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ABSTRACT
◥

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malig-
nancy with few effective therapeutic options. PDAC is charac-
terized by an extensive fibroinflammatory stroma that includes
abundant infiltrating immune cells. Tumor-associated macro-
phages (TAM) are prevalent within the stroma and are key
drivers of immunosuppression. TAMs in human and murine
PDAC are characterized by elevated expression of apolipoprotein
E (ApoE), an apolipoprotein that mediates cholesterol metabo-
lism and has known roles in cardiovascular and Alzheimer’s
disease but no known role in PDAC. We report here that ApoE is
also elevated in peripheral blood monocytes in PDAC patients,
and plasma ApoE protein levels stratify patient survival. Ortho-
topic implantation of mouse PDAC cells into syngeneic wild-type

or in ApoE�/� mice showed reduced tumor growth in ApoE�/�

mice. Histologic and mass cytometric (CyTOF) analysis of these
tumors showed an increase in CD8þ T cells in tumors in ApoE�/�

mice. Mechanistically, ApoE induced pancreatic tumor cell
expression of Cxcl1 and Cxcl5, known immunosuppressive fac-
tors, through LDL receptor and NF-kB signaling. Taken together,
this study reveals a novel immunosuppressive role of ApoE in the
PDAC microenvironment.

Significance: This study shows that elevated apolipoprotein E in
PDAC mediates immune suppression and high serum apolipopro-
tein E levels correlate with poor patient survival.

See related commentary by Sherman, p. 4186

Introduction
Pancreatic ductal adenocarcinoma ( PDAC) is a lethal malignancy,

with a 5-year survival rate of �10% (1). PDAC is characterized by a
fibroinflammatory stroma comprised in large part by cancer-associated
fibroblasts (CAF) and tumor-associated macrophages (TAM; ref. 2).
Complex cellular cross-talk between these populations and cancer cells
drives the formation of a highly immunosuppressive tumor micro-
environment (TME; ref. 3), which serves to dampen the effectiveness of
otherwise-promising immune-checkpoint therapies (4, 5).

Apolipoprotein E (ApoE) is secreted at high levels by hepatocytes
and macrophages to mediate lipid metabolism and is involved in
diseases such as Alzheimer’s disease and atherosclerosis (6). Increased
ApoE levels are observed in several tumor types (7), including non–
small cell lung (8), gastric (9), ovarian (10), and bladder cancers (11).
APOE’s roles in cancer are context dependent: in acute myeloid
leukemia (AML), it mediates T-cell suppression (12, 13), whereas in
melanoma, it promotes cytotoxic T-cell responses (14, 15).

We found that APOE is expressed predominately by TAMs and
CAFs in mouse and human PDAC. Tumors in ApoE knockout
(ApoE�/�)mice have lower tumor burden, less fibrosis, reduced innate
immune response, and increased adaptive immune cell infiltration.
ApoE�/� mouse tumors had fewer immature myeloid cells and
regulatory T cells (Treg), suggesting reduced immunosuppression,
consistent with increased tumor-infiltrating CD8þ T cells. RNA
sequencing (RNA-seq) of PDAC cells treated with recombinant ApoE
showed upregulation of the chemokines Cxcl1 and Cxcl5, which are
known to impair T-cell infiltration in PDAC (16). Gene set enrichment
analysis (GSEA) revealed that treatment of tumor cells with recom-
binant ApoE upregulates NF-kB signaling, which in turn upregulates
Cxcl1 and Cxcl5 expression. We propose that ApoE actively promotes
an immunosuppressive TME in PDAC.
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Materials and Methods
Study approvals

Animal experiments were performed at the University of Michigan
in compliance with, and approved by, the Institutional Animal Care
and Use Committee. Human research was performed in accordance
with the Declaration of Helsinki and the ethical standards and guide-
lines approved by the University of Michigan Institutional Review
Board. All patients provided written informed consent before proce-
dures were performed. Peripheral blood was collected from patients
who received diagnostic endoscopic ultrasound for pancreatic mass
under IRB HUM00041280 or surgical resection under IRB
HUM00025339.

APOE expression analysis and human PDAC stratification
RNA-seq data from laser capture microdissected tumor epithelium

and matched stroma (n ¼ 65) were downloaded from NCBI Gene-
Expression Omnibus (GEO; accession number GSE93326). For strat-
ification of patient tumors by APOE expression, we used The Cancer
Genome Atlas (TCGA) PDAC RNA-seq data (150 samples) down-
loaded fromcBioPortal (https://www.cbioportal.org/). Tumor samples
were split into two groups, APOE top and bottom quartile. Genes
differentially expressed between the two groups were identified using
limma package in R software (v 3.5.2) with an adjusted P < 0.05.

Single-cell RNA-seq
Human single-cell RNA-seq (scRNA-seq) data were previously

published in (17). The processed data are available at the NIH GEO
database (accession #GSE155698). Both raw and processed data are
available at the NIH dbGaP database (accession #phs002071.v1.p1;
ref. 17), with full clinical annotation. Raw and processed scRNA-seq
data sets for the orthotopic KPC tumor and normal mouse pancreas
are available at GEO (accession #GSE158356). Downstream analysis
was performed using Seurat V3.2.2 in R Studio V1.3.1093. Code is
publicly available on GitHub.com (https://github.com/sam-kemp/
Apoe_ImmuneSuppression_scRNAseq).

Human peripheral blood mononuclear cells and plasma
isolation

Human peripheral blood mononuclear cells (PBMC) and plasma
were prepared from whole blood as previously described (17).

Enzyme-linked immunosorbent assay
APOE in human plasma was measured using the Human Apoli-

poprotein E Human ELISA Kit (Abcam, ab108813). ApoE in mouse
macrophage media was measured with Mouse Apolipoprotein E
SimpleStep ELISA Kit (Abcam, ab215086). Human CXCL1 was
measured with Human CXCL1/GRO alpha Quantikine ELISA Kit
(R&D Systems, DGR00B).Mouse bonemarrow cells were plated in 1:1
tumor cell conditioned media (CM):DMEM with 10% FBS for seven
days before media were removed. For APOE detection, human plasma
and macrophage CMwere diluted 1:1,000 and 1:100, respectively, and
measured in duplicate. APOE or CXCL1 levels in PDAC patients were
stratified byAPOEorCXCL1 levels (top and bottomquartile). Survival
analysis was performed using log-rank test.

