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Abstract 

Checkpoint immunotherapy is capable of unleashing T cells for controlling tumor, whereas it is destroyed by 
immunosuppressive myeloid cell. Apoprotein E (APOE) refers to a ligand in terms of the members of 
low-density lipoprotein (LDL) receptor family for mediating Apoprotein B-involving atherogenic lipoprotein 
clearance. Besides, tumor-infiltration macrophage can express APOE. The present study reported Apoe-/- mice 
to exhibit higher resistance toward the development of three types of carcinomas as compared with mice with 
wild type and to have greater responses to αPD-1 (anti-PD-1) immunotherapy. Moreover, treatment by 
exploiting APOE inhibitor (COG 133TFA, αAPOE) was capable of curbing tumor development and fostering 
regression if in combination of αPD-1. According to single-cell RNA sequencing (scRNA-seq), Apoe deletion 
was correlated with the decline of C1QC+ and CCR2+ macrophage within tumor infiltration, and mass 
spectrometry results noticeably showed down-regulated the number of M2 macrophages as well. 
Furthermore, APOE expression in cancer patients resistant to αPD-1 treatment significantly exceeded that in 
the sensitive group. For this reason, APOE is likely to be targeted for modifying tumor macrophage infiltrate 
and augmenting checkpoint immunotherapy. 
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Introduction 
To evade immune surveillance, carcinoma cells 

mask their immunogenicity, while inducing one 
environment at a microscale suppressing immuni-
zation response in an active manner. Inhibitory 
mechanism can exert direct influence on T cell 
response through involvement in immunization 
checkpoint (e.g., programmed death 1 (PD-1) as well 
as cytotoxic T lymphocyt-related antigen 4 (CTLA-4) 
[1, 2]. Tumors also use macrophages to actively inhibit 
the anti-tumor T cell response [3]. According to recent 
high-dimensional profiling studies, especially single- 
cell RNA sequencing (scRNA-seq), tumor-infiltration 
macrophage cell exhibit high heterogeneity and are 

likely to cover subdivided sets that are immunosup-
pressive and immunostimulatory [4, 5]. 

Apolipoprotein E (APOE) refers to a primary 
brain cholesterol carrier, which affects a wide range of 
common cell-related process (e.g., neuroinflam-
mation, amyloid β (Aβ) degradation and clearance, 
synaptogenesis, membrane repair and remodeling, 
and neuronal growth) [6]. Recently, APOE has been 
reported associated with cancer. Previous study 
showed that APOE was highly expressed in gastric 
cancer, contributing to shorter survival. In particular, 
APOE was closely related to muscular invasion, and 
may be a biomarker predicting muscular invasion of 
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gastric cancer [7]. Zheng Peiming et al identified that 
APOE was a highly specific and effective protein in 
M2 macrophage-derived exosomes. Exosomes 
derived from M2 macrophages mediate intercellular 
transfer of PI3K-Akt signaling pathway activated by 
APOE in recipient gastric cancer cells, thereby 
reshaping the migration of cytoskeleton [8]. 

However, the effect exerted by APOE within 
tumor immunization responses especially in 
tumor-associated macrophages (TAM) is still not 
tackled down. In this study, we reported Apoe-/- mice 
to exhibit higher resistance toward the development 
of three types of carcinomas including gastric 
carcinoma (GC), colorectal carcinoma (CRC), and 
hepatocellular carcinoma (HCC) as compared with 
mice with wild type (WT) and to have greater 
responses to αPD-1 (anti-PD-1) immunotherapy. 
Moreover, treatment by exploiting APOE inhibitor 
(αAPOE) was capable of curbing tumor development 
and fostering regression if in combination of αPD-1. 

Materials and methods 
Single-cell RNA transcriptome analysis 

This study analyzed the expression of Apoe in 
CRC, GC and HCC tissues with scRNA-seq, as 
derived from Sijin Cheng’ research [9].Tumors from 
WT and Apoe-/- MC38 C57BL/6 mice were used for 
scRNA-seq by ourselves.The software packages used 
for specific analysis are listed in Table S1. 

Cases and tissue specimen collection 
Based on Declaration of Helsinki, we made the 

informing process with respect to the present study. 
Human 30 carcinoma tissues around received the 
collection from cases having undergone surgeries 
under informed consent from the First Affiliated 
Hospital of Nanjing Medical University and Nanjing 
First Hospital. Moreover, 19 samples before αPD-1 
treatment were obtained from above hospitals. The 
collection of human specimens gained the approval 
from the Medical Ethics Committee of Nanjing 
Medical University. The overall samples received the 
efficiently collection after being removed from the 
body. They were immediately frozen in liquid 
nitrogen and then stored at 80 °C for subsequent use. 
The mentioned tumor specimens were confirmed and 
classified by experienced clinicians. 

