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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Pancreatic cancer cells overexpress NPC1L1 as a metabolic-immunologic checkpoint to outcompete CD8+T cells.

- Cancer cells benefit by using NPC1L1 to hijack cholesterol from CD8+T cells, impairing their function.

- Ezetimibe boosts CD8+T cell responses and synergizes with PD-1 inhibitors to improve therapy outcomes.
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Pancreatic adenocarcinoma (PAAD) is a highly lethal malignancy with an
immunosuppressive microenvironment and a limited immunotherapy
response. Cholesterol is necessary for rapid growth of cancer cells, and
cholesterol metabolism reprogramming is a hallmark of PAAD. How PAAD
cells initiate cholesterol reprogramming to sustain their growth demand
and suppressive immunomicroenvironment remains elusive. In this study,
we for the first time revealed that PAAD cells overcome cholesterol shortage
and immune surveillance via ectopically overexpressing NPC1L1, a choles-
terol transporter, but function as a two-pronged checkpoint, which not only
directly suppresses TCR activation of CD8+T cells but also hijacks the intra-
cellular cholesterol from CD8+T cells. In vivo, we showed that ezetimibe, an
NPC1L1 inhibitor usually for hypercholesterolemia, efficiently prevented
PAAD cells from depriving cholesterol of CD8+T cells, and improved the
anti-tumor immunity of PAAD to synergize with PD-1 blockade, suggesting
NPC1L1 as a promising target to rescue the anti-tumor activity in PAAD.
INTRODUCTION
CD8+T cells play a critical role in anti-tumor immunity.1 However, tumors can

evade immune surveillance through diverse mechanisms of immunosuppres-
sion, one of which involves inhibiting the proliferation and activation of CD8+T
cells.2 Recent evidence has demonstrated that reinvigorating the anti-tumor re-
sponses of CD8+T cells bymeans of checkpoint inhibitorshas shown remarkable
therapeutic benefits in cancer treatment,3–5 but not all cancers respond to check-
point blockade. Pancreatic adenocarcinoma (PAAD), one of the deadliest human
malignancies, infamously known for its refractoriness, presents substantial chal-
lenges to various forms of immunotherapy, encompassing treatments such as
cytokine therapies, adoptive T cell transfer regimens, and even checkpoint inhib-
itor strategies.6,7 The lack of success with these therapeuticmodalities has been
ascribed to CD8+T cell scarcity or dysfunction and intense immunosuppression
in the PAADmicroenvironment.8–10 Nonetheless, recent research has contested
this prevailing notion and has revealed that a considerable number of pancreatic
cancer patients indeed possess infiltrating T cells within their tumors alongside
discernible neoantigens capable of eliciting potent T cell responses.11–14 To
design and refine therapies aimed at reviving T cell responses within pancreatic
cancer, it is imperative to understand the underlying reasons that render endog-
enous T cell response ineffective in this setting.

Metabolic reprogramming is a well-established hallmark of cancer.15,16 Tumor
cells greatly disrupt tissue homeostasis, creating metabolically demanding envi-
ronments that compete against the metabolic needs of infiltrating immune
cells.17 The uncontrolled cellular proliferation characteristic of cancer is
frequently facilitated by aerobic glycolysis— a metabolic pathway that paradox-
ll
ically also sustains the energy demands required for optimal effector functions in
immune cells.18,19 At a minimum, these similarities create competition for sub-
strates between tumor cells and immune cells, which substantially limits the
anti-tumor activity of immune cells.20–22 In addition to glycolysis, lipids have
long been recognized as an important aspect of the reprogrammedmetabolism
of cancer cells and are also important for immune cell function.23 Cholesterol
serves as a vital constituent ofmammalian cell membranes critically attributable
to the proliferation and T cell receptor (TCR) activation of CD8+T cells.24

Emerging evidence underscores the significance of cholesterol metabolism in
maintaining and bolstering the cytotoxic capabilities of CD8+T cells against
tumor cells.25 Epidemiological investigations have consistently demonstrated
that individuals diagnosed with cancer often present with elevated plasma con-
centrations of lipoproteins, which serve as cholesterol transporters.26,27 Concur-
rently, cancer cells exhibit dysregulated expression of multiple genes integral to
cholesterol metabolism, including but not limited to the hydroxyl-methyl glutaryl-
coenzyme A reductase (HMGCR), low-density lipoprotein receptor (LDLR), and
sterol regulatory element-binding proteins (SREBPs).26,27 While there is compel-
ling evidence linking the reprogramming of cholesterol metabolism to carcino-
genesis,28 including its role in PAAD, the precise mechanisms by which tumors
manipulate cholesterol metabolism to ensure their own survival and simulta-
neously dampen anti-tumor immune responses remain largely elusive.
In this study, we explored the novel and critical role of PAAD cell aberrantly and

ectopically expressed NPC1L1, a cholesterol transporter normally expressed in
the liver and small intestine, in suppressing anti-tumor CD8+T cell activity in
the PAAD tumor microenvironment, and the implication of NPC1L1 as a thera-
peutic target to rescue the anti-tumor immunity and improve the sensitivity of
PAAD to immunotherapy.

MATERIALS AND METHODS
Materials andmethods related to this study are available in the supplemental information.

Ethical statement and patient consent
All the experiments were performed in accordance with institutional guidelines and

received ethical approval from the Animal Ethics Committee of Third Military Medical

University.

RESULTS
A PAAD subtype with ectopic overexpression of NPC1L1 shows
immunosuppressive microenvironment characterized with rare CD8+T
cell infiltration
Obesity and a high-fat diet are closely related to the development and progres-

sion of PAAD,29 andwepreviously have found that hyperlipidemia is a hallmarkof
The Innovation 6(3): 100783, March 3, 2025 1

mailto:xiaohong.liu@nusricq.cn
mailto:chenzhiyu_umn@163.com
mailto:lianghoujie@sina.com
mailto:ojj521000@sina.com
https://doi.org/10.1016/j.xinn.2024.100783
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2024.100783&domain=pdf


A

D

E

F G

C

B

Figure 1. PAADs exhibit an ectopic overexpression of cholesterol transporter NPC1L1 accompanied with cholesterol addiction and suppressed CD8+T cell infiltration (A)
Differentially expressed metabolites of lipidomic analyses between PAAD tumor tissues and adjacent pancreas tissues. Chemical similarity enrichment analysis for metabolites
(ChemRICH) was conducted to calculate metabolite cluster statistics based on chemical similarities. These clusters are visualized by bubble plot. The y axis shows the most
significantly altered lipid species, and the x axis shows the relative difference (%). n = 28 patients. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the
differentially expressed proteins of proteomic analyses between PAAD tumor tissues and adjacent pancreas tissues. (C) Immunohistology (left) and quantification (right) of NPC1L1
expression in human pancreatic disease spectrum (pancreatic cancer progression) including normal pancreatic tissue, mild chronic pancreatitis, chronic pancreatitis, and PAAD.
n = 13 patients per group. (D) Immunohistology of NPC1L1 expression of different scores in human primary PAAD tumors (left). Statistical analysis of the overall survival of PAAD
subgroups with different NPC1L1 expression scores (score 0–4, mild; score 5–8, moderate; score 9–12, strong). (Kaplan-Meier survival curves) (right). n = 19, 59, 12 patients. (E)
Representative mIHC images of NPC1L1-high and NPC1L1-low PAAD subgroups. (F) The representative IVIS images of C57BL/6J mice intraperitoneally inoculated with 106 Npc1l1
KO or control Panc-02-luc allografts and treated with or without CD8+T cell-depleting antibody. (G) Tumor growth curves of C57BL/6J mice inoculated subcutaneously with 106

Npc1l1 KO or control Panc-02 allografts and treated with isotype control (left) or depleting anti-CD8 (right) antibodies after inoculation for 5 days. Data represent 3 independent
experiments with 8 mice per group. Error bars denote SEM. p values were calculated by ordinary one-way variance (ANOVA) in (H and G)and log rank test in (J). *p < 0.05, **p < 0.01,
****p < 0.0001; ns, no significance.
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PAAD (Figure S1). Upregulation of lipoprotein and cholesterol metabolic path-
ways in PAAD has been reported. The authors showed increased total choles-
terol, free cholesterol, and cholesteryl ester in PAAD compared with healthy
pancreas, and demonstrated that blockade of cholesterol uptake by LDLR
silencing reduces tumor growth.30 By performing lipidomic analyses,31 we found
that lipids in 17 categories (sphingomyelin, glycerophosphatidylinositol, glycero-
phosphatidylserine, glycerophosphatidylglycerol, glycerophosphatidylethanol-
amine, glycerophosphatidylcholine, cardiolipin, and cholesterol esters) were at
significantly higher levels in the PAAD tissues than in the adjacent pancreatic tis-
sues (p< 0.001) (Figure 1A). We further examined the proteomic profile of PAAD
2 The Innovation 6(3): 100783, March 3, 2025
tissue and adjacent pancreatic tissue by linear trap quadrupole-Orbitrap tandem
mass spectrometry (MS/MS), and found that the cholesterol metabolism
pathway was also enriched by the Gene Ontology (GO) enrichment analysis (Fig-
ure 1B). Impressively, by using Ingenuity Pathway Analysis of metabolites and
proteins to identify the most top-ranked proteins attributable to the enriched
cholesterol metabolites,32,33 we found that NPC1L1, a cholesterol transporter
responsible for cholesterol absorption normally expressed in intestine and liver,
was ectopically and extremely highly expressed in PAAD relative to normal
pancreas tissues (Figures S2A–S2C). To verify this, we analyzed single-cell tran-
scriptome sequencing data from two pancreatic cancer cohorts (CRA001160
www.cell.com/the-innovation
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 and GSE162708) in the database and found that NPC1L1 was indeed highly ex-

pressed only in pancreatic cancer cells and involved in regulating cholesterol ho-
meostasis and cell-cell interaction while being virtually non-expressed in other
stromal and immune cells (Figure S3). The integrated analyses of protein expres-
sion levels fromproteomic profiles andmRNAexpression levels fromTheCancer
Genome Atlas (TCGA)/Genotype-Tissue Expression confirmed that both the
mRNA expression levels and protein expression levels of NPC1L1 were signifi-
cantly increased in PAAD tissue relative to normal pancreatic tissue (Figure S2D).
Meanwhile, the data from the Cancer Cell Line Encyclopedia also showed that
most PAAD cell lines expressed abundant NPC1L1 (Figure S2E). As cancer cells
display abnormal DNAmethylation, which can lead to changes in the expression
of tumor suppressor genes and oncogenes,34,35 and increased expression of
NPC1L1 at the mRNA level was found, we collected DNA methylation data for
PAAD tissue samples from a TCGA cancer cohort. As expected, the NPC1L1
gene locus was extensively demethylated in PAAD (Figure S2F), and the
mRNA expression levels of NPC1L1 were negatively correlated with the DNA
methylation status (Figure S2G). We next separated the PAAD cohort into two
groups based on the NPC1L1 DNAmethylation status (high or low) with the cor-
responding (low or high, respectively) NPC1L1 mRNA expression level
(Figures S2H and S2I) and found that the NPC1L1High/methylationLow status
was associated with poor overall survival in PAAD patients (Figure S2J), indi-
cating that, during PAAD carcinogenesis, the DNA methylation of NPC1L1 was
decreased and the expression level of NPC1L1 was therefore increased. To
further probe the relevance of NPC1L1 to PAAD pathogenesis, we next immuno-
stained NPC1L1 in human PAAD tissues, and found that NPC1L1 was specif-
ically expressed in PAAD cells but not in the stroma (Figure S2K). We further
immunostained NPC1L1 in a tissue microarray containing a pancreatic disease
spectrum (pancreatic cancer progression) including normal pancreatic tissue,
mild chronic pancreatitis, chronic pancreatitis, and PAAD. As shown in Figure 1C,
NPC1L1 expression levels were substantially increased in the PAAD samples
versus the normal pancreas samplesor benign pancreatic pathological alteration
samples, and the expression of NPC1L1 was also found to be induced in the
pancreatitis samples relative to normal pancreas samples. Importantly, higher
NPC1L1 expression in PAAD tumors was associated with a lower diseased sur-
vival rate than lower NPC1L1 expression (Figure 1D). Collectively, this evidence
strongly suggests a critical role of NPC1L1 in the development and progression
of PAAD.