Mice
Wild-type C57BL/6J mice and ApoE�/� mice on the C57BL/6

background were purchased from the Jackson Laboratory,
(#000664; #002052) and housed at the University of Michigan Rogel
Cancer Center.

Orthotopic transplantation
For orthotopic allografts, 5� 104 7940b KPC (C57BL/6) cells were

injected into the pancreas as previously described (18).

Doxycycline treatment
iKras� mice (19) were fed doxycycline chow (BioServ, F3949) to

induce KrasG12D expression for 72 hours. Pancreatitis was induced by
two days of 8 intraperitoneal injections of caerulein (Sigma, 75 mg/kg)
with continuous administration of doxycycline as previously
described (19). Doxycycline chow was administered for 3 weeks for
Kras-ON time points and replaced with regular chow for Kras-OFF
time points. Littermate control mice lacking the full set of alleles
received caerulein and doxycycline at indicated time points.

Histopathology
Tissues were fixed overnight in 10% neutral-buffered formalin,

dehydrated, and paraffin-embedded. Hematoxylin and eosin and
Gomori Trichrome (Thermo Fisher, #87021) staining was performed
according to the manufacturer’s guidelines. IHC was performed using
a Ventana Discovery Ultra XT autostainer. For immunofluorescence
staining, deparaffinized slides were blocked with 1% bovine serum
albumin in PBS for 1 hour at RT. Primary antibody was diluted in
blocking buffer and incubated overnight at 4�C, followed by secondary
antibody (Alexa Fluor secondaries, 1:300) for 45minutes at RT. Nuclei
were counterstained with Prolong Diamond Antifade Mountant with
DAPI (Invitrogen). Antibodies are found in Supplementary Table S1.
Inverted fluorescence images were taken on an Olympus BX53F
microscope and confocal images on either Leica SP5 or SP8 micro-
scopes. ImageJ, Fiji V2.0.0-rc-69/1.52p was used for quantitation using
at least three 20�magnification fields across three or more biological
replicates.

Macrophage polarization
Bone marrow cell isolation from C57BL/6J mouse femurs and

macrophage polarization was performed as previously described (20, 21).

qRT-PCR
Tumor tissues were flash-frozen in liquid nitrogen and stored in

RNAlater-ICE (Thermo Fisher, AM7030) overnight at�20�C. Tissues
and cell lines were homogenized in Buffer RLT (Qiagen, 79216). RNA
was extracted according to RNeasy Plus instructions (Qiagen, 74134).
cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher, 4368814). For qRT-PCR, samples
were prepared with either Fast SYBRGreen PCRMaster Mix (Applied
Biosystems, 4385612) or TaqMan Universal Master Mix (Applied
Biosystems, 4364340). Cyclophilin A/Ppia was used for normalization.
Primers and TaqMan probes are in Supplementary Table S2.

Flow cytometry
Mouse splenocytes were prepared by mincing spleens and filtering

through 40-mm mesh. Flow cytometry was performed as previously
described (22). Cyan ADP analyzer (Beckman Coulter) was used for
data analysis. Downstream analysis was performed using FlowJo v10
software. Antibodies used can be found in Supplementary Table S1.

Mass cytometry
Mouse tumors were disrupted mechanically and enzymatically

(1 mg/mL Collagenase P:DMEM) for 30 minutes at 37�C. Samples
were washed with DMEMwith 10% FBS. Single-cell suspensions were
created by filtering through 40-mm mesh. Samples were prepared for
CyTOF staining according to themanufacturer’s guidelines (Fluidigm,
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PN 400276 A4). Samples were washed with Maxpar PBS (Fluidigm,
201058). Up to 1 � 106 cells were stained with Cell-ID Cisplatin
(Fluidigm, #201064) for 5 minutes at RT, to label dead cells. Cells were
washed with PBS and stained with a panel of 16 surface mouse
antibodies (Supplementary Table S1) for 30 minutes at room tem-
perature. Samples werewashedwith PBS twice and left pelleted in 1mL
Cell-ID Intercalator-IR (Fluidigm, 201192A) and run on the CyTOF2
at the University of Rochester Flow Cytometry Core. Files were
normalized to internal bead controls. Downstream analysis was
performed using Premium CytoBank Software (cytobank.org). Live
singlets were gated using theDNA Intercalator Ir191, event length, and
Cisplatin Pt195. tSNE and SPADE visualizations were performed in
CytoBank on representative samples.

T-cell depletion
C57BL/6 and ApoE�/� mice were administered anti-CD8 antibody

(Bio XCell; #BP0060) and anti-CD4 antibody (Bio XCell; # BE0003-1)
via intraperitoneal injection at 200 mg/mouse three times weekly.
Control mice were administered IgG2b isotype control (Bio X Cell;
#BE0090).

Cell culture
KPC cell lines: 7940b (gift from Dr. Gregory Beatty, University of

Pennsylvania), mT3, mT4, and mT5 (gift from Dr. David Tuveson,
Cold Spring Harbor Laboratory). BLK6318 was generated from nor-
mal mouse (C57BL/6) pancreas. FB1 CAF line was generated from an
iKras� p53� mouse (23) by fluorescence-activated cell sorting of
PDGFRaþ;EpCAM� cells. DMEM with 10% FBS and 1% penicil-
lin/streptomycin (Thermo Fisher, 15140163) was used for all cell lines.
Murine recombinant ApoE (Abcam, ab226314) was used at 0.3 mg/mL
for all experiments. 50,000–100,000 cells were plated into a 6-well dish
and allowed to adhere for 24 hours. ApoE was spiked into the culture
media for 1 to 48 hours, depending on the experiment. For NF-kB
inhibition, cells were pretreated with 5 or 10 mmol/L BAY 11–7082
(Abcam, ab141228) for 2 hours, before ApoE addition.

