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Abstract

Pancreatic cancer remains largely unresponsive to immune checkpoint blockade, yet the tumor-
intrinsic transcriptional mechanisms that sustain immune evasion are not fully understood. Here,
we performed an in vivo CRISPR/Cas9 screen targeting transcription factors in an orthotopic murine
PDAC model and identified FOXPI1 as a tumor-intrinsic mediator of immune evasion. FOXPI
deficiency markedly inhibited tumor growth in immunocompetent hosts, but not immunodeficient
mice, accompanied by enhanced CD8" T cell infiltration, activation, and cytotoxic function,
rendering tumors more susceptible to antigen-specific T-cell killing and sensitizing PDAC to
immune checkpoint blockade. Mechanistically, FOXP1 directly transcriptionally activates CMTMS,
a post-translational regulator of PD-LI, thereby maintaining PD-LI stability and promoting an
immunosuppressive tumor microenvironment. Restoration of CMTMé expression in FOXPI-
deficient tumors rescued PD-L1 levels and largely reversed the enhanced antitumor immunity and
tumor suppression induced by FOXP1 loss. Clinically, analyses of immunotherapy-treated patient
cohorts, human PDAC specimens, and humanized patient-derived xenograft models consistently
demonstrated that elevated FOXP1 expression is associated with reduced CD8"* T-cell infiltration
and diminished responsiveness to immune checkpoint blockade. Collectively, these findings identify
a transcriptional-post-translational pathway by which tumor-intrinsic FOXPI sustains immune
evasion in PDAC and provide a strong rationale for combining FOXP1-targeted strategies with PD-
1/PD-LI blockade to overcome resistance to immunotherapy.
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Introduction

Pancreatic cancer remains one of the most
aggressive and lethal malignancies, with an average 5-
year overall survival (OS) rate of 13% [1]. Over the past

decade, immune checkpoint blockade (ICB),
particularly PD-1/PD-L1 blockade, has led to
remarkable clinical breakthroughs in cancer

immunotherapy, especially in advanced skin, lung,
and colorectal cancer [2]. Unfortunately, pancreatic
cancer remains largely refractory to ICB treatment due
to its highly desmoplastic and profoundly
immunosuppressive tumor microenvironment (TME)
[3]. Despite increasing clinical interest in
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immunotherapy for PDAC, the majority of patients
exhibit primary resistance, highlighting the urgent
need to elucidate the molecular mechanisms that
underlie tumor-intrinsic immune evasion.

CRISPR/Cas9 screening is a powerful and
unbiased tool for identifying key genes involved in
drug resistance and for discovering novel immune
targets [4-6]. For example, in vitro studies based on PD-
L1 or MHC- 1 expression have identified multiple
genes that may facilitate tumor cells to escape
cytotoxic T cell-mediated killing [7-11]. However, in
vitro cell culture systems cannot fully recapitulate the
complex tumor-immune interactions within the
endogenous TME. Consequently, a series of in vivo
screens have uncovered conserved genes-such
as PTPN2, SETDB1, PBRM1, COP1, and VDAC2-in the
regulation of tumor immune evasion [12-16].
Notably, using  orthotopic ~and  subcutaneous
pancreatic cancer models, RIPK2 and MED12 have
been found to potentiate cancer immune evasion [17,
18]. As master regulators of gene expression,
transcription factors play a pivotal role in oncogenesis
by orchestrating oncogenic signaling pathways,
rewiring cellular metabolism, reshaping the tumor
immune microenvironment, and maintaining cancer
stem cell properties [19]. However, a systematic
screening approach to identify the key transcription
factors that modulate the immune TME and influence
the efficacy of ICB therapy is still lacking.

To address this gap, we conducted an in vivo
screen using a focused library targeting 1511 murine
transcription factors in an orthotopic pancreatic cancer
model, we observed that multiple sgRNAs targeting
forkhead box P1 (FOXP1) were significantly depleted
in immunocompetent mice compared to immuno
deficient mice. Genetic ablation of FOXP1 significantly
suppressed tumor growth in an immune response-
dependent manner, increased CD8* T cell infiltration,
and enhanced effector function, sensitizing tumors to
PD-1 blockade. Mechanistically, FOXP1 directly drives
transcription of CMTMS6, a key post-translational
stabilizer of PD-L1 that prevents lysosomal
degradation and sustains immunosuppressive
signaling. This transcriptional-post-translational axis
establishes a mechanistic link between tumor-intrinsic
transcriptional programs and adaptive immune
resistance.

Material and Methods

Plasmid construction

FOXP1 and CMTM6 cDNAs were cloned into a
pLVX-HA expression vector. The pLKO.1 vector was
used to construct shRNA-expressing lentiviral
plasmids. shRNAs against hFOXP1 cDNA

(shhFOXP1#1: CCGGGCAGCAAGTTAGTGGATTAA
ACTCGAGTTTAATCCACTAACTTGCTGCTTTTTC;
shhFOXP1#2: CCGGTGCGAAGATTTCCAATCATTT
CTCGAGAAATGATTGGAAATCTTCGCATTTTTC),
mFOXP1 cDNA (shmFOXP1#1: CCGGGGTTATCACT
CCTCAACAAATCTCGAGATTTGTTGAGGAGTGA
TAACCTTTTTC, shmFOXP1#2: CCGGCGACTTCCC
AGCCTTTCTAAACTCGAGTTTAGAAAGGCTGGG
AAGTCGTTTTTC), hCMTM6 cDNA (shhCMTMe6#1:
CCGGTTTCTTCTGAGTCTCCTTATACTCGAGTAT

AAGGAGACTCAGAAGAAATTTTTC;, shhCMTM6
#2: CCGGGCCCTCACTGAGCCACTTAATCTCGAG
ATTAAGTGGCTCAGTGAGGGCTTTTTC), mCMTM
6 ¢cDNA (shmCMTMe6#1: CCGGGGCCTCTACTTCT
TTGAATTTCTCGAGAAATTCAAAGAAGTAGAGG
CCTTTTTC, shmCMTM6#2: CCGGGTGGAGGCCTC
TACTTCTTTGCTCGAGCAAAGAAGTAGAGGCCT

CCACTTTTTC), Non-targeting (CCGGCAACAAGA
TGAAGAGCACCAACTCGAGTTGGTGCTCTTCAT

CTTGTTGTTTTTC) were inserted into the pLKO.1
vector at the Agel and EcoRI sites. The promoters were
amplified by PCR and cloned into the pGL plasmid.

Tissue culture, transfection and viral infection

PANC1, BxPC3, PANCO02 and HEK293T cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Thermo Fisher) containing 10% FBS and 50
pg/mL  penicillin/streptomycin  (Thermo  Fisher
Scientific). KPC cells were cultured in McCoy’s 5 A
(Modified) Medium (Thermo Fisher Scientific)
containing 10% FBS. All the cells were cultured at 37°C
in a humidified incubator with 5% CO,. Mycoplasma
test for tissue culture was performed on monthly basis
using a MycoPlasma Detection Kit (Vazyme Biotech).
The cells used in experiments were within 10 passages
of thawing.

Transfections were carried out using
Lipofectamine (Thermo Fisher Scientific) following the
manufacturer’'s protocol. Stable cell lines were
established via lentiviral transduction. Briefly,
HEK?293T cells were co-transfected with the lentiviral
expression construct and packaging plasmids. Viral
supernatants were harvested 48 h post-transfection,
filtered through a 0.45-pm filter, and applied to target
cells in the presence of polybrene (5 pg/mL). Stable
cells were selected with puromycin or blasticidin
(Thermo Fisher Scientific) as indicated.