Nicoll et al. have described a subtype of PAAD (human xenograft model) with
significant upregulation of cholesterol transporters including NPC1L1.36 They
reported that NPC1L1 high tumors show high levels of cholesteryl ester and
a stromal upregulation of genes involved in lipid metabolism and cholesterol
synthesis, and NPC1L1 inhibitor reduced tumor cell growth in vitro and in vivo.36

Unlike LDLR, which is expressed in almost all tissues and organs of the body,
NPC1L1 is specifically expressed in the liver and small intestine with little
expression in pancreas. The dramatic upregulation of NPC1L1 in PAAD have
been driving us to explore the potential role of NPC1L1 in PAAD pathogenesis.
We then constructed Npc1l1 knockout (KO) and Npc1l1-overexpressing murine
PAAD cell lines with well used Panc-02 cells and KPC cells. The data from
sequencing and PCR confirmed that Npc1l1 has been successfully deleted
or enforced (Figure S4). Notably, based on our verification, we found that all
the commercial antibodies are not suitable for NPC1L1 immunoblotting (data
not shown), but can be applied for NPC1L1 immunostaining. Expectedly,
Npc1l1 KO resulted in a suppression of cholesterol metabolism and cholesterol
ester content (Figures S5A–S5C). Meanwhile, we found that Npc1l1 KO
decreased the proliferation and invasion capacity of PAAD cells (Figures S5D
and S5F) and KPC cells (Figure S5I and S5J) but had little effect on cell
Figure 2. Highly expressed NPC1L1 on PAAD cells shows a potent role in suppressing the
overlaid with color-coded clusters from Npc1l1 KO and control Panc-02 allograft CyTOF s
selected markers in Npc1l1 KO and control Panc-02 allografts. (D–F) Flow cytometric ana
T-bet+CD8+ double-positive cells (E) and PD-1+CD8+ double-positive cells (F) are shown (n = 1
control Panc-02 allografts. (H–J) Npc1l1 KO and control OVA-Panc-02 cells (13 106) were
adoptively transferred to specifically target OVA-Panc-02 cells. (H) The representative gross
number of lung allografts in the indicated groups were counted and analyzed (n = 8). (I) Freq
node (TDLN), and tumor. (J) IFN-g, TNF-a, and GzmB expression in OT-1 CD8+T cells from
C57BL/6Jmice subcutaneously inoculated with 106Npc1l1 KO or control OVA-Panc-02 cells
10 days (n = 6). (L) The quantification of OT-1 CD8+T cell to CD45+ cell ratio in spleen, TDL
tumor (n = 6). (N) Quantification of Bcl-2 and CD62L expressions among OT-1 CD8+T cells in t
in (D–G), (I and J), and (L–N). Statistical significance was assessed by two-way ANOVA w
****p < 0.0001; ns, not significant.
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apoptosis in vitro (Figure S5E). Very intriguingly, in allograft models, we found
that the allografts established with Npc1l1-KO cells showed modestly
decreased growth compared with the control group in nude mice (Figure S5G),
while in C57BL/6 mice Npc1l1-KO allografts showed significantly decreased
growth relative to control allografts in the early phase of tumorigenesis (Fig-
ure S5H). In addition, we confirmed the membrane localization of NPC1L1 in
Panc-02 cells and KPC cells through immunofluorescence (Figure S5K). These
findings strongly suggest a critical role of NPC1L1 in the regulation of anti-tu-
mor immunity against PAAD.
To probe the immune signature related to NPC1L1 proficiency, we first

analyzed a predefined immune signature matrix from the TCGA datasets37,38

to estimate the fractions and abundances of tumor-infiltrating immune cell
subsets (B cells, CD4+T cells, CD8+T cells, macrophages, neutrophils, and den-
dritic cells) in NPC1L1high PAAD and NPC1L1low PAAD. By six state-of-the-art al-
gorithms, including TIMER, xCell, MCP-counter, CIBERSORT, and quanTIseq, we
found that the relative number of infiltrating CD8+T cells was significantly
higher in the NPC1L1low subgroup than in the NPC1L1high subgroup, which is
modestly shift between LDLRlow subgroup and LDLRhigh subgroup (Figure S6A).
Consistently, gene set enrichment analysis of TCGA PAAD dataset identified
that the gene profiles of the inflammatory response were significantly enriched
in NPC1L1low PAAD (Figure S6B). We further conducted multiplex immunohis-
tochemical (mIHC) analysis of 40 clinical PAAD samples and paired adjacent
pancreatic tissue samples (Figure S6C). Immunocytes were more abundant
in the tumor tissues than in the adjacent pancreatic tissues (Figures S6D
and S6F), consistent with TCGA analysis results (Figures S6G and S6H).
Impressively, the analyses of mIHC showed that the numbers of CD8+,
CD8+PD-1+, CD8+Ki67+, and CD8+Ki67+PD-1+ cells both at the tumor margin
and in the tumor center were significantly increased in the NPC1L1low group
compared with the NPC1L1high group (Figures 1E, S6I, and S6J). This evidence
indicated a potential role of highly expressed NPC1L1 in PAAD cells in sup-
pressing tumor-infiltrated CD8+T cells.
To examine the impact of NPC1L1 on the immune landscape, we further

compared the immune infiltrates between control and Npc1l1-KO allografts
by mass cytometry (CyTOF). More than 1.5 million immune cells were
analyzed, and 29 subsets (clusters) were identified by cell surface markers
for the total CD45+ hematopoietic cell population (Figure S7A). In general, the
immune landscape of Npc1l1-KO allografts was altered compared with that
of control allografts and CD8+T cells showed increased infiltrations in
Npc1l1-KO allografts relative to that in control allografts (Figure 2A). To inves-
tigate whether the rise in the fraction of CD8+T cells was indicative of a general
increase in CD45+ leukocytes infiltrating the tumors, we used GFP-expressing
Npc1l1-KO and control Panc02 cells for in vivo studies. Flow cytometry was
employed to enumerate the CD45+ leukocytes and CD8+T cells in relation to
tumor cells within the allografts. This showed that Npc1l1-KO allografts indeed
harbored a higher leukocyte-to-tumor cell ratio compared with controls, along
with an elevated CD8+T cell-to-tumor cell ratio (Figure S7B). However, there
was no statistically significant difference observed in the ratio of CD4+T cells
to tumor cells (Figure S7C), and the proportion of regulatory T cells
(FOXP3+CD4+T cells, or Tregs) within the total CD4+T cells between Npc1l1-
KO allografts and control allografts (Figure S7C). Consequently, this led to a
higher ratio of CD8+T cells to Tregs within the Npc1l1-KO allografts (Fig-
ure S7D). Moreover, we also evaluated the influence of NPC1L1 on other im-
mune cell subsets. Specifically, it was found that natural killer (NK) cell
numbers did not differ significantly between KO and control conditions (Fig-
ure S7E). Although the percentage of CD11b+ myeloid cells is comparable be-
tween Npc1l1-KO and control allografts (Figure S7F), we observed a decreased
activity of tumor-specific CD8+T cells (A and B) Phenograph of CD45+ immune infiltrates
amples (pooled). (C) t-SNE plot of CD45+ compartment overlaid with the expression of
lysis of tumor infiltrated CD8+T cells from Npc1l1 KO and control Panc-02 allografts. (D)
0). (G) Cytokine/granule productions of tumor-infiltrated CD8+T cells fromNpc1l1 KO and
intravenously injected into C57 mice to induce lung allografts, and OT-1 CD8+T cells were
images of dissected murine lung burdened with ectopic PAAD allografts, and tumor foci
uency of OT-1 CD8+T cells as a percentage of CD45+ cells in spleen, tumor-draining lymph
spleen, TDLN and tumor. MFI, mean fluorescence intensity. (K) Tumor growth curves of
and treated with PBS or anti-PD-1 antibodies 10mg/kg twice a week after inoculation for
N, and tumor (n = 6). (M) Quantification of Ki67 expression among OT-1 CD8+T cells in
umor (n = 6). Error bars denote SEM. p values were calculated by unpaired two-tailed t test
ith Tukey’s multiple comparisons test in (H) and (K). *p < 0.05, **p < 0.01, ***p < 0.001,
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proportion of GR1+CD11b+ myeloid-derived suppressor cells (Figure S7G) and
increased proportion of F4/80+GR1–CD11b+ macrophages (TAMs) (Fig-
ure S7H). We also examined the presence of CD11c+ dendritic cells, which
are recognized for their ability to activate T cells by presenting antigens.
Upon analysis, the percentage of CD11c+ dendritic cells in Npc1l1-KO allografts
was similar to that in control allografts (Figure S7I). Based on the data pre-
sented, it appears that the KO of Npc1l1 has a significant effect on the compo-
sition of immune cells within the tumor microenvironment, particularly influ-
encing the CD8+T cell population. To further determine whether CD8+T cells
play the dominant role in mediating the effect of NPC1L1 on PAAD growth,
we applied CD8+T cell-depleting antibody to the allograft models. Expectedly,
CD8+T cell depletion substantially abolished the shift of early allograft growth
between control and Npc1l1-KO groups (Figures 1F and 1G), further supporting
the critical role of CD8+T cells in mediating the effect of NPC1L1 on PAAD tu-
mor growth.
PAAD cells express NPC1L1 to suppress the activation and proliferation
of anti-tumor CD8+T cells in the tumor microenvironment

Notably, the analyses of CyTOF have found that, in the Npc1l1-KO allografts,
the subcluster proportion of CD8+T cells, especially that of cluster 24, was
dramatically increased (336%) (Figures 2A and 2B). The CD8+T cells in cluster
24 showed enhanced expressions of T-bet, ICOS, and PD-1 (Figure 2C). T-bet is
thought to be an important transcription factor of stem-like CD8+T cells that
can respond to PD-1 blockade and enhance the anti-tumor response,39,40 sug-
gesting the enhanced function of anti-tumor CD8+T cells in Npc1l1-KO allo-
grafts. Consistently with CyTOF analysis, our FACS data also showed that
CD8+T cell population in Npc1l1-KO tumors presented increased frequencies
of cells expressing CD44, T-bet, and PD-1 relative to that in control tumors
(Figures 2D–2F). Meanwhile, the CD44+CD8+T cells from Npc1l1-KO allografts
produced more IFN-g, TNF-a, and GZMB than those from control tumors upon
restimulation in vitro (Figure 2G), indicating their development of effector
characteristics.

