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PUBLIC SUMMARY

= Tumor LDs suppress IFNGR1 surface trafficking to drive anti-PD-1 resistance.
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= FITM2-driven LD biogenesis preferentially depletes TGN diacylglycerol to impair IFNGR1 trafficking.
= DGAT1 inhibition restores IFNGR1 trafficking and sensitizes CRC to anti-PD-1.

= LDs are organelles that control cytokine receptor trafficking and anti-tumor immunity.
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Resistance to anti-PD-1 therapy remains a major challenge in colorectal
cancer (CRC), particularly in microsatellite-stable tumors, yet the underly-
ing mechanisms are incompletely understood. Here, we identify tumor lipid
droplets (LDs) as a driver of immune evasion and anti-PD-1 resistance. In
CRC patients receiving anti-PD-1 therapy, progressive disease correlates
with high tumor LD content and reduced plasma membrane IFNGRIT.
Mechanistically, fat storage-inducing transmembrane protein 2 (FITM2)-
driven LD biogenesis preferentially depletes trans-Golgi network (TGN)
diacylglycerol (DAG) without altering total cellular DAG or other TGN lipids,
thereby impairing IFNGR1 vesicular trafficking to the plasma membrane
and attenuating JAK2-STAT1 signaling. Genetic (FITM2 knockdown) or
pharmacological (DGAT1 inhibitor A922500) LD reduction restores TGN
DAG pools, rescues IFNGR1 surface localization, reactivates IFN-y signal-
ing, and synergizes with anti-PD-1 therapy in orthotopic CRC models.
These findings define LD-driven TGN DAG depletion as a mechanistic link
between lipid metabolism and immunotherapy resistance and nominate LD
biogenesis targeting as a strategy to overcome anti-PD-1 resistance.

INTRODUCTION

Immunotherapy based on immune checkpoint inhibitors (ICls) has
emerged as a groundbreaking strategy for cancer treatment. In advanced
colorectal cancer (CRC), ICls have received Food and Drug Administration
(FDA) approval only for 4-5% of patients with microsatellite instability high
(MSI-H) / DNA mismatch repair-deficient (dMMR) molecular profile.'"” In
contrast, most patients with microsatellite stable (MSS) / DNA mismatch
repair-proficient ()MMR) CRC exhibit an immune-excluded and immunosup-
pressive tumor microenvironment, characterized by low mutational burden
and limited availability of neoantigens.”” Despite extensive clinical trials
exploring combination therapies, outcomes have largely been disappointing.*”

The clinical application of ICls is significantly hindered by limited efficacy
and unsustainable therapeutic responses, due to various tumor-intrinsic
resistance mechanisms.”'” These mechanisms include insufficient tumor
antigenicity, abnormal interferon signaling, loss of antigen-presenting
molecules, and oncogenic pathway activation."" Among the key determi-
nants of T-cell-mediated tumor killing is the tumor cell's ability to sense and
transduce interferon-y (IFNy) stimulation, a process that critically depends on
the surface availability of interferon-y receptor 1 (IFNGR1). Reduced IFNGR1
membrane localization has been linked to impaired IFN-y signaling, ulti-
mately rendering tumors resistant to checkpoint inhibition.” However, the
regulatory mechanisms that govern IFNGR1 trafficking to the plasma
membrane in CRC cells remain incompletely understood.

Lipid droplets (LDs) are highly dynamic organelles consisting of a neutral
lipid core (triglycerides and cholesteryl esters) surrounded by a phospholipid
monolayer decorated with specific proteins. These proteins include enzymes
for lipid metabolism, members of the perilipin family and proteins with other
functions such as membrane trafficking and protein degradation.'” Tradition-
ally, LDs are known to mitigate lipotoxicity and maintain cellular lipid and
energy homeostasis.'> However, LD accumulation is a hallmark of tumor cells
and has been implicated in promoting proliferation, invasion, metastasis, and
resistance to chemotherapy and radiotherapy.'” In CRC, LDs contribute to

resistance against 5-fluorouracil and oxaliplatin, partly by reducing immuno-
genic cell death." Despite these advances, the dynamic metabolic check-
points linking tumor cell-intrinsic lipid metabolism to immune signaling
remain poorly understood. Organelle-to-plasma-membrane lipid flux — the
vectorial transfer of lipid intermediates from intracellular compartments to
the cell surface — has been largely overlooked as a potential regulatory node
in anti-tumor immunity.

Here, by genetically (FITM2 knockdown) or pharmacologically (DGAT1
inhibitor A922500) reducing LD content, we show that LD depletion sensi-
tizes CRC to anti-PD-1 therapy. Mechanistically, LDs restrict IFNGR1 traffick-
ing to the plasma membrane by depleting DAG in the trans-Golgi network
(TGN), thereby impairing sustained JAK2-STATT1 signaling. Restoring TGN
DAG pools and IFNGR1 surface expression through LD reduction markedly
enhances the therapeutic efficacy of anti-PD-1 treatment in CRC.

MATERIALS AND METHODS
Cell lines and culture conditions

LD-high human colon cancer cell line (HT29), LD-low human colon cancer
cell line (SW620), human embryonic kidney cell line (HEK293T), and mouse
colon cancer cell lines (CT26 and MC38) were purchased from Shanghai Cell
Bank of Chinese Academy of Sciences (Shanghai, China). These cells were
cultivated in McCoy's 5A, high-glucose DMEM or RPMI-1640 medium
supplemented with 10% fetal bovine serum, penicillin and streptomycin under
a humidified 5% CO, atmosphere at 37 °C in an incubator (Biological Indus-
tries, Kibbutz Beit Haemek, Israel). All cell lines were routinely tested for
Mycoplasma contamination using the PCR-based MycoBlue Mycoplasma
Detector Kit (Vazyme, China) by Genetic Testing Biotechnology (Suzhou,
China), and only Mycoplasma-free cells were used in the experiments.

Lentiviral transduction and plasmid transfection

Mouse and human FITM2 short hairpin RNA (shRNA) and luciferase virus
were purchased from GeneChem (China), and mouse /fngr7 (IFN-yRa) shRNA
was purchased from Santa Cruz Biotechnology. For information of the
specific shRNA, please refer to the key resource table. Mouse and human
colon cancer cell lines were transduced with lentivirus and selected with
puromycin or geneticin (G418). The pcDNA-FITM2-HA, pcDNA-PKD-GFP and
pcDNA-OSBP-PH-GFP were designed and synthesized by General Biol
(China). The plasmids were transfected into cells using Lipofectamine 2000
according to the manufacturer's instructions.

In vivo experiments

Female BALB/c and C57BL/6 mice (6-8 weeks old, 18-20 g), as well as
BALB/c nude mice, were obtained from Charles River Laboratories (Beijing,
China). The mice were housed in plastic cages at a temperature of 21 + 2 °C
under a 12-hour light/dark cycle and were given free access to pellet food
and water. All animal care and experimental procedures adhered to the Guide
for the Care and Use of Laboratory Animals. The experimental protocols were
approved by the Ethics Committee of Nanjing Medical University, with efforts
to reduce animal members and minimize suffering (Nanjing, P.R. China;
IACUC-2410055). Mice were randomized to treatment groups, and outcome
assessments were performed blinded where feasible.
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To assess tumor changes following anti-PD-1 treatment, BALB/c mice
with CT26 tumors and C57BL/6 mice with MC38 tumors were randomly
assigned to receive either PBS or anti-PD-1 treatment (100 ug, i.p., every
3 days). Tumor tissues were collected for Oil Red O staining.

To examine the impact of FITM2 in anti-PD-1 treatment, CT26 shCtr/ and
shFitm2 cells (8x10° cells in 100 uL PBS per mouse) were subcutaneously
injected into BALB/c mice, respectively. Tumor formation was successfully
established in more than 95% of the implanted mice. The mice were assigned
to receive either PBS or anti-PD-1 treatment (100 pg, i.p., every 3 days).

