for 8 min. The pellet was resuspended415

in DMEM containing 10% fetal bovine serum, mixed 1:1 with Matrigel, and re-416

seeded. Culture medium was replaced every 3–5 days by exchanging half of the417

medium volume, and organoids were passaged every 7-8 days. Organoid viability was418

assessed using the Cell Counting Kit-8 (CCK-8) assay (Yeasen) according to the419

manufacturer's instructions. All co-culture experiments were performed using420

organoids within passages 1–3 (P1–P3).421

In vivo tumor assay422

For in vivo experiments, 6-week-old C57BL/6 mice were subcutaneously423

inoculated with either 5 x 10⁵ MC38-OVA or B16F10-OVA cells. Mice were424

randomly assigned to experimental groups as detailed in the group information shown425

in Figures S6, S7, and Figure 6. For knockdown experiments, OT-1 T cells were426

transfected with NC or si-Fcho1 siRNA prior to adoptive transfer. For overexpression427

experiments, OT-1 T cells were transfected with Fcho1-encoding mRNA or empty428

vector control in vitro prior to adoptive transfer.429
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On day 7 post-tumor inoculation, when subcutaneous tumors became palpable,430

OT-1 T cells were administered via intravenous (i.v.) injection to the indicated431

subgroups, with repeat injections on days 15 and 23. For PD-1 blockade, 200 µg of432

anti-PD-1 monoclonal antibody (Selleck, A2122) was administered by intraperitoneal433

(i.p.) injection every 3 days beginning on day 12 post-tumor inoculation, continuing434

for 2 weeks. Tumor volume was monitored at regular intervals. Mice were sacrificed435

on day 31 post-tumor inoculation; tumors were excised, photographed, and weighed.436

For MC38-OVA experiments, tumor tissues were embedded in paraffin, sectioned,437

and subjected to IHC analysis to evaluate immune cell infiltration and expression of438

key immune markers; specific antibodies are listed in Table S3.439

For B16F10-OVA experiments, tumor-infiltrating lymphocytes were isolated440

from excised tumors and analyzed by flow cytometry. Single-cell suspensions were441

prepared by mechanical dissociation followed by density gradient centrifugation.442

Cells were stained with fluorochrome-conjugated antibodies against Gzmb, Ifn-γ, Tnf-443

α, and Pd-1, and acquired on a flow cytometer. Data were analyzed using FlowJo444

software (v10.8.1).445

Patients and tissue samples446

GC and CRC paraffin-embedded slices of surgical specimens were collected447

from 60 patients who underwent surgery at Seventh Affiliated Hospital of Sun Yat-448

sen University between 2019 and 2024. Based on the response of the patients, they449

were classified into four categories: complete response (CR) (GC:n=11, CRC:n=6),450

partial response (PR) (GC:n=9, CRC:n=8), stable disease (SD) (GC:n=7, CRC:n=7)451

or progressive disease (PD) (GC:n=9, CRC:n=3). All patients provided informed452

consent and had received neoadjuvant chemotherapy supplemented with anti-PD-1453

therapy. The CPS (Combined Positive Score) for each patient, representing the total454
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number of PD-L1 positive tumor cells and PD-L1 positive tumor-associated immune455

cells per 100 tumor cells, was collected for the study. All patients were regularly456

followed up. The study was approved by the Medical Ethics Committee of the457

Seventh Affiliated Hospital of Sun Yat-sen University, and written informed consent458

was obtained from all patients who provided samples. All patients had histologically459

confirmed diagnoses of GC or CRC.460

Histological and immunohistochemical analyses461

For HE staining, paraffin-embedded tissue sections underwent a series of462

preparatory steps, including dewaxing, rehydration, antigen retrieval, and antigen463

blocking. Hematoxylin and Eosin staining were performed sequentially.464

For IHC, the expression of specific molecules in paraffin-embedded tissue465

sections was analyzed by immunohistochemical staining. Tissue sections were466

incubated with target antibodies, with the specific antibodies used listed in Table S3.467

After washing, sections were incubated with anti-rabbit/mouse IgG secondary468

antibody and DAB reagents. Each case was then scored by a pathologist blinded to469

the study.470

For multiplex immunofluorescence staining, primary antibodies were incubated471

with the tissue sections, followed by incubation with HRP-labeled secondary472

antibodies. The Opal signal was generated using a TSA amplification working473

solution combined with a tyramide signal amplification reagent (1:200). Antigen474

retrieval was performed using a microwave heating method. The tissue was placed in475

Ethylene Diamine Tetraacetic Acid (EDTA) antigen retrieval buffer, heated to boiling476

on high power, and maintained on low power for 10 minutes. After heating, the477

retrieval buffer was removed and allowed to cool to room temperature. Sections were478

then stained with additional primary antibodies as per the protocol (specific antibodies479
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listed in Table S3). The Whole Slide Scanner VS200 (Olympus) was used to obtain480

both single-channel and merged images, which were then analyzed using the XV481

Viewer software. The expression levels and spatial distribution of marker proteins482

within the tumor microenvironment were assessed in five randomly selected fields at483

40× magnification from each gastric or colorectal cancer section. Representative484

images were extracted and processed with ImageJ (v1.8.0) to quantify fluorescence485

intensity and sample area.486

Statistical Analyses487

R software (V.4.1.1) and associated R packages were used for data analyses,488

such as the “limma” package for difference analyses and the “survminer” package for489

survival analyses. The data analyses in this study were primarily conducted using490

GraphPad Prism V.8.0, with a priori statistical significance set at p < 0.05.491

Comparative analyses were performed using independent t-tests between groups,492

while categorical data were analyzed using the χ² test. No artificial intelligence (AI)493

tools were used for study design, data collection, data analysis, or figure generation in494

this study; AI (Biomni, Phylo) was used only for language editing, as stated in the495

Acknowledgements.496

497

Results498

FCHO1 Expression in Immune Cells of the Tumor Microenvironment499

The analysis of normal tissues and pan-cancer cell lines indicated FCHO1 is500

highly expressed in immune-rich organs, including lymph nodes, spleen, appendix,501

and hematopoietic tissues, whereas its expression is significantly lower in the lung,502

prostate, cervix, and smooth muscle (Figure S1A-B). FCHO1 was significantly503

overexpressed in T cells, B cells, and NK cells (Figure S1C). To determine the504
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expression of FCHO1 within the TME, we analyzed 28 pan-cancer single-cell RNA505

sequencing (scRNA-seq) datasets, encompassing a total of 710,030 cells. In 16 cancer506

types, FCHO1 was predominantly expressed in immune cells, particularly B cells, T507

cells, and macrophages, at levels significantly greater in malignant cells and other508