RNA-seq
Cells were lysed in Buffer RLT (Qiagen, 79216). RNA was extracted

using RNeasy Plus Mini Kits (Qiagen, 74134). RNA quality was
determined using both NanoDrop and an RNA Integrity Number
>9, and then reverse transcribed. The University of Michigan
Advanced Genomics Core prepared libraries, which underwent
paired-end sequencing on the NovaSeq6000 (Illumina). Sample
reads were aligned with HISAT2 v2.2.0 using prebuilt index of
Mus musculus UCSC reference genome mm10 obtained from
http://daehwankimlab.github.io/hisat2/download/. Gene assembly and
quantificationwas donewith Stringtie 2.1.1, counts of duplicated genes
were averaged, and differential gene expression was determined using
DESeq2 package (v 1.22.2) in R software after filtering out genes with
low counts (total raw counts <20). Pathway enrichment and gene
ontology analyses were performed with GSEA v4.0.3 (pre-ranked)
using differentially expressed genes and with DAVID v6.8 (https://
david.ncifcrf.gov/summary.jsp). Bulk RNA-seq data are available at
GEO (accession #GSE160592).

siRNA transfection
7940b KPC cells were seeded at 60% confluency in a 6-well plate.

The next day, two separate low-density lipoprotein receptor (LDLR)
siRNA (Thermo, #s69153, #s69154) and scrambled negative control
(Thermo, 4390843) were diluted in Opti-MEM (Gibco, 31985062).
Lipofectamine RNAiMAX transfection reagent (Thermo, 13778075)

was diluted in Opti-MEM. Diluted siRNA was mixed with diluted
lipofectamine RNAiMAX at 1:1 ratio and incubated for 5 minutes at
RT. siRNA and lipofectamine complexes were added to adherent cells
at a final concentration of 25 pmol/L. Cells were incubated for 48 hours
at 37�C.

Immunoblotting
Cells were lysed in RIPA buffer with protease (Sigma) and phos-

phatase (Roche) inhibitors. Protein samples were electrophoresed on
4%–20% precast polyacrylamide gels (BioRad, 4561094) and trans-
ferred to PVDF membrane (BioRad, 1620177). Membranes were
blocked with 5% milk for one hour at RT, incubated with primary
antibodies overnight at 4�Cfollowed by secondary antibody for 2hours
at RT.Membranes were washed, incubated inWestern Lightning Plus-
ECL (PerkinElmer, 509049323) and imaged using BioRad Chemidoc.
ImageJ was used for quantitation.

Statistical analysis
GraphPad Prism was used for statistical analyses. Data are pre-

sented as means � standard deviation (SD). Two-tailed Student t test
and one-wayANOVAwithTukey test were performed for comparison
between groups. P < 0.05 was considered significant. Log-rank test was
used for Kaplan–Meier analysis.

Results
APOE is highly expressed in the PDAC stroma and plasma levels
correlate with patient survival

APOE is highly expressed in PDAC-associated myeloid cells and
fibroblasts (24, 17), but has no known function. Because both myeloid
cells and fibroblasts represent heterogeneous cell populations, we
sought to describe APOE expression in further detail by interrogating
a scRNA-seq data set (17), including 16 PDAC patient tumor and 3
adjacent benign pancreas samples (Fig. 1A). As expected, APOE
expression was highest in myeloid cells and fibroblasts (Fig. 1B;
Supplementary Fig. S1A). By extracting total myeloid cells from the
data, we identified and classified individual subpopulations based on
marker expression (Fig. 1C; Supplementary Fig. S1B). APOE was
highly expressed in resident macrophages and alternatively activated
macrophages, while expression in other myeloid populations was low
(Fig. 1D). Comparing expression levels, APOE expression was higher
in tumor macrophages compared with macrophages in adjacent tissue
(Fig. 1E). Using a similar approach, we identified populations of
myofibroblastic-CAFs (myCAF) and inflammatory-CAFs (iCAF;
Fig. 1F; Supplementary Fig. S1C; ref. 25) and found APOE expression
was enriched in human iCAFs compared with myCAFs (Fig. 1G).
However, unlike in macrophages, APOE expression in fibroblasts did
not differ between benign and cancer samples (Fig. 1H).

We then examined APOE expression in human PBMC, using
scRNA-seq data from 16 PDAC patients and 4 healthy donors (17).
Among four distinct monocyte populations identified, APOE expres-
sion was prevalent in only one (Supplementary Fig. S1D and S1E).
Finally, APOE expression was higher in peripheral monocytes of
PDAC patients compared with healthy individuals, suggesting that
elevatedmonocyteAPOE expression represents a systemic response to
the tumor (Fig. 1I). We then measured overall APOE protein levels in
plasma from 155 PDAC patients but found no significant difference
when compared with plasma from 15 healthy donors and 17 chronic
pancreatitis patients (Fig. 1J). However, noting outliers with very high
APOE levels, we stratified patients based on APOE plasma levels and
performed survival analysis. We found PDAC patients with high
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Figure 1.

HumanAPOE levels are elevated in PDAC and correlate to patient survival.A,UMAP analysis of the 13 identified cell populations in human adjacent/normal pancreas
(n¼ 3) and PDAC tumors (n¼ 16). B,Dot plot ofAPOE in all identified cell populations in human single-cell data set. Color represents average expression. Size of the
dot represents expression frequency. C, UMAP visualization of four identified myeloid cell subpopulations in the human PDAC tissue. D, Feature plot of APOE
expression in all identifiedmyeloid cell populations in human PDAC. Gray, low expression; blue, high expression. Black outline denotes APOE-positive macrophages.
E, Violin plot of normalized gene expression of APOE in PDAC and adjacent normal pancreas macrophages in human PDAC. Statistical significance was determined
using nonparametricWilcoxon rank sum test. F,UMAP visualization of human PDAC fibroblast subpopulations.G,Violin plot of normalized gene expression ofAPOE
in human myCAF and iCAF populations. H, Violin plot of normalized gene expression of APOE in PDAC and adjacent normal pancreas iCAFs in human PDAC.
Statistical significancewas determined using nonparametricWilcoxon rank sum test. I,Violin plot of normalized expression ofAPOE in humanmonocytes. Statistical
significance was determined using nonparametric Wilcoxon rank sum test. J, Human APOE concentration (mg/mL) in plasma from healthy donors (n¼ 15), chronic
pancreatitis patients (n¼ 17), and PDAC patients (n¼ 155). Statistical significance was determined using one-wayANOVAwith Tukey test for multiple comparisons.
n.s., not significant. K, Survival analysis of PDAC patients stratified by plasma APOE levels. APOE low, n ¼ 32; APOE high, n ¼ 32. Statistical significance was
determined using log-rank (Mantel–Cox) test.
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plasma levels of APOE (n ¼ 32) had shorter survival, compared with
patients with low levels (n¼ 32; Fig. 1K). Thus, APOE gene expression
is elevated in monocytes and macrophages of PDAC patients, and
protein levels correlate with poor survival, suggesting a functional role
in the disease.

