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FCHOL1 sustains mitochondrial oxidative phosphorylation in T cells and predicts
response to cancer immunotherapy
Abstract

Rationale: Immunotherapy has transformed the clinical management of cancer;
however, only a minority of patients achieve durable responses, underscoring the need
for reliable predictive biomarkers and novel therapeutic targets. Here, we identify
FCH domain only protein 1 (FCHO1) as a critical regulator of T-cell-mediated anti-
tumor immunity.

Methods: Integrative analysis of single-cell and bulk transcriptomic data across
multiple cancer types was performed to characterize FCHO1 expression and immune
correlations. Functional studies of FCHOI1 depletion, mechanistic investigations of
endocytic and metabolic signaling, in vivo tumor models, and clinical analysis of
immunotherapy cohorts and gastrointestinal cancer patients receiving neoadjuvant
chemoimmunotherapy were conducted.

Results: FCHOI is predominantly expressed in tumor-infiltrating immune cells,
particularly T cells, and is positively correlated with immune activation and T-cell
infiltration in the tumor microenvironment (TME). FCHO1 depletion impaired T-cell
proliferation, activation, and cytotoxicity —while promoting exhaustion.
Mechanistically, FCHO1 facilitates clathrin-mediated endocytosis (CME) of the
TCR/CD3 complex, sustaining downstream m7TOR signaling and mitochondrial
oxidative phosphorylation (OXPHOS), thereby maintaining the metabolic fitness
required for effective T-cell anti-tumor responses. In vivo, FCHOI1 overexpression
enhanced T-cell-mediated tumor killing and potentiated the efficacy of immune
checkpoint blockade. Clinically, high FCHOI1 expression was associated with
improved overall survival and progression-free survival across multiple
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immunotherapy cohorts and with objective responses to neoadjuvant
chemoimmunotherapy in gastrointestinal cancer patients.

Conclusions: These findings establish FCHO1 as a promising predictive
biomarker and therapeutic target for enhancing anti-tumor immunity in cancer
immunotherapy.

Keywords: FCHOI1, T cells, Tumor microenvironment, Cancer Immunotherapy.

Introduction

Cancer remains one of the leading causes of mortality worldwide[1], despite
significant advancements in traditional treatments such as surgery, chemotherapy, and
radiotherapy. The emergence of immunotherapy in recent years has revolutionized
cancer treatment, offering promising therapeutic strategies with the potential for long-
lasting clinical benefits[2]. Immune checkpoint inhibitors (ICIs), adoptive T-cell
therapies, and cancer vaccines have been shown to have efficacy in a variety of
cancers, including melanoma, non-small cell lung cancer, and bladder cancer[3-5].
However, the efficacy of immunotherapy is often limited by resistance, immune-
related adverse events, and a lack of predictive biomarkers for therapeutic response|[6-
8]. Consequently, identifying reliable biomarkers to predict immunotherapy efficacy
remains a critical objective for improving treatment outcomes and decrease adverse
effects.

The tumor microenvironment (TME) is a complex and dynamic milieu,
consisting of a variety of cell types, including malignant cells, immune cells,
fibroblasts, endothelial cells, and extracellular matrix components[9]. The immune
component of the TME plays a crucial role in determining tumor progression and

therapeutic response[10]. Tumor-infiltrating lymphocytes (TILs), particularly CD4+
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and CD8+ T cells, have been shown to be correlated with a better prognosis and
response to immunotherapy[11,12]. However, within the TME, T-cell function is
frequently suppressed, causing T-cell exhaustion, characterized by the upregulation of
inhibitory receptors, such as programmed cell death 1 receptor (PD-1), cytotoxic T-
lymphocyte antigen 4 (CTLA-4), and T-cell immunoglobulin and mucin-containing
protein 3 (7IM-3)[13]. Elucidating the molecular mechanisms that govern immune
cell infiltration and function within the TME is therefore essential for developing
more effective immunotherapy strategies.

Clathrin-mediated endocytosis (CME) is essential for the internalization of
membrane proteins involved in cellular signaling, development, and immune
regulation[14]. The dysregulation of CME-related proteins has been implicated in
tumorigenesis and metastasis[15]. For example, disabled homolog 2 (DAB2), a CME
adaptor protein, is frequently downregulated in various cancers and is involved in
mediating key oncogenic processes, such as apoptosis, migration, and epithelial—
mesenchymal transition (EMT)[16]. FCH only domain 1 (FCHOI), a defined coat
nucleator in CME[17], is a modulator of innate and adaptive immunity[18].
Autosomal recessive FCHOI deficiency has been reported in combined
immunodeficiency, characterized by lymphoproliferation, malignancy susceptibility,
growth failure, and autoimmune manifestations, including Guillain—Barré
syndrome[19,20]. These clinical observations implicate FCHO! as a critical regulator
of T-cell biology; however, its role in T-cell-mediated anti-tumor immunity within the
TME remains unexplored.

In this study, we investigated the role of FCHOI in the TME, with a focus on its
effect on T-cell function and anti-tumor immunity. Using a comprehensive multi-
omics approach, we demonstrated that FCHO! is predominantly expressed in immune
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cells within the TME across multiple cancer types, particularly in gastrointestinal
cancers, and is closely associated with T-cell infiltration and immune activation.
Functional assays revealed that FCHOI modulates T-cell activation, exhaustion, and
cytotoxicity through clathrin-mediated endocytosis of the TCR/CD3 complex and
downstream regulation of mitochondrial oxidative phosphorylation via m7TOR
signaling. In vivo experiments showed that FCHOI depletion impaired T-cell-
mediated tumor killing, whereas FCHOI overexpression enhanced anti-tumor
immunity and potentiated the efficacy of immune checkpoint blockade. Importantly,
high FCHOI expression in T cells correlated with improved clinical outcomes
following immunotherapy across multiple human cohorts, supporting its potential as a

predictive biomarker for patient selection and treatment response.

Materials and methods
Data sources

We collected 28 pan-cancer single-cell RNA sequencing (scRNA-seq) datasets,
consisting of 327 individual samples and 710,030 cells, to evaluate the expression of
FCHOI within the TME. The Seurat R package, a widely utilized tool for scRNA-seq
data analysis, was used to process these extensive datasets, which contained 16
different cancer types. Raw data were obtained from public repositories, including the
Gene Expression Omnibus (GEO), Array Express and the European Genome-
phenome Archive (EGA). To ensure data integrity, cells having fewer than 500
detected genes or those with mitochondrial gene expression exceeding 5%, were
excluded from the analysis. Principal Component Analysis (PCA) was conducted for
dimensionality reduction, with the optimal number of principal components
determined using the elbow plot method. These components were subsequently used
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for cell clustering, followed by t-distributed Stochastic Neighbor Embedding (t-SNE)
for further dimensional reduction. Cells were annotated using known marker genes or
by retrieving annotations from their respective original datasets. Differential gene
expression was assessed using the FindAllMarkers function with default thresholds of
logFC > 0.25 and a minimum percentage of cells expressing the gene (min.pct) > 0.1.
See detailed information in Table S1. The Cancer Genome Atlas (TCGA) database is
currently the largest cancer gene information database, including gene expression data,
copy number variation and clinicopathological data[21]. The original mRNA
expression data of 33 tumors were downloaded for subsequent analyses. The gene
expression data of different tissues were downloaded from the Genotype-Tissue
Expression (GTEx) database and merged with the TCGA data, and they were
corrected by the log2 method to calculate the difference in gene expression in
different cancers using the Kruskal-Wallis test. The data from each tumor cell line
were downloaded from the Cancer Cell Line Encyclopedia (CCLE) database, and the
gene expression level in these tumor cells was analyzed according to the source. The
Human Protein Atlas (HPA) is a program for mapping human proteins in cells, tissues,
and organs using the integration of various omics technologies[22,23]. Therefore, we
used the HPA database to illustrate the distribution of FCHOI protein in normal
tissues. The datasets (GSE10950, GSE35834, GSE62932, GSE74602, GSE26899,
GSE172032, GSE29272, and GSE66229) containing clinical samples with both
normal and tumor tissues from CRC and GC were downloaded from the GEO.

To verify the prognostic value of the FCHO! for immunotherapy sensitivity, we
further selected 11 immunotherapy data sets from patients with urothelial cancer
(IMvigor210; GSE176307; ccRcc), melanoma (Nathanson, PRJEB23709,
SRP067586; GSE100797), non-small cell lung cancer (GSE91061; GSE126044;
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GSE135222), gastric cancer (GSE179351) and colorectal and pancreatic cancer
(GSE179351), to analyze the OS, PFS and different immunotherapy responses.
Analyses of Immune Cell Infiltration

The ESTIMATE algorithm and the "immunedeconv" R package (integrating
TIMER, xCell, MCP-counter, CIBERSORT, EPIC, and quanTIseq) were used to
evaluate the immune cell infiltration landscape across cancers. GSVA enrichment
analyses were conducted using gene sets downloaded from the MSigDB (v7.0), and
implemented through the “GSVA?”, “clusterProfiler”, and “enrichplot” packages to
infer biological pathway changes between high and low expression groups.
Cell culture and transfection

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

using density gradient centrifugation with Ficoll-Paque™. To isolate CD3+ T cells,
the BD IMag™ Human T Lymphocyte Enrichment Set-DM (BD, 557874) was used
for negative selection. This method uses a biotinylated cocktail of monoclonal
antibodies that specifically target non-T lymphocytes, including antigens on
erythrocytes, platelets and peripheral leukocytes. Following antibody incubation, BD
IMag™ Streptavidin Particles Plus-DM, which are magnetic nanoparticles, were used
to label non-T cells. The labeled cells were then removed, using the BD IMag™ Cell
Separation Magnet, leaving the unlabeled T lymphocytes in suspension. The T cells
were then further concentrated through a two-step negative selection process.
The isolated CD3+ T cells were then resuspended in serum-free medium
(SuperCulture), supplemented with 0.5%0 IL-2 (STEMCELL,78036), and stimulated
for 48 hours in 12-well plates (approximately 5x10° cells per well) pre-coated with T

cell activators, including anti-CD3 and anti-CD28 antibodies (STEMCELL, 10971).
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The activation process was maintained for 5-7 days, after which activated T cells were
obtained.