FOXP1 knockdown in murine KPC and PANC02
cells was achieved using a pLKO.1-based lentiviral
shRNA system. Cells were transduced with the
indicated lentiviruses and selected with puromycin to
establish stable knockdown lines. For HA-FOXP1 or
HA-CMTMB6 rescue experiments, shFOXP1 cells were
subsequently transduced with the corresponding
lentiviruses for 48 h, followed by blasticidin selection.
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For inducible FOXP1 silencing in human PANC1
cells, a pLKO-Tet-On system was employed. Cells
were transduced and selected with puromycin,
expanded, and then seeded into 6-well plates.
Knockdown was induced by treatment with 1 pg/mL
doxycycline for 48 h. Knockdown and overexpression
efficiencies were validated by immunoblotting.

Colony formation assay

Colony formation assays were performed by
seeding 1,000 cells per well in six-well plates, followed
by a 2-week incubation with medium renewal every 2
days. Cells were fixed in 4% formalin for 15 min and
stained with 1% crystal violet for 30 min. Each
experiment was repeated for three times.

Human specimens

Paired human pancreatic cancer tissues were
obtained from the Department of Hepatobiliary and
Pancreatic Surgery, The First Affiliated Hospital,
Zhejiang University School of Medicine. The study
adhered to institutional ethical standards and received
approval from the Institutional Review Board
(Approval No. 1333).

PDX model

Tumor fragments from two patients with
pancreatic ductal adenocarcinoma (PDAC) were used
to establish xenograft models. Briefly, freshly resected
specimens were trimmed and sectioned into 3-5 mm3
pieces, which were subcutaneously implanted into the
bilateral flanks of 6-week-old male NCG mice within
5h of surgery. To generate humanized mice, human
peripheral blood mononuclear cells (PBMCs) were
administered one day prior to implantation.

Once tumors reached approximately 150 mms3,
mice bearing grafts derived from the same patient
were randomly assigned to receive either IgG control
or anti-PD-1 antibody every 3 days. Animals were
monitored weekly for signs of graft-versus-host
disease (GVHD), including body weight loss, posture,
activity, and fur condition, and experiments were
terminated before the onset of severe GVHD. Mice
were euthanized 21 days post-implantation, and
tumors were collected and weighed.

Western blotting and Co-
immunoprecipitation

Western blotting was performed according to a
standard protocol. Briefly, cells were homogenized in
lysis buffer (20 mM Tris pH 7.5, 1 mM EDTA, 1 mM
EGTA, 2% SDS, 150 mM NaCl, 0.1 mM DTT, 1 mM
PMSF, 1 mM Na3VO,, 50 mM NaF, and protease
inhibitor cocktail), separated by SDS-PAGE, and
transferred onto PVDF membranes. After blocking

with 5% milk, membranes were incubated with the
indicated primary antibodies overnight at 4 °C. The
primary antibodies against FOXP1 (Rabbit polyclonal
anti-FOXP1, CST, Cat# 4402S), CMTM6 (Rabbit
polyclonal anti-CMTM6, Abcam, Cat# ab264067), PD-
L1 (Mouse polyclonal anti-PD-L1, Proteintech, Cat#
28076-1-AP; Rabbit polyclonal anti-PD-L1, Abcam,
Cat# ab213480), 4 -actin (Mouse polyclonal anti-
ACTB, Proteintech, Cat# 20536-1-AP). Membranes
were washed prior to incubation with HRP-
conjugated secondary antibodies for 1.5 h at room
temperature, and protein signals were subsequently
detected by ECL.

For co-immunoprecipitation analysis, cells were
lysed on ice using CHAPS-based lysis buffer (100 mM
NaCl, 10 mM Tris, pH 7.5, 10 mM EDTA, 1% CHAPS,
50 mM NaF, 1 mM NazVO,, and 0.1 mM DTT)
containing EDTA-free protease inhibitors. Following
clarification by centrifugation (12,000 x g, 10 min,
4 °C), the  lysates  were subjected  to
immunoprecipitation with an anti-PD-L1 antibody for
2 h at 4 °C with gentle rotation. Protein A-Sepharose
was then added for a further 1.5 h. After four washes
with lysis buffer, the immunoprecipitates were
denatured in 1x SDS sample buffer by boiling and
subsequently examined by western blotting.

Real-time qPCR

Total RNA was extracted with TRIzol reagent
(TaKaRa Bio), and cDNA was generated using the
First-Strand Synthesis System (TaKaRa Bio) following
standard protocols. Quantitative PCR was carried out
with SYBR Green and gene-specific primers, and f-
actin was used for normalization. Relative gene
expression was determined using the 2"-AACt
method. Gene specific primers (hCMTM6, forward 5'-
TTTCCACACATGACAGGACTTC-3, reverse 5'- GG
CTTCAGCCCTAGTGGTAT-3; hCD274, forward 5'-
CCGGCTGGACAAACTGACA-3, reverse 5'-GGTGC
ATCACATGGTCCTCTG-3"; mCD274, forward 5’-GC
TCCAAAGGACTTGTACGTG-3’, reverse 5'-TGATCT
GAAGGGCAGCATTTC-3"). ChIP-qPCR Gene specific
primers (hCMTM6, forward 5-GCTCAGGAAATG
CGTCGGAG-3, reverse 5-GTATCGCAGGACTTTG
TCCAGC-3’; hDNAJC10, forward 5-GCGATTCTC
TTGACTCCCGAG-3', reverse 5-GTGGTGGCTCAC
GCTTGTA-3’; hMIEF1, forward 5-GGCTCACACCT
GTAATCCCAG-3, reverse 5-GCGATCTTGGCTCAC
TGCAG-3).

Immunofluorescent staining and imaging

Cells were plated on glass coverslips, fixed with
4% paraformaldehyde, and permeabilized with 0.1%
Triton X-100. After blocking, cells were incubated
overnight at 4 °C with the specified primary
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antibodies, followed by three washes and staining
with fluorophore-conjugated secondary antibodies
(Thermo Fisher Scientific) for 1 h at room temperature.
Coverslips were mounted with ProLong Gold antifade
medium containing DAPI, and confocal images were
captured using a ZEISS LSM 900 microscope.

T cell mediated tumor cell killing

CD8* T cells were isolated from mouse spleen
according to the instruction. Isolated CD8* T cells were
activated in 96 well plate coated with CD3/CD28
antibodies for 48h. KPC cell were seeded into 96 well
plate, then activated CD8* T cells were coculture with
KPC cells at a ratio of 5:1 and 2:1 for another 24 h.
Tumor cells number were measured by luciferase
activity by Synergy Neo2 microplate reader (Bio Tek).

To assess OT-1 T cell-mediated killing, OT-1 T
cells were isolated from mouse spleens according to
the instruction, and activated with CD3/CD28
antibodies for 48 h. KPC tumor cells stable expressing
ovalbumin peptides, with or without FOXP1
knockdown, were co-cultured with activated OT-1 T
cells at ratio of 4:1 for 24 h. The tumor cell death was
detected using LDH release assay.

CUT & Tag assay

CUT & Tag assay was conducted following the
manufacturer’s instructions (Hyperactive Universal
CUT&Tag Assay Kit for Illumina Pro, Vazyme, Cat#
TD904). Briefly, 50,000 PANC1 cells were collected
from each sample. Cells were permeabilized and
nuclei were isolated and incubated overnight at 4 °C
with FOXP1 antibody. After incubation with the
secondary antibody and the pA-Tn5 transposon,
fragmentation was performed at 37 °C. DNA
fragments were extracted, and libraries were prepared
using the NEBNext® Ultra™ II DNA Library Prep Kit
(New England Biolabs, Cat# E7645). Sequencing was
carried out on an Illumina platform with paired-end
150 bp reads.

CUT & Tag analysis: Trim Galore (v0.6.10) was
used to remove adapters and low-quality bases using
default parameters. After trimming, the cleaned reads
were aligned to the reference genome (GRCh38) using
BWA (v0.7.17-r1188) [20] with mem algorithm. To
minimize biases introduced by PCR amplification,
duplicate reads were marked and removed optionally
using Picard MarkDuplicates (v2.26.3). For
visualization, the aligned reads were converted into
the BigWig format using the bamCoverage (v3.5.4)
function in deepTools [21]. A bin size of 10 bp was
used for visualization, and the data were normalized
to RPKM (Reads Per Kilobase per million mapped
reads), allowing for consistent and comparative
visualization of binding patterns across different

regions of the genome.