To determine whether these effector-phenotype cells are relevant to the anti-
tumor response, we next established OVA-expressing Npc1l1-KO or control
Panc-02 cells (OVA-Panc-02) and established lung allografts via tail vein injec-
tion, and treated allograft mice with OT-I CD8+T cell adoptive transfer supple-
mented with interleukin-2 (IL-2) 7 days after allograft inoculation and recovered
lymphoid tissues and tumors 4 and 8 days later to assess their frequency and
activity. As expected, lung allografts were efficiently suppressed in the Npc1l1-
KO group by OT-I CTLs (Figure 2H). In both control and Npc1l1-KO allograft
mice, the spleen contained small numbers of OT-I CTLs at days 4 and 8 (Fig-
ure 2I). In tumor-draining lymph nodes (dLNs), we detected a modest increase
in the frequency of OT-I CD8+T at days 4 and 8 in Npc1l1-KO allograft mice rela-
tive to those in control allograft mice (Figure 2I). Impressively, the frequency of
OT-I CD8+T were significantly increased in Npc1l1-KO allograft tumors in com-
parison with control tumors (Figure 2I). Meanwhile, we found that tumor OT-I
CD8+T from Npc1l1-KO group 8 days after cell transfer expressed significantly
increased levels of IFN-g, TNF-a, and GMZB compared with those in the control
group (Figure 2J). Thus, the Npc1l1-KO-induced accumulation of CD8+T cells in
the tumor microenvironment is not an expansion of irrelevant T cell clones but
rather the accumulation of tumor-specific effector CD8+T cells with direct tu-
mor-targeting potential. Expectedly, the response of Npc1l1-KO allografts to
anti-PD-1 antibody treatment was significantly more robust than that of control
allografts (Figure 2K).

Importantly, we also observed that the increase of the percentage of OT-I
CD8+T to total CD45+ cells was specific to the tumor, but not in the spleen or
dLNs (Figure 2L). We next sought to determine whether the increased OT-I
CD8+T cells in Npc1l1-KO allografts are likely to have arisen from the priming
of naive anti-tumor T cells or the expansion of T cells primed in the lymph nodes
(LNs). Impressively, while the frequency of Ki67+ OT-I CD8+ cells in the dLNs was
modestly increased in Npc1l1-KO group relative to that in control group, the fre-
quency of Ki67+ OT-I CD8+T cells in tumors was significantly increased in com-
parisonwith that in control tumors (Figure 2M). The frequency of Ki67+OT-I CD8+

cells in the dLNs did not predict the frequency of tumor-resident Ki67+ OT-I CD8+

cells: the Npc1l1-KO group uniformly exhibited large increases in the tumor-infil-
tratedCD8+T cell population than in tumor-dLNs. Since the tumor-infiltrated T cell
number is determined by the balance among the proliferation, exhaustion-asso-
ll
ciated apoptosis, and homing of CD8+T cells to the secondary lymphoid
organs,41 we further investigated whether Npc1l1 KO in PAAD cells can affect
the apoptosis or homing of CD8+T cells. FACS analyses showed that the percent-
age of Bcl-2+ OT-I CD8+T cells in Npc1l1-KO tumors was relatively unchanged
compared with that in control tumors (Figure 2N).Meanwhile, the homing recep-
tor CD62L between Npc1l1-KO and control allografts were also comparable
between OT-I CD8+T cells sorted from Npc1l1-KO allografts and those sorted
from control allografts (Figure 2N). Thus, silencingNpc1l1 in PAAD cells appears
to enhance the CD8+T cell proliferation and activation capacity mainly at a post-
LN stage, possibly in the tumor site while exerting only modest effects on CD8+T
cell priming, apoptosis, and homing.
NPC1L1 overexpression promotes PAAD cells to evade CD8+T cell
immunosurveillance and is responsible for de novo PAAD development
Since the studies utilizing orthotopic or heterotopic tumor grafts models may

not fully replicate the natural progression of PAAD and have very divergent im-
mune contexture.42 The “KPC” (Kras+/LSL-G12D; Trp53 fl/fl; Pdx1-Cre) mouse
model is a widely adopted genetically engineered model for studying pancreatic
ductal adenocarcinoma (PDAC), which closely mirrors the characteristics of hu-
man patients, notably activating mutations in Kras (G12D) and loss of Trp53,
associated desmoplasia, and inflammation.43,44 The model also mirrors human
disease in its resistance to both cytotoxic and immunotherapies.45,46 To examine
the impact of NPC1L1 on tumor immunity in the context of de novo PDAC devel-
opment, we established a KPC model and selectively silenced Npc1l1 in the
pancreas via tail vein injecting adeno-associated virus (AAV) expressing
shNpc1l1 under control of the pdx-1 promoter (AAV-pdx1-shNpc1l1-GFP,
referred to as AAV-shNpc1l1) into KPC mice, while injecting AAV-pdx1-
shScrmbl-GFP (AAV-shScrmbl) control virus to control mice (Figure S8A). The
knockdown efficiency of AAV-shNpc1l1 in the pancreas was confirmed through
qPCR (Figure 3A) and immunohistochemistry (Figure S8B). In control KPCmice,
malignant lesions have emerged in KPCmice at 24 weeks, and Npc1l1 silencing
led to marked decreases in late-stage intraepithelial neoplasia (PANIN) lesions
and malignant tumor formation (Figures 3A–3C), associated with a decreased
collagen deposition, proliferation index (Figures S8C and S8D), and prolonged
overall survival (Figure 3D). Meanwhile, we found that Npc1l1 silencing
showed little effect on mouse body weight and plasma cholesterol level
(Figures S8E–S8G).
Consistent with the hypothesis, we observed a significant enhancement in the

quantity of CD8+T cells in the pancreas of AAV-shNpc1l1-KPC compared with
AAV-shScrmbl-KPCmicewith CD8+T cellsmodestly increased in dLNs and com-
parable numbers of CD8+T cells in spleens (Figure 3E). Interestingly, upon
comparing the CD8+T cells found in the pancreas of AAV-shNpc1l1-treated
KPC mice with those in control animals, it was discovered that the CD8+T cells
in the former group exhibited a higher frequency of CD44 expression, and
>15% of them were PD-1+, suggesting an active phenotype (Figure 3F). Consis-
tent with that in allograft models, analysis of the inflammatory infiltrates indi-
cated a comparable infiltration of CD4+ and Foxp3+CD4+ cells in the pancreas
of AAV-shNpc1l1-KPC relative to AAV-shScrmbl-KPC mice (Figure 3G). Mean-
while, we observed increased macrophages and a decreased infiltration of gran-
ulocytes, while little shift of monocytes in the pancreas of AAV-shNpc1l1-KPC
relative to AAV-shScrmbl-KPCmice (Figure 3H). Meanwhile, little shift of plasma
glucose and plasma IL-6 level was observed between AAV-shNpc1l1-KPC and
AAV-shScrmbl-KPC mice (Figures S8H and S8I). Collectively, this evidence
further supports that NPC1L1 silencing improves the anti-tumor immunity,
specifically in the tumor microenvironment, rather than promoting systemic
immunity.
Since previous studies have shown that CD4+T cells can drive pathogenic

inflammation and accelerate PDAC progression,47–51 we further evaluated
whether CD4+ or CD8+T cells were predominantly attributable for NPC1L1-
induced pathogenesis. We found that, while CD4+T depletion did not alter malig-
nant lesion progression, CD8+T cell depletion substantially reversed the malig-
nant lesion burden and collagen density in the pancreas of AAV-shNpc1l1-KPC
to the extent of AAV-shScrmbl-KPC mice (Figure 3I).
Since chronic pancreatic inflammation is strongly associated with pancreatic

cancer,52,53 to determinewhether NPC1L1 also affects the activity of CD8+T cells
in chronic pancreatitis, we established a C57 mouse model with constitutive
knockin of Npc1l1 under control of the Pdx1 promoter (Npc1l1pdx1 mice) and
The Innovation 6(3): 100783, March 3, 2025 5
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Figure 3. NPC1L1 promotes de novo PDAC development (A) Gross images and Npc1l1 mRNA expression level of pancreatic tissue in AAV-shScrmbl- or AAV-Npc1l1-treated KPC
mice at age 24weeks. (B) Representative hematoxylin and eosin (H&E) images with quantification of lesions in pancreatic tissue in AAV-shScrmbl- or AAV-Npc1l1-treated KPCmice at
age 24weeks. n = 5mice/group. Scale bars, 200 mm. (C) Lesion grades for pancreatic tissue in AAV-shScrmbl- or AAV-Npc1l1-treated KPCmice at age 24weeks. n = 5mice/group. (D)
Kaplan-Meier survival curve for KPC mice treated with AAV-shScrmbl or AAV-Npc1l1. n = 5 mice/group. (E) Representative immunofluorescent staining of CD8+T cells with quan-
tification of the density of CD8+T cells in pancreatic tissue, dLN, and spleen at 24 weeks in KPCmice treated with AAV-shScrmbl or AAV-Npc1l1. n = 5mice/group. Scale bars, 200 mm.
(F) Quantification of CD44+CD8+ and PD1+CD8+T cells in pancreatic tissue of AAV-shScrmbl- or AAV-Npc1l1-treated KPCmice at age 24weeks. n = 5mice/group. (G) Density of CD4+T
cells and Foxp3+ CD4+T cells measured by flow cytometry in pancreatic tissue of AAV-shScrmbl- or AAV-Npc1l1-treated KPC mice at age 24 weeks. n = 5 mice/group. (H) Flow-
cytometric quantification of variousmyeloid infiltrates in pancreatic tissue in AAV-shScrmbl- or AAV-Npc1l1-treated KPCmice at age 24weeks. n = 5mice/group. (I) Lesion grades and
Masson staining with quantification in pancreatic tissue in AAV-shScrmbl- or AAV-Npc1l1-treated KPCmice subjected to indicated depletions at age 4 weeks. n = 5mice/group. Error
bars denote SEM. p values were calculated by unpaired two-tailed t test in (B), (C, right), and (E–G). Statistical significance was assessed by two-way ANOVA with Tukey’s multiple
comparisons test in (C, left), (H), and (I). (D) Analyzed with log rank test. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.
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established a chronic pancreatitis model by intraperitoneally injecting arginine
(Figure S9A). Intriguingly, we found that, in Npc1l1pdx1 mice with pancreatitis,
the infiltrating CD8+T cells in the pancreas tissue showed comparable prolifera-
tion and cytotoxic activity relative to those in wild-typemice with chronic pancre-
atitis (Figures S9B and S9C). This evidence suggests that the NPC1L1may exert
its inhibitory effect on CD8+T cells only in the context of PAAD tumorigenesis but
not in a simple inflammation status. Our observations from de novo pancreas
cancer models mirror our allograft mouse models, further supporting a critical
role of NPC1L1 in suppressing the activation and proliferation of CD8+T cells
in PAAD.