Jurkat human T-cell leukemia cells were cultured in RPMI-1640 medium
(Nacalai Tesque) supplemented with 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin-antimycotic solution. Cells were maintained at 37 °C in a
humidified incubator with 5% CO: and 95% air.

The mouse colorectal cancer cell line CT26-OVA was cultured in RPMI-1640
medium, while the MC38-OVA cell line was cultured in DMEM medium. Both
culture media were supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. Cells were maintained in a 37 °C incubator with 5% CO?2,
and passaged every 3 days. After passaging, cells were seeded at a density of 2 x 1076
cells per 100 mm culture dish. Cells were harvested once they reached approximately
80% confluence. OT-1 CD8+ T cells were isolated from 6-8 week-old female OT-1
mice, using the Mouse CD8+ T Cell Isolation Kit (STEMCELL, 19053), following
the manufacturer’s protocol. RPMI-1640 medium was supplemented with 50 uM j-
mercaptoethanol, 10 mM of HEPES, 1 mM of sodium pyruvate, and 1% penicillin-
streptomycin. To activate CD8+ T cells, 24-well plates, pre-coated with anti-CD3 and
anti-CD28 (STEMCELL, 100-1572) antibodies, were used to stimulate the cells for 2
days. Following the stimulation, the culture medium was replaced, and recombinant
mouse IL-2 (BioLegend, 575402) was added to support the proliferation and
activation of CD8+ T cells.

The siRNA sequences targeting FCHOI, and Fchol, with their respective negative
control sequences, were designed and synthesized. These sequences were synthesized
by Genomeditech Co., Ltd. A complete list of all sequences is provided in Table S2.
For the design and synthesis of human FCHOI (hFCHO1) and mouse Fchol
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(mFchol) mRNA, the plasmid DNA template, containing the gene of interest (GOI)
flanked by the 5' untranslated region (UTR) and a 3' polyA tail, is linearized by
digestion with Sapl. The linearized DNA template was then purified to remove any
residual contaminants. In vitro transcription (IVT) was carried out using the linearized
DNA template, T7 RNA polymerase, NTP mixtures, IVT reaction buffer, and the cap
analog AG for co-transcriptional capping. The transcribed mRNA was subsequently
purified via LiCl precipitation or magnetic bead-based purification. Following

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

temperatures < -65 °C to maintain stability. This method ensures the production of

high-quality mRNA for transfection into primary T cells. Transfection was performed
using the Transfection kit (ProteanFect™) following the manufacturer’s instructions.
Western blot

Total protein was extracted from T cells using RIPA lysis buffer (Beyotime) for
western blot analysis. Protein samples were separated by SDS-PAGE, according to
their molecular weights and transferred to a PVDF membrane for antibody incubation.
Immunodetection was performed with primary antibodies, and the target proteins are
listed in Table S3. Protein blots were visualized using the iBright imaging system
(Invitrogen).
RNA Purification and RT-PCR Analyses

RNA was extracted using Trizol, according to the manufacturer’s instructions
and then reverse-transcribed with the RT SuperMix kit for qPCR (Vazyme). RT-
qPCR was performed using SYBR Green PCR Master Mix (Biorad). The 2-AACT
method was used to quantify relative gene expression. Relevant sequencing primers
are listed in Table S4.

RNA Sequencing Analysis
10
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RNA quality was assessed using the A260/A280 ratio on a Nanodrop ND-2000
system (Thermo Scientific), and RNA integrity number (RIN) was determined on an
Agilent Bioanalyzer 4150 system (Agilent Technologies). Only RNA samples with
satisfactory quality were used for library preparation. Paired-end libraries were
prepared using the ABclonal mRNA-seq Library Prep Kit (ABclonal), following the
manufacturer's instructions. mRNA was isolated from 1 pg total RNA using oligo(dT)
magnetic beads, fragmented, and converted into cDNA. The library was amplified by
PCR, purified using the AMPure XP system, and quality was assessed on an Agilent
Bioanalyzer 4150 system. Sequencing was performed on the Illumina Novaseq 6000
platform. The data were processed and analyzed using an in-house bioinformatics
pipeline at Shanghai Applied Protein Technology. To investigate the transcriptional
changes induced by FCHOI knockdown, RNA-seq data were clustered using the
“Mfuzz” and “pheatmap” R packages to identify distinct gene expression patterns.
Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were performed to explore the biological
functions and signaling pathways associated with the differentially expressed genes.
Gene Set Enrichment Analysis (GSEA) was also conducted to further identify key
pathways affected by FCHOI deficiency.

Flow cytometric analyses

Cells were harvested, centrifuged, washed and resuspended in 100 pL of pre-
cooled 1% BSA solution dissolved in PBS. The cells were then stained in the dark,
according to the manufacturer's instructions, with a flowing antibody bound to a
specific fluorescent dye, at the recommended concentration for 30 min. The specific
antibodies used are listed in Table S3. After unbound antibodies were discarded,
corresponding fluorescence signals were recorded using the CytoFLEX S flow
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cytometer (Beckman). Various groups, including a blank group, a single antibody-
stained group and a sample group, were used for voltage adjustment and
compensation.
Immunofluorescence staining of cells

Cells were seeded onto coverslips in 24-well plates and allowed to adhere
overnight. After appropriate treatment, cells were washed with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde for 15 minutes at room temperature.
Subsequently, cells were permeabilized with 0.1% Triton X-100 in PBS for 10
minutes and blocked with 5% bovine serum albumin (BSA) for 1 hour at room
temperature. to prevent nonspecific binding. Cells were incubated with primary
antibodies diluted in blocking buffer at 4 °C overnight. The specific antibodies used
are listed in Table S3. After washing with PBS, cells were incubated with species-
appropriate fluorophore-conjugated secondary antibodies for 1 hour, at room
temperature, in the dark. Nuclei were counterstained with DAPI for 5 minutes.
Coverslips were mounted using antifade mounting medium. Fluorescent images were
captured using a confocal laser scanning microscope (Zeiss LSM 880), and image
processing was performed using ImagelJ software.
Transferrin uptake assay

Jurkat cells and T cells were detached using PBS containing 10 mM EDTA and
subsequently serum-starved in DMEM at 37 °C for 30 minutes. After washing with
glucose buffer (PBS supplemented with 20 mM glucose and 1% BSA), both the cells
and AlexaFluor 488-labeled transferrin (Thermo Fisher Scientific) were chilled on ice.
The cells were incubated with 25 ng/ml of the fluorescently labeled transferrin on ice
for 10 minutes. Following this, the cells were shifted to 37 °C for various durations to
allow internalization. At the designated time points, surface-bound transferrin was

12
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removed using an acid wash solution (PBS with 0.1 M glycine and 150 mM NaCl, pH
3), and internalized fluorescent transferrin was quantified by confocal fluorescent

microscopy.

Oxygen consumption rate analysis

The oxygen consumption rate of T cells and Jurkat cells were assessed using the
Seahorse XF96 Flux Analyzer (Seahorse Biosciences, USA), in conjunction with the
XF Cell Mito Stress Test Kit and XF96 FluxPak reagents (Agilent Technologies,
USA). Cells (2 x 10* per well) were seeded into XF96 microplates and incubated
overnight. Baseline OCR was recorded prior to the sequential administration of
oligomycin, FCCP (an uncoupler of mitochondrial membrane potential[24]), and a
combination of rotenone and antimycin A (Rote/AA), which inhibit mitochondrial
complexes I and III[25], respectively. Final OCR values were normalized to the total

protein content of each well.

TCR internalisation assays

To assess TCR internalization, FCHOI-sufficient, -deficient, T cells and Jurkat
cells, were seeded onto poly-D-lysine (0.1 mg/mL) and anti-CD3 and anti-clathrin
coated glass coverslips. After incubation for the indicated time, cells were fixed with
3% formaldehyde, and autofluorescence was quenched using 50 mM of NH4Cl. Cells
were permeabilized and blocked in PBS with 0.1% BSA and 0.05% saponin, followed
by staining with mouse anti-CD3 and Alexa Fluor 594-conjugated goat anti-mouse
IgG, rabbit anti-clathrin and Alexa Fluor 488-conjugated goat anti- IgG. Nuclei were
counterstained with DAPI. Coverslips were mounted using Fluoromount-G and dried

in the dark overnight. Imaging was performed on a ZEISS LSMS800 confocal
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microscope. We used Fiji software to quantify the number of CD3 and clathrin co-

localization in Jurkat cells and T cells from the NC and si-FCHO! groups.

