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Inhibition of PCSK9 enhances
the antitumor effect of PD-1
inhibitor in colorectal cancer by
promoting the infiltration of
CD8+ T cells and the exclusion
of Treg cells

Rui Wang, Hongchuan Liu, Peng He, Duopeng An,
Xiaohan Guo, Xuyao Zhang* and Meiqing Feng*

Department of Biological Medicines & Shanghai Engineering Research Center of
Immunotherapeutics, Fudan University School of Pharmacy, Shanghai, China
Immunotherapy especially immune checkpoint inhibitors (ICIs) has brought

favorable clinical results for numerous cancer patients. However, the efficacy

of ICIs in colorectal cancer (CRC) is still unsatisfactory due to the poor median

progression-free survival and overall survival. Here, based on the CRC models,

we tried to elucidate novel relapse mechanisms during anti-PD-1 therapy. We

found that PD-1 blockade elicited a mild antitumor effect in these tumor

models with both increased CD8+ T cells and Treg cells. Gene mapping

analysis indicated that proprotein convertase subtilisin/kexin type 9 (PCSK9),

low-density lipoprotein receptor, transforming growth factor-b (TGF-b), and
CD36 were unexpectedly upregulated during PD-1 blockade. To investigate

the critical role of these proteins especially PCSK9 in tumor growth, anti-PCSK9

antibody in combination with anti-PD-1 antibody was employed to block

PCSK9 and PD-1 simultaneously in CRC. Data showed that neutralizing

PCSK9 during anti-PD-1 therapy elicited a synergetic antitumor effect with

increased CD8+ T-cell infiltration and inflammatory cytokine releases.

Moreover, the proportion of Treg cells was significantly reduced by co-

inhibiting PCSK9 and PD-1. Overall, inhibiting PCSK9 can further enhance the

antitumor effect of anti-PD-1 therapy in CRC, indicating that targeting PCSK9

could be a promising approach to potentiate ICI efficacy.
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Introduction

Colorectal cancer (CRC) is the second leading cause of

cancer-related death with an incidence of 10.2% and a

mortality of 9.2% (1, 2). As a promising treatment to modulate

the host’s immune system, immunotherapy such as immune

checkpoint inhibitors (ICIs) shows durable antitumor effects and

revolutionizes the management of various cancers including

melanoma and non-small cell lung cancer (NSCLC) (3, 4).

However, the low response rate and emerging resistance

mechanism still pose limitations to the application of ICIs in

CRC (5). Therefore, studies dedicated to overcoming CRC

resistance to ICIs are in urgent need.

Studies have uncovered that tumor microenvironment

(TME) consisting of various components plays a critical role

during antitumor immunity induced by ICIs. Infiltration of

immune cells and the interaction between immune cells and

tumor cells posed a significant impact on the outcomes of ICI

therapy (6). Furthermore, the nutrient-deficient and hypoxic

microenvironment also force immune cells to undergo

metabolic transformation to immune-tolerant phenotypes.

Metabolic regulation of glucose, lactate, and especially lipid

can refuel immune cells to favor antitumor immunity in TME

(7, 8). Glycolysis induced by autophagy was indispensable for

oncogenic transformation (9). Our previous research also

demonstrated that inhibiting autophagy could enhance

phagocytosis and cytotoxicity of macrophages and further

potentiate the antitumor effect of ICIs (10, 11). Cholesterol

accumulation in TME facilitates the polarization and activity

of tumor-associated macrophages (TAMs) and further impairs

cytokine release of CD8+ T cells (12, 13). These studies indicate

that targeting metabolism in TME could be a potential modality

to potentiate the efficacy of ICIs.

Recently, proprotein convertase subtilisin/kexin type 9

(PCSK9), a lipid metabolism-related protein, has been

reported to be critical for tumorigenesis and progression (14).