RNA-sequencing

Total RNA from PANCI1 cells, with or without
FOXP1 knockdown, was extracted using TRIzol
(Invitrogen) and subjected to TRNA depletion using
the Ribo-Zero Gold Kit (Illumina). RNA-seq libraries
were generated with the NEBNext Ultra II RNA
Library Prep Kit for Illumina (NEB) following the
manufacturer’'s  instructions. = Sequencing  was
performed in three independent biological replicates
on an [llumina platform with paired-end 150 bp reads.

RNA-seq and gene expression analysis: After
removing adapters and low quality bases by Cutadapt
(v2.6), the FASTQ files were aligned to the reference
genome (GRCh38) using Hisat2 (v2.2.1) [22]. Reads
mapped to tRNA and rRNA were removed, and each
sample yielded ~20 million useful reads for the
following analysis. Stringtie (v2.2.3) [23] was used to
calculate the FPKM of each gene to represent their
mRNA expression level. Differential genes were
identified by a negative binomial model using the R
package DEseq2 (1.49.2) [24], combining information
from all replicates. The significantly differentially
expressed genes have to meet all following criteria: p-
value < 0.05, log2 (fold-change) > 1 or log2 (fold-
change) <-1.

Promoter activity assay

HEK293T cells were co-transfected with the
promoter reporter and pLVX-FOXP1 vectors. After
48 h, cells were lysed in lysis buffer (25 mM Tris-
H3PO4, 2 mM EDTA, 2 mM DTT, 10% glycerol, 1%
Triton X-100, 1 mg/mL BSA) and the luminescence
was quantified with a microplate reader.

Flow cytometry analysis

Tumor tissues were mechanically dissociated
and enzymatically digested in RPMI-1640 containing
2% FBS, DNase I, collagenase 1V, and Dispase at 37 °C
for 1 h. Single-cell suspensions were generated by
filtering through 70 pm strainers and enriched for
immune cells by centrifugation on 36% Percoll. Cells
were incubated with anti-CD16/CD32 antibodies for
15 min at 4 °C to block Fc receptors, followed by 30 min
staining at 4 °C with fluorochrome-conjugated
antibody panels for surface markers. For intracellular
cytokine analysis, cells were cultured in RPMI-1640
with 10% FBS and stimulated with Cell Stimulation
Cocktail (including protein transport inhibitors) at
37 °C for 4 h. The antibodies used for flow cytometry
analysis are: APC/Cyanine7 anti-mouse CD4
Antibody (Biolegend, Cat# 100414), Brilliant Violet
605™ anti-mouse CD8a Antibody (Biolegend,
Cat#100744), Brilliant Violet 785™ anti-mouse CD45
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Antibody (Biolegend, Cat# 103149), FITC anti-mouse
CD3 Antibody (Biolegend, Cat# 100203), APC anti-
mouse CD137 Antibody (Biolegend, Cat# 106110),
PE/Cyanine5 anti-mouse CD69 Antibody (Biolegend,
Cat# 104510), Brilliant Violet 421™ anti-mouse IL-2
Antibody (Biolegend, Cat# 503826), Brilliant Violet
510™ anti-mouse TNF-a Antibody (Biolegend, Cat#
506339). APC/Cyanine7 anti-mouse IFN-y Antibody
(Biolegend, Cat# 505850), Brilliant Violet 421™ anti-
mouse/human Ki-67 Antibody (Biolegend, Cat#
151208), PE anti-mouse CD366 (Tim-3) Antibody
(Biolegend, Cat# 119703), APC anti-mouse PD-1H
(VISTA) Antibody (Biolegend, Cat# 143710), PE/
Cyanine5 anti-mouse NK-1.1 Antibody (Biolegend,
Cat# 108716). Cells were first stained for surface
markers, then fixed, permeabilized, and stained for
intracellular  targets. Following washing and
resuspension, samples were acquired on a BD
LSRFortessa flow cytometer and analyzed with Flow]o
software.

In vivo antibody depletion of CD8* or CD4* T
cell

To deplete CD8* or CD4* T cells, mice were
injected intraperitoneally with 200 pg of anti-CD8
monoclonal antibody (BE0061, Bio X Cell) or anti-CD4
monoclonal antibody (BE0003, Bio X Cell) 3 days prior
to orthotopic pancreatic injection, and dosing was
repeated every 3 days. Spleens were collected for
analysis of CD8" T cells by flow cytometry.

Animal and tumor model

Animal studies were conducted following
approval by the Animal Care and Use Committee of
Zhejiang University (Approval No. ZJU20210073). Six-
week-old male C57BL/6 mice and BALB/c nude mice
were purchased from Jiangsu GemPharmatech
Company. KPC or PANCO2 cells with stable FOXP1 or
CMTM6 knockdown, with or without rescue
constructs, were injected subcutaneously (5 x 10°
cells/mouse). Tumor size was measured by calipers,
and tumors were harvested three weeks later for
weighing, flow cytometry, or immunohistochemistry.
For orthotopic implantation, cells were suspended in
PBS, combined with Matrigel, and injected into the
pancreas.

In vivo CRISPR screening

Screening library design: The screening library
consisted of 1,511 transcription factor (TF)
combinations, represented by the 9,166 gRNAs group.
Additionally, 100 negative control combinations,
including non-targeting gRNAs, were incorporated
into the library.

In vivo CRISPR Screening: For in vivo CRISPR

screening, Cas9-expressing KPC cells were transduced
with a sgRNA library targeting 1,511 transcription
factors at an MOI of 0.3, ensuring = 500-fold coverage.
Following puromycin selection, cells were either
expanded in vitro or orthotopically implanted into
BALB/c nude or C57BL/6 mice. Tumors were
harvested 21 days after implantation. Twenty mice
were implanted with tumor cells, fifteen mice
successfully developed tumors, whereas five mice did
not develop detectable tumors and were excluded
from the screening analysis.

The fifteen tumors were ranked according to
tumor size, tumor tissues from individual mice were
minced and resuspended in PBS at 0.1 g/mL. Tissues
were homogenized to near single-cell suspensions,
and one-fifth of each homogenate from five tumors
were combined to generate one pooled sample. This
procedure generated three independently pooled
tumor samples. Samples were lysed in 10 mL of lysis
buffer (100 mM NaCl, 10 mM Tris-HCI pH 8.0, 25 mM
EDTA pH 8.0, 0.5% SDS) overnight at 65 °C. Genomic
DNA was extracted using phenol/chloroform/
isoamyl alcohol (25:24:1), and remaining RNA was
removed by treatment with 1 pg/mL DNase-free
RNase at 37 °C for 30 min.

A two-step PCR was performed for DNA
sequencing. Primer sequence: Lib-PCR-F, 5-GGAC
TATCATATGCTTACCG-3’, Lib-PCR-R, 5-GTGGAT
GAATACTGCCATTT-3'. For the first-round of PCR
(PCR1), in one 50 uL PCR1 reaction, in addition to add
Q5 DNA polymerase and 5 X buffer, 10 ug genomic
DNA, 200 uM of dNTP mix, 0.5 uM of Lib-PCR-F and
Lib-PCR-R primer were also added. 24 PCR cycles
were performed for PCR1. 10 uL PCR1 was used as a
template for the second round of PCR (PCR?2). In one
100 uL PCR2 reaction, in addition to add Q5 DNA
polymerase and 5 X buffer, 10 uL PCR1 mix, 200 uM of
dNTP mix, 0.5 uM of Lib-PCR-F and Lib-PCR-R
primer were also added. 17 PCR cycles were
performed for PCR2, followed by gel extraction.
sgRNA abundance was analyzed using Illumina
HiSeq. gRNAs were mapped and normalized, and
significantly depleted or enriched sgRNAs were
identified using the MAGeCK method.