Cancer cell culture 
The Cell Bank of Type Culture Collection 

(Chinese Academy of Sciences, China) offered mice 
MC38-CRC, MFC-GC, and Hepa1-6-HCC cells, 
human CRC cells (HCT116), human GC cells 
(HGC27), human HCC cells (LM3) cultured with 
RPMI 1640 medium (BI, USA) supplemented by 10% 

fetal bovine serum (FBS) (Gibco, USA) at 37 °C in a 5% 
CO2 chamber. 

Primary culture of THP-1 
THP-1 cells were cultured in RPMI 1640 medium 

(BI, USA) supplemented by 10% fetal bovine serum 
(FBS) (Gibco, USA) and100 nM Phorbol-12-myristate- 
13-acetate (PMA, sigma aldrich,USA) in 5% CO2 at 37 
°C. THP-1 cells were harvested after 2 days of 
PMA-mediated macrophage differentiation. In TAM 
stimulation experiments, THP-1 cells were treated 
with cancer cell culture supernatant in RPMI 1640 
medium for 2 days, which produced what we call 
TAM. TAM cells were plated at a density of 1×106 in a 
6-well plate and then treated with PBS and αAPOE 
(COG133TFA, sigma aldrich, USA) for 24 hours at 37 
°C, respectively. 

Cell counting kit-8 proliferation experiment 
Cancer cells were treated with supernatant 

derived from TAM, which received PBS or αAPOE 
treatment. Then cancer cells were seeded in 96 wells 
and then administrated with 10 μl of CCK8 solution 
(Ribobio, China) when cultured at 0h, 24h, 48h, and 
72h, separately. Subsequently, cells absorbance at the 
respective time received the analysis at 450 nM by 
microplate reading element by conforming to the 
producer’s instructions (Synergy4, USA). 

Transwell invasion assays 
Cancer cells were treated with supernatant 

derived from TAM, which received PBS or αAPOE 
treatment. Cancer cells were then subjected to the 
inoculation process in the upper chamber with 200 μl 
of serum-free RPMI 1640 medium. Transwell 
chambers (Corning, USA) were paved with matrigel 
mixture (BD Biosciences, USA) to enable invasion 
assays. RPMI 1640 medium and 10% FBS were 
introduced into the basal compartment as cancer cell 
chemoattractant. After 24 h of culture, the upper 
chamber was subjected to the fixation process and 
then stained with crystal violet (Kaigen, China) for 15 
min. For visualization, cell lines were photographed 
and counted in three fields of view. 

Scratch wound experiment 
Cancer cells were treated with supernatant 

derived from TAM, which received PBS or αAPOE 
treatment. Under the cell confluence reaching about 
90%, wounds received the creation with a 200 µl 
pipette tip, and the cells received the rinsing process 
with medium for the removal of free-floating cells and 
debris. Medium received the addition, and the 
culturing plates underwent the incubation at 37 °C. 
Wound healing received the survey at various points. 
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Furthermore, representing scrape lines were 
captured. 

Quantitative reverse transcription polymerase 
reaction (qRT-PCR) 

Given the producer’s protocol, total RNAs from 
TAM cells received the isolation based on TRIzol 
reagent (Invitrogen, USA). Based on reverse 
transcription kit (Takara, Japan), cDNA received the 
synthesis for mRNA; based on RiboBio reverse 
transcription kit (China). GAPDH was used to 
normalize the mRNA expressing level levels. 

Immunohistochemistry 
The paraffin-embedded sections were dewaxed 

and rehydrated. 3% hydrogen peroxide was used to 
block peroxidase activity. Sections were incubated 
throughout the night with primary antibody (human 
APOE, PD-1, TIGIT, abcam, UK, mouse C1QC, CCR2, 
CD206, CD86, abcam, UK) at 4 °C. Next, the 
biotinylated secondary antibody was adopted to treat 
tissue sections and then incubated with streptavidin- 
horseradish peroxidase complex (Santa Cruz 
Biotechnology Inc., USA). 