TME cell populations, such as epithelial, endothelial, and fibroblastic cells (Figure509

1A). Additional subgroup analysis of colorectal cancer (GSE179784) and breast510

cancer (EMTAB8107) indicated that, based on t-distributed stochastic neighbor511

embedding (t-SNE), FCHO1 was predominantly expressed in T and B cells (Figure512

1B). To further elucidate the distribution and potential functional implications of513

FCHO1 in tumors, we integrated immune infiltration data from The Cancer Genome514

Atlas Program (TCGA) across 16 solid tumor types, using a variety of analytical tools,515

including Estimation of STromal and Immune cells in MAlignant Tumor tissues using516

Expression data (ESTIMATE), Tumor Immune Estimation Resource (TIMER),517

Quantitative Tissue Immune Estimation by RNA-seq (quanTIseq), Microenvironment518

Cell Populations-counter (MCP-counter), Estimating the Proportions of Immune and519

Cancer cells (EPIC), Cell-type Identification By Estimating Relative Subsets Of RNA520

Transcripts (CIBERSORT) and Xcell. These analyses indicated a significant positive521

correlation between FCHO1 expression and immune infiltration, particularly for522

CD4+ T cells, CD8+ T cells, and B cells (Figure 1C). Multiplex immunofluorescence523

assays of gastric and colorectal cancer tissues confirmed that FCHO1 primarily co-524

localizes with T and B cells, rather than macrophages or tumor cells (Figure 1D-E).525

To determine the biological functions of FCHO1, pathway enrichment analysis,526

using Gene Set Variation Analysis (GSVA), indicated immune and inflammatory527

pathways, including interferon-γ and α responses, complement activation, IL2-Signal528

transducer and activator of transcription 5 (STAT5) signaling, and IL6-Janus529
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activated kinase (JAK)-STAT3 pathways, were consistently enriched in high FCHO1-530

expressing groups (Figure S2A). Conversely, for oxidative phosphorylation, bile acid531

metabolism, lipogenesis and fatty acid metabolism, there was a significant inverse532

correlation with FCHO1 expression. Kyoto Encyclopedia of Genes and Genome533

(KEGG) pathway enrichment analysis further validated a significant positive534

correlation with T cell and B cell receptor signaling pathways (Figure S2B-C), while535

hallmark analysis indicated the involvement of cell cycle progression and536

inflammation, and the suppression of angiogenesis and metabolic processes (Figure537

S2D-E).538

Further analysis of TCGA and Genotype-Tissue Expression (GTEx) datasets539

indicated that FCHO1 expression was significantly increased in tumor samples across540

more than 20 cancer types, compared to adjacent normal tissues (Figure S1D-F). To541

validate these findings in gastrointestinal cancers, we analyzed FCHO1 expression in542

colorectal and gastric cancer datasets from Gene Expression Omnibus (GEO), and543

further confirmed its expression at the mRNA and protein levels in 10 paired patient544

samples (Figure S3A-B). Multiplex immunofluorescence staining further545

demonstrated that FCHO1 expression was markedly elevated in both gastric and546

colorectal cancer tissues compared to matched normal tissues, and that FCHO1 co-547

localized predominantly with CD8+ T cells rather than Pan-CK+ tumor cells within548

the tumor microenvironment (Figure S3C-D). In conclusion, our comprehensive549

multi-omics pan-cancer analysis indicated that FCHO1 was broadly expressed in550

tumor-infiltrating lymphocytes in the TME of solid tumors.551

552

553

554

555
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FCHO1 Regulates T Cell Immune Phenotype via Clathrin-Mediated Endocytosis556

To determine the specific role of FCHO1 in lymphocytes, peripheral blood557

mononuclear cells (PBMCs) were isolated from healthy donors, followed by CD3+ T-558

cell isolation using the BD IMag™ Cell Separation Magnet bead method. Small559

interfering RNA (siRNA) targeting FCHO1 and negative controls were delivered into560

T cells using a biomolecular condensate system, and immunofluorescence analysis561

confirmed successful nucleic acid delivery into T cells (Figure 2A-B). Knockdown of562

FCHO1 was confirmed at both the mRNA and protein levels (Figure 2C-D). Flow563

cytometry analysis indicated that FCHO1 knockdown significantly inhibited the564

proliferation of CD4+ and CD8+ T cells (Figure 2E), suggesting that FCHO1 plays565

an important role in T-cell proliferation. FCHO1 knockdown also produced a566

significant decrease in the expression of activation markers CD25 and CD69 in both567

CD4+ and CD8+ T cells (Figure 2F), further supporting the crucial role of FCHO1 in568

maintaining T-cell activation.569

FCHO1 is a key molecule involved in clathrin-mediated endocytosis (CME), and570

the transferrin receptor is a well-established marker for clathrin-dependent uptake. To571

further determine whether FCHO1 deficiency impairs CME in T cells, we assessed572

transferrin receptor internalization. Jurkat cells and primary T cells were incubated573

with fluorescently labeled transferrin at low temperature, followed by a shift to574

physiological temperature to allow internalization. FCHO1 knockdown significantly575

impaired transferrin uptake in both Jurkat cells and primary T cells compared to576

negative controls (Figure S4A-B), confirming that FCHO1 is required for efficient577

CME.578

T-cell activation and effector functions are primarily dependent on the extent and579

specificity of TCR-mediated signaling. The CD3 complex, an essential component of580
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the TCR complex, is crucial for mediating T-cell activation. To determine whether581

FCHO1 modulates T-cell activation by affecting CME of the TCR complex,582

immunofluorescence and confocal microscopy were performed. Treatment with583

Dynasore, a dynamin GTPase inhibitor that blocks CME, and FCHO1 knockdown584

both significantly decreased the co-localization of CD3 and clathrin in Jurkat cells585