In vivo CRISPR Screening data processing and
analysis: Raw paired-end FASTQ files (Readl and
Read2) were processed using SeqKit (v2.10.0) [25], a
tool for efficient manipulation of FASTQ files. Reads
containing the primer sequence 5- GGACTATCA
TATGCTTACCG -3’ were retained, allowing for up to
three mismatches. The filtered reads were then
analyzed using MAGeCK (v0.5.9.5) [26], along with
the corresponding reference gRNA library. The
“mageck count” function was employed to quantify
gRNA abundance across experimental conditions,

https://www.ijbs.com



Int. J. Biol. Sci. 2027, Vol. 23

124

generating a count matrix for downstream statistical
analysis. The “mageck test” function was used to
identify significantly depleted genes, and the Robust
Rank Aggregation (RRA) score was calculated for each
gene based on the behavior of its targeting gRNAs
under the screening conditions.

Single-cell RNA-sequencing (scRNA-seq)

Mouse tumors were isolated and enzymatically
dissociated into single-cell suspensions. Tumor-
infiltrating leukocytes from shNT and shFOXP1
tumors were sorted using CD45- or CD3-conjugated
antibodies via FACS. Cell viability was evaluated with
Trypan Blue, and viable single cells were resuspended
in PBS for single-cell RNA sequencing.

scRNA-seq data processing and analysis

Raw sequencing data were processed using the
Cell Ranger software (v8.0.1) [27] provided by 10x
Genomics. This included demultiplexing of cellular
barcodes, alighment of reads to the GRCm39 reference
genome and transcriptome, and downsampling to
normalize read depth across samples. For each sample,
a gene-by-cell expression matrix was generated.
Subsequent downstream analysis was performed
using the R package Seurat (v5.1.0) [28]. Cells were
filtered based on quality control metrics: only those
expressing between 200 and 9,000 genes and having <
5% mitochondrial transcript content were retained for
analysis. The filtered expression matrix was
normalized using the NormalizeData function with
the "LogNormalize" method, which applies a global-
scaling normalization to account for differences in
sequencing depth. To identify biologically relevant
patterns, highly variable genes (HVGs) were selected
using the FindVariableFeatures function, retaining the
top 2,000 genes. Principal component analysis (PCA)
was then conducted using z-score transformed
expression values of these HVGs. The top 20 principal
components (PCs) were selected for subsequent
clustering. Dimensionality reduction was performed
using a Uniform Manifold Approximation and
Projection (UMAP) via the RunUMAP function with
default parameters. Clustering was conducted using
the FindClusters function with a resolution parameter
set to 0.4. Cell type annotations were assigned based
on the expression profiles of canonical marker genes
and differentially expressed genes (DEGs), as
identified by the FindMarkers function.

Trajectory analysis of CD8* T Cells using
Monocle3

CD8" T cells were selected based on CD8a
expression level of > 1. Pseudotemporal trajectories
were constructed using the R package Monocle3

(v1.3.1) [29]. The dataset was preprocessed by
projecting onto the top 50 principal components via
PCA. The dimensionality was then reduced using
UMAP. Cells were clustered with the cluster cells
function and their developmental trajectory was

inferred using a learning graph function. The Naive
T cell subset was designated as the root for pseudotime
analysis using the order_cell function. Trajectories
were visualized in two-dimensional UMAP space
using plot_cells function.

IHC staining

Formalin-fixed, paraffin-embedded tumor
tissues were sectioned and deparaffinized through
graded ethanol series. Antigen retrieval was
performed for 30 min prior to immunostaining.
Sections were incubated with primary antibodies
targeting CD8 (Rabbit anti-CD8 alpha, Abcam, Cat#
ab217344), Granzyme B (Rabbit Anti-Granzyme B,
D6E9W, CST, Cat# 46890S) using the avidin-biotin
complex method (Vector Laboratories). 3,3'-
Diaminobenzidine (DAB) was used for chromogenic
detection, and hematoxylin was applied to
counterstain nuclei.

Fluorescent multiplexed
immunohistochemistry

Multiplex fluorescent IHC was carried out using
the Opal 7-color Manual IHC Kit (Akoya Biosciences)
following the manufacturer’s protocol. Sections were
deparaffinized and subjected to microwave antigen
retrieval (45 s at 100% power and 15 min at 20%
power). After blocking with Opal Antibody
Diluent/ Block, slides were incubated overnight at 4 °C
with primary antibodies, followed by 10 min
incubation =~ with  HRP-conjugated  secondary
antibodies and 10 min with the Opal fluorophore
working solution. Slides were washed with 1x TBS-T
between staining steps and stripped using microwave
treatment in antigen retrieval buffer between rounds.
Following the final staining, slides were mounted with
mounting medium containing DAPI, and images were
acquired on a Zeiss LSM 900 confocal microscope
(Zeiss, jena, Germany).

Quantification and statistical analysis

GraphPad Prism was used for data analysis and
visualization. Values are expressed as mean + SD.
Two-tailed unpaired Student’s ¢ tests were applied for
comparisons between two groups. Kaplan-Meier
curves were used to assess overall survival. Sample
size was not pre-determined statistically.

Data availability

The scRNA-seq data, RNA-seq data and
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CUT&Tag data generated from this study can be
obtained from NCBI GEO database with accession
number  GSE302622, GSE302624, GSE302623,
GSE302625. Other data supporting the findings of this
study are available from the corresponding authors
upon reasonable request. To review GEO accession
GSE302622: Go to https:/ /www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE302622, Enter token
izknaygetvaddun into the box; To review GEO
accession GSE302624: Go to https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE302624, = Enter
token ifgbcqokhjsvrgb into the box; To review GEO
accession GSE302623: Go to https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE302623,  Enter
token evefigoufzsftmh into the box; To review GEO
accession GSE302625: Go to https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE302625,  Enter
token clyxiaosdzyxpal into the box.

Results

In vivo CRISPR/Cas9 screen identifies FOXPI
as a mediator of immune evasion in PDAC

To systematically identify transcription factors
regulating tumor-intrinsic immune evasion in
pancreatic cancer, we constructed a murine lentiviral
CRISPR/Cas9 knockout library targeting 1,511
transcription factors (six sgRNAs per gene) curated
from the AnimalTFDB3 database [30]. This library was
introduced into KPC pancreatic cancer cells, which
were then implanted into immunocompetent
C57BL/6 or immunodeficient nude mice for in vivo
screening (Fig. 1A). After three weeks, tumors were
harvested and the relative abundance of sgRNAs was
analyzed to identify genes selectively depleted in
immunocompetent hosts (Fig. 1B, Supplemental Fig.
S1A, Supplementary Table 1 Additional). Remarkably,
several transcription factors with known roles in
immune regulation, including SMAD7 (TGEpP
signaling), IRF1, and IRF3 (interferon response) [31-
33], as well as established immune evasion mediators
such as MYC, HIFla, and FOXM1, were significantly
depleted in tumors from C57BL/6 mice [34-36] (Fig.
1B). These findings validate the robustness of our
screening. Notably, FOXP1 emerged as a top-ranked
gene depleted under immune pressure (Fig. 1B),
suggesting a potential role in tumor-intrinsic immune
evasion.