PCSK9 is an indispensable element in regulating lipid

metabolism by inducing the degradation of low-density

lipoprotein receptor (LDLR) in lysosome. Inhibitors of PCSK9

have been approved for the treatment of atherosclerotic

cardiovascular diseases associated with hypercholesterolemia

(15, 16). More importantly, PCSK9 has been proven to disrupt

the recycling of MHC I to the cell surface by promoting MHC I

degradation. Inhibiting PCSK9 by small molecular compounds

or monoclonal antibodies increases the expression of MHC I on

the tumor cell surface, promoting intratumoral infiltration of

cytotoxic lymphocytes (17, 18). These data reveal that PCSK9

may be a crucial regulator for cancer immunotherapy. However,

the effects of PCSK9 in CRC under anti-PD-1 therapy are still

unclear. Hence, in this study, two syngeneic CRC models were

constructed to elucidate the crucial role and mechanism of

PCSK9 during anti-PD-1 therapy.
Frontiers in Immunology 02
Results

PD-1 blockade presented a mild
antitumor effect with increased CD8+

T cells and Treg cells

To examine the effect of PD-1 blockade in CRC, MC38 and

CT26 tumor models were well-constructed and anti-PD-1 antibody

was administered at a dose of 5 mg/kg twice a week. In the MC38

tumor model, results showed that PD-1 blockade exerted a mild

antitumor effect as the tumor growth was delayed 14 days after the

first administration (Figure 1A). However, no antitumor effect of

the anti-PD-1 antibody was observed in the CT26 tumor model

(Figure 1B). In view of the mild efficacy of anti-PD-1 therapy in

CRC, we detected the infiltration of CD8+ T cells in the tumors.

Flow cytometry analysis showed that CD45+CD3+ T lymphocytes

and CD8+ T cells were significantly increased in both CRC models

(Figures 1C, D). However, regulatory T (Treg) cells were also

elevated by PD-1 blockade in these models (Figure 1C).

Furthermore, IHC staining confirmed that PD-1 blockade

increased both CD8+ T lymphocytes and Foxp3+ cells in the

tumors (Figures 1E, F). These results indicated that anti-PD-1

antibody elicited a mild antitumor effect in CRC with increased

infiltration of Tregs and CD8+ T cells.
PD-1 blockade enhanced
PCSK9 expression

To further explore the underlying mechanism leading to the

mild antitumor effect of anti-PD-1 ICI in CRC, several landmark

cytokines of immune cell cytotoxicity including IFN-g, granzyme B,

and TNF-a were evaluated. As shown in Figure 2, IFN-g and

granzyme B in CRC models were upregulated after blocking PD-1

while the level of TNF-a was barely affected (Figures 2A, B). Except

for these inflammation-related cytokines, we found that anti-PD-1

therapy also engaged in the regulation of lipid metabolism-related

proteins including PCSK9 and LDLR (Figures 2C, D). LDLR is a

pivotal receptor in cholesterol regulation, which is targeted by

PCSK9. When binding to LDLR, PCSK9 can promote its

degradation in lysosome (19). Interestingly, the mRNA level of

CD36 was upregulated in CT26 tumors but not inMC38 tumors. In

summary, PD-1 blockade showed a significant influence on the

gene expression of lipid metabolism-related proteins including

PCSK9 in colorectal tumors.
Co-targeting PD-1 and PCSK9 elicited an
enhanced antitumor effect

Considering the enhanced PCSK9 expression during anti-

PD-1 therapy, anti-PCSK9 antibody was employed to detect the
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FIGURE 2

Quantitative real-time PCR (qRT-PCR) analysis of IFN-g, granzyme B, and TNF-a gene expression in MC38 tumors (A) and CT26 tumors
(B). RT-qPCR analysis of PCSK9, LDLR, TGF-b, and CD36 gene expression in tumor of the MC38 tumor model (C) and the CT26 tumor model
(D). "*" means p-value < 0.05 and "**" means p-value < 0.01 while "ns" means not statistically significant.
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FIGURE 1