(Figure 2G-H), suggesting that FCHO1 regulates TCR membrane dynamics through586

CME. CME-mediated internalization of the TCR/CD3 complex is known to facilitate587

receptor recycling and sustain downstream signal transduction by concentrating588

signaling components within endosomal compartments. To determine whether589

impaired CME upon FCHO1 knockdown consequently attenuates TCR proximal590

signaling, we examined the phosphorylation of ZAP70 and ERK1/2, two key kinases591

downstream of TCR engagement. Western blot analysis demonstrated that FCHO1592

knockdown markedly reduced the phosphorylation of ZAP70 and ERK1/2 in primary593

CD3+ T cells following anti-CD3/CD28 stimulation (Figure 2I), and similar results594

were observed in Jurkat cells (Figure 2J). These findings indicate that FCHO1-595

dependent CME is required for sustained TCR signal transduction.596

Further analysis indicated that FCHO1 knockdown upregulated the exhaustion597

markers PD-1 and CTLA-4 (Figure S4C), as well as LAG-3 and TIM-3 (Figure598

S4D), in both CD4+ and CD8+ T cells. These changes indicate that loss of FCHO1599

impairs T-cell activation and promotes T-cell exhaustion, thereby diminishing anti-600

tumor immune efficacy. Collectively, these results demonstrate that FCHO1 plays a601

vital role in maintaining the activation and functional integrity of T cells through602

regulation of CME of the TCR complex.603

604

605
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FCHO1 Deficiency Impairs Mitochondrial Oxidative Phosphorylation in T Cells606

As a membrane-associated protein, FCHO1 may also play roles within the cell607

beyond its established function in endocytosis. To determine the downstream608

signaling mechanisms affected by FCHO1, we first isolated total RNA from negative609

control (NC) and si-FCHO1 groups in both Jurkat cells and primary T cells, followed610

by quality control and high-throughput sequencing (Figure 3A). Using the Mfuzz611

clustering algorithm, we identified nine expression clusters, with Cluster 7 showing a612

consistent downregulation trend in the si-FCHO1 group across both cell types613

(Figure 3B). Gene heatmap analysis of Cluster 7 revealed enrichment in pathways614

related to oxidative phosphorylation, mitochondrial function, aerobic respiration, and615

ATP synthesis-coupled electron transport, suggesting impaired mitochondrial function616

upon FCHO1 loss (Figure 3C). Gene Ontology (GO) and KEGG enrichment analyses617

of Cluster 7 genes consistently highlighted mitochondrial function and metabolic618

processes, including oxidative phosphorylation, aerobic respiration, and electron619

transport chain components (Figure S5A-D). Gene Set Enrichment Analysis (GSEA)620

further confirmed that oxidative metabolism-related gene signatures, including ATP621

metabolic process, mitochondrial ATP synthesis-coupled proton transport, and622

oxidative phosphorylation, were significantly suppressed in both Jurkat cells and623

primary T cells after FCHO1 knockdown (Figure S5E-F).624

To functionally validate these transcriptomic findings, intracellular ATP levels625

were assessed by ATP probe fluorescence staining across five experimental groups:626

NC, si-FCHO1, DMSO, si-FCHO1 + oligomycin (an inhibitor of OXPHOS), and si-627

FCHO1 + AICAR (an AMPK activator and OXPHOS activator). ATP levels were628

significantly decreased in the si-FCHO1 group compared to NC, with the si-FCHO1629

+ oligomycin group showing the lowest ATP production. In contrast, AICAR partially630
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restored ATP levels in si-FCHO1 cells (Figure 3D). Seahorse metabolic flux analysis631

further demonstrated that FCHO1 knockdown significantly reduced basal respiration,632

maximal respiration, ATP-linked respiration, and spare respiratory capacity in both633

Jurkat cells and primary T cells. Oligomycin further suppressed these parameters,634

while AICAR partially reversed the effects of FCHO1 silencing (Figure 3E),635

supporting the role of FCHO1 in maintaining mitochondrial energy output. Western636

blot analysis of mitochondrial respiratory chain complex proteins (CV-ATP5A1, CIII-637

UQCRC1, CII-SDHB, CIV-MTCO2, and CI-NDUFB8) confirmed the638

downregulation of OXPHOS complexes in si-FCHO1 Jurkat cells and primary T cells639

(Figure 3F), corroborating the transcriptomic and metabolic findings.640

641

FCHO1 Deficiency Impairs Mitochondrial Homeostasis and Suppresses mTOR642

Signaling643

To further characterize the mitochondrial alterations induced by FCHO1644

deficiency, transmission electron microscopy (TEM) was performed. FCHO1645

knockdown resulted in marked changes in mitochondrial morphology in Jurkat cells,646

with significant reductions in both mitochondrial length and area compared to NC647

cells (Figure 4A). Assessment of mitochondrial membrane potential by JC-1 staining648

revealed a significant decrease in the JC-1 aggregate-to-monomer ratio in si-FCHO1649

cells, comparable to the depolarization induced by the uncoupler CCCP, indicating650

impaired mitochondrial membrane potential (Figure 4B, E). Consistent results were651

obtained with TMRE staining, which showed reduced mitochondrial membrane652

potential in si-FCHO1 cells relative to vehicle controls (Figure 4C, F). Furthermore,653

MitoSOX Red staining demonstrated a significant elevation of mitochondrial reactive654
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oxygen species (ROS) in si-FCHO1 cells compared to NC controls (Figure 4D, G),655

indicating increased mitochondrial oxidative stress upon FCHO1 loss.656

To investigate the upstream signaling mechanism linking FCHO1-dependent657

CME to mitochondrial dysfunction, GSEA was performed on the RNA-seq data. The658

mTOR signaling pathway was significantly negatively enriched in si-FCHO1 primary659

T cells (NES = −1.5781, Adjusted P = 0.046), with a similar trend observed in Jurkat660

cells (NES = −1.5379, Adjusted P = 0.8551) (Figure 4H). To validate this at the661

protein level, Western blot analysis demonstrated that FCHO1 knockdown markedly662

reduced the phosphorylation of mTOR, S6K1, and 4EBP1 in both primary T cells and663