To better recapitulate the intestinal microenvironment, an orthotopic trans-
plantation tumor model was used as previously described.” To enable longi-
tudinal bioluminescence imaging, all colon cancer cell lines were lentivirally
transduced to express firefly luciferase. We first established donor tumors by
subcutaneous implantation, excised tumors into small pieces, and then
implanted them into the cecal wall of mice under isoflurane anesthesia. The
abdominal wall was sutured, and mice received postoperative antibiotic
prophylaxis. The orthotopic engraftment rate was approximately 85%,
demonstrating the robustness and reproducibility of the tumor implantation
model. Mice without detectable bioluminescence at day 3 were excluded. The
mice were randomly assigned to receive either PBS or Anti-PD-1 treatment
(100 pg, intraperitoneally, every three days). Tumor growth was quantified in
vivo on an IVIS Spectrum System (PerkinElmer, Waltham, USA) after admin-
istering D-luciferin potassium salt via intraperitoneal injection. Photon flux
was quantified using identical regions of interest (ROIs) and exposure
settings across all groups, allowing direct comparison of radiance values
without additional correction. Photon flux values were log10-transformed and
longitudinal data were analyzed by two-way repeated-measures ANOVA with
Geisser-Greenhouse correction and Sidak's post-hoc test.

To determine whether IFNGRT mediates the effect of FITM2 on anti-PD-1
efficacy, we constructed CT26 cells with dual knockdown of both Fitm2 and
Ifngr1. The cells were injected subcutaneously into BALB/c mice. The mice
were then randomly assigned to receive either PBS or anti-PD-1 treatment
(100 pg, intraperitoneally, every 3 days). Body weight and tumor volume were
regularly monitored.

For further validation of the effect of DGATT inhibitor A922500 in anti-PD-1
treatment, the orthotopic transplantation tumor model was constructed. Mice
were randomly divided into 4 groups: (1) mice received 100 yL PBS i.p. daily;
(2) mice received 3 mg/kg DGAT1 inhibitor by orally daily; (3) mice received
100 ug anti-PD-1 i.p. every 3 days; (4) mice received anti-PD-1 combined
with A922500.

The double-blind strategy was rigorously implemented throughout the
experiment: investigator A, who was blinded to group allocation, adminis-
tered all treatments; investigator B, who was also blinded, performed all
imaging acquisitions and bioluminescence signal quantifications. Group allo-
cation was concealed from both investigators until all data analyses were
finalized. This double-blinding approach effectively minimized potential
performance and detection biases. At the study endpoints, mice were eutha-
nized and tumors were excised for histologic analysis and flow cytometry.

Oil red O staining and LD visualization

Frozen tumor tissue sections and cultured cells seeded on slides were
stained with Oil Red O solution. Excess stain was removed by three washes
with distilled water. Lipid droplets appeared orange-red to bright red, while
nuclei were stained blue. Cells were visualized using a phase-contrast micro-
scope (Olympus Corp., Tokyo, Japan).

For live cell imaging, LDs were stained with BODIPY 493/503 (1 uM) for 30
minutes and visualized by confocal microscopy (Carl Zeiss LSM510 Meta or
LSMB800, 63x/1.4 NA oil). For quantitative analysis, lipid droplets were stained
with BODIPY 493/503 (1 uM) detected by flow cytometry.

LDs were identified in patient and xenograft tumor tissues using
immunofluorescence with an antibody targeting PLIN2. After antigen retrieval,
tissue sections were incubated with the PLIN2 primary antibody, followed by
incubation with an appropriate fluorescent secondary antibody. The slides
were then mounted and imaged by confocal microscopy.

Human sample collection
Paraffin-embedded tissues from 14 colorectal cancer patients who had
previously received immunotherapy were collected from the First Affiliated
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Hospital of Nanjing Medical University. This study was approved by the
Ethics Commission of Jiangsu Province Hospital (2021-SR-160.A1 and 2021-
SR-544) and conformed to the International Conference on Harmonization
Guidelines for Good Clinical Practice and the provisions of the Declaration of
Helsinki. These paraffin sections were used for further immunofluorescence
analysis. Written informed consent was obtained from all patients at the time
of enrollment.

Immunofluorescence

Following fixation with 4% formaldehyde, permeabilization with saponin,
and blocking with 3% bovine serum albumin (BSA), cells and tumor tissue
sections were incubated with primary antibodies at 4 °C overnight. Subse-
quently, species-appropriate fluorescent secondary antibodies were applied.
Nuclei were stained with DAPI, and samples were imaged by confocal
microscopy (Carl Zeiss LSM510 Meta or LSM800, 63x/1.4 NA oil). Semi-
quantitative analysis of specific protein expression (PLIN2, p-STAT1 and
IFNGR1) was performed by measuring the mean gray value (Mean) in Fiji. To
quantify co-localization of IFNGR1 with organelle markers, and of OSBP-PH-
GFP or PKD-GFP with Golgi markers, the Pearson correlation coefficient was
calculated using the Coloc2 plugin in Fiji. The Pearson correlation coefficient
ranges from +1 for perfect correlation to near 0 for no correlation.'®

Histological analysis

Hematoxylin-eosin (H&E) staining and immunohistochemistry (IHC) were
performed according to the manufacturer's protocols. Following deparaffiniza-
tion, rehydration, antigen retrieval, and blocking, tissue sections were incubated
with primary antibodies at 4 °C overnight, developed with 3,3'-diaminobenzi-
dine (DAB) and counterstained with hematoxylin. Slides were examined under
a light microscope (Olympus). The percentage of PCNA-positive cells was
quantified using Fiji. For semiquantitative scoring, staining intensity (0: nega-
tive; 1: light yellow; 2: light brown; 3: dark brown) and the proportion of posi-
tive cells (1: 0—-25%; 2: 26—50%; 3: 51-75%; 4: 76—100%) were multiplied to
yield an IHC score. Two independent observers blinded to group allocation
scored the slides, and discrepancies were resolved by consensus.

Western blot analysis

Whole cells were harvested on ice in cell lysis buffer supplemented with
PMSF and protein phosphatase inhibitors. Total protein concentration was
determined using the Pierce BCA Protein Assay kit (Thermo Fisher Scientific).
Proteins were separated by 10% or 12.5% sodium dodecy! sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore). Membranes were blocked with 3%
BSA and then incubated with primary antibodies at 4 °C overnight, followed
by incubation with corresponding secondary antibodies for 90-120 minutes
at room temperature. Finally, immunoreactive bands were visualized using
the LumiGLO chemiluminescent substrate system (KPL, Gaithersburg, Mary-
land, USA).

Quantitative real-time PCR (RT-qPCR)

According to the manufacturer's instructions, total RNA was extracted
using RNAiso Plus and cDNA was synthesized using the FastQuant RT Kit.
gPCR analysis was performed using the SYBR Green Universal Master Mix
on a CFX96 Real-time system (Bio-Rad).

In vivo tumor competition assay

CT26 shCtrl-mCherry and shFitm2-GFP colon cancer cells were mixed 1:1
prior to injection, and 5x10° cells per mouse were injected into immune-defi-
cient BALB/c nude mice or BALB/c mice. Tumor-bearing BALB/c mice were
treated with either an isotype control antibody or anti-PD-1 on days 1, 3, 6,
and 9. Tumors were harvested on day 12 and dissociated into single-cell
suspensions. Tumor composition was analyzed by flow cytometry.

Co-culture and lymphocyte-mediated tumor cell killing assay

Spleens were harvested from BALB/c mice or C57BL/6 mice. Spleens were
mechanically dissociated, and the cell suspension was passed through a 40
um cell strainer and centrifuged. Red blood cells were lysed using Tris-NH,CI
buffer for 5 minutes at room temperature and quenched with excess PBS and
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resuspended in RPMI 1640 supplemented with 5 pg/ml Concanavalin A
(ConA) overnight.'” After activation, lymphocytes were co-cultured with shCtr/
or shFitm2 colon cancer cells for 24 hours, in the presence or absence of anti-
IFN-y neutralizing antibody (20 pg/ml). Cell viability was assessed by flow
cytometry.