Finally, we explored APOE expression in other data sets. Using
published laser capture microdissection data from matched epithelial
and stromal samples from human PDAC (26), we confirmed APOE
was upregulated in the stroma compared with the epithelium (Sup-
plementary Fig. S1F). Using TCGA PDAC data set that include 150
PDAC samples, we stratified patients into APOE low and APOE high.
We observed a positive correlation between APOE expression and
expression ofMARCO and TREM2, markers of alternatively activated
macrophages (Supplementary Fig. S1G; refs. 27, 28), supporting the
notion that APOE-expressing macrophages are enriched in PDAC.

APOE protein is highly expressed by tumor-associated
macrophages

IHC revealed elevated APOE expression in the stroma of human
PDAC compared with adjacent tissue (Fig. 2A and B). To evaluate
mouse PDAC, we used a syngeneic orthotopic murine model, using
7940b cells derived from the KrasLSL-G12D/þ; Trp53LSL-R172H/þ; Pdx1-
Cre (KPC) mouse model of PDAC (29). Immunostaining showed
elevated ApoE expression in mouse tumors compared with healthy
pancreas (Fig. 2C and D). To determine the source of ApoE, we
performed scRNA-seq (Fig. 2E; Supplementary Fig. S2A). Consistent
with human tumors, the highest levels of ApoE expression were in
macrophages, followed by fibroblasts (Fig. 2F). Coimmunofluores-
cence staining for ApoE, macrophages (F4/80), and fibroblasts (alpha-
smooth muscle actin, aSMA) confirmed ApoE expression most
commonly in F4/80þ macrophages (Fig. 2G). APOEþ macrophages
were more abundant (Supplementary Fig. S2B) and ApoE expression
levels in macrophages were higher in orthotopic KPC tissue compared
with normal pancreas (Supplementary Fig. S2C).

Macrophages are plastic cells that exist on a polarization spectrum
from proinflammatory (M1) to immunosuppressive (M2; ref. 30).
TAMs are distinct from both M1 and M2 macrophages, expressing
markers of both (31). To determine which macrophage population
produce ApoE, we performed an in vitro macrophage polarization
assay. We treated bone marrow–derived macrophage cultures with
either M-CSF, LPS, IL4, or PDAC cell CM to polarize to M0, M1, M2,
and TAM, respectively (Fig. 2H), and assessed ApoE expression.
Strikingly, ApoEwas specifically upregulated in TAMs compared with
other macrophage populations (Fig. 2I).

To assess if ApoE expression was induced in macrophages specif-
ically by tumor cells, we cultured bone marrow cells with CM from
normal pancreas duct cells (HPNE) or tumor cells (7940b). Unlike
tumor cell CM, HPNE CM was unable to sustain macrophage differ-
entiation from bone marrow progenitors, making it impossible to
assess ApoE expression (Supplementary Fig. S2D). As an alternative,
we differentiated macrophages from bone marrow progenitors by
adding M-CSF to the medium. Once differentiated to macrophages,
we treated cultures with either HPNE or 7940b CM (Supplementary
Fig. S2E). HPNE CM induced ApoE expression, but induction was
higher with tumor cell CM (Supplementary Fig. S2F). Macrophages
treated with tumor cell CM had the lowest expression of the inflam-
matory macrophage marker Tnfa (Supplementary Fig. S2G), suggest-
ing that ApoE-expressingmacrophages were associated primarily with
the immunosuppressive phenotype.

To determine if oncogenic Kras in the epithelium regulates ApoE
expression in vivo, we utilized the iKras� mouse model of PDAC (19),

where oncogenic Kras (Kras�) expression is inducible and reversible.
We induced Kras� expression, followed by induction of acute pan-
creatitis, and harvested pancreata after 3 weeks of continuous Kras�

expression, or from mice where Kras� was expressed for three weeks
and then inactivated for 3 or 7 days (Supplementary Fig. S2H). In this
model, 3 weeks of continuous Kras� expression results in replacement
of the majority of the parenchyma with pancreatic intraepithelial
neoplasia (PanIN) and extensive fibroinflammatory stroma. Inactiva-
tion of Kras� led to lesion regression, redifferentiation of acinar cells,
and remodeling of the stroma. ApoEþ cells were more abundant in
iKras� pancreata compared with control (Supplementary Fig. S2I and
S2J). The number of ApoEþ cells decreased after extinguishing Kras�

expression (Supplementary Fig. S2I and S2J). Thus, ApoE is upregu-
lated in TAMs during early carcinogenesis and depends on epithelial
expression of oncogenic Kras.

APOE ablation reduces tumor burden and reprograms the TME
To evaluate the function of ApoE, we utilized germline ApoE

knockout mice (ApoE�/�), to eliminate both myeloid and fibroblast
ApoE production.We implanted 7940b KPC cells (C57/BL6J) into the
pancreata of ApoE�/� or wild-type (WT) C57BL6/J mice (n¼ 10–13/
cohort; Fig. 3A). ApoE�/� mice had moderately, but significantly
smaller, tumors at endpoint compared with WT controls (Fig. 3B).
IHC revealed complete absence of ApoE within the tumor compared
with WT mice, as expected (Fig. 3C) with no other differences noted
(Supplementary Fig. S3A). Ki-67 staining revealed no difference in
proliferation (Fig. 3D and E). However, levels of apoptosis, measured
by cleaved caspase-3 (CC3) staining, were increased in tumors
implanted in ApoE�/� mice compared with controls (Fig. 3D and
E).We observed feweraSMAþ

fibroblasts alongwith reduced collagen
deposition visualized by Trichrome stain (Supplementary Fig. S3A).
We next evaluated infiltration of macrophages by F4/80 staining and
found no difference in tumors grown inApoE�/� orWTmice (Fig. 3D
and E). However, we noted an increased infiltration of CD3þ T cells in
the tumors ofApoE�/�mice (Fig. 3D andE), suggesting changes in the
immunemicroenvironment. The greater T-cell infiltration inApoE–/�

mice was not attributable to them having generally more T cells
systemically, as flow cytometry of spleens from ApoE–/�mice showed
a slight reduction in total, CD4þ and CD8þ T cells compared with
controls (Supplementary Fig. S3B).

