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Abstract: The programmed cell death protein 1 (PD-1) / programmed death-ligand 1 (PD-L1) axis
represents a cornerstone of cancer immunotherapy, yet the dynamic shuttling of PD-L1 between
endosomal recycling and lysosomal degradation routes limits durable responses. Using a CRISPR screen
targeting glycosphingolipid metabolism, we identify transmembrane 9 superfamily member 2 (TM9SF2)
as a key regulator of PD-L1 levels. TM9SF2 orchestrates a dual mechanism: it recruits phosphoglycerate
kinase 1 (PGK1) to promote PD-L1 recycling to the plasma membrane while dismantling the huntingtin-
interacting protein 1-related protein (HIP1R)-mediated lysosomal degradation pathway. Genetic or
pharmacological disruption of the TM9SF2-PGK1 complex depletes PD-L1 levels and boosts antitumor
immunity. Further, the endogenous ceramide species Cer(d18:1/26:0) destabilizes this complex,
triggering PD-L1 lysosomal destruction and potentiating antitumor immunity. These findings delineate a
ceramide-gated sorting mechanism within the endosomal network, revealing a druggable metabolic
switch to disrupt immune evasion and amplify checkpoint blockade efficacy.

INTRODUCTION



Immunotherapy using immune checkpoint inhibitors has recently led to significant advancements in
cancer treatment 3. Immune checkpoint inhibitors, especially anti-programmed death-1 (PD-1)/PD-1
ligand 1 (PD-L1) agents, have demonstrated promising efficacy and broad applicability across various
cancers *°. However, not all cancer patients experience substantial benefits from these therapies, and the
overall response rates remain relatively low for most cancer types °. Furthermore, the immune checkpoint
inhibitor resistance poses a significant challenge to the clinical success of cancer immunotherapy "°.

The intracellular fate of PD-L1 is governed by two competing trafficking pathways: being degraded and
eliminated in lysosomes, or accumulating in recycling endosomes and repopulating to the cell membrane
1112 The disruption of this homeostatic balance often through enhanced recycling or suppressed
degradation results in pathological PD-L1 accumulation on tumor cells. This aberrant PD-L1 expression
subsequently attenuates T cell effector functions and drives clinical resistance to immunotherapy.
Therefore, elucidating the molecular machinery governing PD-L1 intracellular trafficking has become an
urgent priority in the field, establishing this process as a crucial regulatory node for improving immune
checkpoint blockade (ICB) efficacy 3-1°.

Endocytic trafficking of PD-L1—including its sorting into recycling, degradative, or retrograde
pathways—is essential for maintaining its balanced distribution and supporting anti-cancer immunity
121316-20 geveral key regulators of PD-L1 recycling and degradation have been identified to date,
including our most recent work on VPS11/18 1. However, the mechanisms governing its sorting between
the degradative and recycling pathways remain unclear. Sphingolipids, major components of eukaryotic
membranes, play critical roles in maintaining membrane integrity, endocytosis, protein sorting, and
secretion 2223 They are unevenly distributed within cellular organelles, particularly enriched in the trans-
Golgi-PM-endosome axis 24, suggesting a potential link to endosomal transport. As an active sphingolipid,
whether ceramide is essential for the selective sorting of internalized PD-L1 to the endosomal membrane
or for its lysosomal degradation remains to be determined.

In this study, we identify the TM9SF2-PGK1 complex as a critical hub that governs the intracellular
trafficking and recycling of PD-L1. Through a CRISPR screen targeting glycosphingolipid metabolism,
TMOISF2 emerged as a key regulator of PD-L1 abundance. Mechanistically, TM9SF2 orchestrates a dual
program to control PD-L1 fate: it recruits PGK1 to facilitate PD-L1 recycling to the plasma membrane,
while simultaneously dismantling the HIP1R-mediated lysosomal degradation pathway. Disruption of the
TMOSF2-PGK1 complex by the endogenous ceramide species Cer(d18:1/26:0) redirects internalized PD-
L1 toward lysosomal degradation, thereby potentiating antitumor immunity. This intracellular regulatory
axis presents a promising therapeutic strategy to overcome resistance and improve the efficacy of immune
checkpoint blockade (ICB) therapy.

RESULTS
TMOISF family members stabilize PD-L1 and suppress CD8* T cell cytotoxicity

Sphingolipids, critical structural and signaling components of cellular membranes, regulate immune
responses through their metabolic intermediates 2>?. To investigate whether sphingolipid
synthesis/metabolic pathway mediate PD-L1 expression, we conducted a CRISPR-Cas9 knockout (KO)
screen targeting 50 genes involved in the sphingolipid synthesis/metabolic pathway with H460 non-small
cell lung cancer (NSCLC) cells (Fig. 1A). After lentiviral transduction and puromycin selection, we
isolated the lowest 10% of PD-L1-expressing cells (PD-L1'°%) by fluorescence-activated cell sorting
(FACS) at two time points (day-7 and day-15), followed by next-generation sequencing to quantify
SgRNA abundance. Notably, sgRNAs targeting members of the transmembrane 9 superfamily (TM9SF1-



4) exhibited significant enrichment in the PD-L1°" populations compared to control cells (Fig. 1B and
Fig. S1A), indicating that these genes are essential for maintaining PD-L1 expression in H460 cells.

In mammals, four members of transmembrane 9 superfamily (TM9SF1-4) have been identified 27-2°, but
the functions of the TM9SF family in PD-L1 regulation are poorly understood. We generated TM9SF1-4
KO H460 cells using two distinct sSgRNAs each. Ablation of all four TM9SF genes resulted in a decrease
in total PD-L1 protein levels and cell surface expression (Fig. 1C and Fig. S1B-C). Conversely,
overexpression of TM9SF1-4 upregulated both total and cell surface PD-L1 levels (Fig. 1D and Fig. S1D).
Notably, PD-L1 mRNA levels were not affected by TM9SF1-4 knockout (Fig. S1E). To determine
whether TM9SF1-4 influences PD-L1 protein stability, H460 cells were treated with cycloheximide
(CHX) which inhibits protein synthesis. An accelerated PD-L1 degradation were observed upon TM9SF1-
4 ablation, suggesting that TM9SF1-4 can stabilize PD-L1 at the protein level (Fig. 1E and Fig. S1F).

To determine whether TM9SF2 suppresses tumor immunogenicity, we first established an in vitro co-
culture system using primary human T cells and either WT or TM9SF2 KO H460 cells (Fig. IF and
Fig. S1G). Genetic ablation of TM9SF2 significantly enhanced T cell-mediated tumor cell killing, as
indicated by reduced viability (Fig. 1G and Fig. S1H) and increased apoptosis (Fig. S11-J) in TM9SF2
KO cells. Furthermore, TM9SF2-deficient cells induced strong CD8* T cell activation, reflected by
elevated IFN-y production and surface CD107a expression (Fig. 1H-1 and Fig. S1K-L). Notably, PD-L1
overexpression in TM9SF2-KO cells reversed the T cell-mediated growth inhibition (Fig. SIM-N),
identifying TM9SF2 as a novel regulator of PD-L1-dependent immune evasion.

TMOISF2 promotes PD-L1-mediated immunosuppression in CD8" T cell

To test in vivo anti-tumor efficacy of TM9SFs, we established Tm9sf1-4-knockdown (KD) models in B16
melanoma and C1498 leukemia cells using ShRNA silencing. These immunocompetent murine models
provide superior capability for investigating CD8" T cell-mediated immunity in C57BL/6J hosts.
Following subcutaneous implantation in C57BL/6J mice, Tm9sf1-4 knockdown consistently suppressed
tumor growth in both models (Fig. 2A-C and Fig. S2A-F). Moreover, Tm9sf1-4 KD tumors demonstrated
reduced PD-L1 surface levels on cancer and increased infiltration of CD8" T cells in the tumor
microenvironment (TME) (Fig. 2D and Fig. S2G-M). Of note, CD8" T-cell depletion with an anti-CD8
antibody abrogated the tumor suppression by Tm9sf2 KD (Fig. 2C and Fig. S2D-F), suggesting that the
tumor suppression is mediated by CD8* T cell. CD8* T cells isolated from Tm9sf1-4 KD tumors displayed
elevated cytotoxicity, as indicated by elevated IFN-y as well as externalized CD107a %% (Fig. 2E-F and
Fig. S2N-0O). Furthermore, these cells displayed a less exhausted phenotype, consistent with the marked
downregulation of the exhaustion markers PD-1 and Tim-3 (Fig. S2P).

We then generated Tm9sf2 overexpression (OE) B16 or C1498 cells and the subcutaneously inoculated
Tm9sf2 OE tumors showed increased PD-L1 expression (Fig. 2G and Fig. S2Q-R) and tumor grew more
rapidly than the control group (Fig. 2H and Fig. S2S). Meanwhile, tumor-infiltrating CD8* T cells exhibits
decreased amounts of IFN-y and CD107a, and displayed elevated levels of PD-1 and Tim-3 (Fig. 2I-K
and Fig. S2T-V). Strikingly, administration with anti-PD-L1 completely reversed Tm9sf2-OE-driven
tumor progression in B16 models (Fig. 2H-K, Fig. S2S and Fig. S2V). Thus, TM9SF2 promote tumor
progression by stabilizing PD-L1 and suppressing CD8" T cell cytotoxicity.