RNA sequencing

Total RNA extraction, library preparation, and RNA sequencing (RNA-seq)
were performed by Novogene. Each group comprised three biological repli-
cates, and the RNA-seq data were deposited in the Gene Expression
Omnibus (GEO) database. Differentially expressed genes (DEGs) were
analyzed using the DEGseq algorithm provided by Novogene. Upregulated
genes following FITM2 knockdown were filtered from the DEG list, and a
heatmap of DEGs was generated using the heatmap package in R.

Enzyme-linked immunosorbent assay (ELISA)

Colon cancer cells (2x10° cells/well) were seeded in the 24-well plate. The
cells were treated with IFN-y (100 ng/ml) for 24 hours, after which the super-
natant was collected for cytokine analysis. Cytokine levels of CCL5 and
CXCL10 were measured using Mouse CCL5/RANTES ELISA Kit, Mouse
CXCL10/IP-10 ELISA Kit, Human CCL5 ELISA Kit and Human CXCL10 ELISA
Kit, in accordance with the manufacturer's instructions.

Preparation of tumor-infiltrating lymphocytes

Tumor tissues were cut into approximately T mm?® pieces in the RPMI-
1640 medium supplemented with 10% FBS and enzymatically digested with
Mouse Tumor Isolation Kit for 30 minutes on a rotor at 37 °C. The dissoci-
ated cells were passed through a 70 pm Cell-Strainer (BD) to isolate single
cells. After the supernatant was removed, the cells were suspended in Tris-
NH,4CI to lyse red blood cells. After washing twice with PBS, the cell pellets
were re-suspended in sorting buffer (PBS supplemented with 1% FBS) for
further staining. The single cells prepared above were stained with Zombie
NIR to exclude dead cells and TruStain FcX anti-mouse CD16/32 to prevent
nonspecific adsorption. To detect IFNGR1 on the membrane of tumor cells,
single cells were stained with anti-mouse CD45-BV510, Biotin anti-mouse
IFN-y Ra chain and PE streptavidin, followed by detection via flow cytometry.
To assess the changes in the microenvironment, a Cell stimulation cocktail
with protein transport inhibitors was added for 6 hours before staining with
Fixation/permeabilization Solution Kit.'® The antibodies used for staining
included: anti-mouse CD45-Brilliant Violet 510, anti-mouse CD4-FITC, anti-
mouse CD8a-Brilliant Violet 421, anti-mouse IFN-y-PE, anti-mouse TNF-a-
APC and anti-mouse Granzyme B-PE-CY7. Flow cytometry was performed
on Attune NxT Flow Cytometer and analyzed using FlowJo software.

Isolation of cytoplasm and membrane fractions

The cytoplasmic and membrane proteins were fractionated using the Mem-
PERPIus Membrane Protein Extraction Kit (Thermo Fisher Scientific) accord-
ing to the instructions. Briefly, harvested cells were incubated with 750 pL of
Permeabilization Buffer at 4 °C for 10 minutes. After centrifugation at 16000 g
for 15 minutes, the supernatant was collected as the cytoplasmic protein
fraction. The pellet was washed several times with PBS, resuspended in 500
uL of Solubilizing Buffer and incubated for 30 minutes. Subsequently, the
sample was centrifuged again at 16,000 x g for 15 minutes, and the resulting
supernatant was collected as the membrane protein fraction. Both fractions
were then subjected to Western blot.

Membrane protein biotinylation and isolation

HT29 shFITM2 and FITM2-OE cells were collected concurrently, with all
subsequent steps performed on ice. Cells were washed three times with 10 mL
ice-cold PBS, followed by incubation with 10 mL of 20 mM EZ-Link Sulfo-
NHS-LC-Biotin (Thermo Scientific) at 4 °C for 30 minutes. After labeling, the
cells were washed once with 10 mL of ice-cold TBS (pH 7.4) and twice with
ice-cold PBS. Subsequently, the cells were scraped, collected, and centrifuged
at 500 x g for 5 minutes at 4 °C. The cell pellet was resuspended in RIPA
buffer supplemented with protease inhibitors and lysed on ice for 30 minutes.
The lysates were sonicated for 5 minutes and then centrifuged at maximum
speed for 10 minutes at 4 °C. The resulting supernatant was incubated with

streptavidin-coated magnetic beads on a rotor at 4 °C for 1 hour. The beads
were briefly centrifuged, separated using a magnet, and washed three times
with T mL of PBS. The bound proteins were eluted for subsequent proteomic
analysis.

Proteomics

Proteomics was performed by Metware Biotechnology. The total cell
lysates from HT29 shFITM2 and FITM2-OE cells, as well as membrane
protein samples, were separated using a Vanquish Neo UHPLC liquid chro-
matography system. Chromatographic separation was carried out under
nano-flow conditions, and the eluted peptides were analyzed by data-inde-
pendent acquisition (DIA) mass spectrometry on an Orbitrap Astral high-
resolution mass spectrometer (Thermo Scientific). Raw data were processed
using DIA-NN (version 1.8.1) in library-free mode. Spectra were searched
against the Homo sapiens proteome database (downloaded from
https://www.uniprot.org/ on 24 February 2025). The Match Between Runs
(MBR) option was enabled to construct a spectral library directly from the DIA
data, which was subsequently used for re-analysis. Identifications were
filtered at both protein and precursor levels to achieve a false discovery rate
(FDR) of < 1.2%, and the remaining high-confidence results were used for
quantitative analysis.

Electron microscopy

Cells were fixed in situ in 2% glutaraldehyde/4% paraformaldehyde (PFA)
for 5 minutes at room temperature. The cells were gently scraped and
centrifuged. After discarding the fixative, the cells were fixed in the dark for
another 30 minutes. The cells were processed for sectioning and electron
microscopy by PINUOFEI BIOLOGICAL.

Extraction of TGN and detection of DAG content

The DAG content in total cells was extracted using a Chloroform: methanol
(2:1, v/v) mixture. To detect DAG in the TGN, the TGN was first isolated using
Minute Golgi Apparatus Enrichment Kit. Briefly, 25-35x10° colon cancer cells
were collected and washed once with ice-cold PBS. The cell pellet was
resuspended in 550 pL of Buffer A and passed through a pre-cooled centrifu-
gal column twice by centrifugation at 16000 g for 30 seconds. After centrifu-
gation twice to remove mitochondria, endoplasmic reticulum, lysosomes, and
cytoplasmic membranes, 400 pL of the supernatant was carefully collected.
To isolate the Golgi fraction, 400 pL of Buffer B was added to the super-
natant. For TGN isolation, 100 pL of Buffer D was subsequently added to the
supernatant, and the resulting pellet was collected as the TGN fraction.
Finally, DAG content was measured by the DAG ELISA Kit (mlbio).

Quantification and statistical analysis

All experiments were performed in a minimum of three independent
biological replicates. Data were shown as the mean + standard error of the
mean (SEM). Statistical analyses were carried out by GraphPad Prism Soft-
ware (version 9.5.0). Student's t-test, one-way analysis of variance (ANOVA),
and two-way ANOVA were used for statistical analyses. P values of <0.05
were considered statistically significant.

RESULTS
Lipid droplet burden in colon cancer cells determines anti-PD-1
response

In subcutaneous CT26 and MC38 colon cancer, we observed a significant
accumulation of LDs in tumor tissues following anti-PD-1 treatment, as
demonstrated by Oil red O staining (Figure TA). To further explore the clinical
relevance of LD accumulation in tumors, we examined LD content by quanti-
fying PLIN2 expression, a well-established LD marker,” in tumor samples
from CRC patients receiving anti-PD-1 therapy at the First Affiliated Hospital
of Nanjing Medical University. Notably, patients with an assessment of stable
disease (SD) exhibited significantly fewer LDs compared to those who were
assessed as having progressive disease (PD) (Figures 1B-C & Table S1). The
findings prompted us to further investigate the role of LDs in modulating the
efficacy of anti-PD-1 therapy in CRC.