NPC1L1 impairs tumor-specific CD8+T cell activity and expansion in a
cell-cell interaction manner

To explore how NPC1L1-proficient PAAD cells impede the anti-tumor activity
and proliferation of CD8+T cells in the tumor microenvironment, we mimicked
the tumor microenvironment by coculturing OVA-Panc-02 cells with OT-I CD8+T
6 The Innovation 6(3): 100783, March 3, 2025
cells primed with a-CD3/CD28 stimulation. Impressively, T cell killing assays
showed that OVA-specific OT-I CD8+T cells effectively killed Npc1l1-KO OVA-
Panc-02 cells but showed little effect on control OVA-Panc-02 cells
(Figures 4A and 4B). Under the monitoring of the living cell workstation, we
observed an efficient killing by OT-I CD8+T cells against Npc1l1-KO OVA-
Panc-02 cells but not control OVA-Panc-02 cells (Figure 4C; Videos S1 and
S2). The same phenomenon was also observed in the OVA-KPC cells under
confocal microscope (Figure 4D; Videos S3 and S4). By electron microscopy,
direct contact between OT-I CD8+T cells and tumor cells was observed both
in Npc1l1-KO OVA-Panc-02 and control OVA-Panc-02 groups. Very impressively,
while the Npc1l1-KO OVA-Panc-02 cells contacted with OT-I CD8+T cells
showing a dying phenotype characterized with cell swelling and bubbling,
most of the control OVA-Panc-02 cells were intact and proliferative (Figure 4E).
Meanwhile, unlike those OT-I CD8+T cells contacting with Npc1l1-KO OVA-
Panc-02 cells, which look plump and full of rigidity, the OT-I CD8+T cells con-
tacting with control OVA-Panc-02 cells were losing their stiffness and showing
www.cell.com/the-innovation
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Figure 4. NPC1L1 on PAAD cells inhibits TCR activation and cytotoxicity of anti-tumor CD8+T cells (A) Npc1l1 KO and control OVA-Panc-02 cells depicting GFP fluorescence after
24-h coculture with antigen-specific (OT-I TCR) activated CD8+T cells (CTL) under indicated CTL: tumor cell ratio. n = 3/group. (B) In vitro LDH release and resazurin-based viability of
Npc1l1 KO and control OVA-Panc-02 cells after 72-h coculture with activated antigen-specific (OT-I TCR) CD8+T cells. n = 3/condition. (C) The representative images of Npc1l1 KO and
control OVA-Panc-02 cells cocultured with OT-I CD8+T cells at the indicated time points. Tumor cells with a 50% reduction in either their long or short diameter are considered to be
dead (n = 6). (D) The representative confocal images of Npc1l1 KO and control OVA-KPC cells cocultured with OT-I CD8+T cells at the indicated time points. Tumor cells with a 50%
reduction in either their long or short diameter are considered to be dead (n = 6). (E) Representative electron microscopic images depicting the interactions between OT-I CTLs and
Npc1l1 KO or control OVA-Panc-02 cells. (F) TCR proximal and downstream signaling was assessed using immunoblotting of protein phosphorylation. OT-I CTLs were cocultured with
Npc1l1 KO or control OVA-Panc-02 cells for the indicated time. (G) Mean fluorescence intensity of the indicated markers in OT-I CTLs cocultured with Npc1l1 KO or control OVA-Panc-
02 cells. (H) Quantification of Ki67 expression among OT-1 CTLs cocultured with Npc1l1 KO or control OVA-Panc-02 cells. (I) Mean fluorescence intensity of extracellular MHC-I
expression in Npc1l1 KO and control OVA-Panc-02 cells. n = 5 lines each. (J) Mean fluorescence intensity of PD-L1 expression in Npc1l1 KO and control OVA-Panc-02 cells. n = 5
lines each. Error bars denote SEM. p values were calculated by unpaired two-tailed t test in (E)–(J) and two-way ANOVA with Tukey’s multiple comparisons test in (A) and (B).
**p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.
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a collapsed cell membrane instead (Figure 4E). These phenotypes strongly indi-
cate a life-or-death struggle between PAAD cells and CD8+T cells, and NPC1L1
provides the absolute superiority of PAAD cells in fighting against CD8+T cells.
As expected, TCR signaling, a major signal controlling T cell activation and pro-
liferation, was significantly enhanced in OT-I CD8+T cells cocultured with
Npc1l1-KO OVA-Panc-02 cells compared with those in the control group (Fig-
ure 4F), and OT-I CD8+T cells cocultured with Npc1l1-KO OVA-Panc-02 cells ex-
pressed more GZMB, IFN-g, and TNF-a (Figure 4G), accompanied with
increased IL-2 production (Figure 4G), and were more proliferative, based on
Ki67 levels (Figure 4H). Since major histocompatibility complex 1 (MHC-I)
and PD-L1 are well-known factors determining the cytotoxicity efficacy of tu-
mor-specific effector CD8+T cells to contacting cancer cells, we compared
the expression levels of MHC-I and PD-L1 between Npc1l1-KO and control
OVA-Panc-02 cells. Intriguingly, we found that Npc1l1-KO did not alter the
ll
expression of MHC-I and just modestly decreased the expression level of
PD-L1 (Figures 4I and 4J), indicating that NPC1L1 may regulate the activation
and proliferation of tumor-specific effector CD8+T cells via a pathway parallel to
MHC-I and PD-L1.

NPC1L1 helps PAAD cells to outcompete against CD8+T cells for
exogenous cholesterol uptake and hijack the intracellular cholesterol of
anti-tumor CD8+T cells via promoting b-catenin-LXR-induced cholesterol
efflux from CD8+T cells
To further elucidate the exact molecular mechanism by which NPC1L1 pro-

foundly influences the activity and proliferation of tumor-specific CD8+T cells
within the tumor microenvironment, subsequent experiments were executed.
Cholesterol is a crucial element in the structure and function of cellular mem-
brane and has been shown to be needed for T cell proliferation, TCR clustering,
The Innovation 6(3): 100783, March 3, 2025 7
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Figure 5. NPC1L1 helps PAAD cells to outcompete the cholesterol frommicroenvironment and hijack the intracellular cholesterol from anti-tumor CD8+T cells (A) Npc1l1 KO and
control OVA-Panc-02 cells were cultured in complete medium supplemented with 20 mMNBD-cholesterol. Representative images depicting the NBD immunofluorescence in Npc1l1
KO and control OVA-Panc-02 cells at the indicated time point, and the fluorescence intensity was calculated by ImageJ software (n = 5). (B) Representative FACS graphs (left) and
statistical analysis (right) of mean fluorescence intensity of NBD immunofluorescence inNpc1l1 KO and control OVA-Panc-02 cells (n = 5). (C and D) OT-I CTLs were single cultured or
cocultured with Npc1l1 KO/control OVA-Panc-02 cells (0.1 mMNBD-cholesterol was added in medium). For cocultured OT-I CTLs, OT-I CTLs at indicated time point were rinsed off for
image shooting. Representative images depicting the NBD immunofluorescence in OT-I CTLs at the indicated time point (C). Representative FACS graphs (left) and statistical analysis
(right) of mean fluorescence intensity of NBD immunofluorescence in OT-I CTLs as shown (D) (n = 5). (E) Segmentation map of MALDI MSI data produced via bisecting k-means
clustering (k = 8), whereby different clusters were labeled with different colors, and separate clusters are indicated within the tumor region, indicating spectral differences between
these regions. (F) MALDI MSI ion images of cholesterol in tumor slices from Npc1l1 KO/control OVA-Panc-02 cells and Npc1l1-overexpressing/control OVA-Panc-02 allografts. (G)
Graphs depicting average (mean) ion intensity of cholesterol (m/z 369.3534) in the indicated groups. (H) Graphs depicting ion intensity of cholesterol (m/z 369.3534) of the delineated
tumor cell area in the tumor slices of Npc1l1 KO and control allografts. (I) Graphs depicting ion intensity of cholesterol (m/z 369.3534) of the delineated CD8+T cell area in the tumor
slices ofNpc1l1 KO and control allografts. Error bars denote SEM. p values were calculated by unpaired two-tailed t test in (E), (H), and (I). Statistical significance was assessed by two-
way ANOVA with Tukey’s multiple comparisons test in (A) and (C). (D) Analyzed by ordinary one-way variance (ANOVA) with Tukey’s multiple comparisons test. **p < 0.01,
****p < 0.0001; ns, no significance.
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and T cell immunological synapse formation,54–58 and previous studies have
demonstrated that the anti-tumor response mediated by CD8+T cells can be
augmented by manipulating cholesterol metabolism.25 Since NPC1L1 is a
transporter for cholesterol uptake,36 we speculated that NPC1L1 may
help PAAD cells to competitively uptake cholesterol from the tumor microenvi-
ronment against CD8+T cells, which leads to their dysfunction. As expected, in
a cholesterol loading assay, Npc1l1-KO OVA-Panc-02 cells exhibited a signifi-
cantly decreased uptake rate and level of exogenous 25-NBD cholesterol
compared with control cells (Figures 5A and 5B), and Npc1l1-overexpressing
OVA-Panc-02 cells showed increased cholesterol uptake capacity relative to
control cells (Figure S9D). Similar phenomena were copied by Npc1l1-KO and
Npc1l1-overexpressing OVA-KPC cells (Figure S10; Videos S5, S6, S7, and
S8). Meanwhile, we found that, under the culture condition with limited exoge-
nous cholesterol, the cholesterol uptake of OT-I CD8+T cells cocultured with
control OVA-Panc-02 cells was significantly decreased relative to those single
cultured, and this effect was abolished when cocultured with Npc1l1-KO
8 The Innovation 6(3): 100783, March 3, 2025
OVA-Panc-02 cells (Figures 5C and 5D), suggesting that NPC1L1 may help
PAAD cells to outcompete against CD8+T cells for cholesterol uptake from
the tumor microenvironment.
To further confirm the NPC1L1-induced competition of cholesterol be-

tween tumor cells and CD8+T cells in the tumor microenvironment, we con-
ducted the allografts derived from Npc1l1-KO, Npc1l1-overexpressing, and
control OVA-Panc-02 cells for spatial lipid metabolomic analysis. As shown
in Figure S11A, the pattern of lipid metabolites detected by mass spec-
trometry exhibited little shift between Npc1l1-manipulated OVA-Panc-02 tu-
mor slices and control OVA-Panc-02 tumor slices. In principal-component
analysis, cholesterol was detected as a major component (Figure 5E). As
measured by bulk tumor slices, the cholesterol content in the Npc1l1-
KO/Npc1l1-overexpressing group showed a modest shift compared with
its control group (Figures 5F and 5G). As expected, when clarifying the tu-
mor cells by H&E staining (Figures S11B and S11C), the cholesterol con-
tent of tumor cells in the Npc1l1-KO group showed a significant decrease
www.cell.com/the-innovation