TMOISF2 interacts with PGK1 to suppress CD8" T cell function

To understand how TM9SF2 regulates PD-L1, we conducted immunoprecipitation coupled with mass
spectrometry (IP-MS) analysis with FLAG-tagged TM9SF2 in HEK293T cells. Among the high-
confidence interactors identified, phosphoglycerate kinase 1 (PGK1) ranked as the top hit, suggesting it
might play a role in TM9SF2-mediated PD-L1 regulation (Fig. 3A).



PGK1 is a classic glycolytic enzyme that drives tumor progression via ATP synthesis, post-transcriptional
regulation, and metabolic reprogramming 3233, However, its role in PD-L1 immune regulation remain
unclear. We validated the interaction between TM9SF2 and PGK1 with Co-IP, and this interaction was
further potentiated by IFN-y stimulation (Fig. 3B). Knocking out PGK1 markedly diminished both total
cellular and surface PD-L1 levels, whereas PGK1 overexpression resulted in an increased PD-L1
expression (Fig. 3C and Fig. S3A-C). Given PGK1’s canonical role as a glycolytic enzyme, we next
evaluated whether the TM9SF2-PGK1 complex regulates PD-L1 via glycolytic activity. Inhibiting
glycolysis with 2-deoxy-D-glucose (2-DG) was not able to downregulate PD-L1 as observed in PGK1
KO cells (Fig. S3D), suggesting that PGK1 regulates PD-L1 in a manner independent of its glycolytic
function. TM9SF2/PGK1 double KO (DKO) exhibited no additive reduction in PD-L1 levels compared
to the single KOs (Fig. S3E), indicating their functional redundancy in regulating PD-L1.

Previous study showed that the phosphorylation at serine 203 (S203) modulates PGK1's subcellular
trafficking 3, we generated the phosphorylation-deficient (S203A) and phosphomimetic (5203D) PGK1
mutants using site-directed mutagenesis. PGK1 S203D mutant enhanced TM9SF2 binding capacity and
elevated PD-L1 expression, whereas the S203A mutant disrupted this interaction and diminished PD-L1
levels (Fig. 3D-E). We found that PGK1 stabilize PD-L1 through post-translational regulation, as PGK1
KO accelerated PD-L1 protein degradation (Fig. 3F-G and Fig. S3F) without affecting its mMRNA
abundance (Fig. S3G).

To investigate the pro-tumorigenic functions of PGK1 in vivo, we generated Pgkl KD B16 and C1498
cells and evaluated their effects on tumor growth in C57BL/6J mice. Pgkl KD significantly suppressed
tumor growth (Fig. 3H and Fig. S3H). Correspondingly, Pgkl KD tumors exhibited reduced PD-L1 total
protein and surface levels and enhanced CD8" T cell infiltration in the TME (Fig. 31 and Fig. S3H-L).
Tumor-infiltrating CD8" T cells in Pgk1l KD tumors display enhanced effector functions, including higher
secretion of IFN-y and expression of CD107a (Fig. 3J and Fig. S3M), along with reduced levels of the
exhaustion markers PD-1 and Tim-3 (Fig. S3N).

DC-PGKI was previously reported to be a potent PGK1 inhibitor . Inhibiting PGK1 with DC-PGKI
recapitulated Pgkl1 knockout phenotypes of reducing intracellular PD-L1 level, suppressing tumor growth,
and augmenting T cell-mediated immunity in vivo (Fig. 3K-N and Fig. S30-U). Conversely, Pgkl
overexpression accelerated tumor growth and impaired CD8* T cell functionality, underscoring its role in
negatively regulating PD-L1-dependent antitumor immunity (Fig. 30-Q and Fig. S3V-Z). These findings
position PGK1 as a potential target for ICB therapy.

TMOISF2-PGK1 maintains PD-L1 expression by facilitating endosomal recycling

To determine the mechanistic basis of TM9SF2-PGK1-mediated PD-L1 regulation, we performed
quantitative proteomics following TM9SF2 depletion. Selective dysregulation of endosomal recycling
components was enriched in TM9SF2 KD cells, notably the COMMD/CCDC22/CCDC93 (CCC)
complexes, which play a critical role in recycling events *¢ (Fig. 4A).

Disrupting PD-L1 endosomal trafficking reduces its membrane anchoring and enhances anti-tumor
immunity 21, We therefore investigated whether the PGK1-TM9SF2 axis operates through a similar
mechanism. Using a PD-L1-APC antibody to tract the internalization and recycling of surface PD-L1 *2,
we found that knockout of PGK1 or TM9SF2 significantly decreased surface PD-L1 levels due to
defective endosomal recycling (Fig. 4B-D). Confocal microscopy revealed markedly diminished co-
localization of PD-L1 with the recycling endosome marker RAB11 in TM9SF2 or PGK1 KO cells (Fig.
4E). Co-immunoprecipitation of HA-tagged PGK1 confirmed its interaction with TM9SF2 and RAB11
within endosomes, and this binding was enhanced following IFN-y stimulation (Fig. 4F).



We have confirmed that the phosphorylation of PGK1 at serine 203 is necessary for the interaction
between TM9SF2 and PGK1. To investigate whether this post-translational modification regulates PGK1
trafficking, we examined the temporal phosphorylation dynamics following IFN-y stimulation.
Subcellular fractionation into endosomal membrane and cytosolic compartments revealed that S203-
phosphorylated PGK1 is selectively enriched in endosomal membranes. This compartment-specific
redistribution mirrors the spatial pattern previously observed under EGF stimulation 34, suggesting a
conserved mechanism for phosphorylation-dependent membrane localization (Fig. S4A). Strikingly, the
phosphomimetic S203D mutant displayed increased interaction with PD-L1 and TM9SF2 in endosomes,
whereas the non-phosphorylatable S203A mutant showed the opposite trend (Fig. 4G). These findings
indicate that phosphorylation of PGK1 at the S203 site is essential for PD-L1 endosomal recycling, a
process regulated by the TM9SF2-PGK1 interaction.

Endocytosed proteins undergo sorting through endosomal pathways for either lysosomal degradation or
plasma membrane recycling. To determine whether the TM9SF2-PGK1 axis promotes PD-L1 recycling
while preventing lysosomal degradation, we performed live-cell imaging to track PD-L1 spatiotemporal
dynamics. Genetic ablation of either TM9SF2 or PGK1 redirected PD-L1 trafficking from recycling to
degradative pathways, as evidenced by two complementary findings: reduced PD-L1 surface expression
(Fig. S4B) and enhanced lysosomal accumulation quantified through increased co-localization with
LAMP1 (Fig. S4C). Given that ubiquitination is a critical signal for the lysosomal degradation of PD-L1
18 we performed immunoprecipitation of PD-L1 in TM9SF2 or PGK1 KO and WT cells, and found that
the loss of neither TM9SF2 nor PGK1 altered PD-L1 ubiquitination levels (Fig. S4D-E). Thus, TM9SF2-
PGK1 maintains the endocytosed PD-L1 by endosomal recycling instead of lysosomal degradation.

TMISF2-PGK1 complex hinders lysosomal sorting by degrading the PD-L1 lysosomal carrier
HIP1R

To investigate how the TM9SF2-PGK1 axis allows PD-L1 to evade lysosomal trafficking, we conducted
quantitative proteomic profiling in PGK1 KO cells. Significant upregulation of lysosomal sorting
machinery components, particularly HIPLR—a key adaptor protein responsible for directing PD-L1 to
lysosomes—was observed upon PGK1 depletion 1° (Fig. 5A). And the elevated HIP1R protein levels were
confirmed in PGK1 and TM9SF2 KO cells with Western blot (Fig. 5B-C and Fig. S5A-B), while HIP1R
MRNA expression remained unchanged (Fig. S5C).

To understand how HIP1R is regulated by PGK1, we performed the CHX chase assay and found that
PGK1 deficiency significantly extended HIP1R protein half-life, whereas PGK1 overexpression
accelerated its degradation (Fig. 5D and Fig. S5D). Ectopic HA-PGK1 expression enhanced HIP1R
polyubiquitination, which was further amplified under IFN-y stimulation (Fig. 5E). Importantly,
phosphorylation of PGK1 at S203 was crucial for its regulation of HIP1R ubiquitin-dependent
degradation, S203A mutation abolished the PGK1-HIP1R interaction and diminished HIP1R
ubiquitination (Fig. 5F and Fig. S5E).