The number and size of intracellular LDs are regulated by several factors,
including nutritional status,**' key regulatory genes involved in LD
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Figure 1. Lipid droplet burden in colon cancer cells determines susceptibility to immune-mediated killing and anti-PD-1 response (A) Representative images of lipid droplets
(LDs) stained with Oil Red O in subcutaneous CT26 and MC38 tumors from mice treated with or without anti-PD-1. Scale bar, 200 um. (B) Representative immunofluorescence
images of the LD-associated protein PLIN2 in tumor samples from colorectal patients with different responses to anti-PD-1 therapy, stratified by stable disease (SD) and
progressive disease (PD). PLIN2 (green), nuclei (DAPI, blue). Scale bar, 100 um. (C) Quantification of PLIN2 fluorescence intensity. (D) 1:1 mixture of mCherry-labeled CT26 shCtrl
and GFP-labeled CT26 shFitm2 cells was inoculated into immunodeficient (nude) or immunocompetent (wild-type) mice treated with anti-PD-1. Schematic diagram of the
competitive in vivo growth assay. (E, F) Flow cytometric analysis of the relative proportions of GFP* (shFitm2) and mCherry* (shCtrl) tumor cells. (G) CT26 shCtrl and shFitm2
colon cancer cells were co-cultured with pre-activated mouse spleen lymphocytes in vitro. Schematic diagram of the co-culture assay. (H, 1) Flow cytometry was used to detect
the proportion of dead cells. Data were presented as means + SEMs. ns, not significant; **P <0.01, *P <0.05.

formation,”””* enzymes associated with phospholipid synthesis'* and intra-
cellular fatty acid synthesis and catabolism.”** To manipulate LD levels in
colon cancer cells, we targeted Fat storage-inducing transmembrane protein
2 (FITM2), a key regulator of the final budding process of LDs from endoplas-
mic reticulum (ER). Unlike enzymes involved in triglyceride biosynthesis or
lipolysis,”* FITM2 influences LD formation without altering overall lipid
metabolism, thereby allowing us to dissect LD-dependent mechanisms with
minimal confounding effects.

Analysis of the TIMER database (http://timer.cistrome.org/) and a human
colon cancer tissue microarray (containing 80 pairs of tumors and matched
adjacent tissues) (Table S2) revealed that FITM2 was significantly expressed
higher in CRC tissues than adjacent tissues (Figures STA-B). Furthermore, its
expression exhibited a negative correlation with tumor-infiltrating CD8* T
cells in colon cancer (Figures STC-E). In addition, FITM2 expression was
negatively associated with the expression of Interferon-gamma (IFN-y),

CD8A, Granzyme A (GZMA), and perforin (PRF), but not tumor necrosis factor
(TNF) (Figure STF). Furthermore, FITM2 protein expression was significantly
higher in tumors from PD patients compared to those from SD patients
(Figures S1G-H). The findings prompted us to select FITM2 to regulate the
content of LD in colon cancer cells.

We knocked down FITM2 in CT26 and MC38 cells using small hairpin
RNAs (shRNAs), with knockdown efficiency confirmed by western blot
(Figures S2A & D). FITM2 knockdown significantly reduced both LD content
and numbers by flow cytometry and immunofluorescence (IF) (Figures S2B-
C & E-F). To assess the impact of FITM2-mediated LD reduction on anti-PD-
1 efficacy, we conducted an in vivo tumor competition assay. A mixture of
GFP-labeled CT26 shFitm2 cells and mCherry-labeled CT26 shCtr/ cells at a
1.1 ratio was co-injected into immune-deficient BALB/c nude mice or
immune-proficient BALB/c mice. One day after tumor inoculation, mice were
treated with either an isotype control or anti-PD-1 antibody. Tumors
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harvested on day 12 showed that under anti-PD-1 treatment, GFP* CT26
shFitm2 cells were selectively eliminated compared with control (Figures 1D-
F & S3A). To further validate these findings, we co-cultured CT26 shCtr/ and
shFitm2 cells with pre-activated mouse splenic lymphocytes in vitro
(Figure 1G). The proportion of dead CT26 shFitm2 colon cancer cells was
significantly higher than that of shCtr/cells (Figures TH-I1 & S3B).

In summary, LDs play a crucial role in promoting colon cancer cell survival
during anti-PD-1 therapy.

FITM2-driven LD formation reduces surface IFNGR1 without altering
total protein

To elucidate how FITM2-regulated LDs in colon cancer cells affect
immunotherapy response, we knocked down FITM2 in HT29 (MSS, BRAF-
V600E mutant, p53-mutant, LD-high) and SW620 (MSS, KRAS-G12V mutant,
p53-mutant, LD-low) human colon cancer cell lines, with knockdown effi-
ciency confirmed by western blot (Figures S2G & I). shFITM2-3 was selected
for downstream experiments. Consistent with the role in LD biogenesis,
FITM2 knockdown in HT29 and SW620 significantly reduced both the
number and content of LDs as assessed by immunofluorescence and flow
cytometry with BODIPY 493/503 staining Figures S2H, J & O-P). Conversely,
FITM2 overexpression (FITM2-OE) increased intracellular LD accumulation
(Figures S2K-N & O-P). Heatmaps of differentially expressed genes indicated
that FITM2 knockdown in HT29 colon cancer cells enhanced the expression
of genes associated with IFN-y signaling (Figure S4A). Upon IFN-y stimula-
tion, phosphorylation of JAK2 (Tyr1007/1008) and STAT1 (Tyr701) was
markedly elevated in HT29 and SW620 shFITM2 cells, whereas they were
markedly reduced in HT29 and SW620 FITM2-OE cells (Figures S4B-E). RT-
gPCR showed an increase in the mRNA expression of CXCL9 and CXCL10 in
HT29 and SW620 shFITM2 cells, while FITM2-OE cells displayed reduced
transcript levels of these IFN-y—responsive genes (Figures S4F-G). IF analy-
sis further revealed elevated p-STAT1 levels in HT29 and SW620 shFITM2
cells, and reduced p-STAT1 levels in HT29 and SW620 FITM2-OE cells after
IFN-y stimulation (Figures S4H-1). Additionally, HT29 and SW620 shFITM2
cells secreted higher levels of CCL5 and CXCL10 in the supernatant, whereas
FITM2-OE cells secreted lower levels (Figures S4J-K). Together, these results
demonstrate that LD depletion via FITM2 knockdown sensitizes colon cancer
cells to IFN-y stimulation by activating the JAK2—STAT1 pathway, highlight-
ing a key role of LDs in restraining IFN-y signaling and influencing
immunotherapy responsiveness.

Although several membrane proteins showed altered abundance in the
surface proteome, RNA-seq pathway enrichment analysis specifically
converged on IFN-y signaling as the dominant functional vulnerability (Figure
S4A), guiding our subsequent focus on the IFNGR1-JAK2-STATT1 axis. Bind-
ing of IFN-y to its receptor IFNGR1 initiates downstream signal transduction,
and increased IFNGR1 abundance on the plasma membrane heightens IFN-y-
mediated signaling.”” To investigate the upstream components of the IFN-y
signaling pathway, we examined IFNGR1 expression in colon cancer cells
with varying FITM2 levels. Flow cytometry analysis revealed that HT29 and
SW620 shFITM2 cells exhibited significantly higher IFNGR1 levels on the
plasma membrane, whereas these FITM2-OE cells showed significantly
lower levels (Figures 2A-D). These findings were further supported by west-
ern blot analysis of membrane and cytosolic protein fractions, which
confirmed increased membrane localization of IFNGR1 in HT29 and SW620
shFITM2 cells and decreased localization in those FITM2-OE cells
(Figures 2E-H).