http://www.thennovation.org
http://www.thennovation.org


A D

E F G

I J K LH

CB

Figure 6. NPC1L1 on PAAD cells promotes the cholesterol efflux from anti-tumor CD8+T cells (A and B) OT-I CTLs were single cultured or cocultured with Npc1l1 KO/control OVA-
Panc-02 cells for 7 h (0.1 mM filipin was added inmedium). Representative images depicting the Filipin immunofluorescence in OT-I CTLs (A), and themean fluorescence intensity was
calculated by ImageJ software (B) (n = 5). (C) OT-I CTLs preloaded with NBD-cholesterol were cocultured withNpc1l1 KO or control OVA-Panc-02 cells. The shift of mean fluorescence
intensity of NBD immunofluorescence in OT-I CTLs depicting the cholesterol efflux (left), and the flow cytometric analysis of cholesterol efflux as shown (right) (n = 5). (D) Gene set
enrichment analysis in the OT-I CTLs cocultured with control OVA-Panc-02 cells compared with the OT-I CTLs cocultured with Npc1l1 KO OVA-Panc-02 cells. (E) Relative mRNA
expression levels of the indicated cholesterol metabolism-related genes in single-cultured OT-I CTLs and OT-I CTLs cocultured withNpc1l1 KO or control OVA-Panc-02 cells (n = 3). (F)
LXR activity in single-cultured OT-I CTLs and in OT-I CTLs cocultured with control OVA-Panc-02 cells or Npc1l1 KO OVA-Panc-02 cells is represented. OT-I CTLs were transfected with
200 ng of LXR reporter constructs together with 50 ng of pCMV-gal in the presence or absence of 20 ng of expression plasmids for LXR. Twenty-four hours after transfection, cells
were cocultured with Npc1l1 KO or control OVA-Panc-02 cells. After coculture for another 4 h, luciferase assays were performed (n = 5). (G) Relative mRNA expression levels of Abcg1
in single-cultured OT-I CTLs and OT-I CTLs cocultured with OVA-Panc-02 cells in the absence or presence of LXR inhibitor GSK2033 (n = 5). (H) Mean fluorescence intensity of NBD-
cholesterol efflux in single-cultured OT-I CTLs andOT-I CTLs coculturedwith OVA-Panc-02 cells in the absence or presence of LXR inhibitor GSK2033. The ratio is that the fluorescence
decreased part compared with the original intensity (n = 5). (I) Western blotting depicting the expression levels of b-catenin in OT-I CTLs cultured in the indicated conditions. (J) Top-
flash (Wnt/b-catenin pathway-responsive firefly luciferase plasmid) reporter gene assay in single-cultured OT-I CTLs and OT-I CTLs cocultured withNpc1l1 KO or control OVA-Panc-02
cells (n = 5). (K) LXR activity in single-cultured OT-I CTLs and OT-I CTLs cocultured with OVA-Panc-02 cells in the absence or presence of b-catenin inhibitor XAV-939 (n = 5). (L) Relative
mRNA expression levels of Abcg1 in single-cultured OT-I CTLs and OT-I CTLs cocultured with OVA-Panc-02 cells in the absence or presence of b-catenin inhibitor XAV-939 (n = 5). Error
bars denote SEM. p values were calculated by two-way ANOVA with Tukey’s multiple comparisons test in (E), (G), and (H, K, L). (B, C, F, and J) Analyzed by ordinary one-way variance
(ANOVA) with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.
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relative to those in the control group (Figure 5H). To further determine the
relative cholesterol content in CD8+T cells in allografts, we stained CD8+T
cells in adjacent tumor slices by using an anti-CD8 antibody (Figure S11D).
By merging the H&E staining and CD8 immunofluorescent staining, we
delineated the corresponding regions of CD8+T cells on tumor slices for
cholesterol content analysis. Very impressively, as shown in Figure 5I,
ll
the cholesterol content of CD8+T cells close to tumor cells in the
Npc1l1-KO group showed a significant increase relative to those in the con-
trol group.
It has been reported that cholesterol content in the plasma membrane is

critical for TCR activation of tumor-specific CD8+T cells. Notably, by filipin
staining, we found that cholesterol content, especially the cholesterol
The Innovation 6(3): 100783, March 3, 2025 9



A

D E

F G I

J K L

H

C

B

Figure 7. NPC1L1 functions as a checkpoint molecule on PAAD cells interacting with ITGAL on anti-tumor CD8+T cells (A) OT-I CTLs were cocultured with control or Npc1l1-
overexpressing OVA-Panc-02 cells, and coIP was performed using NPC1L1 antibody or Flag antibody to pull down the proteins that interacted with NPC1L1. LC-MS/MS was further
performed to identify the interacting proteins. Venn diagram depicting overlap of interacting proteins. (B) Gene set enrichment analysis of T cell function signature in OT-I CTLs
coculturedwith control orNpc1l1KOOVA-Panc-02 cells, or treated with the supernatant of control orNpc1l1 KOOVA-Panc-02 cells. OT-I CTLs were cocultured with control/Npc1l1 KO
OVA-Panc-02 cells or single cultured in the supernatant of control/Npc1l1 KOOVA-Panc-02 cells for 4 h and rinsed off for RNA-seq. Colored bubbles represent the treatment condition.
Red bubbles: OT-I CTLs cocultured with control/Npc1l1 KO OVA-Panc-02 cells. Cyan bubbles: OT-I CTLs single cultured in supernatant of control/Npc1l1 KO OVA-Panc-02 cells. GO
analysis of differently expressed genes as shown. log2 fold change > 0, padj < 0.05. (C) Docking model depicting the interaction between the extracellular segment NPC1L1
(AF:Q9UHC9) and the extracellular segment of ITGAL (AF:P20701). (D) NanoBiT luciferase complementation assay in OT-I CTLs cocultured with OVA-Panc-02 cells. Cells were
transfected with the denoted SmBiT and LgBiT constructs and assayed for luminescence 24 h later (n = 5). (E) LXR activity in single-cultured control/ITGAL KO OT-I CTLs or control/
Itgal KO OT-I CTLs cocultured with control/Npc1l1 KO OVA-Panc-02 cells (n = 5). (F) Top-flash (Wnt/b-catenin pathway-responsive firefly luciferase plasmid) reporter gene assay in
single-cultured OT-I CTLs and OT-I CTLs cocultured withNpc1l1 KO or control OVA-Panc-02 cells (n = 5). (G) RelativemRNA expression levels of Abcg1 in single-cultured OT-I CTLs and
OT-I CTLs cocultured withNpc1l1 KO or control OVA-Panc-02 cells (n = 5). (H)MFI of cholesterol efflux in single-cultured OT-I CTLs and OT-I CTLs cocultured withNpc1l1 KO or control
OVA-Panc-02 cells (n = 5). (I) Docking model depicting NPC1L1 (PDB:6V3F) competitively binds to ITGAL (AF:P20701, alpha_L domain residue 153-334) against ICAM1 (PDB:1MQ8).
(J) ITGAL immune complexes were immunoprecipitated from OT-I CTLs cocultured with Npc1l1 KO or control OVA-Panc-02 cells and subjected to immunoblotting of ICAM1.

(legend continued on next page)
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content in plasma membrane of OT-I CD8+T cells cocultured with control
OVA-Panc-02 cells, was significantly decreased in comparison with that in
single-cultured OT-I CD8+T cells, and this effect could be largely rescued
when OT-I CD8+T cells were cocultured with Npc1l1-KO OVA-Panc-02 cells
(Figures 6A, 6B, and S12A). These phenomena strongly indicate that
NPC1L1 may not only help PAAD cells to competitively uptake exogenous
cholesterol against CD8+T cells, but also provide PAAD cells with a chance
to deprive the endogenous cholesterol from CD8+T cells. To monitor the
cholesterol flux of OT-I CD8+T cells, we preloaded OT-I CD8+T cells with
25-NBD cholesterol and cocultured these cells with Npc1l1-KO or control
OVA-Panc-02 cells, respectively. Very impressively, under the monitoring
of the living cell workstation, we found that control OVA-Panc-02 cells effi-
ciently hijacked the intracellular NBD-cholesterol from OT-I CD8+T cells they
contacted (Video S9); in contrast, little hijack of NBD-cholesterol from OT-I
CD8+T cells was observed when OT-I CD8+T cells were cocultured with
Npc1l1-KO OVA-Panc-02 cells (Video S10). Expectedly, the same phenom-
ena were observed from OVA-KPC cells (Videos S11 and S12). Correspond-
ingly, a significantly increased cholesterol efflux was observed from OVA-
Panc-02 cells cocultured OT-I CD8+T cells relative to single-cultured OT-I
CD8+T cells, and this effect was abolished when OT-I CD8+T cells were
cultured with Npc1l1-KO OVA-Panc-02 cells (Figure 6C). These findings
demonstrate that NPC1L1 not only allows PAAD cells to outcompete
against CD8+T cells in cholesterol uptake from the tumor microenviron-
ment, but also hijack the intracellular cholesterol from anti-tumor CD8+T
cells via promoting their cholesterol efflux, thus leading to a complete
cholesterol depletion from CD8+T cells and therefore significantly suppress-
ing their TCR activation and proliferation.

To further explore the underlyingmechanism,we established four different cul-
ture systems for Npc1l1-KO or control OVA-Panc-02 cells and OT-I CD8+T cells:
(1) Npc1l1-KO or control OVA-Panc-02 cells were mix-cultured with OT-I CD8+T
cells, (2) Npc1l1-KO or control OVA-Panc-02 cells were cultured in the bottom,
and OT-I CD8+T cells were cultured in the upper, culture dish using a transwell
chamber, (3) single-cultured OT-I CD8+T cells were supplied with the culture su-
pernatant of Npc1l1-KO or control OVA-Panc-02 cells, (4) single-cultured OT-I
CD8+T cells were supplied with normal culture medium with or without stimula-
tion of a-CD3/CD28. Intriguingly, GO analyses of RNA-seq data showed that only
under the coculture condition with control OVA-Panc-02 cells but not under the
other culture condition, the cholesterol metabolism and anti-tumor activity of
OT-I CD8+T cells was significantly inhibited (Figure 6D), and these effects were
abolished when OT-I CD8+T cells were cocultured with Npc1l1-KO OVA-Panc-
02 cells. We noticed that ABC-transporter activity was upregulated in OT-I
CD8+T cells cocultured with control OVA-Panc-02 cells relative to those cocul-
tured with NPC1L1-KO OVA-Panc-02 cells (Figure 6D). Consistently, the mRNA
expression levels of cholesterol efflux genes, Abcg1, were significantly increased,
whereas cholesterol uptake gene, Ldlr, and cholesterol synthesis gene Srebf2
were decreased in OT-I CD8+T cells cocultured with control OVA-Panc-02 cells
compared with those cocultured with Npc1l1-KO OVA-Panc-02 cells (Figure 6E).
In vivo, CD8+T cells sorted from subcutaneous transplantation tumors exhibit
changes in cholesterol metabolism-related genes that are consistent with those
observed in vitro (Figure S12B). In the cholesterol efflux assay, the relatively high
intracellular cholesterol level in T cells can perform transcriptional factor and
other functions, promoting the efflux of cholesterol from the cells. But our finding
suggests that NPC1L1 may promote the efflux of intracellular cholesterol from
anti-tumor CD8+T cells and inhibit the cholesterol uptake and biogenesis of
anti-tumor CD8+T cells.