Intracellular ATP Detection

Intracellular ATP levels were assessed using the pCMV-AT1.03 ATP fluorescent
probe (Beyotime, D2604), a FRET-based biosensor in which intracellular ATP
binding induces conformational changes that alter the ratio of FRET emission (527
nm) to donor emission (475 nm). Jurkat cells were transfected with the pCMV-
AT1.03 plasmid and, at 24-48 h post-transfection, subjected to the indicated
treatments. Fluorescence was acquired by confocal microscopy (excitation 435 nm),
and the FRET ratio (527 nm / 475 nm) was quantified using Image] as a surrogate

index of intracellular ATP concentration.

Mitochondrial membrane potential assessment by JC-1

Mitochondrial membrane potential (A¥Ym) was assessed using the JC-1
Mitochondrial Membrane Potential Assay Kit (Beyotime, C2006) according to the
manufacturer's instructions. Jurkat cells were incubated with JC-1 working solution at
37 °C for 20 min in the dark, washed, and imaged by confocal microscopy. CCCP (10
uM, 20 min) was used as a positive control for membrane depolarization. The ratio of
red J-aggregate (excitation 525 nm, emission 590 nm) to green monomer (excitation
490 nm, emission 530 nm) fluorescence was quantified using ImagelJ as an index of

A¥Ym.

Mitochondrial membrane potential assessment by TMRE

Mitochondrial membrane potential was independently validated using the TMRE

Mitochondrial Membrane Potential Assay Kit (Beyotime, C2001S) according to the
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manufacturer's instructions. Jurkat cells were incubated with TMRE working solution
(1x) at 37 °C for 15-30 min in the dark, washed, and imaged by fluorescence
microscopy (excitation 550 nm, emission 575 nm). CCCP (10 uM, 20 min) was used
as a positive control. Fluorescence intensity was quantified using ImageJ and

normalized to the vehicle-treated control.

Mitochondrial superoxide detection

Mitochondrial superoxide levels were measured using the MitoSO™ Red
Mitochondrial Superoxide Assay Kit (Beyotime, S0061) according to the
manufacturer's instructions. Jurkat cells were incubated with MitoSO™ Red working
solution (5 uM) at 37 °C for 30 min in the dark, washed, and imaged by confocal
microscopy (excitation 510 nm, emission 580 nm). mSoxUp (1%, 4 h) was used as a
positive control for mitochondrial superoxide accumulation. Mean fluorescence

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

In vitro cytotoxicity assay

CT26-OVA and MC38-OVA cells were cultured in 96-well plates until they
reached approximately 70% confluency. To investigate the cytotoxic effect of OT-1
CD8+ T cells on tumor cells, tumor cells were co-cultured with activated OT-1 CD8+
T cells for 24 hours. IncuCyte™ Cytotox Reagents (Sartorius) were added to the
culture (5:1 ratio) to assess cytotoxicity. Cytotox Red Reagent was added at the 24-
hour mark to indicate dead cells. Importantly, these reagents do not interfere with the
growth of normal cells. When cells undergo apoptosis or necrosis, the loss of plasma
membrane integrity allows the reagent to bind to DNA, resulting in increased red
fluorescence. Cells were then analyzed using a confocal laser scanning microscope,

where cells displaying red fluorescence were classified as dead.
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In a parallel experiment, tumor cells and OT-1 CD8+ T cells were co-cultured in
six-well plates under the same conditions for 24 hours. After co-culture, T cells were
carefully washed away using PBS, and the remaining adherent tumor cells were fixed
with 4% paraformaldehyde for 15 minutes. Following fixation, the tumor cells were
stained with crystal violet for 30 minutes to visualize and quantify the remaining
viable cells.

ELISA

The supernatant from the co-cultured cells was collected and analyzed to measure
the levels of interferon-gamma (/FN-y), tumor necrosis factor alpha (TNF-a), and
granzyme B (GZMB), using ELISA kits (Table S3). The supernatant was centrifuged
at 4,000 rpm for 20 minutes at 4 °C to remove any debris, and the cleared
supernatants were then stored at -80 °C until they were used for the ELISA assay. The
ELISA kits were used following the manufacturer’s instructions to ensure accurate
measurements of the cytokine and enzyme levels in the supernatant.

Patient-derived organoid construction

Colorectal tumor tissues were obtained from patients at the Seventh Affiliated
Hospital of Sun Yat-sen University. The study protocol was approved by the Research
Ethics Committee of the Seventh Affiliated Hospital of Sun Yat-sen University, and
all participants provided written informed consent. The acquisition of biological
speciments strictly followed the principles of the Declaration of Helsinki.

Fresh sterile tumor tissues were placed in phosphate-buffered saline (PBS)
supplemented with penicillin-streptomycin and maintained on ice. Under a biosafety
cabinet, tissues were minced into small fragments on ice and transferred to a 15-mL
tube. Digestion was performed in DMEM containing 10% fetal bovine serum and

collagenase V (1 mg/mL) at 37 °C for 1 h, with intermittent shaking every 15 min.
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Digestion was terminated by addition of cold PBS, followed by centrifugation at 300
x g for 10 min at 4 °C. The pellet was further digested with TrypLE (Thermo Fisher)
at 37 °C for 5 min, and the reaction was stopped with cold PBS. The cell suspension
was filtered through a 40-um nylon mesh strainer and centrifuged at 1000 rpm for 5
min. The resulting cells were resuspended in DMEM, mixed with pre-chilled Matrigel
(BioCoat) at a 1:1 ratio, and seeded as 10-uL droplets in 6-well plates. After Matrigel
polymerization at 37 °C for 30 min, complete human colorectal cancer organoid
culture medium (Solarbio) was added, and organoids were maintained at 37 °C in a
5% CO2 humidified incubator.

For passaging, organoids were washed with PBS, dissociated with TrypLE at
37 °C for 15 min, and centrifuged at 7000 rpm for 8 min. The pellet was resuspended
in DMEM containing 10% fetal bovine serum, mixed 1:1 with Matrigel, and re-
seeded. Culture medium was replaced every 3—5 days by exchanging half of the
medium volume, and organoids were passaged every 7-8 days. Organoid viability was
assessed using the Cell Counting Kit-8 (CCK-8) assay (Yeasen) according to the
manufacturer's instructions. All co-culture experiments were performed using
organoids within passages 1-3 (P1-P3).
In vivo tumor assay

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

inoculated with either 5 x 10° MC38-OVA or B16F10-OVA cells. Mice were
randomly assigned to experimental groups as detailed in the group information shown
in Figures S6, S7, and Figure 6. For knockdown experiments, OT-1 T cells were
transfected with NC or si-Fchol siRNA prior to adoptive transfer. For overexpression
experiments, OT-1 T cells were transfected with Fchol-encoding mRNA or empty
vector control in vitro prior to adoptive transfer.
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On day 7 post-tumor inoculation, when subcutaneous tumors became palpable,
OT-1 T cells were administered via intravenous (i.v.) injection to the indicated
subgroups, with repeat injections on days 15 and 23. For PD-1 blockade, 200 pg of
anti-PD-1 monoclonal antibody (Selleck, A2122) was administered by intraperitoneal
(i.p.) injection every 3 days beginning on day 12 post-tumor inoculation, continuing
for 2 weeks. Tumor volume was monitored at regular intervals. Mice were sacrificed
on day 31 post-tumor inoculation; tumors were excised, photographed, and weighed.
For MC38-OVA experiments, tumor tissues were embedded in paraffin, sectioned,
and subjected to IHC analysis to evaluate immune cell infiltration and expression of
key immune markers; specific antibodies are listed in Table S3.

For B16F10-OVA experiments, tumor-infiltrating lymphocytes were isolated
from excised tumors and analyzed by flow cytometry. Single-cell suspensions were
prepared by mechanical dissociation followed by density gradient centrifugation.
Cells were stained with fluorochrome-conjugated antibodies against Gzmb, Ifn-y, Tnf-
o, and Pd-1, and acquired on a flow cytometer. Data were analyzed using FlowJo
software (v10.8.1).

Patients and tissue samples

GC and CRC paraffin-embedded slices of surgical specimens were collected
from 60 patients who underwent surgery at Seventh Affiliated Hospital of Sun Yat-
sen University between 2019 and 2024. Based on the response of the patients, they
were classified into four categories: complete response (CR) (GC:n=11, CRC:n=6),
partial response (PR) (GC:n=9, CRC:n=8), stable disease (SD) (GC:n=7, CRC:n=7)
or progressive disease (PD) (GC:n=9, CRC:n=3). All patients provided informed
consent and had received neoadjuvant chemotherapy supplemented with anti-PD-1
therapy. The CPS (Combined Positive Score) for each patient, representing the total
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number of PD-LI positive tumor cells and PD-LI positive tumor-associated immune
cells per 100 tumor cells, was collected for the study. All patients were regularly
followed up. The study was approved by the Medical Ethics Committee of the
Seventh Affiliated Hospital of Sun Yat-sen University, and written informed consent
was obtained from all patients who provided samples. All patients had histologically
confirmed diagnoses of GC or CRC.