To ensure experimental consistency, we established HT29 shFITM2 and
FITM2-OE cell lines from the same parental batch of HT29 cells. Then, we
performed parallel proteomic analyses on whole-cell and plasma membrane
proteins isolated from HT29 shFITM2 and FITM2-OE colon cancer cells
(Figure 21). In the whole-cell proteome, FITM2 expression was significantly
decreased in shFITM2 cells, confirming successful genetic manipulation
(Figure 2J). Proteomic profiling of membrane fractions revealed a marked
increase in IFNGR1 abundance in FITM2-silenced cells, whereas no substan-
tial difference was detected in the total cellular proteome (Figures 2K-L).
Importantly, modulation of FITM2 expression did not alter the mRNA levels of
IFNGR1 or IFNGR2 in either human or mouse colon cancer cells (Figure Sb).
In addition, the cycloheximide (CHX) chase assay further revealed that FITM2

does not affect IFNGR1 protein stability in HT29 and SW620 cells (Figure S6).
Clinically, in the CRC patient cohort receiving anti-PD-1 therapy described
above, higher IFNGR1 expression on the plasma membrane was positively
correlated with SD (Figure 2M). The clinical data underscore the relevance of
IFNGR1 membrane localization to immunotherapy efficacy.

Therefore, FITM2-regulated LDs in colon cancer cells attenuate
immunotherapy response by reducing surface IFNGR1 expression without
altering total protein levels, thereby inhibiting downstream IFN-y signaling.

LD biogenesis preferentially depletes TGN DAG, blocking IFNGR1 Golgi
export

To delineate the determinants of IFNGR1 surface abundance, we exam-
ined its synthesis, intracellular trafficking and plasma membrane localization.
Upon IFN-y stimulation, IFNGR1 in both HT29 and SW620 cells underwent
rapid internalization and degradation within 5 minutes, followed by resynthe-
sis (Figure S7). Notably, HT29 and SW620 shFITM2 cells displayed increased
IFNGR1 expressed on the plasma membrane in 4 hours post-stimulation,
whereas trafficking was reduced in FITM2-OE cells (Figures 3A-E). These
observations indicate that FITM2 levels modulate IFNGR1 translocation to
the plasma membrane.

Transmembrane proteins such as IFNGR1 are synthesized in the endo-
plasmic reticulum (ER) and transported through the Golgi apparatus for
complex glycosylation.”” Whole-cell proteome indicates that FITM2 did not
alter the abundance of vesicle secretion or transport-related proteins
(Table S3). Co-localization of IFNGR1 with organelle markers in HT29 and
SW620 cells demonstrated its association with Golgi apparatus (Giantin,
TGN46, GM130), ER (calnexin), lysosome (LAMP1) and early endosome
(EEAT), but not with transferrin receptor 1(TFRC), Rab11, or LDs (Figures 3F-I
& S8A-B). Interestingly, we did not detect colocalization of LDs with the Golgi
apparatus (Figures S8C-D), contrary to previous reports.””

We next focused on the trans-Golgi network (TGN), a central sorting hub in
the secretory pathway that directs newly synthesized proteins to their
subcellular destinations and receives recycled molecules from the endocytic
compartment.”’ To assess the impact of FITM2 on Golgi morphology, we
analyzed HT29 and SW620 colon cancer cells with different FITM2 expres-
sion levels by transmission electron microscopy. In shFITM2 cells, the Golgi
apparatus exhibited intact, tightly stacked saccules with dense surrounding
vesicles, whereas FITM2-OE cells showed smaller, disorganized and swollen
Golgi structures (Figures 3J-K). Previous studies have highlighted the impor-
tance of DAG levels in the Golgi apparatus for protein transport to the plasma
membrane.”” Using PKD-GFP as an indirect reporter of DAG content, we
observed that PKD-GFP localized to the TGN in HEK293T vector cells but was
diffusely cytosolic in HEK293T FITM2-OE cells, indicating reduced TGN DAG
levels (Figures 3L, S9A & C). To determine whether FITM2 specifically affects
DAG levels in the Golgi apparatus without perturbing other lipids, we exam-
ined PI(4)P indirectly using the Pleckstrin Homology (PH) domain of oxysterol-
binding protein (OSBP) fused to GFP. As shown, OSBP-PH-GFP localized to
the TGN in HEK 293T vector and FITM2-OE cells, confirming that FITM2
specifically alters DAG levels without affecting PI(4)P (Figures 3M, S9B & D).
Direct ELISA measurement of DAG content in HT29 and SW620 cells revealed
that shFITM2 cells had elevated DAG in the TGN, whereas FITM2-overex-
pressing cells showed decreased TGN DAG, without changes in total cellular
DAG levels (Figures 3N-0). Importantly, treatment of FITM2-OE cells with the
DGATT inhibitor A922500 restored IFNGR1 plasma membrane localization,
providing functional evidence of DAG-mediated trafficking regulation (Figures
3P-Q).

Collectively, FITM2-driven LD formation depletes DAG from the TGN with-
out detectably altering PI(4)P or total cellular DAG, impairing IFNGR1 traffick-
ing to the plasma membrane, whereas reducing LD content through FITM2
knockdown replenishes TGN DAG and facilitates IFNGR1 surface delivery.

FITM2 knockdown restores IFNGR1 surface expression and enhances
anti-PD-1 efficacy

To further investigate whether FITM2-mediated reduction of LDs in colon
cancer cells enhances tumor susceptibility to antitumor immunity, we found
that FITM2 knockdown resulted in a tumor growth inhibition (TGI) rate of
25.6%, which was further increased to 58.9% when combined with anti-PD-1
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Figure 2. FITM2-driven lipid droplets restrict IFNGR1 trafficking to the plasma membrane, reducing surface IFNGR1 without affecting total protein abundance (A-D) Flow
cytometric analysis of IFNGR1 surface expression in (A) HT29 and (B) SW620 cells following FITM2 knockdown (shFITM2), and in (C) HT29 and (D) SW620 cells following FITM2
overexpression (FITM2-OE). (E-H) Western blot analysis of IFNGR1 in subcellular fractions from (E) HT29 shCTRL/shFITM2, (F) HT29 vector/FITM2-0OE, (G) SW620
shCTRL/shFITM2, and (H) SW620 vector/FITM2-OE cells. The membrane-to-cytosol ratio of IFNGRT was quantified relative to the membrane marker E-cadherin. WCL, whole
cell lysate; Cyto, cytoplasm; MEM, membrane. (I-L) Quantitative cell surface proteomics. (I) Schematic of the cell surface biotinylation and LC-MS/MS workflow in HT29 shFITM2
and FITM2-0E cells. (J) Log2-transformed fold change of whole-cell proteome. (K) Log2-transformed fold change of the surface proteome (biotinylated fraction). (L) IFNGR1
abundance in the surface proteome. (M) Representative immunofluorescence images of IFNGR1 and PLIN2 in tumor tissues from colorectal patients stratified by response to
anti-PD-1 therapy. IFNGR1 (red), nuclei (DAPI, blue). Scale bar, 50 um. Data were presented as means + SEMs. ns, not significant; *+P <0.01, *P <0.05.

treatment in the subcutaneous tumor model of CT26 colon cancer (Figures
S10A-D). To more closely recapitulate the intestinal microenvironment, we
established orthotopic tumor models and achieved consistent therapeutic
effects (Figures 4A-D & S11A-D). These results demonstrate that FITM2
knockdown not only suppresses tumor growth but also enhances the effi-
cacy of anti-PD-1 immunotherapy in immunocompetent mice. Histological
analysis (H&E staining) and immunohistochemistry (IHC) for PCNA corrobo-
rated these findings (Figures 4E, ST0E & S11E). By assessing PLIN2 expres-
sion, we confirmed reduced LD content in FITM2-deficient tumors (Figures
4F, STOF & ST1F). In line with the proposed mechanism, flow cytometry
revealed elevated IFNGR1 expression on the tumor cell plasma membrane
(Figures 4G, S10G, S11G & S12A). Additionally, the combination of FITM2
knockdown with anti-PD-1 treatment led to an increased proportion of both
CD8" T and CD4" T cells (Figures 4H-I, STTH-1 & S12B). Notably, the propor-

tion of CD8* T cells secreting effector molecules, including IFN-y, TNF-a, and
GZMB, reached the highest level with this combination regimen (Figure 4J-L,
S11J-L & S12B). Furthermore, IHC staining showed that FITM2 knockdown
combined with anti-PD-1 therapy significantly upregulated the expression of
p-JAK2 and p-STAT1, suggesting robust activation of the IFN-y-JAK2-STAT1
signaling pathway (Figures 4M-N & STTM-N).