Mice model 
The animal management committee of Nanjing 

Medical University approved the animal experiment, 
and all experiment procedures and animal caring 
abided by the institutional ethics directions for 
animals-related experimental processes. The injection 
of MC38, MFC and Hepa1-6 cells was made into 
Apoe+/+ (n=4) and Apoe-/- (n=4) C57BL/6 mice 
(GemPharmatech, China), respectively. Carcinoma 
transplanted tumor model mice fell to four groups, 
i.e., control, αPD-1/αTIGIT group (αPD-1, bioxcell, 
USA; αTIGIT, bioxcell, USA), COG133TFA (αAPOE, 
sigma aldrich, USA) group, αPD-1/αTIGIT and 
COG133TFA combined group (αAPOE+αPD-1/ 
αTIGIT), with 4 mice in the respective group. The four 
groups of mice were treated by complying with the 
corresponding groups. To be specific, αPD-1/αTIGIT 
group received 6.6mg/kg intraperitoneal injection on 
the eighth day, and once per three days thereafter; 
COG133TFA group underwent the intraperitoneal 
injection of 1 mg/kg on the second day and once per 
five days thereafter; αPD-1/αTIGIT and COG133TFA 
group received the intraperitoneal injection of 
COG133TFA 1 mg/kg on the second day and once per 
five days thereafter, as well as the intraperitoneal 
injection of αPD-1/αTIGIT 6.6mg/kg on the eighth 
day and once per three days thereafter; Control 
received the intraperitoneal injection of PBS 100ul/ 
mouse on the second day and once per five days 
thereafter.The activity, spirit and diet of the mice were 
observed every day before and after the experiment. 

The long diameter of the tumor A(mm) and the short 
diameter B(mm) were measured with vernier calipers 
every 4 days, and the tumor volume (V) was 
calculated by V=AB2/2 to obtain the tumor growth 
curve. 

Mass spectrometry 
The tissue samples originated from Apoe-/-, 

Apoe+/+, Apoe+/++αPD-1, Apoe-/--+αPD-1 mice, 
respectively. The treatment method of mouse tissue 
was referred to Miltenyi Biotec mouse tumor isolation 
Kit. Percoll removed impurities and split red. CyTOF 
staining steps included 194Pt staining → Fc block → 
surface antibody staining → overnight DNA staining 
→ intracellular antibody staining → data collection on 
computer. 

Statistical analysis 
The analyses were mainly performed with 

GraphPad Prism8 (GraphPad Prism, USA) and 
p-value < 0.05 was distinguished for exhibiting 
statistics-related significance. 

Results 
Apoe was over-expressed in TAM of cancer 
tissues based on scRNA-seq database 

This study analyzed the expression of Apoe in 
CRC, GC and HCC with scRNA-seq, as derived from 
Sijin Cheng’ research [9] and results showed that TAM 
in cancer tissues expressed higher Apoe compared 
with tissues adjacent to carcinoma in these tumors. In 
particular, the expression of Apoe in the C1QC + 
macrophages of carcinoma tissues was significantly 
higher than that of adjacent tissues in three types of 
carcinomas (Figure 1A). The above results aroused 
our curiosity to explore why Apoe was specifically 
upregulated in TAM of cancers. 

Apoe deficiency inhibited tumor growth and 
reshaped the tumor immune 
microenvironment based on mass 
spectrometry in CRC 

For addressing the possible effect exerted by 
Apoe on immunization responses to tumor, we 
injected cells (MC38-CRC, MFC-GC, and Hepa1-6- 
HCC) in Apoe+/+ and Apoe-/- C57BL/6 mice, 
respectively. MC38, MFC, and Hepa1-6 cells tended to 
grow in Apoe+/+ mice, whereas they showed the 
consistent attenuation in Apoe-/- mice (Figure 1B). 
Subsequently, MC38 was adopted as an example to 
more specifically explore the effect of Apoe knockout 
on the tumor immune microenvironment. We tested 
the immunization infiltration of MC38 tumor within 
Apoe+/+ and Apoe-/- mice 20 days after tumors were 
injected based on mass spectrometry. We isolated 
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CD45+ immune cells from their respective tissues 
(Figure S1). All samples showed clustering and 
subgroup annotation of CD45+ immune cells. There 
were 38 cell clusters in total, and the respective cell 
clusters were defined based on the specific markers of 
the respective cell types (Figure 2A-2B, Figure S2). As 
indicated from the result, the relative proportion of 
M2 macrophages was significantly down-regulated in 
the Apoe-/- mice, while the M1 macrophages were 
up-regulated as compared with Apoe+/+ mice (Figure 
2C-2D), thereby demonstrating that Apoe deficiency 
is likely to affect myeloid infiltrate. In addition, it was 
revealed that monocytes, NK cells, CD4+ T cells and 
CD8+ T cells were up-regulated in Apoe-/- mice 
(Figure 2C-2D). Interestingly, we found that the 
expression of PD-1+ and TIGIT + cells increased 
significantly in Apoe-/- mice (Figure 2E-2F). These 
evidence demonstrated that Apoe knockout might 
have a function to enhance the sensitivity of 
checkpoint immunotherapy in CRC. 