In vivo antitumor effect of anti-PD-1 antibody. (A) Tumor volume and tumor weight in the MC38 tumor model. Anti-PD-1 mAb administration was 5
mg/kg, n = 4 mice/group. (B) Tumor volume and tumor weight of CT26 tumor model. Anti-PD-1 mAb administration was 5 mg/kg, n = 3 mice/
group. (C, D) Flow cytometry analysis of tumor-infiltrating T cells for mice treated with PBS or anti-PD-1 antibody in MC38 tumor model (C) and in
CT26 tumor model (D). (E, F) IHC staining of CD8a and Foxp3 in CT26 tumors. "*" means p-value < 0.05 and "**" means p-value < 0.01.
Frontiers in Immunology frontiersin.org03

https://doi.org/10.3389/fimmu.2022.947756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2022.947756
critical role of PCSK9 in CRC. Figure 3A shows that anti-PCSK9

antibody further potentiated the antitumor effect of PD-1

inhibitor in the MC38 tumor model. In the CT26 tumor

model, PD-1 inhibitor in combination with anti-PCSK9

antibody elicited synergetic antitumor effects while PD-1

blockade or anti-PCSK9 alone displayed indiscernible effects

on the tumor growth (Figure 3B). PD-1 ICI in combination with

anti-PCSK9 antibody showed enhanced antitumor effects in

CRC models (Figures 3A, B), but a similar effect was not

observed in a breast cancer model (data not shown). On D10

after administration, tumors were excised to detect the level of

IFN-g, TNF-a, and granzyme B. In MC38 tumors, anti-PD-1

antibody and anti-PCSK9 antibody co-treatment led to

significant increases in granzyme B and IFN-g (Figure 3C,

Supplementary Figure 1A). Then, we analyzed the level of

PCSK9, LDLR, TGF-b, and CD36. Compared to PD-1

inhibitor alone, anti-PCSK9 antibody diminished the increased

expression of PCSK9, LDLR, TGF-b, and CD36 (Figures 3C–H,

Supplementary Figures 1B–E). These data indicated that

targeting PD-1 and PCSK9 elicited a synergetic antitumor

effect in CRC.
Anti-PCSK9 promoted CD8+ T-cell
infiltration induced by PD-1 inhibitor

To explore the synergetic antitumor effect of anti-PD-1 and

anti-PCSK9 antibodies in CRC, tumor-infiltrating CD8+ T cells

were detected. IHC staining showed that PD-1 inhibition led to

the increased tumor-infiltrating CD8+ T cells in MC38 and

CT26 tumor models. Despite no significant elevation of CD8+

T cells induced by PCSK9 blockade alone, PD-1 inhibitor

combined with anti-PCSK9 antibody indeed potentiated the

infiltration of CD8+ T cells (Figures 4A, B). In addition, flow

cytometry analysis showed that the proportion of tumor-

infiltrating CD8+ T cells in the combination therapy was

obviously higher than either monotherapy group (Figure 4C).

These data demonstrated that targeting PCSK9 potentiated the

antitumor effect of PD-1 blockade via promoting the infiltration

of cytotoxic CD8+ T cells.
PCSK9 blockade eliminated the
increased Treg cells induced by
PD-1 inhibitor

Treg cell is a typical suppressive immune cell, promoting

tumor cells to escape from immune surveillance. We next detected

whether anti-PCSK9 antibody affected PD-1 blockade-induced

Treg cells via IHC analysis. Compared with PD-1 blockade, anti-

PCSK9 antibody alone has no obvious effect on Treg cells, while

anti-PCSK9 antibody combined with anti-PD-1 antibody

eliminated the increased Treg cells (Figures 5A, B).
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Furthermore, flow cytometry further confirmed that the PD-1

inhibitor-increased percentage of Treg cell proportion was

decreased by anti-PCSK9 antibody (Figure 5C). Except for

CD8+ T cells and Treg cells, we did not observe significant

influence on innate immune cells including macrophages,

natural killer cells, and dendritic cells by simultaneous

inhibition of PD-1 and PCSK9 (Supplementary Figures 2A, B).