To expand immune cell characterization, we performed mass
cytometry (CyTOF) on tumors from WT and ApoE�/� mice
(Fig. 4A). Unbiased clustering visualized through t-distributed sto-
chastic neighbor embedding (t-SNE) revealed populations of macro-
phages, immature myeloid cells, CD8 T cells, CD4 T cells, and B cells
along with a small population of nonimmune cells (Fig. 4B; Supple-
mentary Fig. S4A).Manual gating of identified populations revealed no
significant difference in total immune cells (CD45þ), B cells (CD45þ

CD19þ), total myeloid cells (CD45þ CD11bþ), macrophages
(CD11bþ F4/80þ), or changes in macrophage subpopulations
(F4/80þCD206þ; F4/80þPD-L1þ;Fig. 4C).Macrophage polarization,
determined by expression of programmed death-ligand 1 (Cd274),
arginase-1 (Arg1), mannose receptor C-type 1 (Mrc1), and inducible
nitric oxide synthase (Nos2), did not differ between tumors ofWT and
ApoE�/� mice (Supplementary Fig. S4B). Finally, we isolated bone
marrow–derived monocytes and polarized to TAMs in both WT and
ApoE�/� mice and saw more Arg1, and less Cd274 and Tnf-a in
ApoE�/� TAMs, suggesting loss of ApoE has minor effects on
macrophage polarization in vitro (Supplementary Fig. S4C).

Another prominent population identified in the tumors were
immature myeloid cells, often described as myeloid-derived
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Figure 2.

APOE is highly expressed by TAM. A, IHC analysis of APOE in human benign pancreas and PDAC samples. Scale bars, 100 mm. B, Quantitation of positive APOE
staining as apercentageof area in a 20�fieldof view.At least threefields of viewwere averagedper sample. Adjacent/normal pancreas, n¼3; hPDA, n¼4. Statistical
significancewas determined using two-tailed t test.C, IHC analysis of APOE in normalmouse pancreas and orthotopic KPC tumor. Scale bars, 100mm.D,Quantitation
of positiveAPOE stainingas a percentage of area in a 20�field of view. Five fields of viewwere averagedpermouse. Control, n¼ 3; orthotopic tumor,n¼6. Statistical
significance was determined using two-tailed t test. E, UMAP visualization of 9 identified populations in orthotopic KPC tumors (n¼ 2). F, Violin plot of normalized
expression ofApoe in identified cell populations in orthotopic KPC tumors (n¼ 2).G, Coimmunofluorescence of orthotopic KPC tumor with single channels of APOE
(green), F4/80 (red), aSMA (white), and merge to show APOE and F4/80 colocalization. Two examples of APOE and F4/80 colocalization are denoted by white
arrowheads. Scale bars, 25mm.H,Experimental design for bonemarrow–derivedmacrophagepolarization assay. I,qRT-PCR analysis ofApoemRNA levels relative to
Cyclophilin A in four macrophage conditions (M0, M1, M2, and TAM). Statistical significance was determined using one-way ANOVA with Tukey test for multiple
correction.
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suppressor cells (MDSC), distinguished based on their Ly-6G expres-
sion. Granulocytic-MDSCs (Ly-6Cþ Ly-6Gþ) did not differ (Fig. 4C),
while themonocytic-MDSC population (Ly-6Cþ Ly-6G�) was smaller
in ApoE�/� mice compared with controls, suggesting a less immuno-
suppressive TME in the former (Fig. 4C). To explore this possibility
further, we evaluated T-cell populations and found an increase in total
T cells (CD45þ CD3þ), CD4 T cells (CD3þ CD4þ), and CD8 T cells
(CD3þ CD8þ; Fig. 4C). There was also a decrease in potential Tregs
(CD4þ CD25þ; Fig. 4C). We confirmed a reduction of Tregs in
ApoE�/� mice by immunostaining for the Treg marker FOXP3
(Supplementary Fig. S4D). Coimmunofluorescence staining con-
firmed the increase in CD8þ T cells in tumors in ApoE�/� mice
(Fig. 4D). We performed coimmunofluorescence for the cytotoxic

marker granzyme B (Gzmb) and CD8 to assess the functional status of
infiltrating CD8þ T cells. Tumors in ApoE�/�mice had an increase in
Gzmbþ CD8þ T cells compared with tumors in WT mice, suggesting
enhanced cytotoxic activity (Fig. 4E). Expression of immune check-
points Pdcd1 and Ctla4 trended lower in tumors in ApoE�/� mice,
while expression of the exhaustion marker Eomes was significantly
decreased (Supplementary Fig. S4E). Taken together, loss of mono-
cytic-MDSCs and Tregs, along with the increase in cytotoxic T-cell
infiltration in tumors implanted inApoE�/�mice, supports the notion
that ApoE promotes immune suppression in the pancreatic TME.

To test if reduced tumor growth inApoE�/�mice was due to T-cell–
driven immune responses, we implanted pancreatic tumors in WT or
ApoE�/� mice and randomized mice (n ¼ 3–6/cohort) for treatment

Figure 3.

Loss of APOE results in reduced tumor burden and fibrosis. A, Experimental scheme for orthotopic transplantation of 7940b, KPC tumor cells. B, Final tumor weight
(g) in WT (n ¼ 10) and ApoE–/� (n ¼ 13) mice. Statistical significance was determined using two-tailed t test, with a P < 0.05 considered statistically significant.
C, Representative IHC for APOE in WT and ApoE–/� mice. Scale bar, 100 mm. D, Representative IHC staining for Ki-67, cleaved caspase-3 (CC3), F4/80, and CD3
in WT and ApoE–/� mice. Scale bars, 100 mm. E, Quantitation of IHC stain as a percentage area per 20� field in WT (n ¼ 4–8) and ApoE–/� mice (n ¼ 5–8).
Statistical significance was determined by two-tailed t tests. n.s., not significant.
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Figure 4.