Collectively, these data demonstrate that FITM2 knockdown enhances
antitumor immunity and improves anti-PD-1 therapeutic efficacy by reduc-
ing LD accumulation, promoting IFNGR1 surface expression, and activating
the IFN-y/JAK2/STAT1 signaling axis. The observation of distinct growth
phenotypes exclusively in immunocompetent mice establishes FITM2 as an
immune-dependent regulator, consistent with the proposed mechanism
whereby FITM2 modulates immune-mediated tumor responses without
directly affecting cancer cell proliferation.
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Figure 3. Lipid droplet biogenesis selectively depletes TGN DAG, blocking IFNGR1 export from the Golgi to the plasma membrane (A) Diagram of in vitro IFN-y stimulation of
tumor cells. (B, C) Surface IFNGR1 levels, measured by flow cytometry, in (B) HT29 and (C) SW620 colon cancer cells following FITM2 knockdown (shFITM2) versus control
(shCTRL) at the indicated times after IFN-y stimulation. Relative MFI was shown. (D, E) Surface IFNGRT1 levels in (D) HT29 and (E) SW620 cells following FITM2 overexpression
(FITM2-0OE) versus empty vector control at the indicated times after IFN-y stimulation. Relative MFI was shown. (F) Representative confocal microscopy images of HT29 cells co-
stained for IFNGR1 and the Golgi apparatus markers Giantin, TGN46, or GM130 (F). Scale bar: 15 um. (G) Quantification of Pearson's correlation coefficients for IFNGR1 colocal-
ization with each marker. (H, I) Representative confocal microscopy images (H) and quantification (I) of IFNGR1 colocalization with Golgi markers in SW620 cells. Scale bar: 15
um. (J, K) Transmission electron micrographs of the Golgi region in (J) HT29 and (K) SW620 control, shFITM2, and FITM2-OE cells. Scale bar: 0.5 pm. (L, M) Colocalization analy-
sis of the DAG biosensor (L) GFP-PKD and PI(4)P biosensor (M) OSBP-PH-GFP with the TGN marker TGN46 in HEK293T control and FITM2-OE cells. Pearson's correlation coef-
ficients were calculated. Scale bar: 15 um. (N, O) Measurement of cellular DAG content in total cell lysates and TGN fractions from (N) HT29 and (0) SW620 control, shFITM2, and
FITM2-OE cells. (P, Q) Surface IFNGR1 levels (MFI) on (P) HT29 and (Q) SW620 FITM2-OE and control cells, treated with or without the DGAT1 inhibitor A922500. Data were
presented as means + SEMs. ns, not significant; **P<0.01, *P<0.05.

8 The Innovation Oncology 1(3): 100041, October 26, 2026 www.the-innovation.org/the-innovation-oncology


https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology
https://www.the-innovation.org/the-innovation-oncology

O =

x108

b

CT26-shCtrHuc ras @
Lo —> 8 —> .
Shd [ ] S
=
CT26-shFitm2luc PBS A x
o —> Q —> 5
9 S
Sl ‘ v g
Orthotopic IS
Transplantation 9
Day 1-7 Mods) . E
Subcutaneous Drug v =

Ectopic Tumor treatment

HE

PCNA

m Gated on CD45*

| Cancer Immunotherapy RLUYI[¢RS

diance /secmz/sr) Q

——shCtrl —=— shCtrl+Anti-PD-1
3000, —— ShFitm2—— shFitm2+Anti-PD-1  5q_
) —
+ 157 ns
2000+ . -E,,
e ";;1 0]
1000+ S
-
04 T ) 0 r .
0 4 0 4
Time (day) Time (day)
*% shFitm2

IHC Score
o N H [e)] [ee)

Counts

. = 80+ o
1659 |  44.4% g =
(&) §40_ T
2| ale]] @ AN
8 ol
CD45*CD8-BV421 .
o e
14.0% 28.5% 18.2% 34.8%| Z 304 22
3 20
o 2
2 ‘@E @ ﬁ[l L;, 104 r| ﬂﬂ
o 0 ALl

v

CD45*CD4-FITC
o Gated on CD45*CD8*

v

°® ] A v g
A @
& -
s :
Z|{24.8% |{38.0% 27.0% 45.8% B
= &
CD45°CD8-BV421 -
0 :
A ]
<
5 ; 'é 12 xx_ 12
o % -4 *k
S1120% ' |]45% 5.0% 6.8% 5 e o e e g "
= & 8 *x NS v 8 = ey
~ CD45'CD8-BV421 _ @ (Rt ? v
& (&) o ns
05“ — |:| 2 T4 we| [1x T4 o5 ns- [
w 4 = I
I o ol T L]
S| {41% 15.6% | 18.9% | {20.0% g Anti-PD-1 -+ -+ Anti-PD-1 -+ -+
N 2 shFITM2 - -  + + shFITM2 - - 4+ 4
o o

CD45*CD8-BV421

Figure 4. Reducing lipid droplets via FITM2 knockdown restores IFNGR1 surface expression and enhances anti-PD-1 efficacy in orthotopic colorectal cancer (A) Schematic

diagram of the experimental timeline. (B) Representative bioluminescence images of

orthotopic tumors. (C) Quantification of tumor burden from bioluminescence data. (D)

Mouse body weight curves throughout the study. (E) Representative images of tumor sections stained with H&E and for the proliferation marker PCNA. Scale bar, 100 pm. (F)
Immunohistochemistry (IHC) for PLIN2 in tumor tissues. Scale bar, 100 pm. (G) Flow cytometric analysis of IFNGR1 surface expression on CD45™ tumor cells isolated from shCtr/
and shFitm2 tumors. (H, I) Proportion of tumor-infiltrating lymphocytes among CD45" leukocytes: (H) CD8" T cells and (I) CD4" T cells. (J-L) Flow cytometric analysis of cytokine
production in tumor-infiltrating CD8" T cells: (J) IFN-y, (K) TNF-q, and (L) Granzyme B (GZMB). (M, N) IHC analysis of key signaling molecules in tumor tissues: (M) p-JAK2 and
(N) p-STAT1. Scale bar, 100 pm. Data were presented as means + SEMs. ns, not significant; xP <0.01, *P <0.05.