Finally, to verify which lymphocyte subpopulation

contributed to the synergistic antitumor effect of targeting

PD-1 and PCSK9 in CRC, anti-CD4, anti-CD8, anti-NK1.1,

and anti-CSF1R antibody were applied to deplete the

corresponding subset of immune cells, respectively. These

antibodies have been proved to block the cells with relevant

marker in mouse spleen (Supplementary Figure 2C). As shown

in Figures 5D, E, CD8+ T depletion totally eliminated the

antitumor effect of targeting PD-1 and PCSK9. Depletion of

NK cells or macrophages barely affected the tumor burden.

Importantly, CD4+ T cell-depleting antibody presented an

unexpected enhancement on the antitumor effect of anti-PD-1

and anti-PCSK9 cotreatment. Overall, our results indicated that

PCSK9 blockade enhanced the antitumor effect of PD-1

inhibitor through eliminating the increased Treg cells.
Discussion

Since the discovery of ICIs, the therapeutic paradigm of

cancer has been changed remarkably. However, the antitumor

efficacy of ICIs in solid tumor is still unsatisfied although it has

achieved tumor remission in some patients. Compared with

melanoma or NSCLC, the objective response rate of ICI therapy

in CRC patients is much lower (20). Currently, because of the

extensive application of ICIs in clinic, many strategies attempt to

overcome resistance to ICIs. The combination of different ICIs

or ICIs with proinflammatory cytokines has been proposed to

further enhance antitumor immune response. Simultaneous

administration of immune-enhancing agents can indeed

improve antitumor immunity but is accompanied by a higher

risk of immune-related adverse effects (21). Triple combination

therapy, such as anti-PD-L1 antibody, poly-(ADP-ribose)

polymerase inhibitor, and MEK inhibitor, was also applied to

overcome resistance to anti-PD-L1 therapies in KRAS mutant

cancer (22). Agonists targeting STING in combination with

CTLA-4 or PD-1 inhibitor also exerted refreshing efficacy in

the CRCmodel with complete tumor regression and long-lasting

immune memory (23). In this study, we investigated PCSK9

during anti-PD-1 therapy in CRC models, and PD-1 inhibitor

and anti-PCSK9 antibody were administered to confirm the

synergetic antitumor effect of targeting PD-1 and PCSK9

in CRC.

In syngeneic CRC models, PD-1 inhibitor only has a limited

antitumor effect with the infiltration of CD8+ T cells and Tregs.

As a type of immunosuppressive T cell, Treg is indispensable in
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FIGURE 3

Tumor volume and tumor weight in MC38 tumor model (A) and CT26 tumor model (B) treated with anti-PD-1 or anti-PCSK9 antibody. Analysis
of IFN-g, granzyme B and PCSK9 protein level in tumor of MC38 tumor model (C) and CT26 tumor model (E) by ELISA. Quantitative analysis of
LDLR expression on cell membrane in MC38 tumors (D) and CT26 tumors (F) by immunofluorescence. Quantitative RT-PCR analysis of CD36
and TGF-b gene expression in MC38 tumors (G) and in CT26 tumors (H). "*" means p-value < 0.05 and "**" means p-value < 0.01 while "ns"
means not statistically significant.
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maintaining normal tissue homeostasis by restraining excessive

immune responses. However, the immunosuppressive effect of

Tregs also facilitates tumor cells to avoid immune surveillance

(24). Studies have indicated that Tregs performed

immunosuppressive function through multifaceted ways

including repressing the production of CD8+ T cell-derived

IFN-g and converting ATP to adenosine (25, 26). In our

research, we found that PCSK9 blockade could eliminate

increased tumor-infiltrating Tregs induced by PD-1 inhibitor.

As a result, the antitumor effect of PD-1 blockade was

significantly potentiated after Treg exclusion.