To investigate the role of FOXP1, we generated
stable FOXP1-knockdown KPC and PANCO02 cells.
FOXP1 depletion did not significantly affect cell
proliferation in vitro, as determined by CCK8 and
colony formation assays (Supplemental Fig. S1B -D),
suggesting that FOXP1 is dispensable for tumor cell
intrinsic growth. We next examined the effect of

FOXP1 depletion in vive. In immunodeficient nude
mice, subcutaneous tumors derived from control and
FOXP1-knockdown KPC cells exhibited comparable
growth (Fig. 1C-E), consistent with the in vitro findings
and indicating that FOXP1 has little effect on intrinsic
tumor proliferation. In contrast, when the same cells
were implanted into immunocompetent C57BL/6
mice, FOXP1 knockdown markedly reduced tumor
growth, whereas re-expression of FOXP1 fully
restored tumor progression (Fig. 1C, Fig. 1F and G),
demonstrating that the tumor-promoting effect of
FOXP1 depends on an intact immune system. Similar
results were obtained using the independent PANCO02
model, in which FOXP1 knockdown significantly
inhibited tumor growth in immunocompetent mice
(Fig. 1H-L, Supplemental Fig. 1E). Moreover, FOXP1
depletion significantly prolonged survival in an
orthotopic pancreatic tumor model (Fig. 1M).
Collectively, these results demonstrate that FOXP1
promotes pancreatic tumor progression primarily by
facilitating immune evasion rather than enhancing
tumor cell-intrinsic proliferation.

FOXPI1 knockdown alters the immune
landscape of PDAC

To assess the impact of FOXP1 depletion on the
immune landscape of pancreatic cancer, single-cell
RNA sequencing (scRNA-seq) was performed on
tumor-infiltrating CD3* T cells. After quality control,
11,692 cells from shFOXP1 and shNT tumors were
analyzed using uniform manifold approximation and
projection (UMAP), identifying 13 transcriptionally
distinct clusters that were annotated based on
established marker genes (Fig. 2A and Supplemental
Fig. S2A) [37-39]. Notably, FOXP1 knockdown
induced a marked remodeling of T cell composition,
characterized by a significant expansion of effector
CD8* T cells and a concomitant decrease in naive T
cells (Fig. 2A and B). Transcriptomic enrichment
analysis showed that CD8* T cells from FOXP1
knockdown tumors had significantly higher cytokine
production and activation signatures (Fig. 2C). This
phenotypic  shift was further supported by
immunofluorescent staining with downregulation of
naive-like CD8* T cell (TCF1/TCF7+ CD62L* PD-1-),
along with the upregulation of effector CD8* T cell
(CD8* GZMB?) (Fig. 2D and E). To gain further insight
into the differentiation dynamics of T cells in response
to FOXP1 knockdown, we performed pseudotime
trajectory analysis using Monocle3, setting naive T
(Tn) cells as the root state. This analysis revealed a
"Transitional" population that branched into two
trajectories: one leading to effector CD8* T cells
expressing GZMA and GZMB, and the other toward
effector memory CD8* T cells, marked by LY6C2 and

https://www.ijbs.com



Int. J. Biol. Sci. 2027, Vol. 23

126
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Figure 1. In vivo CRISPR/Cas9 screen identifies FOXP1 as a mediator of immune evasion in PDAC. A Schematic of the in vivo CRISPR screening strategy. B
Robust rank aggregation (RRA) ranking of the top depleted genes in immunocompetent versus immunodeficient mice. C Representative the image of KPC tumors with or
without FOXP1 knockdown in nude and C57BL/6 mice. n = 6 per group. D-G Tumor growth and weight measurements for KPC cells in nude and C57BL/6 mice. H
Representative images of PANCO02 tumors with or without FOXP1 knockdown in nude and C57BL/6 mice. n = 6 per group. I-L Tumor growth and weight measurements for
PANCO2 cells in nude and C57BL/6 mice. M Kaplan-Meier survival analysis of C57BL/6 mice bearing shNT and shFOXPI tumors, n = 10 per group, * p < 0.05, *** p < 0.0001.
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Figure 2. FOXP1 Knockdown alters the Immune Landscape of PDAC. A UMAP projection of tumor-infiltrating CD3* T cells isolated from shNT and shFOXPI
tumors (10 tumors pooled per group). A total of 11,692 high-quality cells (6,895 shNT and 4,797 shFOXPI1) were clustered into 13 transcriptionally distinct populations based
on canonical marker gene expression. B Distribution of individual CD3* T-cell clusters in shNT and shFOXP1 tumors. The stacked bar plot shows the relative proportion of
each cell cluster identified by single-cell RNA sequencing. € Gene signature enrichment scores for cytokine production and early activation in CD8" T cells derived from
scRNA-seq data. D and E Representative images of multiplex immunofluorescence staining of effector CD8" T cells (GZMB*CD8*) and naive-like CD8* T cells
(TCFI/TCF7*CD62L*PD-17) in shNT and shFOXPI tumors. F Pseudotime trajectory of CD8* T cells, analyzed using Monocle3. G Feature plots showing the expression of
representative marker genes along CD8* T cell trajectories. Color intensity reflects expression levels. H Quantification of intratumoral CD8* T-cell subsets in end-stage
subcutaneous shNT and shFOXP1 tumors by flow cytometry. I-) Representative analysis of CD69* and CDI137* CD8* T cells in shNT and shFOXPI tumors. K-N
Representative analysis of TNFa*, GZMB*, IL2*, and IFNy* CD8" T cells in shNT and shFOXPI tumors following ex vivo restimulation. O and P Representative analysis of
exhausted and proliferating CD8* T cells in shNT and shFOXPI tumors. Data are presented as Mean * SD, n = 6 per group, two-tailed unpaired t test, * p < 0.05, ** p < 0.01.

To functionally validate the transcriptional
changes identified by scRNA-seq, we next
characterized tumor-infiltrating lymphocytes by flow
cytometry (Supplemental Fig. S2B). Consistent with
the expansion of effector CD8* T cell cluster, FOXP1-
deficient tumors contained significantly more CD8* T
cells (Fig. 2H). These cells exhibited a markedly
enhanced activation state, with increased expression
of CD137 and CD69 (Fig. 21 and ]), accompanied by
augmented cytotoxic activity, as indicated by elevated
GZMB as well as increased production of TNFa, IL2,

and IFNy (Fig. 2K-N). Moreover, FOXP1 deficiency
decreased the frequency of Tim-3* exhausted CD8* T
cells without significantly affecting PD-1 expression
(Fig. 20 and Supplemental Fig. S2C), while
simultaneously increasing the proportion of
proliferating CD8" T cells (Fig. 2P). Notably, NK-cell
infiltration remained unchanged (Supplemental Fig.
52D), suggesting that the antitumor immune response
elicited by FOXP1 loss is primarily mediated through
enhanced CD8* T-cell immunity.
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Figure 3. FOXPI-mediated immune evasion is dependent on CD8* T cells and the PD-1 pathway. A Schematic of the aCD8 antibody treatment regimen in mice
orthotopically implanted with shNT and shFOXP1 KPC cells. B and C Representative of bioluminescence images (B) and quantification of tumor bioluminescence intensity (C)
in mice treated with or without aCD8 antibody. D Representative image of orthotopic tumors from mice bearing shNT or shFOXP1 KPC cells with or without aCD8 treatment.
E Quantification of tumor weights from the mice shown in B. F Cytotoxicity of activated OT-1 T cells against OVA-expressing shNT or shFOXPI KPC cells after co-culture
for 24 h, measured by the LDH release assay. G Schematic of the anti-PD-1 (aPD-1) treatment regimen in mice subcutaneously implanted with shNT or shFOXP1 KPC cells.
H-J FOXPI knockdown significantly enhanced the antitumor efficacy of anti-PD-1 therapy in C57BL/6 mice. Representative tumor images (H), tumor growth curves (1), and

tumor weights (J) are shown. n = 6 per group, two-tailed t test, * p < 0.05, *** p < 0.001.