αPD-1/αTIGIT enhanced the antitumor effect 
in Apoe-/- mice 

Based on the above results of mass spectrometry 
that Apoe deficiency enhanced the expression of PD-1 

and TIGIT in CRC, we tried to treat cancers 
combination with these two antibodies (αPD-1/ 
αTIGIT) in three types of cancer (CRC, GC and HCC). 
Accordingly, this study selected a scheme to achieve 
αPD-1/αTIGIT administration, and the treatment was 
initiated at a late time point (on day 8 after injection of 
tumor cells). To our excitement, under this treatment 
protocol, the degree of tumor (MC38, MFC and 
Hepa1-6) reduction in the Apoe+/+ mice was 
significantly lower than that in Apoe-/- mice (Figure 
3A-3B). However, the anti-tumor results of the use of 
αPD-1outperformed those of αTIGIT. Subsequently, 
the effect exerted by Apoe-/- mice with αPD-1 on the 
tumor-immune infiltrate was described by mass 
spectrometry with MC38 tumor models. Results 
showed that the relative proportion of CD8+ T cells, 
CD4+ T cells were up-regulated while M2 
macrophages was reduced in the Apoe-/- +αPD-1mice 
as compared with Apoe+/++αPD-1 mice (Figure 
4A-4B). In addition, we found that the expression of 
PD-1+ cells increased significantly while TIGIT+ cells 
decreased in Apoe-/-+αPD-1 mice (Figure 4C-4D). 
These results revealed that Apoe deficiency might 
enhance the sensitivity of αPD-1 in cancers. 

 

 
Figure 1. Apoe was over-expressed in TAM of cancer tissues based on scRNA-seq database. (A) scRNA-seq results showing Apoe expression in CRC, GC, and 
HCC. (B) Tumor growth in Apoe+/+ and Apoe-/- mice injected subcutaneously with MC38, MFC, Hepa1-6, respectively.*p < 0.05, **p < 0.01. 
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Figure 2. Apoe deficiency inhibited tumor growth and reshaped the immune microenvironment based on mass spectrometry. (A) TSNE plot showing 
definition of 38 subgroups by mass spectrometry flow cytometry in Apoe-/- mice and WT group. (B) Cell clustering definition. (C) TSNE plot showing cell clustering in Apoe-/- 

mice group and WT group injected subcutaneously with MC38. (D) The histogram showing the number of each cell group in different groups by mass spectrometry flow 
cytometry. (E) TSNE plot showing PD-1 and TIGIT expression in Apoe-/- mice group and WT group. (F) The histogram showing the number of PD-1+ and TIGIT+ cell cluster in 
different groups. 

 
Figure 3. αPD-1/αTIGIT enhanced the antitumor effect in Apoe-/- mice. (A-B) Experimental setup of the αPD-1/αTIGIT treatment in Apoe+/+ and Apoe-/- mice injected 
subcutaneously with MC38, MFC, Hepa1-6, respectively. Treatment started at day 8 (αPD-1/αTIGIT). *p < 0.05, **p < 0.01. 

 

Apoe deficiency decreased C1QC+ and CCR2+ 
macrophages in cancers based on scRNA-seq 

For defining the effect of Apoe deficiency on 

tumor-immunization infiltration at higher resolutions, 
this study investigated immune cells in Apoe+/+ and 
Apoe-/- MC38 tumor mice based on scRNA-seq. We 
classified live cells from MC38 tumor 20 days after 
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tumors were injected. Unsupervised clustering by 
Uniform Manifold Approximation and Projection 
(UMAP) identified 9 clusters in immune cells (Figure 
5A). The respective cell type has unique maker genes 
(Figure 5B-5C). For instance, CD8+ CXCR6+ T cell 
cluster expressed T cell markers (CD3, CD8 and 
GZMB), while NK cell cluster expressed NKG7. On 
the whole, 5 macrophage cell clusters (i.e., C1QC, 
CCR2, IFIT3, LYVE1 and MKI67) were identified 
(Figure 5A-5C). For a further clarification of the 
variations of macrophages in the Apoe-/- mice and the 
control group, we analyzed them by COATES 
analysis. As revealed from the results, Apoe deletion 
was correlated with a decline of C1QC + and CCR2+ 
macrophages in tumor infiltration (Figure 5D-5E). In 
addition, immunohistochemistry was used to confirm 
that the expression of C1QC and CCR2 in tissues of 
the three cancer models with Apoe-/- mice were 
significantly decreased (Figure S3A). Interestingly, the 
expression of CD206, CD86, CCR2 and C1QC 
expression in the Apoe-/- mice non-cancer model 
compared with Apoe+/+ mice was also decreased, 
indicating that changes in macrophages in the spleen 
and TAM might be consistent (Figure S3B). 