TGF-b signaling potentiates the immunosuppressive activity

of Tregs, leading to a poor outcome of PD-L1 blockade, and

TGF-b neutralization could help overcome the resistance to ICIs

(27–29). A previous study uncovered that PCSK9 deficiency

could reduce SMAD2 phosphorylation and further promote

TGFbR1 degradation in lysosome (30), indicating the internal

relation between PCSK9 and TGF-b in TME. Consistent with

these concepts, we observed the upregulation of TGF-b
Frontiers in Immunology 06
expression during anti-PD-1 therapy, which could be

diminished by the administration of anti-PCSK9 antibody.

Furthermore, studies indicated that expression of CD36, a type

of scavenger receptor, was elevated on tumor-infiltrating Tregs

and CD8+ T cells (31). In Tregs, CD36 could facilitate lipid

uptake and stimulate mitochondrial fitness to maintain cell

survival and proliferation, while CD36 enhanced oxidized low-

density lipoprotein uptake and induced an unfavorable

metabolic reprogramming in CD8+ T cells (32, 33). In this

work, we confirmed that PD-1 blockade induced CD36

expression in CRC tumors and PSCK9 deficiency could

eliminate the increased CD36.

In summary, the efficacy of PD-1 inhibitor was related to the

expression level of PCSK9 in CRC. PCSK9-neutralizing antibody

could enhance the antitumor effect of PD-1 inhibitor with

increased CD8+ T-cell infiltration and Treg exclusion.

Moreover, inhibiting PCSK9 could regulate lipid metabolism

in CRC tumors via the downregulated expression of LDLR and

CD36 to remodel TME to pro-inflammatory circumstance.
B

C

A

FIGURE 4

(A) IHC staining of CD8a in tumor of the MC38 tumor model treated with anti-PD-1 or anti-PCSK9 antibody and quantitative analysis of positive
particles and (B) for the CT26 tumor model. (C) Flow cytometry analysis of CD45+, CD3+, and CD8+ T-cell infiltration in MC38 tumors. "*" means
p-value < 0.05 and "**" means p-value < 0.01.
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FIGURE 5

(A) IHC staining of Foxp3 in MC38 tumors treated with anti-PD-1 or anti-PCSK9 antibody and quantitative analysis of positive particles and (B)
for CT26 tumors. (C) Flow cytometry analysis of CD4+ and Foxp3+ T-cell infiltration in MC38 tumors. (D, E) Tumor volume in the mice under
the treatment of anti-PD-1 and anti-PCSK9 antibody with/without anti-CD8, anti-CD4, anti-NK1.1, and anti-CSF1R antibody. "*" means p-value <
0.05 and "**" means p-value < 0.01 while "ns" means not statistically significant.
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Overall, our research proposed a novel idea to overcome ICI

resistance in CRC by simultaneous inhibition of PD-1

and PCSK9.
Materials and methods

CRC cells and tumor models

Murine CRC cell lines MC38 and CT26 were cultured as

described in previous articles (34, 35). Mice were provided by

Shanghai Slack Laboratory Animal Co., Ltd. (Shanghai, China)

and the animal experiments were approved by the Animal

Ethical Committee of School of Pharmacy Fudan University.

CRC tumor models were also well established according to the

methods in the articles (34, 35). In brief, mice were randomly

divided into the indicated groups. The formula for tumor

volume was ½ × length × width2. Anti-PD-1 antibody

monotherapy for MC38 and CT26 CRC models was injected

(i.p.) twice a week at a dose of 5 mg/kg. Anti-PCSK9 antibody

was injected (i.p.) twice a week at a dose of 10 mg/kg. Anti-

CD8a, anti-CD4, antiNK1.1, and anti-CSF1R antibody was

injected (i.p.) 1 day before antibody treatment at doses of 200

mg, 200 mg, 400 mg, and 300 mg per mouse, respectively.
IHC staining

Tumor was fixed in formalin and then embedded with

paraffin for section preparation. After the sections were dewaxed

and hydrated, tissue antigen was repaired with citrate buffer.

Endogenous peroxidase was deactivated using H2O2 and then

blocked with BSA. The sections were incubated with primary

antibody and HRP-labeled secondary antibodies, respectively.