Jurkat cells under anti-CD3/CD28 stimulation, and these effects were further664

enhanced by Rapamycin treatment (Figure 4I). To establish a causal link between665

mTOR signaling suppression and the observed mitochondrial OXPHOS defects,666

Seahorse metabolic flux analysis was performed with pharmacological modulation of667

mTOR activity. Rapamycin treatment phenocopied the FCHO1 knockdown-induced668

reduction in mitochondrial respiration, while the mTOR activator MHY1485 partially669

rescued the OXPHOS impairment in si-FCHO1 cells, restoring ATP production, basal670

respiration, maximal respiration, and spare respiratory capacity (Figure 4J).671

Collectively, these findings demonstrate that FCHO1 sustains mitochondrial oxidative672

metabolism in T cells through activation of the mTOR signaling pathway, establishing673

a functional axis linking CME to metabolic fitness in T cells.674

675

676

677

678

679

680
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FCHO1 Influences T Cell Anti-Tumor Activity681

Cytotoxic T lymphocytes (CTLs) are the primary effector cell population682

responsible for eliminating tumor cells within the TME[26]. We used a co-culture683

system to determine the cytotoxic activity of OT-1 CD8+ T cells in tumor cells. OT-1684

CD8+ T cells were activated, in vitro, using anti-CD3 and anti-CD28 antibodies, with685

IL-2 supplementation, to increase T-cell activation. Subsequently, siRNA and mRNA686

were transfected into the CD8+ T cells, using a biomolecular condensate system to687

produce Fcho1 knockdown and overexpression. These modified T cells were then co-688

cultured with the ovalbumin (OVA)-expressing tumor cells, CT26 and MC38 (Figure689

5A). The efficiency of the Fcho1 knockdown and overexpression was confirmed at690

the mRNA and protein level (Figure 5B-C). In vitro cytotoxicity assays, using crystal691

violet staining (Figure 5D) and IncuCyte™ Cytotoxicity Reagents (Figure 5F),692

indicated that silencing Fcho1 significantly impaired T-cell-mediated tumor cell693

elimination. In contrast, cytotoxicity was significantly increased in T cells694

overexpressing Fcho1, indicating a greater efficacy in removing tumor cells,695

compared to the vector control (Vec) group (Figure 5E and G). These results696

indicated that Fcho1 plays a critical role in T cell-mediated tumor killing, with Fcho1697

knockdown inhibiting T-cell effector function and Fcho1 overexpression increasing698

function. Furthermore, Fcho1 knockdown produced a significant decrease in the699

expression of the effector cytokines, interferon-γ (IFN-γ), tumor necrosis factor-α700

(TNF-α), and granzyme B (GZMB) in T cells (Figure 5H). In contrast, there was a701

significant increase in the expression of these cytokines and granzyme B in T cells702

overexpressing Fcho1 (Figure 5I). To further validate these findings in a703

physiologically relevant model, we established patient-derived organoids (PDOs)704

from colorectal cancer tissue and confirmed their histopathological characteristics705
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(Figure 5J). Under normal conditions, PDOs formed well-structured spheroids. After706

co-culturing with T cells for 3 days, the organoids in the FCHO1 knockdown group707

appeared larger, more translucent, and had lower apoptosis levels, compared to the708

control group (Figure 5K). In contrast, organoids co-cultured with FCHO1-709

overexpressing T cells were smaller in size and had higher apoptosis levels, compared710

to vector control (Figure 5L). Live/dead staining using Calcein-AM and propidium711

iodide (PI) indicated that, compared to FCHO1-knockdown T cells, the negative712

control T cells were significantly more cytotoxic in the organoids (Figure 5M).713

Conversely, T cells overexpressing FCHO1 had a higher level of cytotoxicity,714

producing greater apoptosis in the organoids, further confirming the critical role of715

FCHO1 in T-cell anti-tumor efficacy (Figure 5N). To directly quantify organoid716

viability, CCK-8 assays were performed. Consistent with the imaging results,717

organoids co-cultured with FCHO1-knockdown T cells showed significantly higher718

cell viability compared to NC controls, while organoids co-cultured with FCHO1-719

overexpressing T cells exhibited significantly reduced viability compared to vector720

controls (Figure 5O-P). Together, these results provide direct quantitative evidence721

that FCHO1 expression level governs the cytotoxic capacity of CD8+ T cells in722

organoid models.723

724

FCHO1 Enhances T-Cell-Mediated Immunotherapy Efficacy In Vivo725

To explore the role of Fcho1 in T-cell-mediated anti-tumor immune responses in726

vivo, we established a subcutaneous syngeneic MC38-OVA model in C57BL/6 mice727

(Figure S6A). In the Fcho1 knockdown experiment, mice without OT-1 T-cell728

therapy showed the most rapid tumor progression, confirming the anti-tumor efficacy729

of adoptively transferred OT-1 T cells. Mice treated with Fcho1-deficient OT-1 T730
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cells had significantly larger tumor volumes and weights compared to NC T-cell-731

treated mice (Figure S6B-D), demonstrating that Fcho1 deficiency impairs T-cell-732

mediated tumor suppression. Furthermore, Fcho1 knockdown attenuated the tumor-733

suppressive effect of anti-PD-1 combination therapy. IHC staining demonstrated that734

Fcho1 knockdown decreased intratumoral CD8+ T-cell infiltration and Gzmb and735

Tnf-α expression, while increasing Pd-1 and Tigit expression (Figure S6E),736

supporting the role of Fcho1 in maintaining T-cell effector function and preventing737

exhaustion.738

In the Fcho1 overexpression experiment using the MC38-OVA model (Figure739

S7A), tumor volume and weight were significantly smaller in the Fcho1740

overexpression group compared to the Vec group (Figure S7B-D), indicating that741

Fcho1 overexpression enhances T-cell-mediated anti-tumor immunity. Notably, the742

combination of mRNA-Fcho1 OT-1 T cells with anti-PD-1 therapy achieved the743

greatest tumor suppression among all groups, demonstrating that Fcho1744

overexpression potentiates immune checkpoint blockade efficacy. IHC staining745

confirmed that Fcho1 overexpression increased intratumoral CD8+ T-cell infiltration746

and Gzmb and Tnf-α expression, while reducing Pd-1 and Tigit expression (Figure747

S7E).748

To further validate these findings in an independent tumor model and749

characterize the intratumoral immune landscape by flow cytometry, we established a750

subcutaneous syngeneic B16F10-OVA model in C57BL/6 mice. In the Fcho1751

knockdown experiment, si-Fcho1 OT-1 T cells were significantly less effective at752

controlling tumor growth compared to NC controls, and anti-PD-1 therapy only753

partially rescued this impairment (Figure 6A-C). Flow cytometry analysis of754

intratumoral CD8+ T cells revealed that Fcho1 knockdown significantly reduced the755
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proportions of granzyme B-positive (Gzmb+), Ifn-γ+, and Tnf-α+ cells, while756

markedly increasing Pd-1 expression (Figure 6D-G), indicating impaired effector757

function and enhanced exhaustion. In the Fcho1 overexpression experiment, mRNA-758