PGK1 has been reported to recognize the dileucine-based sorting signal that directs endosomal EGFR to
the lysosome 4. Notably, HIP1R (966-979) possesses a similar dileucine motif °. To further examine
whether PGK1 can recognize HIP1R through the dileucine motif, we constructed plasmids expressing
both full-length HIP1R and a truncated version lacking residues HIP1R (966-979). Co-IP assays revealed
that PGK1 specifically binds to the dileucine motif of HIP1R, as this interaction was abolished upon motif
deletion (Fig. 5G). Furthermore, IFN-y stimulation significantly enhanced PGK1-HIP1R binding (Fig.
5G), suggesting IFN-y-induced phosphorylation of PGK1 may also participate in the interaction with
HIP1IR and its functional execution. To assess the functional relevance of this interaction, we
overexpressed GFP-tagged constructs containing either the wild-type dileucine motif (GFP-S1) or a
mutant version with leucine-to-alanine substitutions (GFP-S2) (Fig. 5H). Strikingly, PGK1 deficiency



markedly stabilized GFP-S1 but had no effect on GFP-S2 (Fig. 51 and Fig. S5F), indicating that PGK1
selectively targets the dileucine motif for degradation. These findings collectively demonstrate that PGK1
regulates HIP1R stability through direct recognition of its dileucine motif, mirroring its known role in
EGFR trafficking.

Cer(d18:1/26:0) dissociates the TM9SF2-PGK1 complex to suppress PD-L1 expression and
promote antitumor immunity

Given that PGK1 and TM9SF2 are both involved in sphingolipid metabolism 33, we hypothesized that
specific sphingolipid intermediates might regulate TM9SF2-PGK1 complex assembly and downstream
pathways. Targeted lipidomic profiling of TM9SF2-knockdown H460 cells versus wild-type controls
identified 12 ceramide species with differential abundance (Fig. 6A). To interrogate this lipid-protein
interplay, we treated H460 cells with commercially available ceramide standards (or their metabolically
stable analogs) for 40 hours. Strikingly, Cer(d18:1/26:0) induced the most dramatic reduction in PD-L1
protein levels (Fig. 6B-C). Ceramides are synthesized by ceramide synthase enzymes (CERS), which
exhibit distinct specificity for their acyl-CoA substrates *°. We generated CERS1-6 knockout H460 cell
lines and evaluated PD-L1 levels (Fig. S6A). Depletion of CERS3, responsible for synthesizing
Cer(d18:1/26:0), produced the most pronounced changes in PD-L1 levels, while overexpression of CERS3
significantly downregulated PD-L1 levels (Fig. S6A-B). CHX chase assays showed that Cer(d18:1/26:0)
treatment or CERS3 overexpression reversed the PD-L1 stabilization and restored HIP1R degradation
induced by TM9SF2/PGK1 overexpression (Fig. 6D-E and Fig. S6C-G). Importantly, although TM9SF2
has been linked to ganglioside GM3 (Gb3) synthesis */, we found that Gb3 does not contribute to
TMOISF2-mediated PD-L1 regulation, underscoring the specificity of the ceramide-dependent pathway
described here (Fig. S6H).

To investigate whether Cer(d18:1/26:0) disrupts the interaction between TM9SF2 and PGK1, thereby
affecting PD-L1, we performed Co-IP and found that Cer(d18:1/26:0) treatment weakened the TM9SF2-
PGK1 interaction (Fig. 6F). In addition, we analyzed the subcellular localization of PD-L1 using
immunofluorescence labeling. Cer(d18:1/26:0) treatment reduced the colocalization of PD-L1 with
recycling endosome markers (RAB11 and CD147) while increasing its association with the lysosomal
marker LAMP1 (Fig. 6G and Fig. S61-J). These findings suggest that Cer(d18:1/26:0) disrupts the PGK1-
TMOSF2 interaction, thereby redirecting PD-L1 from recycling endosomes (RAB11/CD147) to
lysosomes (LAMP1) and promoting its degradation.

We further examined the anti-tumor effects of Cer(d18:1/26:0) in B16 melanoma and C1498 acute
myeloid leukemia (AML) models in vivo (Fig. 6H and Fig. S6K). Compared to the vehicle group,
Cer(d18:1/26:0) treatment significantly inhibited tumor growth (Fig. 61 and Fig. S6L-M). Consistent with
the reduced tumor burden, ex vivo analysis revealed lower PD-L1 levels on cancer cells and a higher
percentage of CD8* T cells in the TME following Cer(d18:1/26:0) treatment (Fig. 6J and Fig. S6N-Q).
Furthermore, tumor-infiltrating CD8" T cells exhibited increased effector functions, including enhanced
IFN-y secretion and CD107a expression, compared to those in untreated parental tumors (Fig. 6K and
Fig. S6R).

Therapeutic potential for targeting TM9SF2-PGK1 complex in human lung cancer

Our findings suggest that the TM9SF2-PGK1 complex functions as a ceramide-responsive signaling hub,
regulating PD-L1 sorting within the endosomal system and contributing to cancer immune evasion. To
further investigate the clinical association between members of the TM9SF family and cancer prognosis,
we compared their expression between normal cells and tumors in the Cancer Genome Atlas (TCGA)
database. Bioinformatic analyses across multiple cancer types revealed that the TM9SF1-4 gene signature
is upregulated in lung adenocarcinoma (LUAD) and exhibits a negative correlation with overall survival



in AML patients (Fig. 7A-B and Fig. S7TA-B). Additionally, PGK1 expression was upregulated while
HIP1R was downregulated in LUAD (Fig. 7A and Fig. S7A). Immunofluorescent staining of LUAD tissue
microarrays further demonstrated a positive correlation of TM9SF2 with PD-L1 expression levels (Fig.
7C and Fig. S7C). To evaluate the potential clinical therapeutic value of these findings, tumor cells were
isolated from lung cancer patients and treated with DC-PGKI or Cer(d18:1/26:0) (Fig. 7D). Western blot
and flow cytometry analyses revealed that treatment with DC-PGKI and Cer(d18:1/26:0) resulted in a
significant reduction of PD-L1 and an increase in HIP1R levels (Fig. 7E-F and Fig. S7D). To verify
whether the reduction of PD-L1 expression by the two aforementioned compounds occurs through the
TMOISF2-PGK1 complex-mediated pathway, we labeled PD-L1 to monitor its intracellular trafficking
from the plasma membrane to endosomal or lysosomal compartments. Following treatment with
Cer(d18:1/26:0) or DC-PGKI, a reduction in PD-L1 colocalization with RAB11 and plasma membrane
markers was observed, accompanied by an increase in colocalization with the lysosomal marker LAMP1
(Fig. 7G and Fig. STE). Collectively, these results suggest therapeutic potential to enhance antitumor
immune responses by targeting TM9SF2-PGK1 complex formation to modulate PD-L1 trafficking and
recycling (Fig. 7H).

DISCUSSION

Immune checkpoint blockade targeting the PD-1/PD-L1 pathway has emerged as a potent cancer
treatment strategy 24578 though its efficacy is limited by diverse resistance mechanisms. A key
contributor to this resistance is the antibody-induced internalization and recycling of PD-L1, which leads
to a neutralization of antibody without blocking PD-L1. Preventing lysosomal degradation of PD-L1 is
crucial for maintaining its recycling back to the cell membrane. PD-L1 expression in tumor cells is
regulated at multiple levels. A plethora of studies have identified critical regulators of PD-L1 intracellular
trafficking and lysosomal degradation, highlighting potential targets to improve immunotherapy efficacy
12131620 ' However, whether a specific sorting mechanism directs PD-L1 toward endosomal recycling
versus lysosomal degradation remains unexplored. Our study identifies the TM9SF2-PGK1-RAB11 axis
as a critical regulator of PD-L1 intracellular trafficking, diverting it from lysosomal degradation to sustain
surface expression.

TMOSF2, a conserved member of the transmembrane 9 superfamily, contains a large N-terminal
extracellular domain and nine transmembrane regions 2"?%%"_ 1t is primarily localized to early endosomes
and the Golgi apparatus 24°, and is involved in glycosphingolipid biosynthesis and frequently upregulated
in cancer #1442, Phosphoglycerate kinase 1 (PGK1), a key glycolytic enzyme, catalyzes the conversion of
1,3-bisphosphoglycerate to 3-phosphoglycerate, producing the first ATP in glycolysis. PGK1 is highly
expressed in various cancers. Post-translational modifications of PGK1, including phosphorylation and
acetylation, were found to be responsible for its and subcellular translocation to mitochondria and the
nucleus, thereby enhancing glycolytic activity and supporting cancer cell growth 344, However, how this
complex coordinate membrane protein trafficking remains poorly understood. Our study showed that
TMOISF2 and PGK1 form a complex with RAB11 to orchestrate PD-L1 recycling (Fig. 4E-F). Disrupting
this axis rerouted PD-L1 to LAMPL1* lysosomes (Fig. S4B-C), with PGK1 phosphorylation at S203
serving as a molecular switch: the S203D mutant enhanced recycling (Fig. 4G), while S203A promoted
lysosomal degradation (Fig. 5F and S5E). These data position TM9SF2-PGK1 as spatial gatekeepers of
PD-L1 trafficking, ensuring its plasma membrane retention.