Histological and immunohistochemical analyses

For HE staining, paraffin-embedded tissue sections underwent a series of
preparatory steps, including dewaxing, rehydration, antigen retrieval, and antigen
blocking. Hematoxylin and Eosin staining were performed sequentially.

For THC, the expression of specific molecules in paraffin-embedded tissue
sections was analyzed by immunohistochemical staining. Tissue sections were
incubated with target antibodies, with the specific antibodies used listed in Table S3.
After washing, sections were incubated with anti-rabbit/mouse IgG secondary
antibody and DAB reagents. Each case was then scored by a pathologist blinded to
the study.

For multiplex immunofluorescence staining, primary antibodies were incubated
with the tissue sections, followed by incubation with HRP-labeled secondary
antibodies. The Opal signal was generated using a TSA amplification working
solution combined with a tyramide signal amplification reagent (1:200). Antigen
retrieval was performed using a microwave heating method. The tissue was placed in
Ethylene Diamine Tetraacetic Acid (EDTA) antigen retrieval buffer, heated to boiling
on high power, and maintained on low power for 10 minutes. After heating, the
retrieval buffer was removed and allowed to cool to room temperature. Sections were
then stained with additional primary antibodies as per the protocol (specific antibodies
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listed in Table S3). The Whole Slide Scanner VS200 (Olympus) was used to obtain
both single-channel and merged images, which were then analyzed using the XV
Viewer software. The expression levels and spatial distribution of marker proteins
within the tumor microenvironment were assessed in five randomly selected fields at
40x magnification from each gastric or colorectal cancer section. Representative
images were extracted and processed with ImageJ (v1.8.0) to quantify fluorescence
intensity and sample area.
Statistical Analyses

R software (V.4.1.1) and associated R packages were used for data analyses,
such as the “limma” package for difference analyses and the “survminer” package for
survival analyses. The data analyses in this study were primarily conducted using
GraphPad Prism V.8.0, with a priori statistical significance set at p < 0.05.
Comparative analyses were performed using independent t-tests between groups,
while categorical data were analyzed using the y? test. No artificial intelligence (Al)
tools were used for study design, data collection, data analysis, or figure generation in
this study; Al (Biomni, Phylo) was used only for language editing, as stated in the

Acknowledgements.

Results
FCHOI Expression in Immune Cells of the Tumor Microenvironment

The analysis of normal tissues and pan-cancer cell lines indicated FCHO!I is
highly expressed in immune-rich organs, including lymph nodes, spleen, appendix,
and hematopoietic tissues, whereas its expression is significantly lower in the lung,
prostate, cervix, and smooth muscle (Figure S1A-B). FCHOI was significantly
overexpressed in T cells, B cells, and NK cells (Figure S1C). To determine the

20



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

expression of FCHOI within the TME, we analyzed 28 pan-cancer single-cell RNA
sequencing (scRNA-seq) datasets, encompassing a total of 710,030 cells. In 16 cancer
types, FCHOI was predominantly expressed in immune cells, particularly B cells, T
cells, and macrophages, at levels significantly greater in malignant cells and other
TME cell populations, such as epithelial, endothelial, and fibroblastic cells (Figure
1A). Additional subgroup analysis of colorectal cancer (GSE179784) and breast
cancer (EMTABS8107) indicated that, based on t-distributed stochastic neighbor
embedding (t-SNE), FCHO1 was predominantly expressed in T and B cells (Figure
1B). To further elucidate the distribution and potential functional implications of
FCHOI in tumors, we integrated immune infiltration data from The Cancer Genome
Atlas Program (TCGA) across 16 solid tumor types, using a variety of analytical tools,
including Estimation of STromal and Immune cells in MAlignant Tumor tissues using
Expression data (ESTIMATE), Tumor Immune Estimation Resource (TIMER),
Quantitative Tissue Immune Estimation by RNA-seq (quanTIseq), Microenvironment
Cell Populations-counter (MCP-counter), Estimating the Proportions of Immune and
Cancer cells (EPIC), Cell-type Identification By Estimating Relative Subsets Of RNA
Transcripts (CIBERSORT) and Xcell. These analyses indicated a significant positive
correlation between FCHOI expression and immune infiltration, particularly for
CD4+ T cells, CD8+ T cells, and B cells (Figure 1C). Multiplex immunofluorescence
assays of gastric and colorectal cancer tissues confirmed that FCHO! primarily co-
localizes with T and B cells, rather than macrophages or tumor cells (Figure 1D-E).
To determine the biological functions of FCHOI, pathway enrichment analysis,
using Gene Set Variation Analysis (GSVA), indicated immune and inflammatory
pathways, including interferon-y and a responses, complement activation, IL2-Signal
transducer and activator of transcription 5 (STATS) signaling, and IL6-Janus
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activated kinase (JAK)-STAT3 pathways, were consistently enriched in high FCHOI-
expressing groups (Figure S2A). Conversely, for oxidative phosphorylation, bile acid
metabolism, lipogenesis and fatty acid metabolism, there was a significant inverse
correlation with FCHOI expression. Kyoto Encyclopedia of Genes and Genome
(KEGG) pathway enrichment analysis further validated a significant positive
correlation with T cell and B cell receptor signaling pathways (Figure S2B-C), while
hallmark analysis indicated the involvement of cell cycle progression and
inflammation, and the suppression of angiogenesis and metabolic processes (Figure
S2D-E).

Further analysis of TCGA and Genotype-Tissue Expression (GTEx) datasets
indicated that FCHO1 expression was significantly increased in tumor samples across
more than 20 cancer types, compared to adjacent normal tissues (Figure S1D-F). To
validate these findings in gastrointestinal cancers, we analyzed FCHOI expression in
colorectal and gastric cancer datasets from Gene Expression Omnibus (GEO), and
further confirmed its expression at the mRNA and protein levels in 10 paired patient
samples (Figure S3A-B). Multiplex immunofluorescence staining further
demonstrated that FCHOI expression was markedly elevated in both gastric and
colorectal cancer tissues compared to matched normal tissues, and that FCHO! co-
localized predominantly with CD8+ T cells rather than Pan-CK+ tumor cells within
the tumor microenvironment (Figure S3C-D). In conclusion, our comprehensive
multi-omics pan-cancer analysis indicated that FCHOI was broadly expressed in

tumor-infiltrating lymphocytes in the TME of solid tumors.
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FCHOI Regulates T Cell Inmune Phenotype via Clathrin-Mediated Endocytosis

To determine the specific role of FCHOI in lymphocytes, peripheral blood
mononuclear cells (PBMCs) were isolated from healthy donors, followed by CD3+ T-
cell isolation using the BD IMag™ Cell Separation Magnet bead method. Small
interfering RNA (siRNA) targeting FCHO! and negative controls were delivered into
T cells using a biomolecular condensate system, and immunofluorescence analysis
confirmed successful nucleic acid delivery into T cells (Figure 2A-B). Knockdown of
FCHOI was confirmed at both the mRNA and protein levels (Figure 2C-D). Flow
cytometry analysis indicated that FCHOI knockdown significantly inhibited the
proliferation of CD4+ and CD8+ T cells (Figure 2E), suggesting that FCHOI plays
an important role in T-cell proliferation. FCHOI knockdown also produced a
significant decrease in the expression of activation markers CD25 and CD69 in both
CD4+ and CD8+ T cells (Figure 2F), further supporting the crucial role of FCHO! in
maintaining T-cell activation.

FCHOI is a key molecule involved in clathrin-mediated endocytosis (CME), and
the transferrin receptor is a well-established marker for clathrin-dependent uptake. To
further determine whether FCHO! deficiency impairs CME in T cells, we assessed
transferrin receptor internalization. Jurkat cells and primary T cells were incubated
with fluorescently labeled transferrin at low temperature, followed by a shift to
physiological temperature to allow internalization. FCHO! knockdown significantly
impaired transferrin uptake in both Jurkat cells and primary T cells compared to
negative controls (Figure S4A-B), confirming that FCHO! is required for efficient
CME.

T-cell activation and effector functions are primarily dependent on the extent and
specificity of TCR-mediated signaling. The CD3 complex, an essential component of
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the TCR complex, is crucial for mediating T-cell activation. To determine whether
FCHOI modulates T-cell activation by affecting CME of the TCR complex,
immunofluorescence and confocal microscopy were performed. Treatment with
Dynasore, a dynamin GTPase inhibitor that blocks CME, and FCHOI knockdown
both significantly decreased the co-localization of CD3 and clathrin in Jurkat cells
(Figure 2G-H), suggesting that FCHO! regulates TCR membrane dynamics through
CME. CME-mediated internalization of the TCR/CD3 complex is known to facilitate
receptor recycling and sustain downstream signal transduction by concentrating
signaling components within endosomal compartments. To determine whether
impaired CME upon FCHOI knockdown consequently attenuates TCR proximal
signaling, we examined the phosphorylation of ZAP70 and ERK1/2, two key kinases
downstream of TCR engagement. Western blot analysis demonstrated that FCHO1
knockdown markedly reduced the phosphorylation of ZAP70 and ERK1/2 in primary
CD3+ T cells following anti-CD3/CD28 stimulation (Figure 2I), and similar results
were observed in Jurkat cells (Figure 2J). These findings indicate that FCHOI-
dependent CME is required for sustained TCR signal transduction.