FOXPI-mediated immune evasion is
dependent on CD8* T cells and the PD-1
pathway

To determine whether the antitumor effects of
FOXP1 deficiency are dependent on CD8* T cells,
luciferase-expressing KPC cells with or without
FOXP1 knockdown were orthotopically implanted
into the pancreas. Mice received antibody beginning
three days before tumor implantation and every three
days thereafter to deplete CD8* T or CD4* T cells (Fig.
3A and Supplemental Fig. S3D). CD8* T-cell depletion
largely abolished the tumor-suppressive effect of
FOXP1 knockdown, as demonstrated by
bioluminescence imaging and tumor burden analyses
(Fig. 3B-E, Supplemental Fig. S3A and B). In contrast,
although CD4" T-cell depletion accelerated tumor
growth, it failed to rescue the growth inhibition
induced by FOXP1 knockdown (Supplemental Fig.
S3E-]), indicating that the antitumor activity resulting
from FOXP1 loss is predominantly mediated by CD8*
T cells. We next assessed whether FOXP1 deficiency

directly increases tumor susceptibility to T cell-
mediated cytotoxicity. In co-culture assays, FOXP1-
deficient KPC cells were significantly more sensitive to
killing by activated CD8" T cells than control cells
(Supplemental Fig. S3C). Consistently, antigen-
specific cytotoxicity assays using activated OT-1 T
cells demonstrated enhanced killing of FOXP1-
deficient OVA-expressing KPC cells, further
confirming that FOXP1 loss increases tumor cell
sensitivity to CD8" T cell-mediated cytotoxicity (Fig.
3F). Given that FOXP1 deficiency enhanced antitumor
CD8" T-cell responses, we next examined whether it
could improve the therapeutic efficacy of immune
checkpoint blockade. Mice bearing subcutaneous
shFOXP1 or shNT tumors were treated with anti-PD-1
(aPD-1) antibody or IgG control (Fig. 3G). As expected,
FOXP1 knockdown alone significantly inhibited
tumor growth, whereas aPD-1 monotherapy had
limited efficacy, consistent with the intrinsic resistance
of PDAC to PD-1 blockade (Fig. 3H-]). Notably, the
combination of FOXP1 knockdown and aPD-1
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treatment resulted in substantially greater tumor
suppression than either treatment alone (Fig. 3H-J).
Collectively, these results demonstrate that FOXP1
promotes immune evasion primarily through
suppressing CD8*  T-cell-mediated antitumor
immunity and that FOXP1 inhibition sensitizes PDAC
to PD-1 blockade.

FOXPI promotes PD-L1 protein expression
by inhibiting lysosomal degradation

PDAC cells evade CD8" T cell-mediated killing
through PD-L1 expression, which engages PD-1 on T
cells. To investigate the mechanism by which FOXP1
mediates immune evasion, we examined the
relationship between FOXP1 and PD-L1 expression.
Transcriptomic analysis of the TCGA pancreatic
cancer cohort revealed no significant correlation
between FOXPI and CD274 (PD-L1) mRNA levels
(Supplemental Fig. S4A), and FOXP1 knockdown did
not alter CD274 transcription in vitro (Supplemental
Fig. S4B). In contrast, western blotting and flow

cytometric analyses demonstrated that FOXP1
knockdown significantly reduced both total and
membrane-localized PD-L1 protein levels, and this
reduction was fully restored by FOXP1 re-expression
(Fig. 4A-C). Immunofluorescence analysis further
confirmed decreased PD-L1 protein in FOXP1-
deficient cells (Fig. 4D). To assess clinical relevance,
multiplex immunohistochemistry (IHC) of human
PDAC samples revealed that cells expressing FOXP1
exhibited higher PD-L1 levels, supporting the in vivo
significance of FOXP1-driven PD-L1 stabilization (Fig.
4E). These findings indicate that FOXP1 regulates PD-
L1 post-transcriptionally. Importantly, treatment of
FOXP1-deficient cells with chloroquine (CQ), a
lysosomal acidification inhibitor, restored PD-L1
protein levels (Fig. 4F and G), demonstrating that
FOXP1 stabilizes PD-L1 by preventing its lysosomal
degradation. Together, these results define a post-
transcriptional mechanism by which FOXP1 promotes
immune evasion in pancreatic cancer via stabilization
of PD-L1.
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Figure 4. FOXP1 promotes PD-L1 protein expression by inhibiting lysosomal degradation. A Western blot analysis of PD-LI protein levels in PANCI cells after
FOXPI knockdown induced by doxycycline for 48 h, followed by 48 h recovery. B Western blot analysis of PD-L1 in KPC cells with FOXP1 knockdown. C Flow cytometry
analysis and quantification of PD-L1 levels in PANCI cells following FOXP1 knockdown. D Representative images of immunofluorescence staining of PD-L1 expression in
PANCI cells with FOXP1 knockdown. E Representative images of multiplexed IHC staining of FOXP1 and PD-LI in human PDAC tissue sections. F PD-L1 protein level was
recovered by CQ treatment in PANCI cells with FOXP1 knockdown. shNT and shFOXP1 cells were treated with CQ (50 uM) for 3 h, cells were harvest and subjected to
western blot analysis. G PD-L1 protein level was recovered by CQ treatment in KPC cells with FOXP1 knockdown. ShNT and shFOXPI cells were treated with CQ (50 uM)

for 24 h, cells were harvest and subjected to western blot analysis. *** p < 0.001.
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Figure 5. FOXP1 transcriptionally activates CMTM6 expression. A Flowchart of screening for FOXP1 transcriptionally regulated genes. B FOXPI occupancy at and
around the promoter of CMTMé gene using CUT & Tag. Black arrows indicate the locations of ChIP-qPCR primers C Representative analysis of the correlation between
CMTM6 and FOXPI mRNA expression in TCGA pancreatic cancer dataset. D FOXPI enrichment at the exonl of CMTMé were shown by ChIP-qPCR in PANCI cells. E
Representative analysis of CMTMé promoter activity. The CMTM6 gene promoter was co-transfected with FOXP1 in HEK293T cells, the luciferase activity was measured. F
Representative analysis of CMTMé promoter activity with or without deletion of FOXP1 binding motif. The indicated promoter reporter vectors were co-transfected with
FOXPI into HEK293T cells, and luciferase activity was measured. G Representative analysis of CMTMé mRNA expression level in shNT and shFOXPI cells. H Knockdown
FOXPI decreases CMTM6 protein expression level in PANCI cells. FOXP1 knockdown was induced by Dox for 48 h, and then recover for another 48 h, cells were examined
by western blot. I Knockdown FOXP1 decreases CMTMé protein expression level in KPC cells. FOXP1 knockdown and rescue KPC cells were examined by western blot. }
Representative images of multiplexed IHC staining of FOXP1 and CMTM6 in human PDAC tissue sections. * p < 0.05, *** p < 0.001.

FOXPI transcriptionally activates CMTMé
expression

To elucidate the mechanism by which FOXP1
stabilizes PD-L1 and mediates immune evasion in
pancreatic cancer, we performed bulk RNA
sequencing (RNA-seq) on FOXP1-knockdown cells.
This analysis identified 544 differentially expressed
genes (fold change > 2, p < 0.05) (Fig. 5A and
Supplemental Fig. S5A). To pinpoint direct
transcriptional targets of FOXP1, we performed CUT
& Tag using an anti-FOXP1 antibody. Approximately
half of the FOXP1-binding peaks were located within
gene promoter regions, confirming the specificity and
unbiased nature of our assay (Supplemental Fig. S5B
and C, Supplementary Table 2 Additional). Integration
of RNA-seq and CUT & Tag data highlighted CMTMe,
DNAJC10, and MIEF1 as top candidate targets for
FOXP1-mediated transcriptional regulation (Fig. 5A
and B, Supplemental Fig. S5D and E). Correlation