Sphingolipids are essential membrane components involved in cellular, developmental, and signaling
processes, particularly in endomembrane transport, Golgi-mediated protein sorting, cell polarity,
intercellular communication, and plasma membrane signaling *°. As a central building block and bioactive
metabolite of sphingolipid family, ceramide is highly enriched in the plasma membrane. It is synthesized
in the endoplasmic reticulum (ER) and transported to the trans-Golgi region, where it is converted into



sphingomyelin 6. As a potent tumor suppressor with pro-apoptotic properties, ceramide plays a critical
role in cell death induced by several common chemotherapeutic agents 48,

Beyond its function as a second messenger, ceramide was reported to regulate the endosomal recycling
of transport proteins “° and facilitate the formation of membrane subdomains, aiding the sorting of specific
proteins in pre- or post-Golgi compartments %51, Our research uncovered a metabolic checkpoint wherein
the sphingolipid Cer(d18:1/26:0) destabilizes PD-L1 by dissociating TM9SF2-PGK1 (Fig. 6B-D, 6F and
S6C-F).

Our study found that inhibition of TM9SF2 or PGK1 suppressed tumor growth, enhanced CD8" T-cell
infiltration, and exhibited synergistic effects with anti-PD-L1 treatment (Fig. 2A-K, 3H-N, S2A-P, S3H-
U). Conversely, TM9SF2 or PGK1 overexpression accelerated immune evasion (Fig. 2G-K, S2Q-V, 30-
Q and S3V-2). Clinical correlations further supported our findings: TM9SF2/PGK1 expression levels
predicted poor prognosis in LUAD and AML patients (Fig. 7A-B and S7A-B) and are highly correlated
with PD-L1 expression level (Fig. 7C and S7C).

Although our work provides a strong preclinical rationale for targeting TM9SF2-PGK1 axis for anti-PD-
L1 ICB resistance, key questions remain: (1) What specifically distinguishes Cer(d18:1/26:0) from other
structurally similar sphingolipids in its ability to disrupt the TM9SF2-PGK1 interaction? (2) How do
upstream signals, such as TNFa-induced ceramide bursts, regulate the sorting of PD-L1? (3) Does the
TMOISF2-PGK1 complex regulate other immune checkpoints, such as CTLA-4, or other oncoproteins?
Future studies remain to map the TM9SF2-PGK1 interactome, and investigate how ceramide disrupts
TMOISF2-PGK1 interaction.

Overall, our research identified a TM9SF2-PGK1-ceramide axis that regulates PD-L1 stability through
endosomal recycling, thus linking sphingolipid metabolism to immune evasion, and offers a roadmap for
next-generation therapies targeting the crosstalk between sphingolipids and PD-L1. We highlight the
therapeutic potential of this pathway with methods such as genetic ablation, PGK1 inhibition (DC-PGKI),
and ceramide supplementation, which provide a strategic framework for overcoming resistance to ICB.
Pharmacological targeting of the TM9SF2-PGK1 complex, both as a standalone treatment and in
conjunction with 1ICB, warrants further clinical investigation in tumors exhibiting high levels of TM9SF2
and PGK1.

Methods
Ethics statement

For mice: Eight-week-old C57BL/6J male mice were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (China). They were maintained in individually ventilated cages at the
Shandong University Model Animal Research Center, with a standard 14:10-h light: dark cycle, ambient
temperature of 23-25 °C, humidity levels of 40-70% and full access to water and facility chow, following
the guidelines set forth by the Animal Care and Utilization Committee of Shandong University, China.
All animal studies were conducted in accordance with protocols approved by the Ethics Committee of
Shandong University (Approval No. SYXK (Lu) 20230003). According to the approved protocol, the
maximum allowable size for any solid tumor is 20 mm in any single dimension. This study strictly adhered
to these requirements. Mice were humanely euthanized via carbon dioxide inhalation.

For patient samples: All human lung cancer specimens analyzed in this study were collected from surgical
resections performed at the Second Hospital of Shandong University. The use of these clinical samples
was reviewed and approved by the Institutional Ethics Committee of the Second Hospital of Shandong
University (Approval No. KYLL2025362), and all procedures were conducted in full compliance with
the relevant ethical regulations.



Cell culture and treatment

HEK?293T cells (Procell Corporation, #CL-0005), B16-F10 cells (Procell Corporation, #CL-0319), H460
cells (Procell Corporation, #CL-0299), and mouse AML cells (C1498) (ATCC, #TIB-49) were incubated
in Dulbecco’s Modified Eagle’s Medium (DMEM, containing 10% fetal bovine serum (FBS) as well as
1% penicillin-streptomycin) (37 °C, 5% COz2). For IFN-y treatment, cells were administered IFN-y
(100 ng/mL) for 48 hours unless indicated otherwise. All ceramide standards (or their metabolically stable
analogs) were given at 31.25 uM for 40 hours unless indicated otherwise. The reagents used in this study
are listed in Supplementary Dataset 1.

Plasmids

To produce the pLenti-CRISPRv2-sgRNA plasmids for sphingolipid metabolic pathway related CRISPR-
Cas9 knockout screen and PGK1 knockout, we allowed sgRNAs to cool naturally to room temperature
after heating to 95 °C for 5 minutes in an annealing buffer. We cloned the annealed sgrRNAs into a BsmBI-
digested pLenti-CRISPRv2 vector (#52961, Addgene, USA). The sgRNAs were designed using
crispor.tefor.net. CRISPR sgRNA sequences for TM9SF1-4/PGK1/CERS1-6 knockout are listed in
Supplementary Dataset 2 and sgRNA sequences for sphingolipid metabolic pathway related CRISPR-
Cas9 knockout screen are listed in Supplementary Dataset 3.

For the FLAG-tagged TM9SF1-4, CERS3 and CD274 plasmids, we purchased FLAG-tagged TM9SF3
plasmid (#P56344) and FLAG-tagged TM9SF4 plasmid (#P58124) from MIAOLING BIOLOGY. We
inserted human TM9SF1, CERS3 and CD274 PCR products into pcDNA3.1-3xFLAG vector (#182494,
Addgene, USA) and inserted TM9SF2 products into the HindIIl and EcoRI sites of pCMV-T7-MCS-
3xFLAG-Neo vector (#P1303, MIAOLING BIOLOGY, China).

To generate constructs for HA-tagged PGK1, PCR fragments underwent digestion with EcoRI and Xhol
before being inserted into the pcDNA3.1-HA vector (#128034, Addgene, USA). The pCDH-Pgkl
plasmids were produced by inserting the synthesized cDNA coding mouse Pgkl into pPCDH-CMV-MCS-
EF1-mcherry-T2A-puro vector (#1GV-LV-a-003, Guangzhou IGE Biotechnology Co., Ltd., China) using
EcoRI/BamHI MCS.

For the construction of plasmids encoding PGK1 variants, including phosphorylation mutants (S203A
and S203D) and PAM locus mutants, pcDNA3.1-HA-PGK1P-5¢r203A1 gnd pcDNA3.1-HA-PGK 1P-Ser203Asp
were developed using a Mut Express Il Fast Mutagenesis Kit V2 (#C214-01, Vazyme, China), with
pcDNA3.1-HA-PGK1 serving as the template. These constructs were subsequently employed as
templates to generate the pcDNAS3.1-HA-PGK1P-Ser203Al, c.978C>A and ncDNAS.1-HA-PGK1P-Ser203Asp,
¢978G>A plasmids, designed to block PAM detection by mutating the NGG site to a sequence compatible
with specificity-modified Cas9.

The MY C-tagged HIP1R construct was generated by inserting the PCR product into the pcDNA3.1-MYC
vector (#176045, Addgene, USA). For the GFP-tagged HIP1R construct, the fragments were inserted into
the Xbal-EcoRI region of pPCDH-CMV-MCS-EF1-Blast-EGFP.

The GFP-S1 plasmid was acquired from Tsingke Biotechnology Co., Ltd. by cloning cDNA with an HA-
tag and the designated peptide (S1) into pEGFP-C1 via the Bgl II/EcoR | multiple cloning sites. To
generate the leucine-to-alanine mutant, GFP-S2 was developed using a Mut Express 11 Fast Mutagenesis
Kit V2, with GFP-S1 as a template. Similarly, the GFP-tagged HIP1R*%*%7® mutant was generated with
HIP1R-GFP as a template.

We amplified the TM9SF2, PGK1, HIP1R, and CD274 genes from A549 cDNA, Pgkl from L929 cDNA,
TMOSF1 from the pCMV-SPORT6-TM9SF1 plasmid (#P4018, MIAOLING BIOLOGY, China), and
CERS3 from the pCDNAS3.1-HA-CERS3 plasmid (#P2224, MIAOLING BIOLOGY, China). All primers



were procured from Sangon Biotech, and plasmid sequences were confirmed through DNA sequencing.
Primer sequences are listed in Supplementary Dataset 4.

Hairpin shRNAs targeting the coding sequences of mouse Tm9sfl-4 and Pgkl, transcripts were also
generated by Tsingke Biotechnology Co., Ltd. and inserted into the pLKO.1-mCherry-Puro vector. Short
hairpin sequences are provided in Supplementary Dataset 5.

Stable cell line generation

To generate TM9SF1-4 or PGK1 knockout (KO) clones, CRISPR-Cas9 technology was employed as
previously described °2. pLenti-CRISPRv2-sgRNA plasmids were introduced into HEK293T cells grown
in 6-well plates via polyethylenimine (PEI) transfection, along with packaging plasmids PMD2.G and
PSPAX at a ratio of 0.25:0.15:0.20 to produce lentivirus. Viral extracts were harvested at 24 h and 48 h
after transfection and applied to H460 cells supplemented with polybrene (10 pug/mL). Puromycin
selection (2 pg/mL) was subsequently performed for several days to isolate transduced cells.