Further analysis indicated that FCHOI knockdown upregulated the exhaustion
markers PD-1 and CTLA-4 (Figure S4C), as well as LAG-3 and TIM-3 (Figure
S4D), in both CD4+ and CD8+ T cells. These changes indicate that loss of FCHOI
impairs T-cell activation and promotes T-cell exhaustion, thereby diminishing anti-
tumor immune efficacy. Collectively, these results demonstrate that FCHOI plays a
vital role in maintaining the activation and functional integrity of T cells through

regulation of CME of the TCR complex.
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FCHOI Deficiency Impairs Mitochondrial Oxidative Phosphorylation in T Cells

As a membrane-associated protein, FCHOI may also play roles within the cell
beyond its established function in endocytosis. To determine the downstream
signaling mechanisms affected by FCHOI, we first isolated total RNA from negative
control (NC) and si-FCHO!I groups in both Jurkat cells and primary T cells, followed
by quality control and high-throughput sequencing (Figure 3A). Using the Mfuzz
clustering algorithm, we identified nine expression clusters, with Cluster 7 showing a
consistent downregulation trend in the si-FCHOI group across both cell types
(Figure 3B). Gene heatmap analysis of Cluster 7 revealed enrichment in pathways
related to oxidative phosphorylation, mitochondrial function, aerobic respiration, and
ATP synthesis-coupled electron transport, suggesting impaired mitochondrial function
upon FCHOI loss (Figure 3C). Gene Ontology (GO) and KEGG enrichment analyses
of Cluster 7 genes consistently highlighted mitochondrial function and metabolic
processes, including oxidative phosphorylation, aerobic respiration, and electron
transport chain components (Figure SSA-D). Gene Set Enrichment Analysis (GSEA)
further confirmed that oxidative metabolism-related gene signatures, including ATP
metabolic process, mitochondrial ATP synthesis-coupled proton transport, and
oxidative phosphorylation, were significantly suppressed in both Jurkat cells and
primary T cells after FCHO! knockdown (Figure S5E-F).

To functionally validate these transcriptomic findings, intracellular ATP levels
were assessed by ATP probe fluorescence staining across five experimental groups:
NC, si-FCHO1, DMSO, si-FCHOI + oligomycin (an inhibitor of OXPHOS), and si-
FCHOI + AICAR (an AMPK activator and OXPHOS activator). ATP levels were
significantly decreased in the si-FCHO! group compared to NC, with the si-FCHOI1
+ oligomycin group showing the lowest ATP production. In contrast, AICAR partially
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restored ATP levels in si-FCHOI cells (Figure 3D). Seahorse metabolic flux analysis
further demonstrated that FCHOI knockdown significantly reduced basal respiration,
maximal respiration, ATP-linked respiration, and spare respiratory capacity in both
Jurkat cells and primary T cells. Oligomycin further suppressed these parameters,
while AICAR partially reversed the effects of FCHOI silencing (Figure 3E),
supporting the role of FCHOI! in maintaining mitochondrial energy output. Western
blot analysis of mitochondrial respiratory chain complex proteins (CV-ATP5A1, CIII-
UQCRCI1, CI-SDHB, CIV-MTCO2, and CI-NDUFBS8) confirmed the
downregulation of OXPHOS complexes in si-FCHO/ Jurkat cells and primary T cells

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

FCHOI Deficiency Impairs Mitochondrial Homeostasis and Suppresses mTOR
Signaling

To further characterize the mitochondrial alterations induced by FCHOI
deficiency, transmission electron microscopy (TEM) was performed. FCHOI
knockdown resulted in marked changes in mitochondrial morphology in Jurkat cells,
with significant reductions in both mitochondrial length and area compared to NC
cells (Figure 4A). Assessment of mitochondrial membrane potential by JC-1 staining
revealed a significant decrease in the JC-1 aggregate-to-monomer ratio in si-FCHO1
cells, comparable to the depolarization induced by the uncoupler CCCP, indicating
impaired mitochondrial membrane potential (Figure 4B, E). Consistent results were
obtained with TMRE staining, which showed reduced mitochondrial membrane
potential in si-FCHOI cells relative to vehicle controls (Figure 4C, F). Furthermore,

MitoSOX Red staining demonstrated a significant elevation of mitochondrial reactive
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oxygen species (ROS) in si-FCHOI cells compared to NC controls (Figure 4D, G),
indicating increased mitochondrial oxidative stress upon FCHO! loss.

To investigate the upstream signaling mechanism linking FCHOI-dependent
CME to mitochondrial dysfunction, GSEA was performed on the RNA-seq data. The
mTOR signaling pathway was significantly negatively enriched in si-FCHO! primary
T cells (NES = —1.5781, Adjusted P = 0.046), with a similar trend observed in Jurkat
cells (NES = —1.5379, Adjusted P = 0.8551) (Figure 4H). To validate this at the
protein level, Western blot analysis demonstrated that FCHOI knockdown markedly
reduced the phosphorylation of mTOR, S6K 1, and 4EBP1 in both primary T cells and
Jurkat cells under anti-CD3/CD28 stimulation, and these effects were further
enhanced by Rapamycin treatment (Figure 4I). To establish a causal link between
mTOR signaling suppression and the observed mitochondrial OXPHOS defects,
Seahorse metabolic flux analysis was performed with pharmacological modulation of
mTOR activity. Rapamycin treatment phenocopied the FCHO! knockdown-induced
reduction in mitochondrial respiration, while the mTOR activator MHY 1485 partially
rescued the OXPHOS impairment in si-FCHO! cells, restoring ATP production, basal
respiration, maximal respiration, and spare respiratory capacity (Figure 4J).
Collectively, these findings demonstrate that FCHO! sustains mitochondrial oxidative
metabolism in T cells through activation of the mTOR signaling pathway, establishing

a functional axis linking CME to metabolic fitness in T cells.
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FCHOI Influences T Cell Anti-Tumor Activity

Cytotoxic T lymphocytes (CTLs) are the primary effector cell population
responsible for eliminating tumor cells within the TME[26]. We used a co-culture
system to determine the cytotoxic activity of OT-1 CD8+ T cells in tumor cells. OT-1
CD8+ T cells were activated, in vitro, using anti-CD3 and anti-CD28 antibodies, with
IL-2 supplementation, to increase T-cell activation. Subsequently, siRNA and mRNA
were transfected into the CD8+ T cells, using a biomolecular condensate system to
produce Fchol knockdown and overexpression. These modified T cells were then co-
cultured with the ovalbumin (OVA)-expressing tumor cells, CT26 and MC38 (Figure
5A). The efficiency of the Fchol knockdown and overexpression was confirmed at
the mRNA and protein level (Figure SB-C). In vitro cytotoxicity assays, using crystal
violet staining (Figure 5D) and IncuCyte™ Cytotoxicity Reagents (Figure 5F),
indicated that silencing Fchol significantly impaired T-cell-mediated tumor cell
elimination. In contrast, cytotoxicity was significantly increased in T cells
overexpressing Fchol, indicating a greater efficacy in removing tumor -cells,
compared to the vector control (Vec) group (Figure SE and G). These results
indicated that Fchol plays a critical role in T cell-mediated tumor killing, with Fchol
knockdown inhibiting T-cell effector function and Fchol overexpression increasing
function. Furthermore, Fchol knockdown produced a significant decrease in the
expression of the effector cytokines, interferon-y (/FN-y), tumor necrosis factor-a
(TNF-a), and granzyme B (GZMB) in T cells (Figure SH). In contrast, there was a
significant increase in the expression of these cytokines and granzyme B in T cells
overexpressing Fchol (Figure S5I). To further validate these findings in a
physiologically relevant model, we established patient-derived organoids (PDOs)
from colorectal cancer tissue and confirmed their histopathological characteristics
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(Figure 5J). Under normal conditions, PDOs formed well-structured spheroids. After
co-culturing with T cells for 3 days, the organoids in the FCHOI knockdown group
appeared larger, more translucent, and had lower apoptosis levels, compared to the
control group (Figure 5K). In contrast, organoids co-cultured with FCHOI-
overexpressing T cells were smaller in size and had higher apoptosis levels, compared
to vector control (Figure 5L). Live/dead staining using Calcein-AM and propidium
iodide (PI) indicated that, compared to FCHOI-knockdown T cells, the negative
control T cells were significantly more cytotoxic in the organoids (Figure SM).
Conversely, T cells overexpressing FCHOI had a higher level of cytotoxicity,
producing greater apoptosis in the organoids, further confirming the critical role of
FCHOI in T-cell anti-tumor efficacy (Figure 5N). To directly quantify organoid
viability, CCK-8 assays were performed. Consistent with the imaging results,
organoids co-cultured with FCHOI-knockdown T cells showed significantly higher
cell viability compared to NC controls, while organoids co-cultured with FCHOI-
overexpressing T cells exhibited significantly reduced viability compared to vector
controls (Figure 50-P). Together, these results provide direct quantitative evidence
that FCHOI expression level governs the cytotoxic capacity of CD8+ T cells in

organoid models.