Inhibition of Apoe in TAM reduced the 
proliferation, invasion and migration of cancer 
cells in vitro 

In order to further verify the scRNA-seq results 
of Apoe deficiency decreasing C1QC+ and CCR2+ 
macrophages, we conducted in-depth verification. We 
attempted to use APOE inhibitor (αAPOE, COG 
133TFA, competing with the APOE holoprotein for 
binding the low-density lipoprotein (LDL) receptor) 
to test its therapeutic potential against carcinomas 
(Figure 6A). qRT-PCR results showed that CD86 
expression of M1 phenotype marker in the αAPOE 
group was significantly higher than that in the control 
group after the addition of cancer cell (HCT116 -CRC, 
HGC27-GC, LM3-HCC) supernatant to TAM cells, 
while the expression of C1QC,CCR2, and ARG1 of M2 
phenotype was significantly lower than that in the 
control group (Figure 6B). In addition, we stimulated 
cancer cells with TAM supernatant and found that 
macrophages in the αAPOE group significantly 
inhibited the proliferation, invasion and migration of 
cancer cells compared with the control group by 
CCK8, transwell and scratch assay (Figure 6C-6E). 
These results indicated that inhibition of Apoe in 
TAM reduced the proliferation, invasion and 
migration of cancer cells. 

 

 
Figure 4. Results of mass spectrometry in Apoe-/- mice with αPD-1. (A) TSNE plot showing cell clustering in Apoe-/- mice +αPD-1group and WT mice +αPD-1group. 
(B) The histogram showing the number of each cell group in different groups by mass spectrometry flow cytometry. (C) TSNE plot showing PD-1 and TIGIT expression in 
Apoe-/- mice +αPD-1group and wild type mice +anti-PD-1group. (D) The histogram showing the number of PD-1+ and TIGIT+ cell cluster in different groups. 
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Figure 5. Apoe deficiency decreased C1QC+ and CCR2+ macrophages in CRC based on scRNA-seq. (A) UMAP plot showing 9 clusters of immune cells. (B) The 
violin figure showing the expression level of specific markers in each cell type. (C) Heat map showing the expression level of specific markers in each cell type. (D) COATES 
analysis showing the expression difference in macrophage cell clusters. (E) The violin diagram showing the macrophage cell clusters different expressions in Apoe-/- mice group 
and WT group. 

 
Figure 6. Apoe deficiency decreased C1QC+ and CCR2+ macrophages in cancers in vitro. (A) Schematic diagram of THP-1 cells induced into TAM cells. (B) 
qRT-PCR results of M1/M2 phenotype gene expression in the αAPOE and control group after of cancer supernatant to TAM cells activation. (C) CCK8 assay of cancer cells with 
TAM supernatant in different groups. (D) Transwell assay of cancer cells with TAM supernatant in different groups. (E) Scratch assay of cancer cells with TAM supernatant in 
different groups.*p < 0.05, **p < 0.01, ***p < 0.001. 

 

The combination of αAPOE and 
αPD-1/αTIGIT was an effective treatment for 
cancer 

We examined αAPOE in vivo with or without 

αPD-1/αTIGIT for cancer therapy. αAPOE treatment 
was initiated at day two after the tumor injection and 
was repeated per five days until the end of the 
experiment. Treatment by using αAPOE alone 
achieved a significant but incomplete control of tumor 
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growth. However, the combination of αAPOE and 
αPD-1/αTIGIT led to a complete tumor control in all 
mice tested (Figure 7A-7B). In brief, αAPOE had 
anti-tumor activity and augmented αPD-1/αTIGIT 
checkpoint blockade. 

APOE was negatively correlated with the 
expression of PD-1/TIGIT, and indicated the 
sensitivity of immunotherapy in cancers 

To further analyze the significance of the 
findings here in human tumors, we investigated 
APOE, PD-1 and TIGIT protein expressions from 30 
human tumor specimens by using immuno-
histochemistry. Specific patient clinical information 
was shown in Table S2. As indicated from the 
correlation analysis, the expression of APOE showed 
a negative correlation with PD-1 and TIGIT in 
carcinomas (Figure 8A-8C). In addition, we examined 
the pre-treatment puncture samples from 19 
carcinoma patients clinically treated with αPD-1, of 
whom 9 patients were αPD-1 sensitive and 10 patients 
were αPD-1 resistant (Table S3, S4). As revealed from 
the results, the expression of APOE in the αPD-1- 
resistant group significantly exceeded that in the 
αPD-1 sensitive group (Figure 8D-8E). Altogether, 
APOE might be a marker to predict the sensitivity of 
αPD-1, and its inhibitor could be used as a therapeutic 
means to enhance the sensitivity of αPD-1/αTIGIT 
checkpoint blockade. 