ApoE�/� mice have fewer monocytic-MDSCs and increased CD8þ T-cell infiltration. A, Experimental scheme for orthotopic transplantation of 7940b, KPC tumor
cells. B, tSNE visualization of the 6 cell populations identified using CyTOF inWT andApoE–/� tumors. Populations identified includemacrophages (blue), immature
myeloid cells (orange), CD8T cells (green), CD4T cells (red), B cells (purple), andnonimmune (brown).C,Manual gating quantitationof cell populations inWT (n¼ 5–
6) and ApoE–/� (n¼ 7) tumors. Populations include total immune (CD45þ), B cells (CD45þ CD19þ), total myeloid (CD45þ CD11bþ), macrophages (CD11bþ F4/80þ),
TAMs (F4/80þCD206þ; F4/80þ PD-L1þ), granulocytic-MDSCs (Ly-6Cþ Ly6Gþ), monocytic-MDSCs (Ly-6Cþ Ly-6G�), total T cells (CD45þ CD3þ), CD4 T cells (CD3þ

CD4þ), Tregs (CD4þ CD25þ), and CD8 T cells (CD3þ CD8þ). D, Representative immunofluorescence staining of CD8 (green) and DAPI (blue) in WT and ApoE�/�

tumors. Scale bars, 100 mm. Right, quantitation of percent CD8-positive area in a 20� field in WT (n ¼ 4) and ApoE–/� mice (n ¼ 5). Statistical significance was
determined by two-tailed t test. E, Representative coimmunofluorescence staining of CD8 (green), GZMB (red), and DAPI (blue) in WT and ApoE–/� tumors. Scale
bars, 50 mm. Right, quantitation of the number of Gzmbþ CD8þ double-positive cells in at least three, 40� fields in WT (n¼ 4) and ApoE–/�mice (n¼ 4). Statistical
significance was determined by two-tailed t test.
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with isotype control IgG or anti-CD4 and anti-CD8 depletion anti-
bodies (Fig. 5A). Depletion of T cells indeed rescued tumor growth
(Fig. 5B). We performed CyTOF to evaluate changes in immune
infiltration and analyzed the data using Spanning-tree Progression
Analysis of Density-normalized Events (SPADE; Fig. 5C; Supplemen-
tary Fig. S5A). Compared with controls, tumors in ApoE�/� mice had
more abundant CD4þ and CD8þT cells (Fig. 5D), and treatment with
anti-CD4 and CD8 antibodies efficiently depleted T cells (Fig. 5D).
There was no difference in total myeloid cells (CD45þ CD11bþ) or
total macrophages (CD11bþ F4/80þ; Fig. 5E). However, CD11bþ

CD11cþ myeloid cells were more abundant, while immature myeloid
cells (Ly-6Cþ Ly-6Gþ) were decreased in tumors implanted in
ApoE�/� mice (Fig. 5E and F), and rescued upon T-cell depletion
(Fig. 5E and F). The fibroblast population was decreased in ApoE�/�

mice, consistent with immunostaining data (Supplementary Fig. S5B).
Taken together, these data suggest the antitumor phenotype in
ApoE�/� mice is T-cell dependent.

APOE regulates Cxcl1 expression in tumor cells and fibroblasts
Although ApoE can act directly on T cells (13, 32, 33), we noted in

our scRNA-seq data that KPC tumor cells express 4 of themajor ApoE
receptors: LDLR, VLDLR, LRP1, and LRP8; Fig. 6A; ref. 34). In human
PDAC epithelia, themost highly expressed of thesewas LDLR; thus, we
focused on this receptor for functional work (Fig. 6B and C). We
treated 7940b tumor cells with recombinant murine ApoE (rApoE)
and performed bulk RNA-seq compared with vehicle-treated controls
(Fig. 6D) to assess direct effects of ApoE on epithelial cells. GSEA
revealed upregulation of inflammation-associated transcriptional sig-
natures in rApoE-treated tumor cells (Supplementary Fig. S6A). Dif-
ferential expression analysis revealed tumor cells treated with rApoE
showed increased expression of the chemokinesCcl2, Cxcl1, andCxcl5,
all chemoattractants for myeloid cells (Fig. 6D; refs. 35, 36). Cxcl1 and
Cxcl5 bind the Cxcr2 receptor expressed on immature myeloid cells,
which, in turn, inhibit T-cell infiltration in PDAC (16, 37), consistent
with our phenotype. We also found a significant increase in Cxcl1 and
Cxcl5 in 3 additional murine KPC tumor cell lines when treated with
rApoE (Fig. 6E). To explore whether CXCL1 is important in human
PDAC, we measured CXCL1 levels in patient plasma. By stratifying
patient CXCL1 into high and low groups, we discovered that high
CXCL1 plasma levels (n ¼ 38) were associated with reduced overall
survival compared with patients with low CXCL1 plasma levels (n ¼
38; Fig. 6F).

We used scRNA-seq data from an orthotopic KPC tumor sample to
assess the cellular source of Cxcl1, Cxcl2, and Cxcl5 (Supplementary
Fig. S6B). Cxcl2was highly expressed by granulocytes, while Cxcl1 and
Cxcl5were expressed by epithelial cells and fibroblasts (Supplementary
Fig. S6B). Cxcl1 was elevated in tumor epithelium compared with
normal pancreas (Supplementary Fig. S6C). To determine if fibroblast
Cxcl1 expression was also upregulated by ApoE, we treatedWTmouse
pancreatic fibroblasts (BLK6318) and cancer-associated mouse fibro-
blasts (FB1) with rApoE; in both lines, Cxcl1 expression was induced
(Fig. 6G). We then investigated regulation of Cxcl1 in vivo. We
detected significantly reduced Cxcl1 and a trend toward lower Cxcl5
in tumors implanted in ApoE�/� mice (Fig. 6H). Accordingly, we
observed reduced Cxcl1 protein in both tumor cells and fibroblasts in
tumors from ApoE�/� mice (Supplementary Fig. S6D and S6I).

ApoE is a secreted protein, and macrophages are one of the main
sources (Supplementary Fig. S6E). To test whether macrophage-
secreted ApoE upregulates Cxcl1 expression in cancer cells, bone
marrow–derived monocytes were isolated from WT mice and
ApoE�/� mice and polarized to TAMs by culturing them in tumor

cell CM (20). We then cultured tumor cells in WT or ApoE�/�

macrophage CM for 48 hours (Fig. 6J) andCxcl1 levels weremeasured
by qRT-PCR (Fig. 6K). Tumor cells cultured inWT, but notApoE�/�,
macrophage CM induced Cxcl1 expression in tumor cells, suggesting
that ApoE is required for this induction. To confirm that ApoEwas the
primary factor missing from ApoE�/� CM, we added rApoE to
Apoe�/� macrophage CM, which rescued induction of Cxcl1 expres-
sion (Fig. 6K). We conclude that macrophage-secreted ApoE induces
tumor cell Cxcl1 expression.