For generating TM9SF2/PGK1 double-knockout (dKO) clones, TM9SF2 KO H460 cells (3x10*
cells/well) were plated in 12-well plates, and then they were transduced using lentiviral particles (pLenti-
CRISPRv2-sgRNA PGK1) in the presence of polybrene to facilitate PGK1 knockout. Single-cell clones
were generated from polyclonal populations using limiting dilution and validated by immunoblotting to
confirm the loss of TM9SF2 and PGK1 protein expression. For Pgkl overexpression (OE) in B16 and
C1498 cells, pCDH-Pgk1 plasmids, along with packaging plasmids, were transfected into HEK293T cells
to produce lentiviruses. B16 and C1498 cells underwent infection with the produced lentiviruses with
polybrene, and subsequently, puromycin selection was applied. Tm9sf2 OE B16 and C1498 cells were
generated using LV-Tm9sf2 viral filtrate (#63315-22, GeneChem Co., Ltd.).

For knockdown (KD) of mouse Tm9sf1-4 or Pgk1, lentiviral vectors expressing the respective ShRNAs
were transfected into HEK293T cells to produce control and knockdown lentiviruses. B16 and C1498
cells were infected twice with lentivirus-containing culture medium and polybrene at 37 °C for 24 and 48
hours. To maximize KD efficiency, infected cells underwent puromycin selection for several days and
were characterized using confocal microscopy.

Puromycin-resistant KD, KO, or OE clones were extracted via single-cell dilution cloning from polyclonal
groups and validated by immunoblotting for the respective proteins.

Mouse subcutaneous tumor-bearing model

For syngeneic melanoma or AML models, 1 x 10° B16 or C1498 cells modified with the indicated
shRNAs or overexpression constructs were resuspended in 100 puL of saline and introduced
subcutaneously into the flanks of C57BL/6J mice to produce tumors. On the day of inoculation with tumor
cells, mice were administered with anti-CD8 monoclonal antibody (mAb), anti-PD-L1 mAb, DC-PGKI,
or Cer(d18:1/26:0).

For checkpoint therapy, mice received intraperitoneal injections of 200 pg anti-CD8 mAb or 200 pg anti-
PD-L1 mAb (or isotype control) on the 0, 3, 6", 9™ and 12" day.

For PGKL1 inhibitor treatment, mice received intraperitoneal injections of DC-PGKI which was
formulated in a solution of 10% DMSO and 90% PBS at 10 and 5 mg/kg/day, respectively, or a control
solution consisting of 10% DMSOQO in PBS (v/v), for one week.

For treatment with Cer(d18:1/26:0), C57BL/6J mice were injected intraperitoneally with vehicle or
Cer(d18:1/26:0) (10 and 20 mg/kg/day) for one week. Cer(d18:1/26:0) was mixed in saline containing
sodium carboxymethyl cellulose (0.5%) and Tween 80 (5%), whereas control animals received saline
with the same additives.



For C1498 tumors, tumor sizes were evaluated every three days. At the designated time after tumor cell
inoculation, mice were euthanized and their tumors were collected for subsequent analysis.

Preparation of ceramide: cholPC

Our approach had slight modifications from a previous protocol 3. Ceramides and cholPC were
solubilized in pure chloroform at a concentration of 12.5 mM. ceramide and cholPC were combined at
1:1, dried with nitrogen, and rehydrated using PBS to attain a final concentration of 3.125 mM for each
lipid (3.125 mM Cer:3.125 mM cholPC or cholPC: blank). Rehydrated lipids were sonicated for
approximately 1 hour until fully dissolved (55 °C). Lipid mixtures were mixed with cell cultures at a
1:100 dilution, making a final level of 31.25 uM for each ceramide.

CRISPR screen

H460 cells were infected with a focused sgRNA library designed to target genes involved in phospholipid
metabolism, with 4 sgRNAs per gene. At 48 hours post-infection, cells were enriched for transduced
populations via selection with 2 pg/mL puromycin for 72 hours. PD-L1"" cells, low 10% of the
population, were enriched via two fluorescence-activated cell sorting (FACS) rounds on days 7 and 15
following library transduction. For the first sort, at least 2 x 107 cells were obtained with trypsin, stained
on ice for 15 minutes using an APC anti-human PD-L1 antibody, and washed with PBS. Cells exhibiting
low PD-L1 expression were isolated using a BD Influx flow cytometer. Genomic DNA (gDNA) was
isolated from sorted and unselected populations of mutagenized cells on day 15 by Genomic DNA
Purification Kit (#B518251, Sangon Biotech, China) and sent to Novogene for sequencing.

Immunoblotting

Whole-cell or tissue lysates were prepared using RIPA buffer (Solarbio, China) with a 1% protease
inhibitor cocktail and 1 mM PMSF. The samples were kept on ice for 10min before centrifuge (10,000 x
g, 4 °C, 15 min). Tissue samples were pre-minced and ground in lysis buffer prior to extraction. Proteins
were quantified using a bicinchoninic acid (BCA) assay kit (#BL1673A, Biosharp, China). Cell lysates
were combined with 5x loading buffer containing 10% 2-mercaptoethanol and heated for 5min for
denaturation at 100 °C, except for TM9SF1-4 detection, where samples were denatured at 4 °C for 30
minutes. Forty micrograms of protein per sample were isolated by 10% SDS-PAGE gel and transferred
to a polyvinylidene fluoride (PVVDF) membrane (Millipore). The membrane was incubated with blocking
buffer (EpiZyme, Shanghai, China) for 1 hour at room temperature, then probed with the primary antibody
overnight at 4 °C (for details, see Supplementary Dataset 1). Following three sequential 5-minute washes
in TBST, the membranes were probed with HRP-associated secondary antibodies (goat anti-rabbit 1gG or
goat anti-mouse 1gG) (1:10,000 dilution in TBST), with incubation proceeding for 60 min (room
temperature). Bands were observed using an ECL western blot detection substrate (#32106, Thermo
Fisher). For fluorescent detection, Goat anti-Rabbit IgG H&L (IRDye® 800CW) or Goat anti-Mouse 1gG
H&L (IRDye® 800CW) (1:10,000) were used, and membranes underwent scanning with an Odyssey CLx
Imaging System (LI1-COR Biosciences). Gray intensity quantification was performed using ImageJ (Fiji).

Immunoaffinity purification-mass spectrometry (IP-MS)

HEK?293T cells were plated in triplicate 10 cm culture dishes and introduced alongside FLAG-tagged
TMOISF2 plasmid using PEI. Following a 48-hour incubation period, cellular material was collected and
homogenized in lysis solution supplemented with 1% protease inhibitor cocktail and 1 mM PMSF. The
lysate was subsequently subjected to centrifugation (13,000 x g, 15 minutes, 4 °C) to remove cellular
debris. Clarified supernatants were mixed with 30 puL anti-FLAG beads (Sigma) for overnight conjugation
at 4 °C. After extensive washing (3 x) with chilled lysis buffer, the immobilized protein complexes were
flash-frozen in liquid nitrogen and subjected to LC-MS/MS analysis.



Coimmunoprecipitation and ubiquitination assays

To investigate protein-protein interactions, HEK293T or H460 cells were transiently transfected with
specified plasmids through PEI-mediated transfection for 48h. After transfection, cells were harvested
and subjected to immunoprecipitation with magnetic affinity beads conjugated to FLAG, HA, MYC, or
GFP antibodies (Cell Signaling Technology) at 4 °C. Antibody-associated complexes were extensively
washed (3 x) with ice-cold lysis buffer, followed by incubation with loading buffer adding 10% -
mercaptoethanol, and 5 min boiling (100 °C) minutes prior to immunoblotting. For TM9SF2 detection,
proteins were eluted from beads using 3 x FLAG or HA peptides and denatured without boiling. For
Cer(d18:1/26:0) treatment, HEK293T cells expressing FLAG-tagged TM9SF2 and HA-tagged PGK1
were treated with 31.25 uM Cer(d18:1/26:0) for 40 hours, followed by coimmunoprecipitation analysis.

Ubiquitination assays were conducted on co-immunoprecipitation (Co-IP) lysates. Specifically,
HEK293T or H460 cells were transfected with various plasmids, with or without stimulation by IFN-y
(100 ng/mL). MY C-tagged protein complexes were immobilized on MY C affinity beads and subsequently
washed sequentially with chilled lysis buffer. Immunoblot analysis was performed using an anti-ubiquitin
antibody to detect ubiquitinated proteins.