Fcho1 OT-1 T cells significantly enhanced tumor suppression compared to vector759

controls, and their combination with anti-PD-1 therapy achieved the greatest anti-760

tumor efficacy among all groups (Figure 6H-J). Flow cytometry analysis confirmed761

that Fcho1 overexpression significantly increased the proportions of Gzmb+, Ifn-γ+,762

and Tnf-α+ intratumoral CD8+ T cells, while reducing Pd-1 expression (Figure 6K-763

N). Collectively, these in vivo results across two independent tumor models764

demonstrate that FCHO1 expression in CD8+ T cells is a critical determinant of anti-765

tumor immunity and immune checkpoint blockade efficacy.766

767

FCHO1 as a Promising Biomarker for Predicting Immunotherapy Response768

Given the significant correlation between FCHO1 and anti-tumor immune769

responses, we hypothesized that FCHO1 could serve as a predictive biomarker for770

immunotherapy efficacy. In 11 human immunotherapy cohorts, patients with high771

FCHO1 expression had significantly improved overall survival (OS) and progression-772

free survival (PFS) (Figure S8 and Figure S9A–C). Furthermore, clinical response773

analyses indicated that high FCHO1 expression was significantly correlated with a774

greater proportion of complete response (CR) and partial response (PR), whereas the775

low-expression group had a higher proportion of progressive disease (PD) and stable776

disease (SD) (Figure S9D). These findings indicated a significant positive correlation777

between FCHO1 expression and clinical benefit from immune checkpoint blockade778

(ICB) therapy (Figure S9E).779
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To further investigate the predictive potential of FCHO1 among cancer tumor780

types, we performed pan-cancer analyses based on multiple public immunotherapy781

datasets. In 10 murine immunotherapy cohorts, higher FCHO1 expression was782

significantly correlated with an increased treatment response (Figure S10A). To783

assess its value relative to established biomarkers, we compared the area under the784

receiver operating characteristic curve (AUC) for FCHO1 and several known785

predictors. Notably, in 15 out of 25 human immunotherapy cohorts, FCHO1 had an786

AUC greater than 0.5 (Figure S10B). In comparison, tumor mutational burden (TMB),787

microsatellite instability (MSI) score, T cell clonality, and B cell clonality yielded788

AUCs > 0.5 in 8, 13, 9, and 7 cohorts, respectively, indicating that FCHO1 may789

outperform some conventional biomarkers in certain contexts. Cluster heatmap790

analyses indicated that FCHO1 expression was significantly negatively correlated791

with indicators of T cell dysfunction, immune exclusion, and ICB resistance792

phenotypes from Clustered Regularly Interspaced Short Palindromic Repeats793

(CRISPR) screening datasets but was significantly positively correlated with794

cytotoxic T lymphocyte infiltration among the majority of immunotherapy cohorts795

(Figure S10C–D). Together, these findings suggest that FCHO1 may represent a796

suitable biomarker linked to immune activation and favorable clinical outcomes in the797

context of ICB therapy.798

To determine whether FCHO1 can specifically predict therapeutic outcomes799

among different ICB regimens, we analyzed ROC plotter data comparing FCHO1800

expression to treatment response in patients receiving anti-PD-1, anti-PD-L1, and801

anti-CTLA-4 therapies. FCHO1 expression was significantly greater in responders802

among all immunotherapy patients (Figure S10E). In the anti-PD-1 subgroups,803

FCHO1 levels has a higher predictive value in patients treated with nivolumab,804
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compared to those receiving pembrolizumab (Figure S10F). There was no significant805

difference in predictive capacity between the different anti-PD-L1 treatment groups806

(Figure S10G). FCHO1 had the greatest predictive performance in patients receiving807

durvalumab, a monoclonal antibody that binds to the programmed cell death ligand,808

PD-L1[27] (Figure S10H).809

To further evaluate the clinical relevance of FCHO1 in the context of810

immunotherapy, we analyzed its expression in relation to treatment efficacy in811

gastrointestinal cancers. Specifically, we performed multiplex immunofluorescence812

(mIF) staining for pan cytokeratin (PanCK), FCHO1, PD-L1 and CD8, on formalin-813

fixed paraffin-embedded tumor tissues from 60 patients with GC and CRC, who814

received neoadjuvant immunotherapy and were categorized into CR, PR, SD, or PD815

groups. Among these patients, those with favorable responses (CR/PR) had greater816

levels of FCHO1, CD8, and PD-L1, whereas non-responders (SD/PD) showed817

significantly weaker staining, particularly in GC cases (Figure 7A–D) and CRC cases818

(Figure 7F–I). These results suggested that high FCHO1 expression is positively819

correlated with immunotherapy responsiveness in gastrointestinal cancers. To further820

assess the predictive utility of FCHO1⁺ T cells in the neoadjuvant setting, we821

compared its efficacy with CD8 and PD-L1 by analyzing mean fluorescence intensity822

(MFI) and combined positive score (CPS). ROC curve analyses were conducted to823

quantify the discriminatory power of each marker. In GC patients, FCHO1 had an824

AUC of 0.70 (95% CI: 0.52–0.88), outperforming both CD8 (AUC = 0.67, 95% CI:825

0.40–0.85) and PD-L1 (AUC = 0.68, 95% CI: 0.49–0.88) in predicting the response to826

immunotherapy (Figure 7E). Similarly, in CRC patients, FCHO1 had an AUC of827

0.74 (95% CI: 0.54–0.95), which was greater than that of CD8 (AUC = 0.68, 95% CI:828

0.45–0.91) and PD-L1 (AUC = 0.72, 95% CI: 0.49–0.96) (Figure 7J). Notably, CPS829
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had the highest predictive accuracy, with an AUC of 0.75 (95% CI: 0.58–0.91) in GC830

and 0.78 (95% CI: 0.59–0.96) in CRC, outperforming the individual markers CD8,831