APOE induces tumor cell Cxcl1 expression through LDLR and
NF-kB signaling

We next explored which ApoE receptor mediated the induction
of Cxcl1 and Cxcl5 expression response in pancreatic tumor cells
(Fig. 6). Because LDLR was highly expressed in human and mouse
PDAC cells (Fig. 6A–C), we used small interfering RNA (siRNA) to
knockdown LDLR in 7940b cells (Fig. 7A). Optimized LDLR
targeting by siRNA resulted in a maximum of �50% knockdown.
However, even this partial knockdown was sufficient to reduce
induction of Cxcl1 and Cxcl5 expression by rApoE (Fig. 7B). These
data suggest ApoE signals, in part, through LDLR to induce Cxcl1
and Cxcl5 expression.

To determine themechanism ofCxcl1 induction byApoE, we noted
that Cxcl1 expression is activated by NF-kB signaling (38) and that
ApoE activates NF-kB in AML (12). To examine if APOE upregulates
CXCL1 through activation of NF-kB in PDAC, we turned to GSEA of
TCGA PDAC data, revealing a positive correlation of APOE expres-
sion with NF-kB signaling components (Supplementary Fig. S7A). In
concordance, GSEA of RNA-seq data from 7940b cells treated with
rApoE revealed an upregulation of components of NF-kB signaling
(Supplementary Fig. S7B) and many NF-kB/cytokine signature genes
(Fig. 7C). We then performed immunofluorescence for the p65
subunit of NF-kB, which undergoes nuclear translocation upon
activation of the NFkB pathway, in 7940b cells treated with rApoE
or vehicle (Fig. 7D). rApoE treatment clearly increased nuclear
translocation of p65 (Fig. 7D). To confirm that NF-kB activity is
required for ApoE induction of Cxcl1/5 expression, we treated cells
with BAY11-7082 (39), which inhibits IkB kinase (IKK), preventing
IkB phosphorylation and p65 nuclear translocation. As before, rApoE
induced Cxcl1 and Cxcl5 expression in tumor cells, while treatment
with BAY 11-7082 blunted this induction (Fig. 7E). Finally, using
LDLR-targeting siRNA, we found that LDLR knockdown greatly
reduced nuclear p65 levels (Supplementary Fig. S7C). Thus, ApoE
regulates tumor cell derivedCxcl1 andCxcl5 expression, at least in part,
through binding to LDLR and activation of NF-kB signaling (Fig. 7F).

Discussion
We show that ApoE is expressed in mouse and human PDAC and

mediates cross-talk between cancer cells and the immune system. Our
data suggest that macrophage-derived ApoE signals directly to tumor
cells to enhance Cxcl1 and Cxcl5 expression. Cxcl1 and Cxcl5 act as
chemoattractants for immature myeloid cells. These cells in turn
prevent T-cell infiltration in PDAC (16). We further show that ApoE
induction of Cxcl1 and Cxcl5 expression is at least partially dependent
on it binding to LDL receptor on tumor cells, activating the NF-kB
pathway. While we cannot eliminate a functional role of other ApoE
receptors, especially VLDLR, which is highly expressed in mouse but
not human PDAC epithelia (Fig. 6A–C), the proportional response of
Cxcl1/5 expression and NF-kB activation to a partial knockdown of
LDLR suggests it plays a prominent role.

Apolipoprotein E in Pancreatic Cancer

AACRJournals.org Cancer Res; 81(16) August 15, 2021 4313



Figure 5.

Antitumor phenotype inApoE–/�mice is rescued upon T-cell depletion.A,Experimental design schematic for T-cell depletion inWT andApoE–/�mice.B, Final tumor
weight (g) from WT (n ¼ 6), WT anti-CD4/CD8 (n ¼ 3), ApoE–/� (n ¼ 6), and ApoE–/� anti-CD4/CD8 (n ¼ 6). Statistical significance was determined with a
nonparametric Mann–Whitney test. C, Representative SPADE analysis of cellular infiltrate in WT tumor. Identified populations include nonimmune cells, CD8 T cells,
CD4 T cells, B cells, immature myeloid cells, macrophages, and CD11cþ myeloid cells. The SPADE plot is colored to indicate CD45 expression. Red, high expression;
blue, low expression.D,Manual gating quantitation of cell populations inWT (n¼ 4),WT anti-CD4/CD8 (n¼ 2),ApoE–/� (n¼ 4), andApoE–/� anti-CD4/CD8 (n¼ 5)
tumors. Populations include CD4 T cells (CD3þ CD4þ) and CD8 T cells (CD3þ CD8þ) E, total myeloid cells (CD45þ CD11bþ), macrophages (CD11bþ F4/80þ), CD11cþ

myeloid cells (CD11bþ CD11cþ), and immature myeloid cells (Ly-6Cþ Ly-6Gþ). Statistical significance was determined by two-tailed t tests between groups.
F, Representative SPADE analysis colored by Ly-6G expression inWT,WT anti-CD4/CD8, ApoE�/�, and ApoE–/� anti-CD4/CD8 tumors. Red, high expression; blue,
low expression.
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Figure 6.