Discussion 
This study demonstrated that constitutive lack of 

APOE or APOE inhibitor treatment curbed tumor 
growth.This is not the first time it has been reported in 
cancer. According to Kemp Samantha B et al. [10], 
orthotopic implantation of mouse pancreatic ductal 
adenocarcinoma (PDA) cells into syngeneic wild type 
or in Apoe-/- mice showed reduced tumor growth in 
Apoe-/- mice. Lee Yong Sun et al. [11] found that 
urethane-induced lung tumor incidence and B16F10 
lung metastasis in Apoe-/- mice were significantly 
reduced in comparison to that in WT mice. Buss Linda 
A et al. [12] reported that Apoe-/- mice also had a 
reduced rate of metastasis compared to WT mice 
implanted with EO771 murine breast cancer cells. 
These results confirm that APOE knockout can indeed 
induce tumor reduction. However, one of best 
highlight of this research is that we used APOE 
inhibitor-COG 133TFA for cell and mice verification 
in cancer for the first time. COG 133 TFA competes 
with the APOE holoprotein for binding the LDL 
receptor, with potent anti-inflammatory and 
neuroprotective effects [13, 14]. Previous study 
indicated that APOE induced the expressions of 
CXCL1 and CXCL5 by pancreatic tumor cells via LDL 
receptor and NF-κB signaling [10]. Therefore, in this 
study, we innovatively tried to use COG 133TFA to 
explore its role in TAM cells. To our excitement, COG 
133TFA in TAM reduced the proliferation, invasion 
and migration of cancer cells. In addition, treatment 
by using COG 133TFA in vivo alone achieved a 
significant control of tumor growth. 

 

 
Figure 7. The combination of APOE inhibitor and αPD-1/αTIGIT was an effective treatment for tumor. (A-B)Tumor growth in mice injected subcutaneously 
with MC38, MFC, Hepa1-6, treated with αAPOE and αPD-1/αTIGIT. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 8. APOE was negatively correlated with the expression of PD-1/TIGIT, and indicated the sensitivity of immunotherapy in cancers. (A-C) Analysis of 
the correlation between APOE and the expression of PD-1 and TIGIT in 30 cancer patients. The figure (A) showed typical cases of three types of cancer. Figure B and C showed 
the correlation of PD-1 and TIGIT with APOE. (D-E) Analysis of APOE expression in PD-1 sensitive and resistant cancer patients.Patients were divided into two groups 
according to the RECIST 1.1 criteria. *p < 0.05, ***p < 0.001. 

 
Mass spectrometry enables accurate analysis of 

different cell populations and comprehensive and 
accurate study of cytokines and signaling pathways 
simultaneously. In this study, we found that 
monocytes, NK cells, CD4+ T cells and CD8+ T cells as 
well as PD-1+ and TIGIT + cells were up-regulated 
whereas M2 macrophages were decreased in Apoe-/- 

mice via mass spectrometry. The reason might be that 
the loss of APOE led to the reduction of M2 
macrophages and thus reshaped the tumor immune 
microenvironment, which is more conducive to 
killing cancer cells. αPD-1/αTIGIT enhanced the 
antitumor effect in Apoe-/- mice in vivo. Although 
APOE knockout caused the increase of exhaustion 
factors such as PD-1, TIGIT, the increase of CD8 + T 
cell exhaustion was not enough to resist the killing 
effect of the remodeled new anti-cancer immune 
microenvironment, and αPD-1/αTIGIT combined 
with inhibition of APOE could completely eliminate 
cancer. Kemp Samantha B’s study had also used mass 
spectrometry to confirm an increase in CD8+ T cells in 
tumors in Apoe-/- mice [10]. However, Tavazoie 
Masoud F’s study showed that liver-X nuclear 
receptor (LXR) /ApoE activation therapy elicited 
robust anti-tumor responses and enhanced T cell 
activation during various immune-based therapies 
[15]. The reasons for the different research results are 
as follows: 1) The objects of the study are different. 