PD-L1, and FCHO1. These results underscore the clinical utility of FCHO1 as a832

novel biomarker for predicting immunotherapy response in gastrointestinal cancer,833

particularly when used in conjunction with existing markers. Collectively, these834

results provide compelling evidence that FCHO1 may be a potential predictive835

biomarker for immunotherapy response, with broad applicability among different836

cancer tumor types and ICB regimens.837

838

Discussion839

FCHO1 is a constituent of the Fes/Cip4 homology Bin/amphiphysin/Rvs (F-840

BAR) protein family, and early research focused primarily on its involvement in841

coronary artery disease, Alzheimer's disease and Guillain-Barré Syndrome[19,28,29].842

However, studies on the functional role of FCHO1 in the TME are relatively scarce.843

In the present study, single-cell pan-cancer analysis demonstrated that FCHO1 is844

predominantly expressed in immune cells within the TME. Gene set variation analysis845

(GSVA) and gene set enrichment analysis (GSEA) further revealed that the high846

FCHO1 expression group is primarily enriched in immune-related pathways,847

including T cell receptor signaling, B cell receptor signaling, NK cell-mediated848

cytotoxicity, and chemokine signaling. A recent study shows that its deficiency849

impairs clathrin-coated pit formation in T cells[30]. Notably, 17 patients with850

FCHO1 deficiency had severe immune deficiencies[19,20,30], underscoring the non-851

redundant role of FCHO1 in immune homeostasis. Our in vitro analyses extended852

these observations, demonstrating significant differences in immunosuppressive853
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phenotypes between FCHO1 knockdown and control T cells, suggesting that reduced854

FCHO1 expression in tumor-infiltrating T cells may contribute to immune855

dysfunction within the TME. In vivo experiments using murine tumor models further856

confirmed that FCHO1 modulates T cell activity and anti-tumor immune responses,857

and that combining FCHO1 overexpression with immune checkpoint blockade858

potentiated therapeutic efficacy.859

Based on these findings, we next examined the clinical relevance of FCHO1860

expression in cancer patients undergoing immunotherapy. Analysis of multiple pan-861

cancer datasets demonstrated that high FCHO1 expression was significantly862

associated with improved survival outcomes in patients receiving immunotherapy,863

suggesting that FCHO1 may facilitate immune cell infiltration, tumor antigen864

recognition, and ICI efficacy. Consistent with transcriptomic findings, multiplex865

immunofluorescence (mIF) analysis of gastrointestinal cancer patients866

receiving neoadjuvant chemoimmunotherapy revealed that patients achieving867

objective responses (CR/PR) exhibited higher FCHO1 expression compared to non-868

responders (SD/PD). Elevated CD8 and PD-L1 expression in the CR/PR group further869

indicated greater immune cell infiltration and more active immune checkpoint870

engagement, both of which are essential for effective immunotherapy. Together, these871

findings support FCHO1 expression as a clinically relevant indicator of a favorable872

tumor immune microenvironment and a potential predictive biomarker for873

immunotherapy response.874

The role of FCHO1 in CME remains to be completely elucidated. Calzoni et al.875

reported that FCHO1 deficiency impaired transferrin receptor internalization in T-cell876

blasts[20], while other studies in fibroblasts suggested only minor effects on CME[30].877
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In our study, using Jurkat cells and T cells, consistent with the findings by Calzoni et878

al., there was a significant decrease in transferrin uptake after FCHO1 silencing,879

supporting the hypothesis that FCHO1 is required for efficient internalization of the880

transferrin receptor in T cells. Furthermore, the loss of FCHO1 disrupted the CME881

process more broadly, impairing the internalization of the TCR–CD3 complex, a882

critical step for sustained T-cell activation[31]. As a result, T-cell functional883

responses, including tumor cell killing, were significantly decreased. These findings884

suggested that FCHO1 regulates T-cell anti-tumor activity by maintaining CME-885

dependent receptor trafficking. Transcriptomic profiling of FCHO1-silenced T cells886

revealed significant downregulation of genes involved in the oxidative887

phosphorylation (OXPHOS) pathway, implicating FCHO1 in the regulation of888

mitochondrial bioenergetics — a previously unrecognized function. Similar findings889

have been reported in other models, where disruption of mitochondrial respiration890

produces impaired T-cell effector function[32,33]. Since OXPHOS is essential for891

sustaining ATP production in activated T cells, the decreased expression of892

OXPHOS-related genes resulted in a decrease in intracellular ATP levels, thereby893

compromising the metabolic processes required for effective immune894

responses[34,35]. Further investigation revealed that FCHO1 loss suppressed mTOR895

signaling, as evidenced by decreased phosphorylation of S6K1 and 4EBP1,896

establishing a mechanistic link between CME dysfunction, mTOR inactivation, and897

mitochondrial metabolic failure in T cells. Functionally, this cascade of metabolic898

impairment was associated with attenuated tumor cell killing in FCHO1-deficient T899

cells.900

Our study demonstrates that FCHO1 plays a critical role in T-cell-mediated anti-901

tumor immunity by coordinating CME-dependent receptor trafficking and902
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mitochondrial energy metabolism. Mechanistically, FCHO1 facilitates internalization903

of the TCR/CD3 complex via CME, sustaining downstream ZAP70-mediated904

signaling and mTOR pathway activation, which in turn supports mitochondrial905

OXPHOS and ATP production required for T-cell cytotoxic function (Figure 8). Loss906

of FCHO1 disrupts this axis, impairing T-cell activation, promoting exhaustion, and907

ultimately reducing anti-tumor immunity. These findings identify FCHO1 as a key908

regulator of T cell-dependent tumor killing and suggest that strategies to enhance909