IFNGR1 surface expression is essential for FITM2-knockdown-mediated
sensitization to anti-PD-1

To assess the dependency of FITM2 function on the IFN-y-JAK2-STAT1
signaling pathway, we co-cultured shCtrl and shFitm2 cells from both CT26
cell lines with pre-activated mouse splenic lymphocytes in vitro, with or with-
out anti-IFN-vy. Notably, FITM2 knockdown cells exhibited increased suscep-
tibility to lymphocyte-mediated killing, which was abrogated by IFN-y neutral-

ization (Figures 5A-C). For further in vivo experiments, we engineered IFNGR1-
knockdown (sh/fngrT) mouse colon cancer cells and confirmed this by west-
ern blot (Figures 5D & L). IFNGR1 knockdown compromised the therapeutic
effect of anti-PD-1 and abrogated the sensitization effect of FITM2 knock-
down in CT26 colon cancer models (Figures 5E-H). Consistently, IHC analy-
sis confirmed that IFNGR1 knockdown suppressed the activation of IFN-y-
JAK2-STAT1 signaling by FITM2 knockdown and anti-PD-1 treatment
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Figure 5. IFNGR1 signaling is essential for FITM2 knockdown to sensitize colorectal cancer to anti-PD-1 therapy (A-C) Cytotoxicity assay of CT26 shCtrl and shFitm2 cells co-
cultured with pre-activated mouse splenocytes, with or without IFN-y neutralization antibody. (A) Schematic diagram of the in vitro co-culture system. (B, C) Flow cytometric
analysis of target cell death at different effector-to-target (E: T) ratios in the absence or presence of anti-IFN-y (20 pg/mL). (D) Validation of FITM2 and IFNGR1 knockdown in
CT26 cells. (E-H) CT26 colon cancer cells (shCtrl, shFitm2, shifngrl, and shFitm2+shifngrl) were transplanted into BALB/c mice and treated with anti-PD-1 or PBS control.
Shown are (E) tumor growth curves, (F) mouse body weight, (G) final tumor weight, and (H) representative tumor images. (I-K) Histological analysis of CT26 tumors: (I) H&E
staining and IHC for (J) p-JAK2 and (K) p-STAT1. Scale bar, 100 pm. (L) Western blot validation of FITM2 and IFNGR1 knockdown efficiency in the CT26 tumors. Data were
presented as means + SEMs. ns, not significant; P <0.01, *P <0.05.

(Figures 5I-K). These data demonstrate that the IFNGR1 surface expression ~ Pharmacological DGAT1 inhibition with A922500 restores TGN DAG,
and IFN-y signaling are essential for FITM2 knockdown to sensitize colorec-  rescues IFNGR1 trafficking, and synergizes with anti-PD-1
tal cancer to anti-PD-1. Given that IFNGR1 membrane localization depends on DAG in the TGN, we
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Figure 6. Pharmacological inhibition of lipid droplet biogenesis with DGAT1 inhibitor A922500 restores TGN DAG, rescues IFNGR1 trafficking and increases tumor-intrinsic
IFN-y-JAK2-STAT1 signaling (A, B) Flow cytometric analysis of IFNGR1 surface expression and neutral lipid content (BODIPY 493/503 MFI) in (A) HT29 and (B) SW620 colon
cancer cells following a 24 h treatment with A922500 (10 pM), PF-06424439(10 uM) or DMSO control. (C, D) Measurement of DAG content in total cell lysates and TGN fractions
from (C) HT29 and (D) SW620 cells treated with A922500 (10 uM) or DMSO for 24 h. (E, F) Western blot analysis of JAK2 and STAT1 phosphorylation in (E) HT29 and (F) SW620
cells pre-treated with A922500 or DMSO for 24 h, then stimulated with IFN-y (10 ng/mL) for the indicated times.Data were presented as means + SEMs. ns, not significant; P

<0.01, P <0.05.

investigated whether pharmacologic inhibition of diacylglycerol acyltrans-
ferases (DGATSs), which catalyze the final step of triacylglycerol synthesis,
could replicate the effect of genetic FITM2 depletion in vivo. We assessed
IFNGR1 surface expression and neutral lipid content in HT29 and SW620
cells treated with DGATT inhibitor A922500 or DGAT?2 inhibitor PF-06424439.
Treatment with the DGAT1 inhibitor A922500, but not the DGAT2 inhibitor,
markedly reduced LD accumulation and significantly increased IFNGR1
expression on the plasma membrane in both cell lines (Figures 6A-B).
Consistent with the genetic models, A922500 treatment restored DAG levels
both globally and specifically within the TGN fractions (Figures 6C-D). Conse-
quently, A922500 treatment enhanced IFN-y-induced phosphorylation of
JAK2 (Tyr1007/1008) and STAT1 (Tyr701) in both HT29 and SW620 cells
(Figures 6E-F). Together, these findings pharmacologically corroborate our
genetic models, establishing that restricting lipid droplet biogenesis, either via
FITM2 silencing or DGAT1 inhibition, prevents Golgi diacylglycerol depletion
and rescues IFNGR1 plasma membrane trafficking to restore tumor-intrinsic
IFN-y responsiveness.

Consistent with our genetic models, pharmacological inhibition of LD
biogenesis with A922500 significantly sensitized orthotopic CT26 tumors to
anti-PD-1 therapy, as evidenced by reduced bioluminescence intensity and
tumor burden. In the orthotopic CT26 colon cancer model, the combination of
A922500 with anti-PD-1 therapy markedly suppressed tumor growth
(Figures 7A-D). H&E and PCNA staining further confirmed the anti-prolifera-
tive effect of the combination regimen (Figure 7E). Consistent with the in vitro
findings, A922500 treatment reduced LD content and increased IFNGRT
expression on the plasma membrane of tumor cells in vivo (Figures 7F-G).
Flow cytometry analysis of tumor-infiltrating lymphocytes revealed enhanced
infiltration of CD8" and CD4* T cells, along with increased production of IFN-y,
TNF-q, and GZMB by CD8" T cells in the combination group (Figures 7H-L).
Moreover, IHC staining of tumor tissues showed that the combination treat-
ment significantly upregulated the level of p-JAK2 and p-STAT1 (Figures 7TM-
N). Importantly, this therapeutic strategy exhibited a favorable safety profile,
as indicated by the absence of significant changes in serum ALT and AST
levels (Figures S13A-B) and no histopathological alterations in major organs
(Figure S13C).

Collectively, DGAT1 inhibition by A922500 reduces LD accumulation,
restores IFNGR1 membrane trafficking, and enhances IFN-y signaling,

thereby potentiating the antitumor efficacy of anti-PD-1 immunotherapy in
colorectal cancer.

DISCUSSION

Most CRC patients do not derive significant therapeutic benefits from ICls.
While LDs are known to contribute to various aspects of tumor biology,
including tumor proliferation, invasion, metastasis, and resistance to
chemoradiotherapy,®**® their role in modulating the efficacy of
immunotherapy in CRC has remained controversial. Previous studies have
shown that LDs serve as reservoirs of cyclooxygenase 2 (COX2) and sites for
prostaglandin E2 (PGE2) synthesis in colon cancer cells, playing a crucial role
in cell proliferation by participating in inflammatory processes.”**’ Addition-
ally, the acidic tumor microenvironment can promote autocrine TGF-B2
signaling, resulting in the accumulation of LDs and epithelial-to-mesenchy-
mal transition. LD accumulation regulated by lipid droplet-localizing enzyme
lysophosphatidylcholine acyltransferase 2 (LPCAT2) in colon cancer cells
also confers resistance to chemotherapy by impairing caspase cascade acti-
vation and endoplasmic reticulum stress.'* We identify a previously unrecog-
nized immunoregulatory function of LDs, specifically those regulated by
FITM2, in shaping the response to anti-PD-1 therapy in CRC. Unlike previous
studies focusing on LD-associated enzymes or inflammatory mediators, we
uncover a membrane trafficking-centered mechanism: FITM2-driven LDs
modulate IFNGR1 plasma membrane localization through TGN DAG-depen-
dent trafficking, thereby defining a metabolic checkpoint that governs tumor
IFN-y responsiveness in colorectal cancer.