Tavazoie Masoud F's study focused on myeloid- 
derived suppressor cells (MDSC), while ours focused 
on TAM. APOE may have different effects in different 
cells and different tumors. 2) Tavazoie Masoud F’s 
study emphasizes the anticancer effect of LXR agonist 
combined with αPD-1 and APOE only explains part of 
the mechanism, while our study emphasizes the 
anticancer effect of APOE inhibitor COG 133 TFA 
combined with αPD-1. Ostendorf Benjamin N et al. 
[16] demonstrated that APOE4 mice showed 
enhanced antitumor immune activation relative to 
APOE2 mice, and T-cell depletion assays suggested 
that the effect of APOE genotype on melanoma 
progression was mediated by altered antitumor 
immunity. Melanoma patients with the APOE4 
variant had improved survival compared with 
APOE2 carriers. APOE4 mice also showed improved 
outcomes in response to PD1 immune checkpoint 
blockade relative to APOE2 mice, and patients 
carrying APOE4 experienced improved anti-PD1 
immunotherapy survival after progression of the 
first-line regimen. Our study did not classify APOE 
germline variants in detail, but supported this 
conclusion with general Apoe-/- mice. The regulation 
mechanism of APOE in vivo might be very complex, 
and we believe that Kemp Samantha B’s study 
research fits in well with our research for APOE on 
tumor immunity. 
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Figure 9. Mechanism schema diagram. The elevation of APOE in TAM induces the differentiation from M1 to M2 macrophages by promoting the expression of C1QC and 
CCR2, inhibits the expression of CD8+ T cells, reduces the expression of PD-1 and TIGIT on the surface of CD8 + T cells, and promotes the growth of cancer cells. Inhibition 
of APOE can induce the differentiation of M2 into M1 macrophages and increase the expression of CD8+ T cells. Meanwhile, αPD-1/αTIGIT combined with αAPOE -COG 
133TFA can enhance the anti-tumor sensitivity. 

 
From the perspective of macrophages, we 

clarified that APOE knockout led to the decrease in 
M2 macrophages, especially C1QC + and CCR2 + 
macrophage cell population based on scRNA-seq, 
which presented novel insights into immuno-
combination therapy. The results were further 
confirmed by immunohistochemistry in three types of 
cancer. In addition, we stimulated cancer cells with 
TAM supernatant and found that macrophages in the 
αAPOE group significantly inhibited the 
proliferation, invasion and migration of cancer cells 
compared with the control group by CCK8, transwell 
and scratch assay. However, ALI EL ROZ et al. 
reported that inferior medium from APOE medium 
(“THP-1+siRNA”) was incubated with MCF-7 cells 
and compared with APOE-rich medium (“THP-1+ 
LXR agonist”). MTT analysis showed that the viability 
of MCF-7 cells was reduced by 30% after 24 h 
incubation with “THP-1+LXR agonist” medium 
compared with control cells, whereas the viability of 
“THP-1+siRNA” medium was increased by 40% after 
24 h %, with little effect after 48 h incubation. 
Interestingly, MCF-7 cell viability also decreased by 
18% and 40% after 24 and 48 h incubation with 
exogenous APOE protein [17]. Our results are 
completely contrary to the reports, which may be due 
to the different mechanism of action of APOE in 

different cell lines, or it may be that we are using 
APOE inhibitors rather than siRNA. The expression of 
APOE was also examined in the pre-treatment 
puncture samples of 19 carcinoma patients having 
received clinical αPD-1 treatment, and as revealed 
from the results, the expression of APOE in the αPD-1 
resistant group significantly exceeded that in the 
αPD-1 sensitive group. This result presented sufficient 
evidence to elucidate the efficacy of APOE in humans. 

Our research also has some shortcomings. First, 
we did not use myeloid specific APOE knockout mice 
to further verify the mechanism of APOE action in 
mouse tumor macrophages, because the culture time 
of knockout mice is too long. Second, our research is 
limited to tumors of digestive tract system, not cancer 
of other systems, and we look forward to subsequent 
research. Third, there are too few human samples to 
study, so it is expected to be confirmed by more 
human samples. 

Conclusion 
APOE is an oncomarker of tumor-infiltrating 

macrophages in mouse models and human tumors. Its 
inhibitor COG 133TFA can slow down tumor growth, 
improve the therapeutic effect of checkpoint blocking, 
and reshape tumor immune microenvironment in 
cancers (Figure 9). 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

5240 

Supplementary Material  
Supplementary figures and tables.  
https://www.ijbs.com/v18p5230s1.pdf  

Acknowledgements 
We are grateful for the grants from the National 

Natural Science Key Foundation of China (No. 
31930020), National Natural Science Youth 
Foundation of China (No. 81771716) and the China 
Scholarship Council (CSC) for supporting Qian Wang 
(No. 202008320313). 