APOE regulates Cxcl1 expression in tumor cells and fibroblasts. A, Dot plot of Ldlr, Vldlr, Lrp1, and Lrp8 in orthotopic KPC samples. Color represents average
expression, while size of the dot represents expression frequency. B, Dot plot of LDLR, VLDLR, LRP1, and LRP8 in human PDAC. Color represents average
expression, while size of the dot represents expression frequency. C, Violin plot of normalized LDLR expression in human PDAC. D, Heat map of differentially
expressed genes in in vitro 7940b KPC cells treated with vehicle (n ¼ 3) compared with 7940b KPC cells treated with 0.3 mg/mL murine recombinant APOE
(n ¼ 3) for 48 hours. Red, high expression; blue, low expression. E, qRT-PCR analysis of Cxcl1 and Cxcl5 mRNA levels relative to Cyclophilin A in four KPC cell
lines (7940b, mT3, mT4, mT5). Dotted line represents fold induction compared with vehicle-treated cells normalized to 1. Statistical significance was
determined using one-way ANOVA with Tukey test for multiple correction. F, Survival analysis of PDAC patients stratified by plasma CXCL1 levels. CXCL1 low,
n ¼ 38; CXCL1 high, n ¼ 38. Statistical significance was determined using log-rank (Mantel–Cox) test. G, qRT-PCR analysis for Cxcl1 mRNA levels relative
to Cyclophilin A in WT fibroblasts (BLK6318) and CAFs (FB1) treated with vehicle (n ¼ 2–3) or 0.3 mg/mL recombinant ApoE (n ¼ 2–3) for 48 hours.
Statistical significance was determined by two-tailed t tests. H, qRT-PCR analysis of Cxcl1 and Cxcl5 mRNA levels relative to Cyclophilin A in WT (n ¼ 6) and
ApoE–/� (n ¼ 5) tumors. Statistical significance was determined using two-tailed t test. n.s., not significant. I, Coimmunofluorescence staining of CXCL1
(green), CK19 (red), aSMA (white), and DAPI (blue) in WT and ApoE–/� orthotopic KPC tumors. J, Experimental design schematic. K, qRT-PCR analysis of Cxcl1
mRNA levels relative to Cyclophilin A in 7940b tumor cells alone control (n ¼ 6), 7940b cells cultured with WT macrophage CM (n ¼ 6), 7940b cells cultured
with ApoE–/� macrophage CM (n ¼ 6), and 7940b cells cultured with ApoE–/� macrophage CM with 0.3 mg/mL recombinant ApoE (n ¼ 3). Statistical
significance was determined by two-tailed t tests between groups.
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Figure 7.

APOE regulates tumor cell Cxcl1 production via NF-kB signaling. A, Representative Western blot analysis of 7940b KPC tumor cells that were either untreated,
treated with scrambled siRNA-negative control, or with LDLR siRNA for 24 hours.a-Tubulin was used as a loading control. Normalized protein expression is denoted
under each lane.B, qRT-PCR analysis of Ldlr, Cxcl1, and Cxcl5mRNA levels relative to Cyclophilin A in 7940b KPC cells that underwent LDLR knockdown for 48 hours
and were treated with 0.3 mg/mL recombinant ApoE (n¼ 3) for 1 hour. Statistical significance was determined using one-way ANOVA with Tukey test for multiple
correction. C, Heat map of NF-kB/cytokine signatures in 7940b KPC cells treated with 0.3 mg/mL recombinant ApoE (n ¼ 3) compared with vehicle (n ¼ 3)
for 48 hours. Red, high expression; blue, low expression. D, Representative coimmunofluorescence staining of p65 (green), CK19 (red), and DAPI (blue) in 7940b
tumor cells in vitro treated with vehicle or 0.3 mg/mL recombinant ApoE for 48 hours. Scale bars, 25 mm. Quantitation of percent nuclear p65 in a 40� field in 7940b
cells (n ¼ 4) and 7940b cells treated with 0.3 mg/mL recombinant ApoE (n ¼ 4) for 48 hours. White box represents higher magnification. Statistical significance
was determined using two-tailed t tests. E, qRT-PCR analysis of Cxcl1, and Cxcl5mRNA levels relative to Cyclophilin A in 7940b cells (n¼ 3), 7940b cells treated with
0.3 mg/mL recombinant ApoE for 2 hours (n ¼ 3), 7940b cells pretreated with 5 mmol/L BAY11-7082 for 1 hour and treated with 0.3 mg/mL recombinant ApoE for
2 hours (n ¼ 3), and 7940b cells pretreated with 10 mmol/L BAY11-7082 for 1 hour and treated with 0.3 mg/mL recombinant ApoE for 2 hours (n ¼ 3). Statistical
significance was determined using one-way ANOVAwith Tukey test for multiple comparisons. F,Working model. PDAC tumors with active ApoE secretion regulate
CXCL1 production from tumor cells and fibroblasts, which in turn recruits immature myeloid cells, resulting in suppression of CD8þ T-cell infiltration.
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Interestingly, inactivation of cholesterol signaling in mouse PDAC
delays carcinogenesis and prolongs survival.When tumors do develop,
they have more aggressive, basal-like features, possibly indicating that
classical tumors are uniquely dependent on cholesterol (40). An
interesting consideration, as it relates to our study, is that one of the
physiologic consequences of ablating ApoE is higher plasma choles-
terol, which may contribute to the suppression of tumor growth that
we observe in vivo.

In the current study, we focused onApoE produced bymacrophages
because they are critical in establishing the immunosuppressive
TME (41). Directly targeting macrophage infiltration into pancreas
tumors shows promise in combination with chemotherapy (42) and
immunotherapy (43). However, ApoE is also highly expressed by
CAFs and ApoE receptors are expressed on many other cell types that
may play a role in tumor progression, including immune cells (Fig. 6C;
ref. 44). ApoE can directly inhibit T-cell function in vitro (45). In vivo,
the role of ApoE in different malignancies is context dependent. In
some solid tumors (including ovarian cancer and melanoma), ApoE
promoted antitumor immunity by binding the LRP8 receptor on
MDSCs (15). Conversely, in AML, ApoE directly bound the LILRB4
receptor on tumor cells and promotes immune escape (12). In PDAC,
it remains to be determined which cell types, in addition to epithelial
cells, are targets of ApoE and what the functional role is in each
compartment.

We observed that higher serum APOE levels correlate with worse
overall survival in PDAC patients, suggesting that it could be a
useful prognostic marker. Unlike mice, humans have three different
variants of APOE: APOE2, APOE3, and APOE4, with distinct
functions (46). In Alzheimer’s disease APOE4 is a risk factor for
disease (47), while APOE2 plays a protective role (48). APOE
variants have not been extensively studied in cancer, but in one
melanoma study, APOE4 plays a favorable role in disease, while
APOE2 promotes worse outcome (49). This finding correlates with
APOE4’s higher affinity for LDL receptor (50). With ApoE’s con-
trary effect in PDAC, we would predict that APOE4 promotes
immune suppression more effectively and is associated with worse
patient outcome.
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