Then, these sections were counterstained with hematoxylin.

Images were obtained by a microscope for analysis. The

following were the antibodies used: rabbit anti-mouse CD8a

antibody (Servicebio, GB11068), rabbit anti-mouse

Foxp3 antibody (Servicebio, GB112325), rabbit anti-mouse

CSF1R antibody (Servicebio, GB11581), rabbit anti-

mouse NK1.1 antibody (abcam, ab289542), rabbit anti-mouse

CD11b antibody (Servicebio, GB11581), and rabbit anti-

mouse CD4 antibody (Servicebio, GB13064-2). Proportions of

the positive area were counted by ImageJ software.
IF staining

All operations were performed referring to a previous article

(36). Materials used were as follows: DAPI (Servicebio, G1012)

and rabbit anti-mouse LDLR antibody (Servicebio, GB11369).

Proportions of the positive area were counted by ImageJ software.
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Flow cytometry analysis

Tumors were obtained to prepare single-cell suspension and

then incubated with red blood cells lysis buffer. Cell density was

adjusted to 1×106 per milliliter. Cells were incubated with anti-

CD16/32 antibody to block Fc receptors. After incubating with

antibody targeted cell surface antigen including anti-45, anti-

CD3, anti-CD8, anti-CD4, and anti-CD25 antibodies, cells were

fixed with 1× Foxp3 Fix/Perm buffer and next incubated with 1×

Foxp3 Perm buffer for the detection of intracellular antigen

Foxp3. Finally, cells were incubated with anti-Foxp3 antibody in

the dark at room temperature and analyzed with CytoFlex S

(Beckman). The antibodies used were as follows: anti-CD45

antibody (MultiSciences, Violetflour 450, cat.70-AM04512-100;

BioLegend, APC/Cyanine7, cat.103116), anti-CD3ϵ antibody

(BioLegend, PE/Cyanine7, cat.100320; BioLegend, PerCP/

Cyanine5.5, cat.100328), anti-CD4 antibody (BioLegend, APC,

cat.100412), anti-CD8a antibody (BioLegend, PerCP,

cat.100732; BioLegend, FITC, cat.100706), and anti-Foxp3

antibody (BioLegend, PE, cat.320008).
ELISA

All the operations were carried out according to the

manufacturer’ s instructions. ELISA kits used are as follows:

IFN-g ELISA kit (MultiSciences, cat. EK280/3-96), granzyme B

ELISA kit (MultiSciences, cat. EK2173-96), and PCSK9 ELISA

kit (Solarbio, cat. SEKM-0243).
RT-PCR analysis

All the operations were carried out according to the

manufacturer’ s instructions. Gene expression was normalized

to b-actin and calculated with the formula 2-DDCt. Reagent kits

used are as follows: TRIzol (Vazyme, cat. R401-01), HiScript II Q

RT SuperMix for qPCR kit (Vazyme, cat. R223-01), and ChamQ

Universal SYBR qPCR Master Mix kit (Vazyme, cat. Q711-02/

03). Primers are shown as follows: b-actin (F: AGCCTTCCT

TCTTGGGTATGG; R: CAACGTCACACTTCATGATGG

AAT), pcsk9 (F: GAGACCCAGAGGCTACAGATT; R: AAT

GTACTCCACATGGGGCAA), ifn-g (F: CAACAGCAAG

GCGAAAAAGG; R: CCTGTGGGTTGTTGACCTCAA),

gzmb (F: ATCAAGGATCAGCAGCCTGA; R: TGATGT

CATTGGAGAATGTCT), tnf-a (F: GCCACCACGCTCTT

CTGTCT; R: GGTCTGGGCCATAGAACTGATG), perforin

(F: AGCACAAGTTCGTGCCAGG; R: GCGTCTCTCATTAG

GGAGTTTTT), ldlr (F: CCTCAAGTACCTTGGTATGACGC;