Liver X receptors (LXRs), belonging to the larger family of nuclear hormone re-
ceptors, play a critical role as cellular sensors of cholesterol balance. These tran-
scription factors bind to specificDNA sequences and regulate gene expression in
response to cholesterol levels. Under normal conditions, when intracellular
cholesterol concentration increases, cells respond by producing oxysterols and
activate the LXR signaling pathway to promote cholesterol efflux and inhibit
cholesterol influx and synthesis. As shown in Figure 6F, the LXR activation
was significantly increased in the OT-I CD8+T cells cocultured with control
(K) IP was performed using amixture of anti-phosphotyrosine (pY) Abs (4G10 and p-Tyr100)
analysis (right) of mean fluorescence intensity of ICAM1 immunofluorescence inNpc1l1 KO
unpaired two-tailed t test in (B) and (L). Statistical significance was assessed by two-way AN
variance (ANOVA) with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p <

ll
OVA-Panc02 cells relative to that in single-cultured OT-I CD8+T cells, and this ef-
fect was not observed when OT-I CD8+T cells were cocultured with Npc1l1-KO
OVA-Panc02 cells. Expectedly, the expression levels of Abcg1 and cholesterol
efflux of OT-I CD8+T cells cocultured with control OVA-Panc02 cells were
reversed in the presence of LXR inhibitor GSK2033 (Figures 6G and 6H). These
findings demonstrated that the NPC1L1-induced cholesterol efflux from CD8+T
cells wasmediated by LXR activation. We next sought to explore themechanism
by which NPC1L1 induces LXR activation. As shown in Figure 6D, accompanied
with the shift of cholesterol metabolism and T cell activation, RNA-seq analyses
also showed an upregulation of Wnt signaling pathway and b-catenin binding in
OT-I CD8+T cells mix-cultured with control OVA-Panc02 cells compared with
those mix-cultured with Npc1l1-KO OVA-Panc02 cells. The Wnt/b-catenin
signaling pathway is indeed a highly conserved regulatory cascade that plays
a fundamental role in various biological processes, including the maintenance
and regulation of hematopoietic stem cells, and has been implicated as a key
regulator that can hinder the transition of CD8+T cells from their precursor stages
into mature, effector cells. Importantly, recent scientific findings have under-
scored the significant contribution of Wnt signaling to lipid homeostasis. The
activation of the Frizzled/LRP (low-density lipoprotein receptor-related protein)
receptor complex triggers a cascade of events that ultimately affects the activity
of several transcription factors and nuclear receptors, which play a central role in
governing lipid metabolism (PPARd, RAR, LXR). As shown in Figures 6I and 6J,
b-catenin expression level and activity were substantially increased in OT-I
CD8+T cells cocultured with control OVA-Panc02 cells relative to single-cultured
OT-I CD8+T cells, and were not activated in OT-I CD8+T cells cocultured with
Npc1l1-KO OVA-Panc02 cells. As expected, the LXR activation and the expres-
sion levels ofAbcg1 in OT-I CD8+T cells coculturedwith control OVA-Panc02 cells
were dramatically reversed by Wnt/b-catenin signaling inhibitor XAV-939
(Figures 6K and 6L). Taken together, these findings demonstrated a critical
role of b-catenin-LXR activation in mediating NPC1L1-induced Abcg1 transcrip-
tion and cholesterol efflux in anti-tumor CD8+T cells.

NPC1L1 functions as a checkpoint molecule on PAAD cells to suppress
tumor-specific CD8+T cell activation via competitively interacting with
ITGAL on CD8+T cells against ICAM1 and further activate b-catenin-LXR
signaling downstream of NPC1L1-ITGAL interaction to transactivate the
cholesterol efflux genes
Since OT-I CD8+T cells are supposed to efficiently kill murine cancer cells with

OVA expression, we sought to elucidate why OT-I CD8+T cells could not kill con-
tacting OVA-Panc-02 cells efficiently but instead were hijacked with intracellular
cholesterol during the life-and-death struggle. Immune checkpoint molecules on
cancer cells, such as PD-L1, were known to function as brakes preventing tumor
cells from being effectively killed by anti-tumor T cells. Since modest shift of PD-
L1 expression levels were observed between Npc1l1 KO and control Panc-02
cells, and NPC1L1 is a transmembrane protein, we hypothesized that NPC1L1
may function as a checkpoint-likemolecule on PAAD cells to efficiently suppress
the cytotoxicity of anti-tumor CD8+T cells and further provide PAAD a chance to
hijack the cholesterol fromCD8+T cells. To probe the potential interaction partner
of NPC1L1 on anti-tumor CD8+T cells, we transfected OVA-Panc-02 cells with a
Flag-labelled Npc1l1-overexpressing plasmids, and cocultured Npc1l1-overex-
pressing OVA-Panc-02 cells or control OVA-Panc-02 cells with OT-I CD8+T cells
for 5 h, and then immunoprecipitated the protein from the coculture system or
from the single-culture system with anti-Flag or anti-NPC1L1 antibody. By
mass spectrometry, we compared the NPC1L1 interacting proteins between
the coculture system and the single-culture system, and found that ITGAL,
ITGB1, ITGB2, and FYB2, were pulled down by both Flag antibody and NPC1L1
antibody in the coculture groups but not in the single-culture groups (Figure 7A).
ITGAL is specifically expressed on leukocytes, and ITGAL/ITGB2 is a receptor for
ICAMon antigen-presenting cells (APCs) and functions as a costimulatory signal
molecule responsible for several T cell functions, including APC conjugate stabi-
lization to T cell, activation and killing target cells.59–61 Upon TCR stimulation by
encountering APCs, T cells experience a dramatic increase in their ability to
adhere to these APCs through integrins and receive antigen-specific signals for
and analyzed by IB to visualize FYB2. (L) Representative FACS graphs (left) and statistical
and control OVA-Panc-02 cells (n = 5). Error bars denote SEM. p values were calculated by
OVA with Tukey’s multiple comparisons test in (E)–(H). (D) Analyzed by ordinary one-way
0.0001; ns, no significance.
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 executing a range of immune responses tailored to the threat encountered.

Meanwhile, FYB2 was a critical adaptor protein to couple TCR activation to in-
crease in integrin avidity.62 Consistently, the results from RNA-seq showed
that the pathway of positive regulation of leukocyte adhesion mediated by integ-
rin, leukocyte proliferation, and cytotoxicity were enriched in OT-I CD8+T cells co-
culturedwith Npc1l1 KOOVA-Panc-02 cells relative to those coculturedwith con-
trol Panc-02 cells (Figure 7B).

Based on our docked result, among ITGAL/ITGB1/ITGB2, the extracellular re-
gion of ITGAL showed the highest affinity score with the extracellular region of
NPC1L1, and the average affinity score of the top 5 binding sites was
1,637.15. The aI domain of ITGAL interacts with the MLD and CTD domain of
NPC1L1 (Figure 7C). To further determine the interaction between PAAD cell-ex-
pressed NPC1L1 and CD8+T cell-expressed ITGAL, we established a NanoBiT
Protein:Protein Interaction System. NanoLuc Binary Technology (NanoBiT) is a
cutting-edge bioluminescent assay designed for the real-time monitoring and
quantification of protein-protein interactions (PPIs) in living cells. Small BiT
(SmBiT; 11 amino acids) was fused to Itgal and a large BiT (LgBiT; 17.6 kDa) sub-
unit was fused to Npc1l1 and, when expressed, the PPI brings the subunits to
assemble to reconstitute a functional NanoLuc luciferase enzyme that results
in a luminescent signal (Figure S12D). In our experiments, we transfected
OVA-Panc-02 cells with LgBiT-Npc1l1 and OT-I CD8+T cells with SmBiT-Itgal, un-
der the conditions of coculture, the luminescence generated from the interaction
between OVA-Panc-02 cells expressing LgBiT-Npc1l1 and OT-I CD8+T cells ex-
pressing SmBiT-Itgal is 1,000-fold higher than the SmBiT fusion coexpressed
with LgBiT-Npc1, HaloTag-LgBiT, the NanoBiT negative control, indicating a spe-
cific PPI between OVA-Panc-02-expressed NPC1L1 and OT-I CD8+T cell-ex-
pressed ITGAL (Figure 7D). Notably, we found that NPC1L1 expressed on
OVA-Panc-02 cells only interacts with ITGAL expressed on OT-I CD8+T cells
but not that on wild-type CD8+T cells (Figure S12C) or that on other OVA-Panc-
02 cells (Figure S12E). Intriguingly, NPC1L1 expressed on OVA-Panc-02 cells
also showed an affinity to ITGAL on NK and macrophagy (Figures S12F and
S12G), suggesting that the interaction between PAAD cell-expressed NPC1L1
and immunocyte-expressed ITGALmay be dependent of specific recognition be-
tween cancer cell and immunocytes, such as MHC. At the same time, ezetimibe
can significantly disrupt the binding between OVA-Panc-02 cell expression and
OT-I CD8+T cells (Figure 7D).

It is known that Wnt/b-catenin and integrin are orchestrated in regulating
various signaling cascades. To further determine whether ITGAL is involved in
NPC1L1-induced b-catenin-LXR activation and cholesterol efflux, we established
ROSA26_Cas9[CKI/CKI] OT-1 mice and silenced Itgal by sgRNA in isolated OT-I
CD8+T cells. As shown in Figures 7E–7G, when cocultured with control OVA-
Panc-02 cells, the activation of b-catenin and LXR, and the subsequent transac-
tivation of Abcg1, were significantly decreased in Itgal KO OT-I CD8+T cells rela-
tive to that in control OT-I CD8+T cells and close to the level of single-culturedOT-I
CD8+T cells. Correspondingly, the cholesterol efflux from Itgal KO OT-I CD8+T
cells was efficiently prevented compared with control OT-I CD8+T cells when co-
cultured with OVA-Panc-02 cells. Meanwhile, we also noticed that, when cocul-
tured with Npc1l1 KO OVA-Panc-02 cells, little shift of b-catenin-LXR signaling
and cholesterol efflux was observed between Itgal KO and control OT-I CD8+T
cells (Figure 7H), indicating NPC1L1 as an exclusive protein on PAAD cells to
induce the cholesterol efflux from anti-tumor CD8+T cells.

It has been known that CD28 and CTLA-4 on T cells share B7 family ligands
B7-1 (CD80) and B7-2 (CD86) on APCs, and the affinity of CTLA-4 is 20–100
times higher than that of CD28. As an inhibitory receptor for B7, CTLA-4 func-
tions as a counterpart to CD28 for CD80/CD86, thereby transmitting inhibitory
signals into the T cell, effectively dampening the immune response. Since the
ITGAL/ITGB2 is a receptor for ICAM on APCs and functions as a costimulatory
signal molecule responsible for T cell full activation, we deduced that NPC1L1
on PAAD cells may function as an inhibitory ligand for ITGAL and competitively
interact with ITGAL against ICAM1 to suppress T cell activation and cytotoxic
killing. We also docked ICAM1 onto the aI domain of ITGAL and noticed signif-
icant clashing with the NPC1L1 after alignment of the ITGAL structure, sug-
gesting that NPC1L1 competes with ICAM1 during binding to ITGAL (Figure 7I).
Co-immunoprecipitation assay further showed that the interaction between
ITGAL and ICAM-1 was substantially increased in the protein lysis from cocul-
tured OT-I CD8+T cells and Npc1l1 KO OVA-Panc-02 cells relative to that in the
protein lysis from cocultured OT-I CD8+T cells and control OVA-Panc-02 cells
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(Figure 7J). FYB2 has been identified as an adaptor phosphoprotein required
for the TCR signaling pathway and integrin-mediated adhesion. As shown in
Figure 7A, FYB2 was also immunoprecipitated in the NPC1L1-ITGAL complex.
We then further immunoprecipitated the protein lyses from OT-I CD8+T cells
cocultured with Npc1l1 KO or control OVA-Panc-02 cells using anti-phosphotyr-
osine antibodies followed by western blotting with anti-FYB2 antibody. Expect-
edly, tyrosine phosphorylation of FYB2 increased in OT-I CD8+T cells cocultured
with Npc1l1 KO OVA-Panc-02 cells relative to those cocultured with control
OVA-Panc-02 cells (Figure 7K). This evidence strongly suggests that NPC1L1
functions as an inhibitory ligand for ITGAL and competitively binds to ITGAL
against ICAMs to efficiently suppress the activation and cytotoxicity of anti-tu-
mor CD8+T cells and provide PAAD cells a chance to hijack the intracellular
cholesterol from contacting CD8+T cells instead. More importantly, we
found that the expression levels of ICAM on Npc1l1 KO OVA-Panc-02 cells
were significantly increased relative to those on control OVA-Panc-02 cells
(Figure 7L), which further explains why NPC1L1 efficiently suppressed the acti-
vation of ITGAL by ICAM1.
Collectively, our findings indicate that PAAD utilizes their expressed NPC1L1

protein as a checkpoint to dampen the cytotoxicity of anti-tumor CD8+T cells
by downregulating ICAM1 expression levels and competitively interacting with
ITGAL on contacting tumor-specific CD8+T cells against ICAM1. Moreover,
NPC1L1-ITGAL interaction activatesb-catenin-LXRsignaling and boosts intracel-
lular cholesterol efflux from anti-tumor CD8+T cells, thus providing PAAD cells a
chance to hijack the intracellular cholesterol from the contacting anti-tumor
CD8+T cells, ultimately leading to substantial suppression of the CD8+T cells’ abil-
ity to eliminate cancer cells.