analysis in the TCGA pancreatic cancer dataset
revealed that the mRNA levels of these genes
positively associated with FOXP1 expression (Fig. 5C,
Supplemental Fig. S5F and G), supporting their
regulation by FOXP1 in human tumors. We validated
direct promoter binding by ChIP-qPCR in PANCI1
cells, confirming FOXP1 enrichment at the promoters
of CMTM6, DNAJC10, and MIEF1 (Fig. 5D and
Supplemental Fig. S5H). To determine whether FOXP1
transcriptionally activates these genes, we performed
luciferase reporter assays. FOXP1 overexpression
strongly induced CMTMé6 promoter activity and
moderately enhanced DNAJC10 and MIEF1
promoters (Fig. 5E and Supplemental Fig. S5I),
indicating preferential transcriptional activation of
CMTM6 by FOXP1. Bioinformatics analysis of the
CMTM6 promoter revealed two critical FOXP1-
binding motifs. Sequential deletion of these
motifs progressively reduced luciferase activity, with
a complete loss upon dual-motif deletion, confirming
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their importance in FOXP1-mediated transcriptional
regulation (Fig. 5F). Consistently, FOXP1 knockdown
significantly reduced CMTM6 mRNA levels (Fig. 5G),
and at the protein level, FOXP1 depletion decreased
CMTM6 expression, which was fully rescued by
FOXP1 re-expression (Fig. 5H and I). Finally,
multiplex immunohistochemical staining of human
PDAC samples revealed co-enrichment of CMTM6
and FOXP1 in tumor cells (Fig. 5]), underscoring the
clinical relevance of this regulatory axis. Collectively,
these results demonstrate that CMTMS6 is a direct
transcriptional target of FOXP1.

FOXPI promotes tumor immune evasion
through CMTMé6

CMTM6 is a well-characterized positive
regulator and molecular stabilizer of PD-L1 [7, 8, 40,
41]. Given that FOXP1 transcriptionally upregulates
CMTMB6, we hypothesized that CMTM6 function as a
critical downstream effector mediating FOXP1-driven
PD-L1 stabilization and immune evasion in pancreatic
cancer. Endogenous co-immunoprecipitation
confirmed the interaction of CMTM6 and PD-L1
(Supplemental Fig. S6A). This association was further
validated by multiplex immunofluorescence staining
of human PDAC specimens (Supplemental Fig. S6B),
which demonstrated their co-localization in clinical
tumor tissues. Moreover, reintroduction of CMTM6
into FOXP1 knockdown cells restored PD-L1 protein
level (Supplemental Fig. S6C and D), supporting
CMTMS6 as a key downstream mediator of FOXP1-
dependent PD-L1 stabilization. To test whether
CMTMS6 is indeed the critical mediator of FOXP1-
driven immune evasion in vivo, we knocked down
CMTM6 in pancreatic cancer cells, knockdown
efficiency was confirmed by western blotting
(Supplemental Fig. S6E). CMTM6 depletion
significantly suppressed tumor growth in an immune-
dependent manner (Fig. 6A-F), accompanied by a
pronounced increase in tumor-infiltrating CD8* T cells
and enhanced cytotoxic function (Fig. 6G-L). These
effects closely phenocopied those observed upon
FOXP1 knockdown. Importantly, the tumor-
suppressive effects of FOXP1 depletion were largely
abrogated upon CMTM6 re-expression (Fig. 6M-O).
Flow cytometry further confirmed that the
accumulation and enhanced cytotoxic activity of CD8*
T cells in FOXP1-deficient tumors were dependent on
CMTMS6 (Fig.6P-U). Together, these findings establish
that FOXP1 drives immune evasion primarily through
transcriptional activation of CMTMS6, which in turn
stabilizes PD-L1. This integrated transcriptional-post-
translational pathway highlights FOXP1 as a critical
tumor-intrinsic regulator of immune evasion and a
potential  therapeutic  target for enhancing

immunotherapy efficacy.

Conserved immune evasion function of
FOXPI1 in human PDAC

To assess the clinical relevance of FOXP1 in
human PDAC, we first examined its expression in the
Cancer Genome Atlas (TCGA) and GSE16515
pancreatic cancer cohorts. FOXP1 expression was
markedly higher in pancreatic tumors compared with
normal pancreatic tissues (Supplemental Fig. S7A and
B), and high FOXP1 levels were associated with poorer
overall survival (OS) and relapse-free survival (RFS) in
human PDAC cohort (Supplemental Fig. S7C). We
next examined the association between FOXP1
expression and clinical responses to ICB. In a public
available PDAC cohort treated with a combination of
anti-PD-1 and anti-CTLA4 therapies (GSE179351) [42].
Responders exhibited lower FOXP1 expression than
non-responders, although the difference did not reach
statistical significance because of the limited sample
size (Fig. 7A). Consistently, patients with lower
FOXP1 levels experienced prolonged overall survival
following ICB therapy (Fig. 7B). Similar trends were
observed in independent cohorts of bladder cancer
(BLCA) and non-small cell lung cancer (NSCLC),
where responders likewise displayed lower FOXP1
levels than non-responders (Supplemental Fig. S7D).

To further evaluate the impact of FOXP1 on ICB
responsiveness, we established humanized mouse
models using two patient-derived xenografts (PDXs)
by engrafting human PBMCs into NCG mice. As
baseline characterization of the corresponding patient-
derived tumors, immunohistochemical analysis
revealed that PDX1 exhibited high FOXP1 expression
with sparse intratumoral CD8* T-cell infiltration,
whereas PDX2 displayed low FOXP1 expression
accompanied by abundant CD8* T-cell infiltration
(Supplemental Fig. S7E), indicating an inverse
relationship between FOXP1 expression and baseline
CD8* T-cell infiltration. Anti-PD-1 antibody treatment
was initiated when tumors reached approximately
150 mm? and administered every three days thereafter
(Fig. 7C). Consistent with the FOXP1 expression
profile of the original patient tumors, PDX1 remained
FOXP1-high whereas PDX2 remained FOXP1-low
(Fig. 7G and Supplemental Fig. S7F). Therapeutically,
anti-PD-1 treatment markedly inhibited tumor growth
in PDX2 but produced minimal antitumor activity in
PDX1 (Fig. 7D-F). Moreover, anti-PD-1-treated PDX2
tumors exhibited substantially greater CD8* T-cell
infiltration and cytotoxic activity than PDX1 tumors
(Fig. 7G), supporting a positive association between
low FOXP1 expression and responsiveness to PD-1
blockade. Finally, to validate these findings in clinical
specimens, we analyzed CD8" T-cell infiltration in
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human PDAC tissues stratified by FOXP1 expression.
Tumors with high FOXP1 expression contained
significantly fewer infiltrating CD8" T cells than
FOXP1-low tumors (Fig. 7H and I), further supporting
an inverse association between FOXP1 expression and
antitumor immune infiltration in human PDAC.
Collectively, these results demonstrate that elevated
FOXP1 is associated with reduced intratumoral CD8*
T-cell infiltration and diminished responsiveness to
immune checkpoint blockade, highlighting FOXP1 as
a clinically relevant determinant of the
immunosuppressive tumor microenvironment in
PDAC.