R: GAGGCTGTCGGTCAGGATG), cd36 (F: TCGGAACTGTG

GGCTCATTG; R: CCTCGGGGTCCTGAGTTATATTTTC),

cd8a (F: CCGTTGACCCGCTTTCTGT; R: CGGCGTCCATTT
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TCTTTGGAA), and tgf-b (F: CCGCAACAACGCCATCTATG;

R: CTCTGCACGGGACAGCAAT).
Statistical analysis

Unpaired t-test, one-way ANOVA, or two-way ANOVA was

performed for the comparison between groups. Data are presented

as mean ± standard error. p-value < 0.05 was considered to be

significant ("*" means p-value < 0.05 and "**" means p-value < 0.01

while "ns" means not statistically significant).
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33. Xu S, Chaudhary O, Rodrıǵuez-Morales P, Sun X, Chen D, Zappasodi R,
et al. Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid
peroxidation and dysfunction in CD8(+) T cells in tumors. Immunity (2021) 54
(7):1561–77.e7. doi: 10.1016/j.immuni.2021.05.003

34. Liu H, Zhao Z, Zhang L, Li Y, Jain A, Barve A, et al. Discovery of low-
molecular weight anti-PD-L1 peptides for cancer immunotherapy. J Immunother
Cancer (2019) 7(1):270. doi: 10.1186/s40425-019-0705-y

35. Liu H,Wang R, An D, Liu H, Ye F, Li B, et al. An engineered IL-21 with half-
life extension enhances anti-tumor immunity as a monotherapy or in combination
with PD-1 or TIGIT blockade. Int Immunopharmacol (2021) 101(Pt A):108307.
doi: 10.1016/j.intimp.2021.108307

36. Liu J, Meng Z, Xu T, Kuerban K, Wang S, Zhang X, et al. A SIRPaFc fusion
protein conjugated with the collagen-binding domain for targeted immunotherapy
of non-small cell lung cancer. Front Immunol (2022) 13:845217. doi: 10.3389/
fimmu.2022.845217
frontiersin.org

https://doi.org/10.3390/ijms22115880
https://doi.org/10.1161/circulationaha.120.046290
https://doi.org/10.1038/s41586-020-2911-7
https://doi.org/10.1007/s13238-021-00821-2
https://doi.org/10.1097/mol.0000000000000114
https://doi.org/10.1097/mol.0000000000000114
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1016/j.mayocp.2019.03.012
https://doi.org/10.1158/0008-5472.Can-20-2370
https://doi.org/10.1158/0008-5472.Can-20-2370
https://doi.org/10.1172/jci125413
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1016/j.immuni.2019.06.017
https://doi.org/10.1038/ni.3868
https://doi.org/10.1186/s40425-018-0493-9
https://doi.org/10.1038/s41467-020-17811-3
https://doi.org/10.1136/jitc-2020-001798
https://doi.org/10.1016/j.stemcr.2021.10.004
https://doi.org/10.7150/thno.36037
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1016/j.immuni.2021.05.003
https://doi.org/10.1186/s40425-019-0705-y
https://doi.org/10.1016/j.intimp.2021.108307
https://doi.org/10.3389/fimmu.2022.845217
https://doi.org/10.3389/fimmu.2022.845217
https://doi.org/10.3389/fimmu.2022.947756
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Inhibition of PCSK9 enhances the antitumor effect of PD-1 inhibitor in colorectal cancer by promoting the infiltration of CD8+ T cells and the exclusion of Treg cells
	Introduction
	Results
	PD-1 blockade presented a mild antitumor effect with increased CD8+ T cells and Treg cells
	PD-1 blockade enhanced PCSK9 expression
	Co-targeting PD-1 and PCSK9 elicited an enhanced antitumor effect
	Anti-PCSK9 promoted CD8+ T-cell infiltration induced by PD-1 inhibitor
	PCSK9 blockade eliminated the increased Treg cells induced by PD-1 inhibitor

	Discussion
	Materials and methods
	CRC cells and tumor models
	IHC staining
	IF staining
	Flow cytometry analysis
	ELISA
	RT-PCR analysis
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