Immunofluorescence imaging

H460 cells, subjected to genetic or pharmacological disruption, including the depletion of PGK1 and
TMOISF2 and treatment with ceramide, were utilized in this study. Additionally, cancer cells isolated from
lung cancer patients were treated with either DC-PGKI or Cer(d18:1/26:0). All cell types subsequently
underwent the following procedures:

The cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Non-specific
binding sites were blocked with 5% BSA for 1 hour. Cells were then incubated with primary antibodies
in PBST (phosphate-buffered saline containing 0.01% Tween-80) under gentle agitation at 4 °C for 16
hours. Following three successive 5-minute rinses with PBST, samples were exposed to species-matched
secondary antibodies in the dark for 1 hour at 25 °C. After rinsing, cells were counterstained with DAPI
(1 pg/mL) for 10 minutes. Finally, fluorescence signals were captured using a confocal laser scanning
microscope (Andor Dragonfly 200) at a resolution of 1024 x 1024 pixels with a 63 x oil immersion
objective. Colocalization assessment was performed using ImageJ. Briefly, the red and green traces in the
curves correspond to their respective fluorescence channels. Fluorescence intensity values were quantified
using the Plot Profile tool in ImageJ along annotated white lines in merged immunofluorescence images,
allowing assessment of how red and green fluorophore signal intensities vary with distance.

Characterization of PD-L1 on cell surfaces

H460 cells were trypsinized and rinsed twice using ice-cold PBS. Cells were stained using APC anti-
human CD274 antibody under gentle rotation at 4 °C for 60 min in light-protected conditions. Following
two additional washes with chilled PBS, antibody-labeled cells were analyzed using flow cytometry.

RNA isolation and gRT-PCR analysis

Total RNA was isolated using a NcmSpin Cell/Tissue RNA Kit (#M5105, NCM Biotech, China). First-
strand cDNA synthesis followed a SPARKscript IIRT SuperMix for qPCR (#AG0305-B, Sparkjade,
China) following the manufacturer’s directions. We performed RT-gPCR analysis on a qRT-PCR system
using SYBR. Quantitative analysis was performed via comparative threshold cycle (27*2¢T) method with
data normalized to GAPDH housekeeping gene expression levels. The primer sequences for gRT-PCR
were as follows:

human CD274: forward, 5'-TCACTACACAGCCCTCCTAA-3,



reverse, 5-ACACCAGAATATGGCCAAGAG-3;

human HIP1R: forward, 5'-AGATGCTGTGCGGAGGATTGAG-3,
reverse, 5-TGCAGGCTAGTGGATGTCGTCA-3;

human GAPDH: forward, 5-GAGTCCACTGGCGTCTTCAC-3,,
reverse, 5-TTCACACCCATGACGAACAT-3'.

T cell-mediated tumor cell lethality

T cells were negatively enriched from healthy donor peripheral blood mononuclear cells (PBMCs)
employing an EasySep™ isolation system (#17951, STEMCELL Technologies) via negative selection.
The isolated T cells were maintained in RPMI 1640 medium. Polyclonal activation was achieved via co-
stimulation using ImmunoCult™ CD3/CD28/CD2 T Cell Activator (#10970, STEMCELL Technologies)
and recombinant human IL-2 (1000 U/mL, #78036, STEMCELL Technologies) for 3 days. For cell
apoptosis assays: SgNTC and sgTM9ISF2 H460 cells were plated using 1 x 10° cells/well in 12-well plates,
and PBMC-derived effector T cells were included at an effector-to-target ratio of 2:1. After 48-hour co-
incubation, cells were collected. After dual PBS washing cycles, cells were subjected to the Annexin V-
FITC/7-AAD Apoptosis Detection Kit (#40311ES60, Yeasen, China) at 4 °C for 15 min in light-protected
conditions to differentiate early from late apoptotic, as well as necrotic cells. Flow cytometry quantified
apoptosis based on the proportion of Annexin V-positive and 7-AAD-positive cells. Anti-PD-L1 treatment
served as a positive control. Data attainment was carried out with the BD FACSymphony™ A3 Cell
Analyzer, and analysis was conducted with FlowJo software.

For crystal violet staining, sSgNTC and sgTM9SF2 H460 cells were co-cultured with T cells sorted from
PBMCs (effector-to-target ratio of 2:1) for 48 hours. Residual living cancer cells were assessed using
crystal violet staining.

For the CCK-8 assay, sgNTC and sgTM9SF2 H460 cells were placed into 96-well plates with 100 uL
culture medium per well, then co-cultured with activated T cells (1:2 ratio) for 48 hours. Residual cancer
cells were characterized using CCK-8 staining. Specifically, 10 uL. of CCK-8 solution was administered
into each well and incubated for 2 hours at 37 °C/5% CO., after which absorbance at 450 nm,
corresponding to formazan product formation, was determined.

T cells analysis was performed using flow cytometric techniques. Cell viability was assessed with Fixable
Viability Dye. For surface marker evaluation, cells were washed and incubated with Brilliant Violet 421
anti-human CD8a and Brilliant Violet 785 anti-human CD107a.

Intracellular interferon gamma (IFN-vy) detection involved cell fixation/permeabilization with the True-
Nuclear™ Transcription Factor Buffer Set (#424401, BioLegend, USA), followed by staining with PE-
IFN-y following the producer’s protocol. Isolates were acquired on a BD LSR Fortessa Cell Analyzer
(BD Biosciences). Data were analyzed using FlowJo v10 (Treestar Inc.) and GraphPad Prism 9.0.

Tissue microarray analysis

A paraffin-embedded LUAD tissue microarray was obtained from Bioaitech Co. (RO76Lu01). All tissues
were collected under strict ethical standards with complete donor informed consent. Immunofluorescence
analysis of PD-L1 and TM9SF2 expression was performed as described above.

Tumor cell isolation

Single-cell suspensions were generated from lung cancer patient-derived tumor samples through rapid
and gentle mechanical dissociation, enzymatic digestion using collagenase 1V for 1 h at 37 °C, and



subsequent filtration. Tumor cells were then isolated using a tumor cell isolation kit and grown in DMEM
(containing 10% FBS and 1% penicillin-streptomycin).

Tumor inoculation and dissection

For tumor dissection, B16 or C1498 tumor tissues were dissected, imaged, and digested using Liberase
TM (7.7 mg/mL) and DNase | (100 mg/mL). Tumor fragments were strained using 70-pm strainers (BD
Biosciences) to generate single-cell isolates for flow cytometric analysis.

For tumor-infiltrating lymphocytes (TILs), single cell isolates were Fc receptor-blocked using TruStain
FcX (1:100) for 15 min, and stained using: AF700-CD45.2 (1:200), PE-Cy7-CD3 (1:1000), BV786-CD8
(1:1000), PerCP-CD4 (1:300), BV421-1FN-y (1:300), PE-CD107a (1:300), PE-TOX (1:100), PE-Tim-3
(1:200), BV605-PD-1 (1:300) and Fixable Viability Dye (1:1000). We first used Fixable Viability Dye to
exclude dead cells in flow cytometry data. Data acquisition was performed on the BD FACSymphony™
A3 Cell Analyzer, and assessment was performed using FlowJo. The gating strategy is detailed in
Supplementary Fig. 8.

For PD-L1 expression on tumor cells, single-cell isolates were Fc-blocked, stained using APC-PD-L1
(1:300), and analyzed using the same workflow.

Antibodies used in this study are listed in Supplementary Dataset 1.
Endocytosis and recycling assays

To evaluate PD-L1 recycling, a recycling assay was performed as previously outlined 4. In short, sgNTC
and sgTM9SF2/PGK1 H460 cells were Fc-blocked (1:100 dilution) and labeled with a purified anti-human
PD-L1 antibody (1:500 dilution) for 0.5 h at 4 °C. After labeling, cells were rinsed with chilled medium
and incubated at 37 °C for 30 minutes to facilitate internalization of antibody-bound PD-L1. Surface-
bound antibodies were removed using a low pH buffer (IMDM with 1x Pen/Strep and 50 mM sodium,
pH 3.5), followed by two PBS washes and incubation in complete medium. Baseline internalized PD-L1
levels were measured immediately after washing (to), and the recycling pool was quantified after
incubation at 37 °C for designated time points (tx). Surface-recycled PD-L1 was detected using an APC-
conjugated goat anti-mouse 1gG secondary antibody (1:200). The total residual PD-L1 assembly was
assessed after fixation and permeabilization, followed by incubation with the same secondary antibody
for 45 minutes at room temperature. Cells were rinsed and assessed via flow cytometry.

PD-L1 recycling levels were determined by the ratio of recycled surface PD-L1 to the total residual pool.
To study PD-L1 storage after internalization, H460 cells were detached with TrypLE Express, incubated
on ice, and rinsed using RPMI medium (5% FCS, 30 mM HEPES). Surface PD-L1 was labeled using
anti-PD-L1 antibody for one hour, washed twice, and resuspended in RPMI. A baseline sample (to) was
collected. Cells were then incubated at 37 °C to allow PD-L1 internalization. At designated time points,
samples were diluted in ice-cold PBS, washed, and stained using Alexa Fluor-647-conjugated anti-mouse
secondary antibody over 0.5 h. After washing, samples were analyzed via flow cytometry.