Author contributions 
There are 4 first authors in this manuscript and 

they have equally contributed to this project. Dr. BH, 
CL, HL and XH were responsible for designing and 
performing the experiments. Dr. HL and QW were 
responsible for the manuscript language editing. Dr. 
HL, DZ, QW and LL were responsible for data 
analysis. Dr. XH, ZL and HL contributed to 
performing part of experiment. Furthermore, we have 
4 corresponding authors in this manuscript. Dr. LL, 
WT and YG have contributed to data interpretation, 
editing and critical revision of the manuscript. WT, 
XW and YG have contributed to study design and 
critical revision of the manuscript. All authors read 
and approved the final manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al. 

Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family 
member leads to negative regulation of lymphocyte activation. The Journal of 
experimental medicine. 2000; 192: 1027-34. 

2. Beavis PA, Henderson MA, Giuffrida L, Davenport AJ, Petley EV, House IG, et 
al. Dual PD-1 and CTLA-4 Checkpoint Blockade Promotes Antitumor Immune 
Responses through CD4+ Foxp3− Cell–Mediated Modulation of CD103+ 
Dendritic CellsPD-1/CTLA-4 Blockade Stimulates Adaptive and Innate 
Immunity. Cancer immunology research. 2018; 6: 1069-81. 

3. Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associated 
macrophages as treatment targets in oncology. Nature reviews Clinical 
oncology. 2017; 14: 399-416. 

4. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in 
cancer. Nature reviews Drug discovery. 2018; 17: 887-904. 

5. Lavin Y, Kobayashi S, Leader A, Amir E-aD, Elefant N, Bigenwald C, et al. 
Innate immune landscape in early lung adenocarcinoma by paired single-cell 
analyses. Cell. 2017; 169: 750-65. e17. 

6. Serrano-Pozo A, Das S, Hyman BT. APOE and Alzheimer's disease: advances 
in genetics, pathophysiology, and therapeutic approaches. The Lancet 
Neurology. 2021; 20: 68-80. 

7. Sakashita K, Tanaka F, Zhang X, Mimori K, Kamohara Y, Inoue H, et al. 
Clinical significance of ApoE expression in human gastric cancer. Oncology 
reports. 2008; 20: 1313-9. 

8. Zheng P, Luo Q, Wang W, Li J, Wang T, Wang P, et al. Tumor-associated 
macrophages-derived exosomes promote the migration of gastric cancer cells 
by transfer of functional Apolipoprotein E. Cell death & disease. 2018; 9: 1-14. 

9. Cheng S, Li Z, Gao R, Xing B, Gao Y, Yang Y, et al. A pan-cancer single-cell 
transcriptional atlas of tumor infiltrating myeloid cells. Cell. 2021; 184: 
792-809. e23. 

10. Kemp SB, Carpenter ES, Steele NG, Donahue KL, Nwosu ZC, Pacheco A, et al. 
Apolipoprotein E Promotes Immune Suppression in Pancreatic Cancer 
through NF-κB–Mediated Production of CXCL1. Cancer research. 2021; 81: 
4305-18. 

11. Lee YS, Yeo IJ, Kim KC, Han S-B, Hong JT. Inhibition of lung tumor 
development in ApoE knockout mice via enhancement of TREM-1 dependent 
NK cell cytotoxicity. Frontiers in immunology. 2019; 10: 1379. 

12. Buss LA, Mandani A, Phillips E, Scott NJ, Currie MJ, Dachs GU. 
Characterisation of a mouse model of breast cancer with metabolic syndrome. 
in vivo. 2018; 32: 1071-80. 

13. Azevedo OGR, Oliveira RAC, Oliveira BC, Zaja-Milatovic S, Araújo CV, Wong 
DVT, et al. Apolipoprotein E COG 133 mimetic peptide improves 
5-fluorouracil-induced intestinal mucositis. Bmc Gastroenterology. 2012; 12: 
1-18. 

14. Gay EA, Klein RC, Yakel JL. Apolipoprotein E-derived peptides block α7 
neuronal nicotinic acetylcholine receptors expressed in Xenopus oocytes. 
Journal of Pharmacology and Experimental Therapeutics. 2006; 316: 835-42. 

15. Tavazoie MF, Pollack I, Tanqueco R, Ostendorf BN, Reis BS, Gonsalves FC, et 
al. LXR/ApoE activation restricts innate immune suppression in cancer. Cell. 
2018; 172: 825-40. e18. 

16. Ostendorf BN, Bilanovic J, Adaku N, Tafreshian KN, Tavora B, Vaughan RD, 
et al. Common germline variants of the human APOE gene modulate 
melanoma progression and survival. Nature medicine. 2020; 26: 1048-53. 

17. El Roz A, Bard J-M, Valin S, Huvelin J-M, Nazih H. Macrophage 
apolipoprotein E and proliferation of MCF-7 breast cancer cells: role of LXR. 
Anticancer research. 2013; 33: 3783-9. 

 