FCHOI Enhances T-Cell-Mediated Immunotherapy Efficacy In Vivo

To explore the role of Fchol in T-cell-mediated anti-tumor immune responses in
vivo, we established a subcutaneous syngeneic MC38-OVA model in C57BL/6 mice
(Figure S6A). In the Fchol knockdown experiment, mice without OT-1 T-cell
therapy showed the most rapid tumor progression, confirming the anti-tumor efficacy

of adoptively transferred OT-1 T cells. Mice treated with Fchol-deficient OT-1 T
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cells had significantly larger tumor volumes and weights compared to NC T-cell-
treated mice (Figure S6B-D), demonstrating that Fchol deficiency impairs T-cell-
mediated tumor suppression. Furthermore, Fchol knockdown attenuated the tumor-
suppressive effect of anti-PD-/ combination therapy. IHC staining demonstrated that
Fchol knockdown decreased intratumoral CD8+ T-cell infiltration and Gzmb and
Tnf-a. expression, while increasing Pd-I and Tigit expression (Figure S6E),
supporting the role of Fchol in maintaining T-cell effector function and preventing
exhaustion.

In the Fchol overexpression experiment using the MC38-OVA model (Figure
S7A), tumor volume and weight were significantly smaller in the Fchol
overexpression group compared to the Vec group (Figure S7B-D), indicating that
Fchol overexpression enhances T-cell-mediated anti-tumor immunity. Notably, the
combination of mRNA-Fchol OT-1 T cells with anti-PD-/ therapy achieved the
greatest tumor suppression among all groups, demonstrating that Fchol
overexpression potentiates immune checkpoint blockade efficacy. ITHC staining
confirmed that Fchol overexpression increased intratumoral CD8+ T-cell infiltration
and Gzmb and Tnf-o. expression, while reducing Pd-1 and Tigit expression (Figure
S7E).

To further validate these findings in an independent tumor model and
characterize the intratumoral immune landscape by flow cytometry, we established a
subcutaneous syngeneic B16F10-OVA model in C57BL/6 mice. In the Fchol
knockdown experiment, si-Fchol OT-1 T cells were significantly less effective at
controlling tumor growth compared to NC controls, and anti-PD-/ therapy only
partially rescued this impairment (Figure 6A-C). Flow cytometry analysis of
intratumoral CD8+ T cells revealed that Fchol knockdown significantly reduced the
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proportions of granzyme B-positive (Gzmb+), Ifn-y+, and Tnf-a+ cells, while
markedly increasing Pd-1 expression (Figure 6D-G), indicating impaired effector
function and enhanced exhaustion. In the Fchol overexpression experiment, mRNA-
Fchol OT-1 T cells significantly enhanced tumor suppression compared to vector
controls, and their combination with anti-PD-/ therapy achieved the greatest anti-
tumor efficacy among all groups (Figure 6H-J). Flow cytometry analysis confirmed
that Fchol overexpression significantly increased the proportions of Gzmb+, Ifn-y+,
and Tnf-o+ intratumoral CD8+ T cells, while reducing Pd-1 expression (Figure 6K-
N). Collectively, these in vivo results across two independent tumor models
demonstrate that FCHO! expression in CD8+ T cells is a critical determinant of anti-

tumor immunity and immune checkpoint blockade efficacy.

FCHOI as a Promising Biomarker for Predicting Immunotherapy Response
Given the significant correlation between FCHQOI and anti-tumor immune
responses, we hypothesized that FCHOI could serve as a predictive biomarker for
immunotherapy efficacy. In 11 human immunotherapy cohorts, patients with high
FCHOI expression had significantly improved overall survival (OS) and progression-
free survival (PFS) (Figure S8 and Figure S9A—-C). Furthermore, clinical response
analyses indicated that high FCHOI expression was significantly correlated with a
greater proportion of complete response (CR) and partial response (PR), whereas the
low-expression group had a higher proportion of progressive disease (PD) and stable
disease (SD) (Figure S9D). These findings indicated a significant positive correlation
between FCHOI expression and clinical benefit from immune checkpoint blockade

(ICB) therapy (Figure S9E).
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To further investigate the predictive potential of FCHOI among cancer tumor
types, we performed pan-cancer analyses based on multiple public immunotherapy
datasets. In 10 murine immunotherapy cohorts, higher FCHOI expression was
significantly correlated with an increased treatment response (Figure S10A). To
assess its value relative to established biomarkers, we compared the area under the
receiver operating characteristic curve (AUC) for FCHOI and several known
predictors. Notably, in 15 out of 25 human immunotherapy cohorts, FCHOI had an
AUC greater than 0.5 (Figure S10B). In comparison, tumor mutational burden (TMB)),
microsatellite instability (MSI) score, T cell clonality, and B cell clonality yielded
AUCs > 0.5 in 8, 13, 9, and 7 cohorts, respectively, indicating that FCHOI may
outperform some conventional biomarkers in certain contexts. Cluster heatmap
analyses indicated that FCHOI expression was significantly negatively correlated
with indicators of T cell dysfunction, immune exclusion, and ICB resistance
phenotypes from Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) screening datasets but was significantly positively correlated with
cytotoxic T lymphocyte infiltration among the majority of immunotherapy cohorts
(Figure S10C-D). Together, these findings suggest that FCHOI may represent a
suitable biomarker linked to immune activation and favorable clinical outcomes in the
context of ICB therapy.

To determine whether FCHO! can specifically predict therapeutic outcomes
among different ICB regimens, we analyzed ROC plotter data comparing FCHOI1
expression to treatment response in patients receiving anti-PD-/, anti-PD-L1, and
anti-CTLA-4 therapies. FCHOI expression was significantly greater in responders
among all immunotherapy patients (Figure S10E). In the anti-PD-/ subgroups,
FCHOI levels has a higher predictive value in patients treated with nivolumab,

32



805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

compared to those receiving pembrolizumab (Figure S10F). There was no significant
difference in predictive capacity between the different anti-PD-L] treatment groups
(Figure S10G). FCHOI1 had the greatest predictive performance in patients receiving
durvalumab, a monoclonal antibody that binds to the programmed cell death ligand,
PD-L1[27] (Figure S10H).

To further evaluate the clinical relevance of FCHOI in the context of
immunotherapy, we analyzed its expression in relation to treatment efficacy in
gastrointestinal cancers. Specifically, we performed multiplex immunofluorescence
(mlIF) staining for pan cytokeratin (PanCK), FCHOI, PD-LI and CDS8, on formalin-
fixed paraffin-embedded tumor tissues from 60 patients with GC and CRC, who
received neoadjuvant immunotherapy and were categorized into CR, PR, SD, or PD
groups. Among these patients, those with favorable responses (CR/PR) had greater
levels of FCHOI, CDS8, and PD-LI, whereas non-responders (SD/PD) showed
significantly weaker staining, particularly in GC cases (Figure 7A—D) and CRC cases
(Figure 7F-I). These results suggested that high FCHOI expression is positively
correlated with immunotherapy responsiveness in gastrointestinal cancers. To further
assess the predictive utility of FCHOI* T cells in the neoadjuvant setting, we
compared its efficacy with CD8 and PD-L1 by analyzing mean fluorescence intensity
(MFI) and combined positive score (CPS). ROC curve analyses were conducted to
quantify the discriminatory power of each marker. In GC patients, FCHOI had an
AUC of 0.70 (95% CI: 0.52—-0.88), outperforming both CD8 (AUC = 0.67, 95% CI:
0.40-0.85) and PD-LI (AUC = 0.68, 95% CI: 0.49-0.88) in predicting the response to
immunotherapy (Figure 7E). Similarly, in CRC patients, FCHOI had an AUC of
0.74 (95% CI: 0.54-0.95), which was greater than that of CD8 (AUC = 0.68, 95% CI:
0.45-0.91) and PD-LI (AUC = 0.72, 95% CI: 0.49-0.96) (Figure 7J). Notably, CPS
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had the highest predictive accuracy, with an AUC of 0.75 (95% CI: 0.58-0.91) in GC
and 0.78 (95% CI: 0.59-0.96) in CRC, outperforming the individual markers CDS,
PD-L1, and FCHOI. These results underscore the clinical utility of FCHOI as a
novel biomarker for predicting immunotherapy response in gastrointestinal cancer,
particularly when used in conjunction with existing markers. Collectively, these
results provide compelling evidence that FCHOI may be a potential predictive
biomarker for immunotherapy response, with broad applicability among different

cancer tumor types and ICB regimens.

Discussion

FCHOI 1is a constituent of the Fes/Cip4 homology Bin/amphiphysin/Rvs (F-
BAR) protein family, and early research focused primarily on its involvement in
coronary artery disease, Alzheimer's disease and Guillain-Barré Syndrome[19,28,29].
However, studies on the functional role of FCHO! in the TME are relatively scarce.
In the present study, single-cell pan-cancer analysis demonstrated that FCHO!I is
predominantly expressed in immune cells within the TME. Gene set variation analysis
(GSVA) and gene set enrichment analysis (GSEA) further revealed that the high
FCHOI expression group is primarily enriched in immune-related pathways,
including T cell receptor signaling, B cell receptor signaling, NK cell-mediated
cytotoxicity, and chemokine signaling. A recent study shows that its deficiency
impairs clathrin-coated pit formation in T cells[30]. Notably, 17 patients with
FCHOI deficiency had severe immune deficiencies[19,20,30], underscoring the non-
redundant role of FCHOI! in immune homeostasis. Our in vitro analyses extended

these observations, demonstrating significant differences in immunosuppressive
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phenotypes between FCHOI knockdown and control T cells, suggesting that reduced
FCHOI expression in tumor-infiltrating T cells may contribute to immune
dysfunction within the TME. In vivo experiments using murine tumor models further
confirmed that FCHOI modulates T cell activity and anti-tumor immune responses,
and that combining FCHOI overexpression with immune checkpoint blockade

potentiated therapeutic efficacy.