Surface PD-L1 at baseline (t,) = S(ty) / A(ty) D
Surface PD-L1 at a time point (t,) = S(t,) / A(ty) (2)
PD-L1 Recycling efficiency = [S(t,) / A(ty)] - [S(tg) / A(ty)] (3)

Subcellular fractionation

To separate cellular fractions, H460 cells, either treated or untreated with IFN-y, were suspended in
homogenization buffer consisting of 20 mM HEPES-KOH (pH 7.4), 250 mM sucrose, 1 mM EDTA, and
protease inhibitors. Cell lysis was achieved by repeated passage through a 25-gauge needle, followed by



centrifugation of the clarified lysates at 800 x g for 5 minutes to remove unbroken cells. The resulting
supernatants were further centrifuged (13,000 x g, 10min) to isolate large membrane fractions. Remaining
supernatants underwent velocity centrifugation at 100,000 x g for 1 hour, separating light membranes
containing endosomal fractions from the cytosolic fraction. All fractions (1:1) were electrophoresed via
SDS-PAGE and evaluated by Western blotting.

Lipidomics

Lipidomic profiling of shTM9SF2 and shNC H460 cells was conducted by PTM-biolab Co., Inc. Briefly,
cell samples were thawed on ice and extracted using a solvent mixture containing internal standards. After
centrifugation, the upper organic layer was collected, dried under vacuum, and reconstituted in a solution
(ACN:IPA = 1:1, v/v). Metabolite analysis was performed using LC-ESI-MS/MS with an ExionLC AD

coupled to a QTRAP® 6500+ mass spectrometer. Data were log2-transformed, mean-centered, and
validated through a permutation test with 200 iterations.

Proteomics

For proteomic profiling, H460 cells with TM9SF2 knockdown or PGK1 knockout were collected and
processed by Spectra Biotechnologies (Shanghai). Briefly, peptides were separated using an UltiMate
3000 LC system coupled to a timsTOF Pro 2 mass spectrometer, with elution over a 60-minute gradient
on a C18 column at a flow rate of 400 nL/min. Data-independent acquisition (DIA) was performed in
diaPASEF mode using variable isolation windows and mobility-dependent collision energy. Raw data
were processed in Spectronaut against a human UniProt database, with false discovery rate (FDR) filtering
set at 1% and label-free quantification performed using MaxLFQ.

Statistical analysis

All data are presented as mean + SD. Two-tailed student’s t-test was used to compare all experimental
groups against the control group. Significance levels were defined as *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001 in the figures. Statistical analyses were conducted using GraphPad Prism 10.1.2, and
all experiments were independently repeated at least three times.

Data Availability

The lung adenocarcinoma data (TCGA-LUAD) used in this study are publicly available in the Database
of  Genotypes and  Phenotypes (dbGaP) under  accession  number  phs000178
(https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study id=phs000178.v11.p8). The acute
myeloid leukemia data (TARGET-AML) used in this study are publicly available in the doGaP under
accession number phs000218 (https://www.ncbi.nlm.nih.gov/projects/gap/cqi-
bin/study.cqgi?study id=phs000218.v26.p8). The genomic and proteomic data generated in this study are
publicly available as follows: The mass spectrometry proteomics data of sShTM9SF2 and shNC H460 cells
have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD061780 (https://www.ebi.ac.uk/pride/archive/projects/PXD061780). The raw data
and search results of sgNTC and sgPGK1 H460 cells have been uploaded to the iProX database under the
accession number 1PX0011331001 (https://www.iprox.cn//page/subproject.html?id=1PX0011331001).
The raw data and search results of IP-MS analysis with FLAG-tagged TM9SF2 have been uploaded to
the iProX database under the accession number IPX0015889001
(https://www.iprox.cn//page/subproject.html?id=1PX0015889001). The lipidomics data generated in this
study have been deposited in the MetabolLights database under accession code MTBLS13838
(https://www.ebi.ac.uk/metabolights/MTBLS13838). The sequencing data from the focused CRISPR
screen have been deposited to the NCBI GEO database under accession number GSE320531
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE320531). All additional data are available




from the corresponding author (tingdong2025@pumc.edu.cn) upon request. Source data are provided
with this paper.
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Fig. 1. TM9SF family members stabilize PD-L1 and suppress CD8" T cell cytotoxicity.

(A) An outline of the CRISPR-Cas9-based deletion library screen targeting genes related to sphingolipid
synthesis or transport essential for cell surface PD-L1 expression. H460 cells expressing Cas9 were
mutagenized with a focused lentiviral sgRNA library and PD-L1'°" cells enriched by FACS sorting.

(B) Significant hits identified from cellular screens are shown. LFC: The log2 fold change of sgRNA.



(C) PD-L1 expression in sgNTC and sgTM9SF1-4 H460 cells was analyzed by Western blot. NTC: No
Template Control.

(D) Western blot assessment to evaluate PD-L1 expression in H460 cells overexpressing FLAG-tagged
TMOISF1-4 versus empty vector (EV). FLAG antibody is used for the detection of TM9SF1/3/4. TM9SF2
antibody is used for the detection of TM9SF2.

(E) The lifetime of PD-L1 was assessed in sgNTC and sgTM9SF1-4 H460 cells administered
cycloheximide (CHX, 25 pg/mL) over time. PD-L1 levels were standardized to GAPDH.

(F) A schematic overview of the T-cell-reliant cytotoxicity is shown. H460 cells transduced using
TMOISF2-targeting SgRNA or control sgRNA were co-cultured with activated T cells. Cytotoxicity was
evaluated through clonogenic assays, survival analyses, and apoptosis measurements.

(G) Cell viability showing T-cell cytotoxicity in H460 cells with TM9SF2 depletion following activated
T cells co-culture.

(H-1) Quantitative analysis of IFN-y and CD107a expression in CD8" T cells derived from co-culture are
shown (n =5 independent experiments).

Data are presented as mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are
provided as a Source Data file.
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Fig. 2. TM9SF2 promotes PD-L1-mediated immunosuppression in CD8" T cell.

For A and D-F, a mouse tumor model using C57BL/6J mice transplanted with C1498 cells transduced
with shRNA targeting TM9SFs or control.

(A) Representative images of control and TM9SFs-knockdown C1498 tumors.



(B) Schematic of experimental procedures: For C, C57BL/6J mice subcutaneously injected with B16 cells
transduced with TM9SF2-targeting ShRNA or control, with or without CD8-depleting antibody treatment
(200 pg on days 0, 3, 6, 9, and 12).

(C) Representative images of B16 tumors isolated from immunocompetent mice and CD8* T cell-depleted
mice. 1SO: Isotype Control.

(D) Proportions of tumor-permeating CD8" T cells in control and TM9SFs-knockdown C1498 tumors (n
= 5 mice).

(E-F) Flow cytometry analysis of IFN-y and CD107a level in control and TM9SFs-knockdown C1498
tumors (n = 5 mice).

(G) Schematic of experimental procedures: For H-K, C57BL/6J mice subcutaneously injected with B16
cells overexpressing TM9SF2 or EV control, with or without anti-PD-L1 antibody treatment (200 pg on
days 0, 3,6, 9, and 12).

(H) Representative images of B16 tumors isolated from mice with or without anti-PD-L1 antibody
treatment.

(1) Proportions of tumor-permeating CD8" T cells in B16 tumors isolated from mice with or without anti-
PD-L1 antibody treatment (n = 5 mice).

(J-K) Flow cytometry analysis of IFN-y and CD107a levels in tumor-permeating CD8" T cells in B16
tumors isolated from mice with or without anti-PD-L1 antibody treatment (n = 5 mice).

Data are presented as mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are
provided as a Source Data file.
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Fig. 3. TM9SF2 interacts with PGK1 to suppress CD8* T cell function.

(A) Top five identified positive regulators ranked by enrichment scores from the immunoaffinity
purification-mass spectrometry (IP-MS) screen. Immunoprecipitation was performed using anti-FLAG
beads in HEK293T cells transfected using TM9SF2-FLAG.

For B-E and G, HA antibody is used for the detection of HA-tagged PGK1.

(B) Co-immunoprecipitation assays validating the interactions between TM9SF2 and PGK1 in H460 cells
after 48 hours of IFN-y stimulation (100 ng/mL).

(C) Western blot analysis of PGK1 and PD-L1 in H460 cells transduced with PGK1 sgRNAS versus
SgNTC or H460 cells overexpressing HA-tagged PGK1 (n = 3 independent experiments).

(D) Co-immunoprecipitation assays demonstrating the association between TM9SF2 and PGK1 wild-
type, S203D (phosphorylation-mimetic mutant), or S203A (phosphorylation-deficient mutant).

(E) Western blot analysis of PD-L1 levels in PGK1-depleted H460 cells transfected with PGK1 wild type
or phospho-mutants.



(F-G) The half-life of PD-L1 was assessed in H460 cells with PGK1 depletion or overexpression
following treatment with CHX (25 pg/mL).

For H-J, C57BL/6J mice underwent subcutaneous injection with B16 cells transduced with PGK1 shRNA
or control sShRNA.

(H) Representative images and volumes of B16 tumors.

() Proportions of tumor-permeating CD8" T cells in tumors (n =5 mice).

(J) Flow cytometry analysis of IFN-y and CD107a levels in tumor-permeating CD8" T cells in tumors (n
= 5 mice).

(K) Schematic of the experimental design: For L-N, C57BL/6J mice were subcutaneously inoculated with
B16 cells followed by daily intraperitoneal administration of DC-PGKI (a PGK1 inhibitor, 5 and 10
mg/kg) for one week.