The NPC1L1 blockade ezetimibe facilitates the anti-tumor response
mediated by CD8+T cells and synergizes with PD-1 inhibitor to improve its
therapeutic efficacy in PAAD
Based on the crucial role of NPC1L1 in suppressing the anti-tumor activity of

CD8+T cells in PAAD, we examined the promise of NPC1L1 as a target to
improve the anti-tumor immunity in PAAD. Ezetimibe is a pharmaceutical agent
recognized for its selective and potent inhibitory action on NPC1L1 with a
favorable safety profile that has been prescribed for patients suffering from
hypercholesterolaemia.63 In a subcutaneous allograft model (Figure S13A),
although anti-PD-1 monotherapy showed little inhibition of tumor growth of
Panc-02 cell-derived allografts, ezetimibe monotherapy, especially high-dose
ezetimibe (30 mg/kg/day) showed better inhibitory efficacy than PD-1 mono-
therapy. Impressively, high-dose ezetimibe showed a synergistic effect with
the anti-PD-1 antibody and efficiently suppressed the growth of the allografts
(Figures 8A and 8B). In an intraperitoneal allograft model, the combo therapy
of high-dose ezetimibe plus PD-1 antibody also significantly inhibited the im-
plantation and invasion of PAAD cells in the peritoneal cavity characterized
by substantially reduced tumor burden and ascites (Figures 8C and S13B).
Correspondingly, although PD-1 monotherapy showed little effect on CD8+T
cell infiltration, the combo therapy of ezetimibe plus PD-1 antibody significantly
increased the number of CD8+T cells in allografts (Figures 8D and S13D), and
showed potentiation of proliferation, activation, and cytotoxicity in CD44+CD8+T
cells (Figure S13E) with little effect on peripheral blood (Figure S14A). To
further validate the efficacy of combining PD-1 antibody and ezetimibe in pri-
mary PAAD, we conducted additional experiments in a KPC mouse model (Fig-
ure S13C). As shown in Figures 8E–8G, PD-1 antibody monotherapy and eze-
timibe treatment exhibited a certain degree of therapeutic effect, and ezetimibe
synergistically improved the efficacy of PD-1 antibody. As expected, although
ezetimibe less than 50 mM showed modest inhibition on the proliferation of hu-
man and mouse PAAD cell lines in vitro (Figures S14B–S14D), it significantly
decreased the cholesterol uptake of the OVA-Panc-02 cells (Figure S14E)
and substantially promoted the cholesterol uptake of the cocultured OT-I
CD8+T cells (Figure S15A). Meanwhile, the b-catenin/LXR activation, Abcg1
transcription and cholesterol efflux of the OT-I CD8+T cells cocultured with
OVA-Panc-02 cells were significantly inhibited by ezetimibe (Figures S15B
and S15C). Intriguingly, although ezetimibe does not interact with NPC1L1 on
the docked interface between NPC1L1 and ITGAL, in the conformation induced
by ezetimibe binding, NPC1L1 has a higher docking score (weaker binding) with
ITGAL, compared with NPC1L1 in the conformation without ezetimibe binding
(Figure 8H).
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Figure 8. NPC1L1 inhibitor ezetimibe sensitizes PAAD tumors to PD1 antibody therapy (A and B) C57BL/6 mice were inoculated subcutaneously with 1 3 106 Panc-02 cells, and
were treated with either vehicle alone (PBS) or PD1 antibody (10 mg/kg, once/3 days), low-dose ezetimibe (10 mg/kg, once/day), high dose ezetimibe (30 mg/kg, once/day), PD1
antibody (10 mg/kg, once/3 days) + ezetimibe (30 mg/kg, once/day) 5 days after inoculation. Tumors were dissected and dissociated at day 35 after the treatments for analysis. (A)
Representative gross appearance of the subcutaneous allografts in the indicated groups. (B) Statistical analysis of tumor size in the indicated groups (n = 8). (C) C57BL/6 mice were
inoculated intraperitoneally with 13 106 Panc-02-luc cells, and were treated with either vehicle alone (PBS) or PD1 antibody (10mg/kg, once/3 days), ezetimibe (30mg/kg, once/day),
PD1 antibody (10 mg/kg, once/3 days) + ezetimibe (30 mg/kg, once/day) 5 days after inoculation. Tumor growth was monitored through the IVIS bioluminescent imaging system.
(D) Representative immunofluorescent staining of tumor-infiltrated CD8+T cells in the indicated groups. (E–G) KPC mice were treated with either isotype antibody or PD1 antibody
(10 mg/kg, once/3 days), ezetimibe (30 mg/kg, once/day), PD1 antibody (10 mg/kg, once/3 days) + ezetimibe (30 mg/kg/day) from 15 weeks old. At age 22 weeks, the mouse was
sacrificed and dissected to obtain the pancreatic tumor for analysis and photography. (E) Representative gross appearance of the pancreases with tumors in the indicated groups.
(F and G) Statistical analysis of pancreas weight and tumor size in the indicated groups (n = 3). (H) Docking model depicting the interaction between Panc-02-expressed NPC1L1 and
CD8+T cell-expressed ITGAL (AF:P20701, alpha_L domain residue 153-334) with (PDB:6V3H) or without (PDB:6V3F) ezetimibe binding to NPC1L1. (I) Representative FACS graphs
(left) and statistical analysis (right) of mean fluorescence intensity of ICAM1 immunofluorescence in Panc-02 cells with or without ezetimibe treatment (n = 3). (J) ITGAL immune
complexes were immunoprecipitated from OT-I CTLs cocultured with OVA-Panc-02 cells with or without ezetimibe treatment and subjected to immunoblotting of ICAM1. (K)
Representative FACS graphs (left) and statistical analysis (right) ofmean fluorescence intensity of PD-L1 immunofluorescence in Panc-02 cells at different time points after ezetimibe
treatment (n = 3). Error bars denote SEM. p values were calculated by unpaired two-tailed t test in (I) and (K). Statistical significance was assessed by two-way ANOVA with Tukey’s
multiple comparisons test in (A, right). (B, C, F, and G) Analyzed by ordinary one-way variance (ANOVA) with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; ns, no significance.
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Notably, although CD8+T cells expressed little expression levels of Npc1l1
(Figures S3, S15D, and S15E), we did observe that ezetimibe significantly
increased the activation, proliferation, and cytotoxicity of single-cultured CD8+T
cells in vitro in the presence of a-CD3/CD28 (Figure S16). It has been reported
that ezetimibe stimulates fatty acid oxidation by increasing the level of carnitine
palmitoyltransferase 1A in CD8+T cells, which is associated to CD8+ central
memory T cells and the mTOR pathway.64 Our RNA-seq analyses showed that
ezetimibe stimulated the PI3K signaling pathway and IL-23 production in
ll
CD8+T cells in the presence of a-CD3/CD28 (Figure S15F). We also performed
additional in vitro experiments utilizing KPC cells to demonstrate that ezetimibe
effectively liberated CD8+T cells and restored their anti-tumor activity, which
would otherwise have been suppressed byPAADcells viaNPC1L1 (FigureS15G).
Expectedly, similar to Npc1l1 silencing, ezetimibe treatment also increased
ICAM-I on Panc-02 cells (Figure 8I) and promoted the interaction between
OVA-Panc02-expressed ICAM1andOT-I CD8+T cell-expressed ITGAL (Figure 8J),
while intriguingly we found that ezetimibe treatment increased the protein levels
The Innovation 6(3): 100783, March 3, 2025 13
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 of PD-L1 on Panc-02 cells (Figure 8K), which is contract to Npc1l1 silencing but

well explained why ezetimibe synergized with anti-PD-1 treatment. Since ezeti-
mibe does not interact with NPC1L1 on the docked interface between NPC1L1
and ITGAL, further study should be conducted to investigate how ezetimibe
can inhibit the interaction between NPC1L1 and ITGAL. Meanwhile, the upregu-
lation of ICAM/PD-L1 on PAAD cells in the presence of ezetimibe should be
further elucidated. Taken together, this evidence suggests that ezetimibe combo
therapy might be a desirable strategy to augment the efficacy of PD-1 blockade
in PAAD.
DISCUSSION
Although the views on the origin of cancer as a metabolic disease have been

under debate during recent decades since the proposition of the Warburg effect,
it is well accepted that metabolic reprogramming is a hallmark of cancers criti-
cally attributable to the malignant behaviors of cancer cells,17,18 but why the
metabolic characteristics varied across different cancer types and how cancer
cells initiate a unique metabolic reprogramming to meet the requirements of
fast growth and immune escape remains largely elusive. Cholesterol is the
main membrane lipid necessary for cancer cells to grow rapidly. The de novo
cholesterol synthesis needs oxygen for the enzyme reaction of squalene mono-
oxygenase.28 Since an anoxicmicroenvironment is an important feature ofmany
solid tumors, such as PAAD,2 how these cancer cells evolutionarily adapt to the
crisis of insufficient endogenous cholesterol synthesis is quite an interesting
question to be elucidated.

In this study, we showed that PAAD cells ingeniously overcome the cholesterol
shortage and immune surveillance via ectopically overexpressing NPC1L1.
NPC1L1 is a cholesterol transporter normally expressed in intestine and liver
for the absorption of cholesterol with little expression in the pancreas. We for
the first time revealed that NPC1L1 on PAAD cells functions as a two-pronged
checkpoint not only directly suppressing the TCR activation but also hijacking
the intracellular cholesterol from anti-tumor CD8+T cells to exhaust their choles-
terol possession, which is essential for their anti-tumor activity and proliferation.

During the process of carcinogenesis, somatic mutations occur in oncogenes
and tumor suppressor genes within cells. These alterations lead to widespread
changes in gene expression profiles, ultimately triggering metabolic reprogram-
ming that facilitates the transformation of cells into cancerous ones.65,66

NPC1L1 is normally highly expressed in liver and small intestine with undetect-
able expression levels in pancreas. We found that the highly increased mRNA
level of NPC1L1 in PAADs was associated with a demethylated DNA status.
The mRNA levels of NPC1L1 were positively correlated with those of the deme-
thylase TET3. In addition, the mRNA expression levels of TET3 were increased in
PAAD tissue relative to normal pancreatic tissue. Furthermore, we found that the
expression levels of TET3 were higher in Kras mutant PAAD than in Kras wild-
type PAAD. NPC1L1 overexpression may be a consequence of Kras-induced
TET3 activation, but the precise mechanism underlying the highly increased
expression level of NPC1L1 in PAAD is worthy of further exploration.