Based on these findings, we next examined the clinical relevance of FCHOI
expression in cancer patients undergoing immunotherapy. Analysis of multiple pan-
cancer datasets demonstrated that high FCHOI expression was significantly
associated with improved survival outcomes in patients receiving immunotherapy,
suggesting that FCHOI may facilitate immune cell infiltration, tumor antigen
recognition, and ICI efficacy. Consistent with transcriptomic findings, multiplex
immunofluorescence  (mIF) analysis of gastrointestinal cancer patients
receiving neoadjuvant chemoimmunotherapy revealed that patients achieving
objective responses (CR/PR) exhibited higher FCHOI expression compared to non-
responders (SD/PD). Elevated CD8 and PD-L1 expression in the CR/PR group further
indicated greater immune cell infiltration and more active immune checkpoint
engagement, both of which are essential for effective immunotherapy. Together, these
findings support FCHOI expression as a clinically relevant indicator of a favorable
tumor immune microenvironment and a potential predictive biomarker for

immunotherapy response.

The role of FCHO!I in CME remains to be completely elucidated. Calzoni et al.
reported that FCHO] deficiency impaired transferrin receptor internalization in T-cell

blasts[20], while other studies in fibroblasts suggested only minor effects on CME[30].
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In our study, using Jurkat cells and T cells, consistent with the findings by Calzoni et
al., there was a significant decrease in transferrin uptake after FCHOI silencing,
supporting the hypothesis that FCHO! is required for efficient internalization of the
transferrin receptor in T cells. Furthermore, the loss of FCHO! disrupted the CME
process more broadly, impairing the internalization of the TCR—CD3 complex, a
critical step for sustained T-cell activation[31]. As a result, T-cell functional
responses, including tumor cell killing, were significantly decreased. These findings
suggested that FCHOI regulates T-cell anti-tumor activity by maintaining CME-
dependent receptor trafficking. Transcriptomic profiling of FCHOI-silenced T cells
revealed significant downregulation of genes involved in the oxidative
phosphorylation (OXPHOS) pathway, implicating FCHO!I in the regulation of
mitochondrial bioenergetics — a previously unrecognized function. Similar findings
have been reported in other models, where disruption of mitochondrial respiration
produces impaired T-cell effector function[32,33]. Since OXPHOS is essential for
sustaining ATP production in activated T cells, the decreased expression of
OXPHOS-related genes resulted in a decrease in intracellular ATP levels, thereby
compromising the metabolic processes required for effective immune
responses[34,35]. Further investigation revealed that FCHO! loss suppressed mTOR
signaling, as evidenced by decreased phosphorylation of S6K/ and 4EBPI,
establishing a mechanistic link between CME dysfunction, mTOR inactivation, and
mitochondrial metabolic failure in T cells. Functionally, this cascade of metabolic
impairment was associated with attenuated tumor cell killing in FCHOI-deficient T

cells.

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

tumor immunity by coordinating CME-dependent receptor trafficking and
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mitochondrial energy metabolism. Mechanistically, FCHOI facilitates internalization
of the TCR/CD3 complex via CME, sustaining downstream ZAP70-mediated
signaling and mTOR pathway activation, which in turn supports mitochondrial
OXPHOS and ATP production required for T-cell cytotoxic function (Figure 8). Loss
of FCHOI disrupts this axis, impairing T-cell activation, promoting exhaustion, and
ultimately reducing anti-tumor immunity. These findings identify FCHOI as a key
regulator of T cell-dependent tumor killing and suggest that strategies to enhance
FCHOI expression or activity in tumor-infiltrating T cells may represent a novel
approach to potentiate anti-tumor immunity and improve the efficacy of immune

checkpoint blockade therapy.

Conclusions

In summary, this study identifies FCHOI as a novel immune-regulatory
molecule with significant clinical relevance in pan-cancer settings, particularly in
gastrointestinal tumors. FCHOI promotes T-cell-mediated anti-tumor immunity by
sustaining clathrin-mediated endocytosis of the TCR/CD3 complex, maintaining
mTOR-dependent mitochondrial oxidative phosphorylation, and supporting T-cell
cytotoxic function. High FCHO! expression correlates with favorable immunotherapy
outcomes across multiple human cohorts, and its overexpression enhances the
efficacy of immune checkpoint blockade in preclinical models. These findings
support FCHOI as a promising predictive biomarker and potential therapeutic target

in cancer immunotherapy.
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FCHOI: FCH domain only 1; ICBs: Immune checkpoint blockers; CME: Clathrin-
mediated endocytosis; TME: Tumor microenvironment; TCGA: The Cancer Genome
Atlas; GEO: Gene Expression Omnibus; GTEx: Genotype-Tissue Expression; CCLE:
Cancer Cell Line Encyclopedia; HPA: Human Protein Atlas; CRC: Colorectal cancer;
GC: Gastric cancer; OS: Overall Survival; PFS: Progression Free Survival;
ESTIMATE: Estimation of stromal and Immune cells in malignant tumor tissues
using Expression; GSVA: Gene Set Variation Analyses; GSEA: Gene Set Enrichment
Analyses; TMB: Tumor Mutation Burden; MSI: Microsatellite Instability; MOI:
Multiplicity of Infection; PDOs: Patient-Derived Organoids; PCR: Polymerase Chain
Reaction; ELISA: Enzyme Linked ImmunoSorbent Assay; /FN-y: Interferon-gamma;
TNF-a: Tumor Necrosis Factor alpha; Gzmb: Granzyme B; PBS: Phosphate Buffer
Saline; CR: Complete Response; PR: Partial Response; PD: Progressive Disease; SD:
Stable Disease; CPS: Combined Positive Score; IHC: Immunohistochemistry; HE:
Hematoxylin-Eosin Staining; mfIHC: Multiplex Fluorescence Immunohistochemistry
Analyses; TIGIT: T-cell immunoreceptor with Ig and ITIM domains; CTLA-4:
Cytotoxic T Lymphocyte-Associated Antigen-4; TIM-3: T Cell Immunoglobulin
Domain and Mucin Domain-3; LAG-3: Lymphocyte activation gene 3 protein; PD-1:
Programmed death-1; PD-L1I: Programmed death-ligand 1; DCs: Dendritic cells; NKs:
Natural killer cells; AUC: Area Under the Curve; ROC: Receiver Operating

Characteristic Curve; Mfuzz: Microarray Fuzzy Clustering.
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Figure 1. Evaluation of FCHO! expression in the tumor microenvironment (TME) in
pancancer. (A) Left: Proportion of annotated cell types in the 28 pan-cancer scRNA-
seq datasets. Right: Heatmap showing the distribution of FCHOI expression among
the 28 pan-cancer scRNA-seq datasets. (B) t-distributed stochastic neighbor
embedding (t-SNE) plot displaying cell type annotations and FCHO1 expression
distribution from two scRNA-seq datasets. The violin plot shows the distribution of
FCHOI within the cell clusters. (C) Heatmap based on seven immune infiltration
algorithms (ESTIMATE, TIMER, quanTIseq, xCell, EPIC, CIBERSORT, MCP-