Together, FOXP1 directly binds the CMTM6
promoter to upregulate its transcription. The resultant
CMTMB6 protein interacts with PD-L1, stabilizing its
expression and thereby suppressing CD8" T cell
activity to enable immune escape in pancreatic cancer

(Fig. 7)).
Discussion

Pancreatic cancer remains one of the most

aggressive and lethal malignancies, largely due to its
profoundly immunosuppressive tumor
microenvironment, which limits the efficacy of current
immunotherapies, including immune checkpoint
blockade [43]. Understanding the tumor-intrinsic
mechanisms that sustain immune evasion is therefore
critical for developing strategies to overcome
therapeutic resistance. Here, we employed an in vivo
CRISPR/ Cas9 screen targeting transcription factors in
an orthotopic murine PDAC model to systematically
identify regulators of antitumor immunity. Multiple
established immune evasion mediators, including
IRF1, HIF1a, FOXM1, and MYC, were among the top
hits, validating the robustness of the screen. Notably,
FOXP1 was significantly depleted in tumors grown in
immunocompetent hosts compared with those grown
in immunodeficient hosts, implicating it as a critical
tumor-intrinsic mediator of immune escape.
Functional studies confirmed that FOXP1 knockdown
markedly inhibited tumor progression in an immune-
dependent manner and enhanced responsiveness to
ICB, highlighting its functional relevance.
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Figure 6. FOXP1 promotes tumor immune evasion through CMTMé6. A-C knockdown of CMTM6 in KPC cells has comparable effect on tumor growth in nude mice.
Tumor image (A), tumor volume (B), and tumor weight (C) are shown. D-F knockdown of CMTM6 in KPC cells significantly inhibited tumor growth in immunocompetent
mice. Tumor images (D), volumes (E), and weights (F) are shown. G Flow cytometry analysis of intratumoral CD8* T cell subsets in end-stage subcutaneous tumors. H and |
Representative flow cytometry plots of CD69+ and CD 137+ CD8* T cells in shNT and shCMTMé6 tumors. J-L Representative analysis of IL2+, TNFa*, and GZMB* CD8* T cells
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by flow cytometry after restimulation in shCMTM6 versus shNT tumors. M-O Rescue of tumor growth by CMTM6 re-expression in FOXP1-knockdown tumors in C57BL/6
mice. Tumor images (M), volumes (N), and weights (O) are shown. P Flow cytometry analysis of intratumoral CD8* T cell subsets in end-stage of indicated subcutaneous
tumors. Q and R Representative flow cytometry plots of CD69+ and CD137+ CD8* T cells in shNT and shFOXPI tumors without restimulation. S-U Representative analysis
of IL2*, TNFa*, and GZMB* CD8* T cells by flow cytometry in shNT and shFOXPI tumors after restimulation. n = 6 per group, data are presented as mean * SD, two-tailed

unpaired t test, * p < 0.05, ¥ p < 0.01, ¥ p < 0.001.
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Figure 7. Conserved immune evasion function of FOXP1 in human PDAC. A FOXPI mRNA levels in responder (n = 3) and non-responder (n = 4) in human PDAC
ICB cohort GSE179351. B Representative analysis of the correlation between FOXPI mRNA levels and patients PFS in human PDAC ICB cohort GSE179351. C Schematic of
the experiment in NCG mice. D-F Effect of aPD-1 on human PDAC PDX models. Representative of tumor images are shown in (D), Tumor volume and weight are shown in
(E) and (F). G Representative images of FOXPI, CD8, and GZMB IHC staining in PDX slides. H Representative images of FOXP1 and CD8 IHC staining in human PDAC
tissues. | Quantification of CD8* T cells per slide was compared between patients with low and high expression levels of FOXPI. J A model depicting FOXP1 promotes
pancreatic cancer immune evasion by transcriptionally enhancing CMTMé gene expression. * p < 0.05.

FOXP1, a member of the FOXP transcription
factor family, contains conserved functional domains
including a forkhead DNA-binding domain, zinc
finger motif, and leucine zipper dimerization domain
[44]. While FOXP1 has been extensively studied in the
context of neurodevelopment [45, 46] as well as
lymphocyte development and function [47], its role in
cancer biology has only recently begun to emerge and
appears to be highly context-dependent. In certain
solid tumors, such as lung adenocarcinoma and breast
cancer, FOXP1 has been reported to act as a tumor-
suppressor, consistent with its localization to the 3p13
chromosomal region, a locus frequently deleted in
cancers [48, 49]. In contrast, FOXP1 exerts oncogenic

functions in hematological malignancies and
hepatocellular carcinoma, where it promotes tumor
progression via activation of the Wnt/p-catenin and
NF-xB signaling pathways [50, 51]. Our findings add a
new dimension, revealing FOXP1 as an active tumor-
intrinsic driver of immune evasion in PDAC, rather
than a passive marker of tumor progression.
Specifically, FOXP1 promotes the formation of an
immunosuppressive tumor microenvironment
characterized by reduced CD8* T cell infiltration,
impaired effector function, and decreased sensitivity
to PD-1 blockade.

Emerging evidence from other malignancies
supports a context-dependent immunomodulatory
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role for FOXP1. In breast cancer, FOXP1 expression is
inversely  associated = with  tumor-infiltrating
lymphocyte abundance [52]. Whereas in cervical
cancet, NAT10-mediated N*-acetylcytidine
modification enhances FOXP1 translation, thereby
promoting immune evasion through metabolic
reprogramming and the establishment of a lactate-rich
tumor microenvironment [53]. Together with our
findings, these studies indicate that FOXP1 can
function as a versatile regulator of antitumor
immunity across cancer types, operating through
distinct downstream programs to suppress effective
immune responses.

Mechanistically, we identify CMTMS6 as a direct
transcriptional target of FOXP1 and establish a
functional FOXP1-CMTM6-PD-L1 axis that sustains
immune checkpoint signaling in pancreatic cancer.
CMTM6 has been recognized as a critical post-
translational regulator that stabilizes PD-L1 by
preventing its lysosomal degradation, thereby
maintaining inhibitory signaling within the tumor
microenvironment [7, 8]. Elevated CMTM6 expression
has been associated with high PD-L1 levels and
unfavorable clinical outcomes in  multiple
malignancies, including NSCLC, glioblastoma, and
hepatocellular carcinoma [54-56]. In PDAC, we
demonstrate that FOXP1 directly activates CMTM6
transcription, which stabilizes PD-L1 and reinforces
immune suppression. Restoration of CMTM6
expression in FOXP1-deficient tumors rescued PD-L1
levels and reversed enhanced CD8* T cell infiltration
and cytotoxicity, confirming the hierarchical
organization of this pathway. These data reveal a
previously = unappreciated  transcriptional-post-
translational coupling that allows pancreatic tumor
cells to fine-tune immune checkpoint expression and
evade cytotoxic T cell-mediated clearance.

Importantly, FOXP1 not only controls PD-L1
abundance but also shapes the functional quality of
intratumoral CD8* T cells, limiting their effector
activity and contributing to ICB resistance. Clinical
relevance is supported by analyses of public ICB-
treated patient cohorts, human PDAC specimens, and
humanized PDX models, in which high FOXP1
expression consistently correlates with
immunosuppressive features and poor therapeutic
outcomes. These findings suggest that FOXP1
functions as an upstream regulator of tumor immune
evasion and may represent a promising therapeutic
target for enhancing antitumor immunity. Notably,
our in vivo studies demonstrated that FOXP1 depletion
markedly potentiated the efficacy of anti-PD-1
therapy, indicating that FOXP1-targeted therapy may
provide complementary benefits by simultaneously
attenuating PD-L1-mediated immune suppression

and restoring effective CD8" T-cell function. Although
pharmacological inhibitors of FOXP1 are not currently
available, recent advances in transcription factor-
targeting strategies, including targeted protein
degradation and nucleic acid-based therapeutics [57-
59], provide a promising foundation for the future
development of FOXP1-directed therapies in
combination with immune checkpoint blockade.
Collectively, our study identifies FOXP1 as a
critical tumor-intrinsic regulator of immune evasion
through an in vivo CRISPR screen and establishes the
FOXP1-CMTM6-PD-L1 axis as a central mechanism
linking transcriptional regulation to immune
checkpoint stabilization in pancreatic cancer. Beyond
elucidating a previously unrecognized pathway
controlling PD-L1 expression, our work suggests that
targeting upstream regulators of immune checkpoints
may represent a promising therapeutic paradigm for
immune-cold tumors such as PDAC. By
simultaneously suppressing tumor-intrinsic immune
escape and enhancing antitumor T-cell immunity,
disruption of the FOXP1-CMTM6 axis may broaden
the clinical benefit of immune checkpoint blockade
and provide a framework for the rational design of
next-generation combination immunotherapies.
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