FCHO1 expression or activity in tumor-infiltrating T cells may represent a novel910

approach to potentiate anti-tumor immunity and improve the efficacy of immune911

checkpoint blockade therapy.912

913

Conclusions914

In summary, this study identifies FCHO1 as a novel immune-regulatory915

molecule with significant clinical relevance in pan-cancer settings, particularly in916

gastrointestinal tumors. FCHO1 promotes T-cell-mediated anti-tumor immunity by917

sustaining clathrin-mediated endocytosis of the TCR/CD3 complex, maintaining918

mTOR-dependent mitochondrial oxidative phosphorylation, and supporting T-cell919

cytotoxic function. High FCHO1 expression correlates with favorable immunotherapy920

outcomes across multiple human cohorts, and its overexpression enhances the921

efficacy of immune checkpoint blockade in preclinical models. These findings922

support FCHO1 as a promising predictive biomarker and potential therapeutic target923

in cancer immunotherapy.924
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Figure 1. Evaluation of FCHO1 expression in the tumor microenvironment (TME) in1088
pancancer. (A) Left: Proportion of annotated cell types in the 28 pan-cancer scRNA-1089
seq datasets. Right: Heatmap showing the distribution of FCHO1 expression among1090
the 28 pan-cancer scRNA-seq datasets. (B) t-distributed stochastic neighbor1091
embedding (t-SNE) plot displaying cell type annotations and FCHO1 expression1092
distribution from two scRNA-seq datasets. The violin plot shows the distribution of1093
FCHO1 within the cell clusters. (C) Heatmap based on seven immune infiltration1094
algorithms (ESTIMATE, TIMER, quanTIseq, xCell, EPIC, CIBERSORT, MCP-1095
counter), showing higher immune infiltration in the high FCHO1 expression group1096
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among 16 solid cancer types. (D-E)Multiplex immunofluorescence staining (DAPI,1097
FCHO1+, CD20+, CD3+, CD68, PanCK) showing co-localization of FCHO1 with1098
CD3 and CD20 markers (gastric and colorectal cancer). Scale bar, 20 μm.1099
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1117
Figure 2. FCHO1 regulates T-cell immune phenotype by clathrin-mediated1118
endocytosis (CME). (A-B) Immunofluorescence and flow cytometry indicate1119
successful delivery of nucleic acids into T cells using a biomolecular condensate1120
delivery system. Scale bar, 20 μm. (C-D) Western blot and qPCR confirm FCHO11121
knockdown in T cells. (E) FCHO1 knockdown affects the proliferation of CD4+ and1122
CD8+ T cells. (F) FCHO1 knockdown affects activation markers in CD4+ and CD8+1123
T cells. (G-H) Immunofluorescence staining and confocal microscopy reveal the co-1124
localization of clathrin and CD3 proteins in Jurkat cells after FCHO1 knockdown or1125
treatment with a CME inhibitor. Scale bar, 20 and 50 μm. (I)Western blot analysis of1126
ZAP70 and ERK1/2 phosphorylation levels in primary human CD3+ T cells1127
following FCHO1 knockdown under anti-CD3/CD28 stimulation. (J) Western blot1128
analysis of ZAP70 and ERK1/2 phosphorylation levels in Jurkat cells following1129
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FCHO1 knockdown under anti-CD3/CD28 stimulation. Data are presented as mean ±1130
s.d. from n = 3 biologically independent experiments. **p < 0.01; ***p < 0.001.1131
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1145
Figure 3. Loss of FCHO1 impairs mitochondrial function and suppresses1146
OXPHOS. (A) Schematic diagram of the RNA-seq workflow. (B)Mfuzz clustering1147
analysis of RNA-seq data identifies nine expression clusters across Jurkat and primary1148
T cells. (C) Heatmap of genes in Cluster 7 reveals enrichment of pathways related to1149
oxidative phosphorylation, mitochondrial function, aerobic respiration, and ATP1150
synthesis-coupled electron transport. (D) Representative fluorescence images and1151
quantification of intracellular ATP levels detected by ATP probe staining in NC, si-1152
FCHO1, DMSO, si-FCHO1+Oligomycin, and si-FCHO1+AICAR groups. (E)1153
Oxygen consumption rate (OCR) analyses of mitochondrial respiration capacity,1154
including basal respiration, maximal respiration, ATP production, and spare1155
respiratory capacity, in Jurkat cells and primary T cells across the indicated treatment1156
groups. (F)Western blot analysis of mitochondrial respiratory chain complex proteins1157
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(CV-ATP5A1, CIII-UQCRC1, CII-SDHB, CIV-MTCO2, CI-NDUFB8) in Jurkat1158
cells and primary T cells across the indicated treatment groups. Data are presented as1159
mean ± s.d. from n = 3 biologically independent experiments. *p < 0.05; **p < 0.01;1160
***p < 0.001.1161
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1169
Figure 4. FCHO1 deficiency impairs mitochondrial homeostasis and suppresses1170
mTOR signaling in T cells. (A) Transmission electron microscopy images of1171
mitochondrial morphology in NC and si-FCHO1 Jurkat cells, with quantification of1172
mitochondrial length and area. Scale bar, 1 and 5 µm. (B, E) Representative1173
fluorescence images and quantification of mitochondrial membrane potential assessed1174
by JC-1 staining in Vehicle, CCCP, NC, and si-FCHO1 groups. The ratio of JC-11175
aggregates to monomers is shown. Scale bar, 10 µm. (C, F) Representative1176
fluorescence images and quantification of mitochondrial membrane potential assessed1177
by TMRE staining in Vehicle, CCCP, NC, and si-FCHO1 groups. Scale bar, 20 µm.1178
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(D, G) Representative fluorescence images and quantification of mitochondrial1179
reactive oxygen species (ROS) levels assessed by MitoSOX Red staining in Control,1180
mSoxUp, NC, and si-FCHO1 groups. Scale bar, 20 µm. (H) Gene Set Enrichment1181
Analysis (GSEA) showing significant negative enrichment of the mTOR signaling1182
pathway in si-FCHO1 primary T cells (NES = -1.5781, Adjusted P = 0.046) and1183
Jurkat cells (NES = -1.5379, Adjusted P = 0.8551). (I)Western blot analysis of p-1184
mTOR, t-mTOR, p-S6K1, t-S6K1, p-4EBP1, and t-4EBP1 in primary T cells and1185
Jurkat cells following FCHO1 knockdown under anti-CD3/CD28 stimulation with or1186
without Rapamycin treatment. (J) Oxygen consumption rate (OCR) analyses of1187
mitochondrial respiration in NC, si-FCHO1, NC+Rapamycin, si-FCHO1+Rapamycin,1188
and si-FCHO1+MHY1485 groups, with quantification of ATP production, basal1189
respiration, maximal respiration, and spare respiratory capacity. Data are presented as1190
mean ± s.d. from n = 3 biologically independent experiments. ns, not significant; *p <1191
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.1192
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1229