counter), showing higher immune infiltration in the high FCHO1 expression group
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among 16 solid cancer types. (D-E) Multiplex immunofluorescence staining (DAPI,
FCHOI+, CD20+, CD3+, CD68, PanCK) showing co-localization of FCHOI with
CD3 and CD20 markers (gastric and colorectal cancer). Scale bar, 20 um.
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Figure 2. FCHOI regulates T-cell immune phenotype by clathrin-mediated
endocytosis (CME). (A-B) Immunofluorescence and flow cytometry indicate
successful delivery of nucleic acids into T cells using a biomolecular condensate
delivery system. Scale bar, 20 um. (C-D) Western blot and qPCR confirm FCHOI
knockdown in T cells. (E) FCHOI knockdown affects the proliferation of CD4+ and
CD8+ T cells. (F) FCHOI knockdown affects activation markers in CD4+ and CD8+
T cells. (G-H) Immunofluorescence staining and confocal microscopy reveal the co-
localization of clathrin and CD3 proteins in Jurkat cells after FCHOI knockdown or
treatment with a CME inhibitor. Scale bar, 20 and 50 um. (I) Western blot analysis of
ZAP70 and ERKI1/2 phosphorylation levels in primary human CD3+ T cells
following FCHOI knockdown under anti-CD3/CD28 stimulation. (J) Western blot
analysis of ZAP70 and ERK1/2 phosphorylation levels in Jurkat cells following
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FCHOI knockdown under anti-CD3/CD28 stimulation. Data are presented as mean +
s.d. from n = 3 biologically independent experiments. **p < 0.01; ***p <0.001.
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Figure 3. Loss of FCHOI impairs mitochondrial function and suppresses
OXPHOS. (A) Schematic diagram of the RNA-seq workflow. (B) Mfuzz clustering
analysis of RNA-seq data identifies nine expression clusters across Jurkat and primary
T cells. (C) Heatmap of genes in Cluster 7 reveals enrichment of pathways related to
oxidative phosphorylation, mitochondrial function, aerobic respiration, and ATP
synthesis-coupled electron transport. (D) Representative fluorescence images and
quantification of intracellular ATP levels detected by ATP probe staining in NC, si-
FCHOI, DMSO, si-FCHO1+0ligomycin, and si-FCHOI+AICAR groups. (E)
Oxygen consumption rate (OCR) analyses of mitochondrial respiration capacity,
including basal respiration, maximal respiration, ATP production, and spare
respiratory capacity, in Jurkat cells and primary T cells across the indicated treatment
groups. (F) Western blot analysis of mitochondrial respiratory chain complex proteins
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1158  (CV-ATP5AL, CIII-UQCRCI, CII-SDHB, CIV-MTCO2, CI-NDUFBS) in Jurkat
1159  cells and primary T cells across the indicated treatment groups. Data are presented as
1160  mean + s.d. from n = 3 biologically independent experiments. *p < 0.05; **p < 0.01;
1161  ***p<0.001.
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Figure 4. FCHOI1 deficiency impairs mitochondrial homeostasis and suppresses
mTOR signaling in T cells. (A) Transmission electron microscopy images of
mitochondrial morphology in NC and si-FCHO! Jurkat cells, with quantification of
mitochondrial length and area. Scale bar, 1 and 5 um. (B, E) Representative
fluorescence images and quantification of mitochondrial membrane potential assessed
by JC-1 staining in Vehicle, CCCP, NC, and si-FCHO! groups. The ratio of JC-1
aggregates to monomers is shown. Scale bar, 10 um. (C, F) Representative
fluorescence images and quantification of mitochondrial membrane potential assessed
by TMRE staining in Vehicle, CCCP, NC, and si-FCHO! groups. Scale bar, 20 pm.
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(D, G) Representative fluorescence images and quantification of mitochondrial
reactive oxygen species (ROS) levels assessed by MitoSOX Red staining in Control,
mSoxUp, NC, and si-FCHO] groups. Scale bar, 20 um. (H) Gene Set Enrichment
Analysis (GSEA) showing significant negative enrichment of the mTOR signaling
pathway in si-FCHO! primary T cells (NES =-1.5781, Adjusted P = 0.046) and
Jurkat cells (NES =-1.5379, Adjusted P = 0.8551). (I) Western blot analysis of p-
mTOR, t-mTOR, p-S6K1, t-S6K 1, p-4EBP1, and t-4EBP1 in primary T cells and
Jurkat cells following FCHO1 knockdown under anti-CD3/CD28 stimulation with or
without Rapamycin treatment. (J) Oxygen consumption rate (OCR) analyses of
mitochondrial respiration in NC, si-FCHO1, NC+Rapamycin, si-FCHO[+Rapamycin,
and si-FCHOI+MHY 1485 groups, with quantification of ATP production, basal
respiration, maximal respiration, and spare respiratory capacity. Data are presented as
mean =+ s.d. from n = 3 biologically independent experiments. ns, not significant; *p <
0.05; **p <0.01;, ***p<0.001; ****p <0.0001.
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Figure 5. FCHOI modulates T-cell-mediated tumor cell killing. (A) Schematic
representation of co-culture experiments using activated OT-1 T cells co-cultured
with OVA-expressing tumor cells. (B-C) Western blot and qPCR confirm Fchol
knockdown and overexpression efficiency in OT-1 CD8+ T cells. (D-E) Colony
formation assays demonstrating the cytotoxic effect of Fchol knockdown and
overexpressing OT-1 CD8+ T cells on CT26-OVA and MC38-OVA cells, with
quantification of surviving colonies. (F-G) Live/dead cell imaging assays of CT26-
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OVA and MC38-OVA cells co-cultured with Fchol knockdown and overexpressing
OT-1 CD8&+ T cells at 0 h and 24 h. Representative merged images show live cells
(green) and dead cells (red), with quantification of live and dead cell proportions.
Scale bar, 200pm. (H-I) ELISA analysis of /FN-y, TNF-a, and GZMB secretion in the
supernatant from co-cultures of CT26-OVA and MC38-OVA cells with Fchol
knockdown and overexpressing OT-1 CD8+ T cells. (J) Representative images of HE
staining, E-cadherin immunohistochemistry, and Ki-67 immunohistochemistry in
tumor tissue (TT) and organoid tissue (OT). Scale bar, 100 um. (K-L) Representative
brightfield images of colorectal cancer organoids cultured alone or co-cultured with
FCHOI knockdown (K) and overexpressing (L) T cells at Day 0 and Day 3, with
quantification of organoid area. Scale bar, 20um. (M-N) Calcein-AM/PI/DAPI
staining of gastric cancer organoids co-cultured with FCHOI knockdown (M) and
overexpressing (N) T cells. Calcein-AM (green) indicates live cells, PI (red) indicates
dead cells, and DAPI (blue) marks nuclei. Scale bar, 20 um. (O-P) Quantification of
cell viability and cytotoxicity in organoids co-cultured with FCHO! knockdown (O)
and overexpressing (P) T cells. Data are presented as mean #+ s.d. from n = 3
biologically independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant; TT: tumor tissue; OT: organoid tissue.
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Figure 6. FCHOI expression in OT-1 T cells modulates anti-tumor immunity
and immune checkpoint blockade efficacy in vivo. (A-G) Fchol knockdown
experiment (B16F10-OV A model). (A) Experimental group information. Group I:

B16F10-OVA s.c. (Day 0) + OT-1 T cells i.v. (Day 7, 15 and 23); Group II: BI6F10

OVA s.c. (Day 0) + OT-1 T cells si-Fchol i.v. (Day 7, 15 and 23); Group III:
B16F10-OVA s.c. (Day 0) + OT-1 T cells i.v. (Day 7, 15 and 23) + PD-1 mAb i.p.
(Day 12-27, 3-day interval); Group IV: BI6F10-OVA s.c. (Day 0) + OT-1 T cells si-
Fchol i.v. (Day 7, 15 and 23) + PD-1 mAb i.p. (Day 12-27, 3-day interval). (B)
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Representative images of subcutaneous tumors from each group at the experimental
endpoint. (C) Tumor volume growth curves across the four groups over time. (D-G)
Flow cytometry analysis of intratumoral CD8+ T-cell effector function, including
Gzmb (D), Ifn-y (E), Tnf-o. (F), and Pd-1 (G) expression, with quantification shown in
bar graphs. (H-N) Fchol overexpression experiment (B16F10-OVA model). (H)
Experimental group information. Group a: B16F10-OVA s.c. (Day 0) + OT-1 T cells
(Vec) i.v. (Day 7, 15 and 23); Group B: B16F10-OVA s.c. (Day 0) + OT-1 T cells
(mRNA-Fchol) i.v. (Day 7, 15 and 23); Group y: BI6F10-OVA s.c. (Day 0) + OT-1
T cells (Vec) i.v. (Day 7, 15 and 23) + PD-1 mAb i.p. (Day 12-27, 3-day interval);
Group 6: B16F10-OVA s.c. (Day 0) + OT-1 T cells (mRNA-Fchol) i.v. (Day 7, 15
and 23) + PD-1 mAbD i.p. (Day 12-27, 3-day interval). (I) Representative images of
subcutaneous tumors from each group at the experimental endpoint. (J) Tumor
volume growth curves across the four groups over time. (K-N) Flow cytometry
analysis of intratumoral CD8+ T-cell effector function, including Gzmb (K), Ifn-y (L),
Tnf-a (M), and Pd-1 (N) expression, with quantification shown in bar graphs. Data
are presented as mean + s.e.m. from n = 5 mice per group. *p < 0.05; **p <0.01;
*x%p <0.001.
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1350  Figure 7. Multiplex immunofluorescence analysis indicated that high FCHOI
1351  expression predicts a better response to immunotherapy. Tissue sections from 36
1352 gastric cancer (A-D) and 24 colorectal cancer (F-I) patients who received neoadjuvant
1353 chemotherapy and immunotherapy were stained for FCHO! (red), CDS8 (green), PD-
1354 LI (pink), PanCK (cyan), and DAPI (blue). Average immunofluorescence intensity
1355 and ROC curves for gastric cancer (E) and colorectal cancer (J) patient samples.
1356 Scale bar, 50 um. GC: gastric cancer; CRC: colorectal cancer; CR: complete response;
1357  PR: partial response; SD: stable disease; PD: progressive disease; Data are presented
1358  as mean = s.d. * p <0.05; ns, not significant.
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Figure 8. Schematic summary of this study. FCHO!I promotes clathrin-mediated
endocytosis (CME) of the TCR/CD3 complex, sustaining TCR signal transduction
and ZAP70 phosphorylation. In FCHOI-proficient T cells, intact CME maintains
downstream mTOR signaling activity, as evidenced by phosphorylation of S6K/ and
4EBPI1, which in turn supports mitochondrial oxidative phosphorylation (OXPHOS)
and ATP generation, thereby preserving T-cell cytotoxic activity and promoting
tumor regression. In contrast, FCHOI deficiency impairs TCR/CD3 internalization,
attenuates ZAP70-mediated TCR signaling, suppresses mTOR signaling, and disrupts
OXPHOS and ATP production, ultimately leading to diminished T-cell effector
function and tumor progression.
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