(L) Representative image of B16 tumors.

(M) Proportions of tumor-permeating CD8" T cells in tumors (n =5 mice).

(N) The proportions of IFN-y* and CD107a" tumor-permeating CD8" T cells in tumors (n = 5 mice).

For O-Q, C57BL/6J mice were injected with B16 cells overexpressing PGK1 or EV.

(O) Representative image of B16 tumors.

(P) Proportions of tumor-permeating CD8" T cells in tumors (n'=5 mice).

(Q) Flow cytometry analysis of IFN-y and CD107a levels in tumor-permeating CD8" T cells in tumors (n
= 5 mice).

Data are presented as mean & SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are
provided as a Source Data file.
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Fig. 4. TM9SF2-PGK1 maintains PD-L1 expression by facilitating endosomal recycling.

(A) Bar plot showing altered cellular processes and signaling pathways in shTM9SF2 H460 cells
compared to shNC cells.

(B) A schematic of the PD-L1 surface internalization assay in H460 cells transduced with sgRNAS is
shown.

(C) Surface PD-L1 retention in H460 cells was measured by flow cytometry after genetic depletion of
PGK1 or TM9SF2 (n = 3 independent experiments).

(D) PD-L1 recycling was quantified by flow cytometry in H460 cells following PGK1 or TM9SF2
knockout (n = 3 independent experiments).

(E) Immunofluorescence showing PD-L1 colocalization with RAB11 in sgPGK1 or sgTM9SF2 H460
cells versus sgNTC (PD-L1 in green, RABI11 in red, DAPI in blue). Scale bar: 5 um. The right panels
display intensity profiles of PD-L1 versus RAB11 following the white line.

For F-G, HA antibody is used for the detection of HA-tagged PGK1.

(F) Co-immunoprecipitation assay demonstrating TM9SF2 interaction with PGK1, RAB11, and PD-L1
in H460 cells, with or without IFN-y treatment (100 ng/mL, 48 hours).



(G) Co-immunoprecipitation assay evaluating interactions of PGK1 wild-type and its phospho-mutants
(S203A and S203D) using TM9SF2, PD-L1, and RAB11 in H460 cells.

Data are presented as mean = SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are

provided as a Source Data file.
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Fig. 5. TM9SF2-PGK1 complex hinders lysosomal sorting by degrading the PD-L1 lysosomal

carrier HIP1R.

(A) Heatmap showing increased proteins involved in PD-L1 lysosomal degradation in sgPGK1 H460

cells versus sgNTC cells.

(B-C) Western blot of HIP1R levels in sgPGK1 (B) and sgTM9SF2 (C) H460 cells versus sgNTC cells

(n = 3 independent experiments).



For D-F, HA antibody is used for the detection of HA-tagged PGK1.

(D) Half-life analysis of HIP1R abundance in CHX (25 pg/mL)-treated H460 cells with PGK1 depletion
or HA-PGK1 overexpression.

(E) Western blot analyses of HIP1R ubiquitination in H460 cells reconstituted with MYC-HIP1R and
HA-PGK1 for 36 hours, followed by treatment with MG132 (10 uM, 8 hours) and with or without IFN-y
administration (100 ng/mL, 8 hours). MY C antibody is used for the detection of MYC-tagged HIP1R.

(F) Western blot analyses of HIP1R ubiquitination in HEK293T cells reconstituted using MYC-HIP1R
and HA-PGK1 wild-type and phospho-mutants for 36 hours, followed by MG132 treatment (10 uM, 8
hours).

(G) Co-immunoprecipitation analysis examining IFN-y effects on PGKI1 association with GFP-
HIP1RA%¢697% and GFP-HIP1R. H460 cells transfected with FLAG-PGK1 and either GFP-HIP1R or GFP-
HIP1RA%6-97 were treated with IFN-y (100 ng/mL, 8 hours). Flag antibody is used for the detection of
FLAG-tagged PGK1 and GFP antibody is used for the detection of GFP-tagged HIP1R.

(H) A schematic of GFP fusion constructs is shown, including HIP1R lysosomal sorting signal (LL/LI,
GFP-S1) and its corresponding mutant (AA, GFP-S2).

(1) CHX-chase assay showing GFP-S1 and GFP-S2 protein levels over time in sgPGK1 or sgNTC H460
cells treated with CHX (25 ug/mL).

Source data are provided as a Source Data file.
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Fig. 6. Cer(d18:1/26:0) dissociates the TM9SF2-PGK1 Complex to suppress PD-L1 expression and
promote anti-tumor immunity.

(A) Summary of ceramides that were up- or down-regulated following TM9SF2 depletion in H460 cells
from lipidomics analysis.

(B) PD-L1 levels were analyzed wusing Western blot in H460 cells administered
cholesteryl:phosphatidylcholine (CholPC) alone or CholPC loaded with ceramides and derivatives (31.25
uM, 40 hours).

(C) PD-L1 surface levels in H460 cells given cholPC alone or cholPC loaded with ceramides and
derivatives (31.25 uM, 40 hours) (n = 3 independent experiments).

(D-E) Half-life analysis of PD-L1 or HIP1R concentrations in H460 cells overexpressing TM9SF2 for
the indicated time points following CHX (25 pg/mL) treatment. Cells underwent pre-treated using 31.25
uM cholPC loaded with Cer(d18:1/26:0) for 40 hours.

(F) Co-immunoprecipitation analysis investigating the effect of Cer(d18:1/26:0) on the interaction
between PGK1 and TM9SF2. HEK293T cells pre-transfected with HA-PGK1 or FLAG-TM9SF2 were



treated with or without Cer(d18:1/26:0) (31.25 uM, 40 hours). HA antibody is used for the detection of
HA-tagged PGK1.

(G) Immunofluorescence showing colocalization of PD-L1 with RAB11 in H460 cells with or without
Cer(d18:1/26:0) treatment (31.25 pM, 40 hours). (PD-L1 in green, RAB11 in red, DAPI in blue.) Scale
bars: 4 um. Intensity of PD-L1 and RAB11 following the white line are shown in right panels.

(H) Schematic of the experimental protocol: For I-K, C57BL/6J mice were subcutaneously inoculated
with B16 cells and then administered intraperitoneal injections of either CholPC or Cer(d18:1/26:0) (10
and 20 mg/kg/day) for one week. All statistical comparisons were performed against the CholPC-treated
control group.

(1) Representative image of B16 tumors.

(J) Proportion of tumor-permeating CD8" T cells in B16 tumors (n = 5 mice).

(K) IFN-y and CD107a levels in tumor-permeating CD8" T cells in B16 tumors (n = 5 mice).

Data are presented as mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are
provided as a Source Data file.
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Fig. 7. Therapeutlc potential for targeting TM9SF2-PGK1 complex in human lung cancer.

(A) TMISF2 and PGK1 gene signature expression in LUAD; Pancreatic tumor tissue (Tumor, red) and
Normal pancreatic tissue (Normal, blue) based on TCGA data analyzed via GEPIA2. (n (Tumor) =483,
n (Normal) = 347; n: number of patients). The box extends from the first to the third quartile (Q1 to Q3),
with a line at the median. The whiskers extend to the most extreme data points within 1.5 times the
interquartile range (IQR) from the box edges, and any points beyond are considered outliers.

HIP1R degradation

(B) Kaplan-Meier survival curves for AML patients possessing high (red) or low (blue) TM9SF2 levels
in the TARGET-AML cohort, analyzed using R software (version 4.1.0).

(C) Correlations between TM9SF2 and PD-L1 protein levels in human LUAD samples were evaluated
using a Spearman correlation coefficient (R? value indicated, two-tailed).



(D) Diagram outlining the experimental procedure for cancer cells isolated from patients with lung cancer
and treated with DC-PGKI (10 uM, 24 hours) and Cer(d18:1/26:0) (31.25 uM, 40 hours).

(E) The expression of PD-L1, TM9SF2, PGK1, and HIP1R was analyzed via Western blot in cancer cells
(T) treated with DC-PGKI and Cer(d18:1/26:0). Cancer cells were isolated from lung cancer patients.

(F) Representative histograms and bar plots of surface PD-L1 expression in cancer cells (T) treated with
DC-PGKI and Cer(d18:1/26:0) (n = 4 independent experiments).

(G) Immunofluorescence showing co-localization of PD-L1 with RAB11 in human lung cancer cells
treated with or without DC-PGKI or Cer(d18:1/26:0). (PD-L1 in green; RAB11 in red; DAPI in blue.)
Scale bars: 4 um. Intensity of PD-L1 and RAB11 following the white line are placed in right panels.

(H) Graphic abstract of the study. TM9SF2 facilitates PD-L1 plasma membrane recycling by recruiting
PGK1 and suppressing the HIP1R-dependent lysosomal degradation pathway. Cer(d18:1/26:0) disrupts
this complex, redirecting PD-L1 to lysosomal destruction and thereby boosting antitumor immune
responses.

Data are presented as mean & SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Source data are
provided as a Source Data file. The Figure 7H was created in BioRender. Chen, S. (2026)
(https://BioRender.com/067s128).