Beyond the CRC context, our findings contribute to an emerging picture in
which LDs serve as immunoregulatory organelles that integrate cellular
metabolism with immune signaling across diverse biological settings. Bosch
et al. recently demonstrated that LDs function as innate immune hubs in
macrophages, where they compartmentalize antimicrobial proteins and
eicosanoid biosynthetic enzymes to mediate host defense.”’ More broadly,
LDs have been implicated in the regulation of antigen cross-presentation in
dendritic cells, the metabolic reprogramming of tumor-associated
macrophages, and the effector function of CD8" T cells within the tumor
microenvironment.”*** Our discovery that LDs control cytokine receptor traf-
ficking through organelle-specific DAG partitioning adds a new dimension to
this paradigm: beyond their established roles as platforms for protein
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Figure 7. Pharmacological inhibition of lipid droplet biogenesis with DGAT1 inhibitor A922500 synergizes with anti-PD-1 therapy (A) Schematic diagram of the experimental
timeline. (B) Bioluminescence images of orthotopic tumors. (C) Quantification of tumor burden from bioluminescence data. (D) Mouse body weight curves throughout the study.
(E) Representative images of tumor sections stained with H&E and for the proliferation marker PCNA. Scale bar, 100 pm. (F) IHC for the lipid droplet marker PLIN2 in tumor
tissues. Scale bar, 100 um. (G) Flow cytometric analysis of IFNGR1 surface expression on CD45™ tumor cells isolated from A922500- or PBS-treated tumors. (H, I) Proportion of
tumor-infiltrating (H) CD8* T cells and () CD4" T cells among CD45" leukocytes, as determined by flow cytometry. (J-L) Intracellular cytokine staining and flow cytometry analy-
sis of tumor-infiltrating CD8" T cells to produce (J) IFN-y, (K) TNF-q, and (L) GZMB. (M, N) IHC analysis of phosphorylated signaling molecules in tumor tissues: (M) p-JAK2 and
(N) p-STAT1. Scale bar, 100 pm. Data were presented as means + SEMs. ns, not significant; *+£<0.01, *P<0.05.

sequestration and eicosanoid production, LDs can actively reshape the
plasma membrane receptor landscape by regulating lipid flux to the secre-
tory pathway.

An important question arising from our study is whether LD biogenesis
selectively impacts IFNGR1 or globally alters the surface expression of multi-
ple receptors. Our unbiased quantitative cell surface proteomics (Figures 2I-

L) revealed that FITM2 depletion indeed alters the abundance of several
plasma membrane proteins beyond IFNGR1. Beyond IFNGRT, this LD-TGN
regulatory axis may function as a general gatekeeper for other Golgi-depen-
dent surface receptors. Although other receptors showed altered surface
abundance in the proteomic screen, none of the corresponding downstream
signaling pathways (e.g., TNF, IL-6, or growth factor pathways) were signifi-
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cantly enriched in our RNA-seq or phospho-proteomic analyses following
FITM2 modulation. Second, the functional rescue of anti-PD-1 efficacy by LD
reduction was completely abrogated by IFNGR1 knockdown or IFN-y neutral-
ization (Figure 5), placing IFNGR1 as a non-redundant effector. Third, the
trafficking defect induced by LD accumulation is specifically rescued by
replenishing TGN DAG via DGATT inhibition, which restores IFNGR1 surface
expression but does not globally correct all proteomic changes. Moreover, the
LD-TGN axis identified here may operate in other pathological contexts charac-
terized by aberrant LD accumulation, including metabolic dysfunction-asso-
ciated steatohepatitis (MASH), obesity-associated cancer risk, and chronic
infection, where modulated receptor presentation and downstream signaling,
given that altered lipid metabolism intersects with immune surveillance.

However, the critical finding is that under IFN-y stimulation—the specific
context of anti-tumor immunity—the functional converges on the IFNGR1-
JAK2-STAT1 axis. Several lines of evidence support this selectivity. We
proposed a model where LD-mediated TGN DAG depletion creates a general
vulnerability in secretory trafficking, but the physiological consequence is
dictated by the cytokine context. In the tumor microenvironment, where IFN-y
is a dominant effector molecule, the impaired trafficking of IFNGR1 becomes
a rate-limiting event for anti-tumor immunity. Thus, while LDs may influence
multiple receptors, their immunoregulatory function is selective for the IFN-y
pathway.

The canonical IFN-y signaling pathway plays a critical role in the response
to various immunotherapies, including ICls and chimeric antigen receptor
(CAR) T-cell therapy.”’ Disruption of this pathway, through mutations in B2M,
JAK1/2, or IFNGR1/2, can cause loss of MHC-I expression or IFN-y unre-
sponsiveness, leading to resistance to ICIs.” ™ Other regulators such as
PTPN2 (a JAK/STAT phosphatase) and ADART (an RNA-editing enzyme
modulating ISG expression) also shape tumor immune sensitivity.”*** In addi-
tion to IFNGR1 expression levels, its subcellular localization is critical for IFN-
y signal transduction.” Genome-wide CRISPR screens have identified IFNGR1
as a determinant of CAR-T efficacy in solid tumors,"® and loss of IFNGR1
confers resistance to anti-PD-1 therapy in MC38 colon cancer cells.”” Mech-
anisms such as ubiquitin ligase STUB1-mediated degradation, optineurin
loss, or altered N-glycosylation can similarly impair IFNGR1 stability.>**** In
our study, FITM2 depletion increased IFNGR1 surface expression without
affecting total protein abundance, correlating with enhanced response to anti-
PD-1 treatment. This mechanism is distinct from previously reported regula-
tors of IFNGR1, expanding the known mechanisms governing cytokine
receptor availability. This finding also parallels a recent report that glycosph-
ingolipid depletion increases IFNGR1 surface availability;” however, we
provide a distinct mechanistic basis (TGN DAG depletion) and identify LD
biogenesis as an upstream, druggable regulator.

To further elucidate the mechanism underlying IFNGR1 localization
changes, we examined its biosynthesis and trafficking pathway. IFNGR1 is
synthesized in the endoplasmic reticulum and undergoes glycosylation
during its transfer to the Golgi apparatus, with only fully glycosylated recep-
tors reaching the plasma membrane.”**" Western blot analysis showed that
FITM2 modulation did not alter IFNGR1 glycosylation (no molecular weight
shift) and CHX chase assays confirmed that FITM2 does not affect IFNGR1
synthesis or degradation. Additionally, we found that a fraction of IFNGR1
localized to the TGN, and LD depletion via FITM2 knockdown promoted
IFNGR1 trafficking to the plasma membrane. Prior studies demonstrated that
Nir2-mediated DAG homeostasis in the Golgi is essential for vesicular
export.”” Our results establish a trafficking-centered mechanism in which LD
abundance modulates TGN DAG pools to control IFNGR1 surface availability
and downstream IFN-y signaling.

Building on this mechanism, we identified that the DGAT1 inhibitor
A922500, which effectively reduces LDs, restores TGN DAG levels, and sensi-
tizes CRC to anti-PD-1 therapy. The agent exhibited robust antitumor effi-
cacy in vivo with no significant changes in body weight or histopathological
abnormalities in major organs. DGAT1 inhibition has shown antitumor effects
in multiple cancer types, with gastrointestinal events being the primary
adverse effects.” In preclinical settings, DGAT1 inhibitors did not affect body
weight, consistent with our findings.”*** Importantly, the favorable safety
profile and the ongoing clinical trials of DGAT1 inhibitors for metabolic
diseases support their repurposing for cancer immunotherapy.

| Cancer Immunotherapy RLUYI[¢RS

A limitation of our study is that the in vivo efficacy was evaluated in
immune-competent mouse models with established CRC cell lines; further
validation in patient-derived xenograft (PDX) or genetically engineered mouse
models is needed. While we focus on FITM2 as a tool to manipulate LDs,
other LD-regulatory pathways may have distinct effects on membrane traf-
ficking and could be explored in future studies. Additionally, future studies
using DGAT1-KO cells or intestine-restricted DGAT1 inhibitors will further
refine mechanistic specificity.

CONCLUSION

In summary, the study uncovers a previously unappreciated immunosup-
pressive role of LDs in CRC. FITM2-driven LD biogenesis depletes TGN DAG
pools, impeding IFNGR1 trafficking and attenuating IFN-y signaling.
Conversely, LD reduction via genetic or pharmacological intervention restores
IFNGR1 surface localization and enhances responsiveness to anti-PD-1 ther-
apy. Our findings redefine LDs as active immunoregulatory organelles rather
than passive lipid reservoirs and highlight the therapeutic potential of target-
ing LD biogenesis and TGN lipid homeostasis to improve immunotherapy
outcomes in CRC.
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