Of note, besides NPC1L1, PAAD cells also express another cholesterol trans-
porter, LDLR. Why do PAAD cells express both NPC1L1 and LDLR? We found
that Npc1l1 KO decreased but did not completely abolish the cholesterol uptake
of PAADcells.Meanwhile,Npc1l1KOsignificantly reversed the anti-tumor activity
of tumor-specific CD8+T cells. NPC1L1 shares approximately 50% amino acid
similarity with NPC1, a protein that plays a crucial role in the intracellular traf-
ficking of cholesterol. Unlike NPC1, which is located in the cytoplasm, NPC1L1
is a transmembrane protein.6 Very importantly, our study for the first time re-
vealed NPC1L1 as a checkpoint-likemolecule on PAAD cells efficiently suppress-
ing the TCR activation and cytotoxicity of anti-tumor CD8+T cells, highlighting a
more important non-canonical function of NPC1L1 in charging the anti-tumor ac-
tivity rather than as a cholesterol transporter in PAADs.

Integrins play important roles in T cell activation and cytotoxicity. ITGAL is an
important costimulatory molecule on CD8+T cells critically attributable for the
adhesion of CD8+T cell to target cell for lysis when it interacts with and is acti-
vated by its activating partner ICAM-1 on tumor cells.59–61 We demonstrated
that NPC1L1 suppresses the expression levels of ICAM-1 on PAAD cells, and
further competitively interact with ITGAL on anti-tumor CD8+T cells against
ICAM-1-ITGAL interaction. By this means, NPC1L1 substantially inhibits the
TCR activation and cytotoxicity of CD8+T cells, preventing PAAD cells from being
efficiently killed by anti-tumor CD8+T cells. CTLA-4 stands as the initial immune
14 The Innovation 6(3): 100783, March 3, 2025
checkpoint receptor subjected to clinical targeting, and it is uniquely expressed
on T cells, where it predominantly governs the intensity of the initial phases of
T cell activation. CD28 and CTLA-4 share identical ligands — CD80 and
CD86.67 Whereas the interaction between CD28 and B7-1/2 ligands provides a
costimulatory signal that encourages T cell proliferation and activation, the
engagement of CTLA-4 with B7-1/2 serves as a counterbalancing coinhibitory
signal, which dampens the early stages of T cell activation.68 Given that
CTLA-4 exhibits a significantly greater binding affinity for both B7-1 (CD80) and
B7-2 (CD86) ligands compared with CD28, its presence on the T cell surface
effectively diminishes T cell activation by competitively displacing CD28 in bind-
ing these ligands. Furthermore, CTLA-4 actively transmits suppressive signals
into the T cell, thereby attenuating the immune response.68 Similar to CTLA-4,
we showed that NPC1L1 is an essential “brake” on PAAD cells to restrain the acti-
vation of ITGAL on CD8+T cells, supporting evidence that NPC1L1 is an endoge-
nous antagonist for ITGAL to inhibit “outside-in” signaling and thus suppress the
anti-tumor activity of CD8+T cells. CD28’s influence on T cell activation is contin-
gent upon prior engagement of TCR by its specific antigen. We speculate that
NPC1L1-ITGAL interaction between PAAD cell and CD8+T cell may also be
dependent of antigen recognition. FYB2 has been discovered as a new adapter
protein essential for TCR signaling and integrin-dependent adhesion. Studies
have shown that FYB2 assumes a distinctive function in T cells by participating
in both the immediate TCR signaling cascade and the inside-out signaling path-
ways. These pathways culminate in the activation of integrins and subsequent
adhesion of T cells, which are indispensable steps for the successful activation
and cytotoxic capabilities of CD8+T cells. As shown in Figure 7A, FYB2 was
also pulled down by NPC1L1 immunoprecipitation, further supporting a critical
role of NPC1L1 involved in regulating integrin-mediated TCR activation. The pre-
cise signaling pathway by which NPC1L1-ITGAL blocks T cell activation remains
to be investigated. Intriguingly, we found that PAAD cell-expressed NPC1L1 can
suppress the expression levels of ICAM1and sustain the expression levels of PD-
L1. These effectsmay also be attributable to the suppression of TCRactivation of
CD8+T cells, and the underlyingmechanism should be further elucidated. In addi-
tion, T cell immunity and innate immunity are delicate and regulated by the Hippo
signaling pathway,69 the potential exists for NPC1L1 to influence T cell activation
through the Hippo signaling pathway. Intriguingly, as shown in Figure S12, PAAD
cell-expressed NPC1L1 can also interact with ITGAL expressed on NK and
macrophage but cannot interact with ITGAL enforced on non-anti-tumor
CD8+T cells or PAAD cells. It is reported that ITGAL is involved in NK cytotoxicity
and macrophage phagocytosis.70,71 Meanwhile, as shown in Figure 2A, besides
CD8+T cells, the frequencies of macrophages also increased in Npc1l1-KO tu-
mors relative to those in control tumors, and ourflowcytometric analysis demon-
strated that the priming of CD8+T cells was also modestly increased in the
Npc1l1-KO group relative to the control group (Figures 2I and 2L). We cannot
exclude that NPC1L1may also affect the anti-tumor activity of NK/macrophages
besides suppressing CD8+T cells, and the potential role of NPC1L1 in regulating
the activity of macrophage and NK cells should be explored in future studies.
Of note, we found that NPC1L1-ITGAL interaction can further activate LXR-

mediated transcriptions of Abcg1 to promote the efflux of plasma membrane
cholesterol from anti-tumor CD8+T, providing PAAD cells a chance to acquire
intracellular cholesterol from anti-tumor CD8+T cells, and leading to an exhaus-
tion of cholesterol in CD8+T cells. Since the content of free cholesterol in plasma
membrane is critical for TCR activation and proliferation of CD8+T cells,36 by hi-
jacking the intracellular cholesterol from CD8+T cells, NPC1L1 can further help
PAAD cells to suppress the activation and proliferation of anti-tumor CD8+T cells,
eventually resulting in severe inhibition of the anti-tumor activity of CD8+T cells.
NPC1L1 firstly functions as a checkpoint preventing PAAD cells from being killed
by anti-tumor CD8+T cells, and further functions as a “pump” draining the choles-
terol out of contacting CD8+T cells. This two-step function may explain why
NPC1L1 plays a critical role in suppressing the anti-tumor activity of CD8+T cells
in PAADs.Meanwhile, besides the upregulations ofAbcg1, the cholesterol uptake
and biosynthesis genes, Ldlr and Srebp2, were decreased in OT-I CD8+T cells co-
cultured with NPC1L1-proficient OVA-Panc-02 cells, and this effect was abol-
ished when OT-I CD8+T cells were cocultured withNpc1l1-KO Panc-02 cells, indi-
cating that NPC1L1 may also inhibit the cholesterol uptake and synthesis of
CD8+T cells to block their cholesterol acquisition, thus resulting in a complete
cholesterol depletion of CD8+T cells. Our study provides evidence that NPC1L1
is critical for PAAD cells to reprogram the cholesterol metabolism between
cancer cells and CD8+T cells in the tumor microenvironment to suppress the
www.cell.com/the-innovation
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anti-tumor activity. The molecular mechanism responsible for NPC1L1-induced
cholesterol reprogramming in CD8+T should be further explored. Since the
NPC1L1 localizes on the lipid raft membrane domain, lipid rafts may play an
important role in the direct interaction between NPC1L1 and T cells, which is
worthy of further study.

Numerous research studies have consistently demonstrated that suppressing
cholesterol synthesis has adverse effects on cancer cells.72 Indeed, statins, a
group of drugs that work by inhibiting HMG-CoA reductase—the key regulatory
enzyme in cholesterol biosynthesis—have been investigated as potential
anti-cancer agents in numerous clinical trials. While these drugs effectively
curb cholesterol production, it is worth noting that the cholesterol synthesis
pathway is integral to normal cellular functioning. Thus, inhibition of cholesterol
synthesis can inadvertently compromise the structural integrity and functionality
of cellular membranes, potentially by impacting membrane fluidity or hindering
the formation of lipid rafts.73 This strategy thus has only a limited influence on
cell fate, particularly in tumors.74 On the contrary, while cholesterol synthesis
has garnered significant attention in cancer research, the role of cholesterol up-
take pathways has been relatively understudied. However, our findings demon-
strate that cholesterol uptake pathways indeed play a pivotal role in the develop-
ment andprogression of PAAD.We, for thefirst time, showedhere that ezetimibe,
a commonly used drug approved for the clinical treatment of hypercholesterole-
mia, efficiently rescued the anti-tumor immune function of CD8+ in PAAD and
synergized to anti-PD-1 antibody therapy. Intriguingly, although the binding site
of ezetimibe on NPC1L1 is not located in the interface between NPC1L1 and
ITGAL, we do observe an interruption of NPC1L1-ITGAL under the presence of
ezetimibe, which may be explained by allosteric effect. Since ezetimibe could
offer an additional benefit by improving the therapeutic efficacy of anti-PD-1 ther-
apy in PAAD, iterative small molecules that can specifically target the interface
between NPC1L1-ITGAL may provide more promising effect on normalizing
the anti-tumor immunity of CD8+T cells in PAADs and sensitizing PAADs to
immunotherapy. The current evidence suggests that monotherapy with check-
point inhibitors is not a promising strategy for the general population of patients
with PAAD. However, combination treatment with checkpoint blockade and
NPC1L1 targeting may induce a significant clinical response in the subset of
NPC1L1high PAAD patients, which accounts for as many as 16% of PAAD
patients (Figure 1D). Meanwhile, it should be considered that the anti-tumor effi-
cacy of ezetimibe or other cholesterol-lowering treatments in mouse models
applied substantially higher doses (e.g., 60 mg simvastatin per kg per day),75

further work still needs to be performed to realize this potential in clinic. At least,
this study presents a new concept for improving the anti-tumor activity and
immunotherapy efficacy in PAADs by targeting NPC1L1-mediated TCR inactiva-
tion and cholesterol deprivation.

CONCLUSION
This study is the first to establish a critical role of NPC1L1 as a two-

pronged checkpoint suppressing the cytotoxicity of anti-tumor CD8+T cells
and hijacking the intracellular cholesterol from anti-tumor CD8+T cells. Our
findings well explained how PAAD cells evolutionarily reprogram their
cholesterol metabolism to confronting the adversity of de novo cholesterol
synthesis in hypoxic challenge and escaping the immune surveillance, sug-
gesting that unique metabolic characteristics of different cancers may be
adaptive choices for varied survival pressures. The immunosuppressive
tumor microenvironment renders PAAD highly malignant and largely refrac-
tory to immunotherapy, which is a big obstacle in the clinic. Our study re-
veals NPC1L1 as a metabolic vulnerability target to improve the anti-tumor
activity of PAAD, strongly suggesting NPC1L1 inhibition as a promising
strategy for sensitizing PAAD to immunotherapy.
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