1230
Figure 5. FCHO1 modulates T-cell-mediated tumor cell killing. (A) Schematic1231
representation of co-culture experiments using activated OT-1 T cells co-cultured1232
with OVA-expressing tumor cells. (B-C) Western blot and qPCR confirm Fcho11233
knockdown and overexpression efficiency in OT-1 CD8+ T cells. (D-E) Colony1234
formation assays demonstrating the cytotoxic effect of Fcho1 knockdown and1235
overexpressing OT-1 CD8+ T cells on CT26-OVA and MC38-OVA cells, with1236
quantification of surviving colonies. (F-G) Live/dead cell imaging assays of CT26-1237
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OVA and MC38-OVA cells co-cultured with Fcho1 knockdown and overexpressing1238
OT-1 CD8+ T cells at 0 h and 24 h. Representative merged images show live cells1239
(green) and dead cells (red), with quantification of live and dead cell proportions.1240
Scale bar, 200μm. (H-I) ELISA analysis of IFN-γ, TNF-α, and GZMB secretion in the1241
supernatant from co-cultures of CT26-OVA and MC38-OVA cells with Fcho11242
knockdown and overexpressing OT-1 CD8+ T cells. (J) Representative images of HE1243
staining, E-cadherin immunohistochemistry, and Ki-67 immunohistochemistry in1244
tumor tissue (TT) and organoid tissue (OT). Scale bar, 100 μm. (K-L) Representative1245
brightfield images of colorectal cancer organoids cultured alone or co-cultured with1246
FCHO1 knockdown (K) and overexpressing (L) T cells at Day 0 and Day 3, with1247
quantification of organoid area. Scale bar, 20μm. (M-N) Calcein-AM/PI/DAPI1248
staining of gastric cancer organoids co-cultured with FCHO1 knockdown (M) and1249
overexpressing (N) T cells. Calcein-AM (green) indicates live cells, PI (red) indicates1250
dead cells, and DAPI (blue) marks nuclei. Scale bar, 20 μm. (O-P) Quantification of1251
cell viability and cytotoxicity in organoids co-cultured with FCHO1 knockdown (O)1252
and overexpressing (P) T cells. Data are presented as mean ± s.d. from n = 31253
biologically independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not1254
significant; TT: tumor tissue; OT: organoid tissue.1255
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1289

1290

Figure 6. FCHO1 expression in OT-1 T cells modulates anti-tumor immunity1291
and immune checkpoint blockade efficacy in vivo. (A-G) Fcho1 knockdown1292
experiment (B16F10-OVA model). (A) Experimental group information. Group I:1293
B16F10-OVA s.c. (Day 0) + OT-1 T cells i.v. (Day 7, 15 and 23); Group II: B16F10-1294
OVA s.c. (Day 0) + OT-1 T cells si-Fcho1 i.v. (Day 7, 15 and 23); Group III:1295
B16F10-OVA s.c. (Day 0) + OT-1 T cells i.v. (Day 7, 15 and 23) + PD-1 mAb i.p.1296
(Day 12-27, 3-day interval); Group IV: B16F10-OVA s.c. (Day 0) + OT-1 T cells si-1297
Fcho1 i.v. (Day 7, 15 and 23) + PD-1 mAb i.p. (Day 12-27, 3-day interval). (B)1298
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Representative images of subcutaneous tumors from each group at the experimental1299
endpoint. (C) Tumor volume growth curves across the four groups over time. (D-G)1300
Flow cytometry analysis of intratumoral CD8+ T-cell effector function, including1301
Gzmb (D), Ifn-γ (E), Tnf-α (F), and Pd-1 (G) expression, with quantification shown in1302
bar graphs. (H-N) Fcho1 overexpression experiment (B16F10-OVA model). (H)1303
Experimental group information. Group α: B16F10-OVA s.c. (Day 0) + OT-1 T cells1304
(Vec) i.v. (Day 7, 15 and 23); Group β: B16F10-OVA s.c. (Day 0) + OT-1 T cells1305
(mRNA-Fcho1) i.v. (Day 7, 15 and 23); Group γ: B16F10-OVA s.c. (Day 0) + OT-11306
T cells (Vec) i.v. (Day 7, 15 and 23) + PD-1 mAb i.p. (Day 12-27, 3-day interval);1307
Group δ: B16F10-OVA s.c. (Day 0) + OT-1 T cells (mRNA-Fcho1) i.v. (Day 7, 151308
and 23) + PD-1 mAb i.p. (Day 12-27, 3-day interval). (I) Representative images of1309
subcutaneous tumors from each group at the experimental endpoint. (J) Tumor1310
volume growth curves across the four groups over time. (K-N) Flow cytometry1311
analysis of intratumoral CD8+ T-cell effector function, including Gzmb (K), Ifn-γ (L),1312
Tnf-α (M), and Pd-1 (N) expression, with quantification shown in bar graphs. Data1313
are presented as mean ± s.e.m. from n = 5 mice per group. *p < 0.05; **p < 0.01;1314
***p < 0.001.1315
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1349

Figure 7. Multiplex immunofluorescence analysis indicated that high FCHO11350
expression predicts a better response to immunotherapy. Tissue sections from 361351
gastric cancer (A-D) and 24 colorectal cancer (F-I) patients who received neoadjuvant1352
chemotherapy and immunotherapy were stained for FCHO1 (red), CD8 (green), PD-1353
L1 (pink), PanCK (cyan), and DAPI (blue). Average immunofluorescence intensity1354
and ROC curves for gastric cancer (E) and colorectal cancer (J) patient samples.1355
Scale bar, 50 μm. GC: gastric cancer; CRC: colorectal cancer; CR: complete response;1356
PR: partial response; SD: stable disease; PD: progressive disease; Data are presented1357
as mean ± s.d. * p < 0.05; ns, not significant.1358
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1359
Figure 8. Schematic summary of this study. FCHO1 promotes clathrin-mediated1360
endocytosis (CME) of the TCR/CD3 complex, sustaining TCR signal transduction1361
and ZAP70 phosphorylation. In FCHO1-proficient T cells, intact CME maintains1362
downstream mTOR signaling activity, as evidenced by phosphorylation of S6K1 and1363
4EBP1, which in turn supports mitochondrial oxidative phosphorylation (OXPHOS)1364
and ATP generation, thereby preserving T-cell cytotoxic activity and promoting1365
tumor regression. In contrast, FCHO1 deficiency impairs TCR/CD3 internalization,1366
attenuates ZAP70-mediated TCR signaling, suppresses mTOR signaling, and disrupts1367
OXPHOS and ATP production, ultimately leading to diminished T-cell effector1368
function and tumor progression.1369
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